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Preface

This volume of Lecture Notes in Networks and Systems contains the papers presented in
the main track of IITI’24, the Eighth International Scientific Conference on Intelligent
Information Technologies for Industry held from November 1 to November 7, 2024
in Shanghai-Harbin, China. The conference was organized by Rostov State Transport
University (Russia) and JSC NIIAS (Russia) with the support of the Russian Asso-
ciation for Artificial Intelligence. In 2024, the conference was co-organized with the
Harbin Institute of Technology. The purpose of IITI is to bring together the international
advanced experience in the field of development and implementation of modern tech-
niques in automation, digitization and artificial intelligence in both fundamental and
applied sciences as well as to the development of contacts in this field.

The innovative intelligent information technologies are of particular interest at the
conference. Annually, ITTI is held with the participation of leading international scien-
tists. The history of the conference has included multiple international locations, such
as Sirius (Russia), VSB-Technical University of Ostrava (Czech Republic), Technical
University of Varna (Bulgaria), Istanbul Aydin University (Turkey). Due to IITI, more
than 1000 scientists from all over the world published more than 400 scientific papers
in IITI Proceedings, which are published in the Springer series.

IITT 24 was devoted to practical models and industrial applications related to intel-
ligent information systems. It was considered as a meeting point for researchers and
practitioners to enable the implementation of advanced information technologies in var-
ious industries. Nevertheless, some theoretical talks concerning the state of the art in
intelligent systems were also included into proceedings. There were 125 paper sub-
missions from five countries, especially from Russia and China. Each submission was
reviewed by at least three Chairs or PC members. We accepted 78 regular papers (62%).
Unfortunately, due to limitations of conference topics and edited volumes, the program
committee was forced to reject some interesting papers, which did not satisfy these top-
ics or publisher requirements. We would like to thank all authors and reviewers for their
work and valuable contributions. The friendly and welcoming attitude of conference
supporters and contributors made this event a success!

November 2024 Igor Kotenko
Sergey Kovalev

Andrey Sukhanov

Yin Li

Yao Li
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Complexity Estimate of Logical Specifications
Execution for Transport Processes Prototyping

Vera V. Ilicheva® ® and Alexander N. Guda

Rostov State Transport University, Rostov-on-Don, Russia
vilicheva@yandex.ru

Abstract. In this paper we examine logical specifications for rapid prototyping
of complex structures and processes, including transport ones. We use a language
in classical predicate logic with equality and negation, which has computable
semantics. The execution of such descriptions may have exponential complexity
estimates. We have obtained sufficient conditions and, accordingly, subclasses of
such specifications, the complexity of constructing prototypes for which can be
reduced to polynomials of low degrees. Systems were defined which solvable in
time O(n log, n) with linear memory O(m), where n is the power of specified
relations, m is the power of relations and function values. The expressiveness of
the resulting classes of specifications, as shown by practical use, is sufficient for
prototyping in various subject areas.

Keywords: Logic language - Logic prototype - Complexity of specification
execution - Rapid prototyping of transport processes

1 Introduction

In the context of intensive development of the digital economy, new technologies and
methods of artificial intelligence in industry, robotics, and transport systems, the devel-
opment of prototypes of projected objects is becoming increasingly relevant. Particular
attention is paid to rapid, low-cost prototyping as a way to conveniently test decisions
made. In this case, preference is often given to formal means of prototype specifica-
tion to ensure the reliability of the analysis results and an accurate understanding of the
project requirements [ 1, 2]. Formalizations are used in logics of various types — temporal,
odd, modal, production systems, specially developed languages [3, 4]. The key required
properties of prototype specifications are expressiveness and executability adequate to
the task, and if the first is achieved by including some “convenient” operators, then the
second is the ability to execute a description can present a problem. Compilation into an
executable language like Prolog is not always convenient, both because of insufficient
expressiveness and because of exponential estimates of execution complexity [5—8].
We develop a specification-based prototyping approach in the classical logic of first-
order predicates with equality [9, 10]. The semantics of specifications allows the use of
negations and equality of terms in formulas, which significantly increases the expres-
siveness of the logical language. The specifications are executable and can be effectively

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024
S. Kovalev et al. (Eds.): IITI 2024, LNNS 1209, pp. 3-11, 2024.
https://doi.org/10.1007/978-3-031-77688-5_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-77688-5_1&domain=pdf
http://orcid.org/0000-0001-8661-908X
http://orcid.org/0000-0001-5791-3984
https://doi.org/10.1007/978-3-031-77688-5_1

4 V. V. Ilicheva and A. N. Guda

implemented. We used this approach in prototyping, analyzing structures and dynamic
systems in various fields — system programming, space simulators, design and analysis
of transport processes, anomaly analysis during information attacks, both in signature
and behavioral methods of their detection [9, 10]. Now we use logical prototyping in
macromodeling and analysis of transport systems to evaluate the choice of route, the
logistics chain in multimodal transportation, and the evaluation of options for dividing
different traffic flows into parts. The expressiveness and convenience of describing log-
ical models are confirmed by the use in these areas. This article examines the issues
of effective realizability of the selected class of formulas. The conditions under which
the complexity of interpretation can be reduced to O(n log, n) with linear memory are
determined.

2 Specification Logical Language

We propose an approach based on the use of predicate logic to model the current situation,
evaluate it, and check for compliance with the required properties and constraints.

The essence of the approach is as follows. A formal description is constructed — a
specification of the analyzed system, prototype, or process in the form of three classes
of formulas (axioms) of the first-order predicate calculus language with equality. The
alphabet used is the signature ¥ = (R, F, C), where R are the names of predicates
(relations between objects); F' are the names of functions (attributes of objects); C are
the names of constants (codes of objects in the subject area, numeric, textual values,
points of time intervals), C # &, V¢;, ¢ € C,i #j: ¢; # ¢j. Arguments of functions,
predicates, constants have a type (domain, sort). This allows us to get rid of the condition
of functions totality in the entire field of interpretation and clarifies the description.
For dynamics, domains are added — finite intervals of discrete time. The basis of the
specification (X, T)isthelogical theory T = ToU Tp UTg —a et of axiom formulas, all
variables of which are connected by quantifiers. Formulas T} are facts, atomic formulas
with constants instead of variables, of the form r(c), —r(c), f(¢c) = ¢, where r €
R, f € F,c e C* ¢ € C. These are specific statements that initiate logical inference.
The second class of Tp formulas are definitions of prototype elements — relations and
functions. There can be several definitions for each r, f and they can be recursive.
For our task of evaluating the complexity of execution, it is convenient to divide Tp,
Tp = T} UTY, where T2 are axioms that have negations. Formulas of this class:

Th : VX1 () A e A 9n(E) = Y1E) A oo A Y (D)),

Th = VX(qi(®)&—pi(®)&p(®) = Y1) A ... A Ym(X))),

where X is a vector of variables, conjuncts ¢;(x) (1 < i < n) are atomic formulas of
the form ri(f), 1;(x) = tj(x), conjuncts ¥;(x) (1 < j < m) are formulas of the form
r(t), f(xX) =ty,wherer;, r € R, f € F, 1;,1j, 1,1 are terms of the signature ; ¢;(x),
pi(x) are atomic formulas, ¢(x) are conjunction of pairs of the same type or atomic
formulas, V,,; C V,; for sets of variable formula p; and ¢;. Negations are included only
in the left part of the implications and their scope is limited to the area when the “positive”
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predicate g; is truth, so g; plays the role of a limited quantifier for every —p;(x). The
formulas /;(x) define the relations r(%), the functions f (x) = ty on the values of the terms
t, tr. The third class of T formulas are additional restrictions on the constructed model
or the current state of the process, for example, the impossibility of simultaneous presence
of any signals, invalid parameter values, deviations of the calculated indicators from the
required values, etc. T represents any first-order formulas with bounded quantifiers,
they are tested on a model built using 7o U Tp.

The semantics of the description is represented by inductively computable models
M =(C, I) obtained by interpretation I : (> — C*), minimal with respect to homo-
morphic embeddings in the class of all X-generated models of the theory To U Tp. It is
true for them: for each atomic formula ¢ (¢) that is true on the model, there is a fact or
definition for it, with the ¢(X) true when substituting x/c. This property is necessary to
constructively obtain initial models for theories with negation [10]. It provides a funded
order on the model in which the terms of the definition condition can be calculated before
the defined values, then the interpretation of / is inductively calculated by To U Tp. It is
proved that such a model exists for “well-defined” specifications having the properties of
F-completeness (each term used in T is reduced by inference to some constant from C),
E-consistency (Yc¢;, ¢j, ¢; # ¢j : T ¥ ¢; = cj), N-consistency (for any atomic formula
O:TFE ¢ A—d).

The interpreter carries out a direct logical inference, at the input of which there
is set of facts, and output — set of new facts — the logical consequences of axioms.
When a fix-point of the output process is obtained, the validity of the T constraints is
checked. The interpreter implements the denotational semantics of the language, using
full grids with the bottom — “uncertainty” (_L), the top — “an error of redefinition” (T). If
aredefinition of the f (¢) € F function or a logical contradiction for r(¢) € Ris obtained,
the interpretation of /(f, ¢) or I(r, ¢) is assumed to be equal to T; the asynchrony and
monotony of the inference process entails setting the value of T for all relations and
functions in the derivation of which these f and r participated. So you can see the trace
of an error in the interpretation of definitions. If any function f has not received a value
on its domain, its value is interpreted as L, then the values of terms containing f (¢)
will also be undefined. In these cases, the desired prototype cannot be built, the message
indicates such f'(¢) and f (c), r(c) with T— values.

Error diagnostics is performed both during model construction (interpretation of the
TrUTp axioms) and during constraints verification (interpretation of the Tg axioms). In
the first case, contradictions, redefinitions and uncertainty of functions are diagnosed.
In the second case, detected prototype errors are reported.

Although the definitions resemble production rules of expert systems, there are
fundamental differences.

Firstly, the method is strictly mathematically justified. Equivalent model-theoretic,
denotational, and operational semantics are defined for it. Their computability and effec-
tive implementation are proved. Secondly, in accordance with the semantics of the
descriptions, uncertainty and contradictions are automatically diagnosed, which in expert
systems are attributed to the mistakes of the expert (if these errors can be accidentally
detected). Thirdly, there is a wider class of formulas acceptable for verification, which
distinguishes this approach from logical programming in languages such as Prolog, in
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which there are no equalities and negations, which significantly reduces the clarity and
expressiveness of descriptions. Fourth, the method allows you to track and mark the
trace of redefinition error and contradiction, which is important for non-deterministic
inference, when there is a high probability of getting a «induced error». Finally, all
diagnostics are carried out in a single logical formal system, without various “bindings”
and “additives” in the form of program procedures with their own semantics. Note that
defining any function f in the form of f (¢) = Pr og(c), , through a program in a program-
ming language, as it happens in production systems, means going beyond the logical
formalism and the question of the computability of such a description (the program may
loop) then falls on the developer.

3 Complexity Estimate

The condition that every negative occurrence of the predicate p(X) implies the presence
of a conjunct ¢(¥) in this formula, such that V,, <V, for the sets of variables V of these
predicates guarantees computability of their falsity domains.

The construction of the 9T model for a theory with negations is implemented by
various non contradictory strategies s € S, each of which represents the chosen order
of axioms interpretation with negation: the <m, ¢,,> element is included in s if the
predicate p,,(c,,) in this strategy has been interpreted as false. The construction of 971
for Tg does not depend on the order of interpretation, which has a single fix-point. The
consistency of the strategy means that D* (p) "D~ (p) = & for the domains of truth D"
and falsity D™ of any relation p € R. It is proved [10] that the desired minimal model
exists if and only if all non contradictory strategies are equivalent and also give a single
fix-point in direct logical inference.

Let’s denote the complexity of interpreting definitions as Com(Tp) = Comy - N,
where Com is the complexity of implementing one strategy s € S, N is the power of
the set S. If there are no negatives in Tp, then Com(T') coincides with Com(TI‘; ). If there
are negations, then Ng grows exponentially with an increase in the set H = U H (p) for

p

H(p) = DT (¢)\[DT (p) N DT (g)], i.e. with an increase in relations playing the role of
bounded quantifiers in axioms with negations Tg C Tp. The way to radically reduce
complexity is to find the conditions under which the 92t model can be built using a
single strategy. The nonequivalence of the strategies is due to the different possibilities
of changing H at step k > 0 for any k. Desired property: Hy C Hy4 is a monotonic
increase of H. It is proved that:

For the theory of Tp, where T C Tp and any s € S, if Hy € Hy is for Vk > 0,
then all strategies in § are equivalent.

It follows that if for 7' the condition Yk > 0 : H; C Hjy is fulfilled for one
strategy, then it is fulfilled for any other s € S. Therefore, to build 91, one strategy
with the property of non-decreasing the set H is sufficient, if this strategy will be non
contradictory. This property is checked dynamically during the interpretation process.

We define sufficient statically checked conditions for the independence of order in
which the clauses from the Tg were interpreted.
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Let @, B, y € F UR. We define the transitive relation —* of the weak inference
for the theory Tp = Th UTH : o —* B if there is an axiom @ in Tp such that « is
included in the premise, 8 in the conclusion of ®,ordy : @« —* y and y —* B.

Let’s denote «y,; for any « € F U R the occurrence of « in the formula under the
negation of the axiom ®; € TLI)V. Note that oy ; 7# an,j at i # j, i.e. the occurrence of
the same symbol in different TI’)V axioms differs.

We will call the Tp = T4 U T} theory balanced if the condition for it is fulfilled:
=3 an,i, Bn,jla, BEFUR, i #j)): a —* B.

The above condition prohibits the recursive dependence of incoming relations with
negation in the set of axioms Tg U Tg , but allows it within the framework of ® U
T, (® € T)) theory, for each ® and ay included in ®. The property of balance is
obviously solvable with a complexity of no more than 0(12) (relative to the length of
the theory being analyzed) and is checked statically. For such a theory, all strategies are
equivalent and one is enough to build a model (prototype). If strategy is contradictory,
then the desired model does not exist.

The interpretation algorithm corresponding to these constraints is the sequential
execution of two stages (1-2) until the inference gives new facts. 1) —the derivation with
the axioms of T} UTg before obtaining a fix-point. 2) —independent of each other’s results
(“parallel”) interpretation of each axiom from 7%, new facts are temporarily stored in
D;, D, for each received p(c), —p(c) (the predicate p(c) is assumed to be false if
p(©) ¢ DT, and the corresponding g(c) € D). Then the sets D¥ = DY UD}, D~ =
D~UD,, arereplenished and, if D" ND~ # @, then the theory 7 is contradictory. If new
facts are obtained (including with the error T), then the inference process is repeated
from the first stage.

Now let’s find the definition systems that are solvable in time O (n log, n) with linear
memory O(m), where n is the total power of the defined relations, m is the power of the
definiteness of functions and relations. Taking into account the possibility of constructing
M with one strategy, we note that the complexity of interpreting 7 U T} and 77 then
have the same order. Therefore, let’s consider the construction of 91 according to the
theory of Tl';.

The time spent on interpreting Tl’; is defined as Ny - Comyg, where Ny is the number
of calls to the interpreter that resolves one axiom and Comy is the time complexity of
its interpretation. The Ny depends on the possible number of a(c) (« € F UR) char-
acters with a productive (giving a new value) interpretation. For theories satisfying the
conditions of finite completeness, A: {r(p} # @ and all r, conjuncts are atomic, and
Vy € Vi, V’w C er the value of Ny is determined by the number of elements of
relations from R included in the left parts of the implications. Let us denote n as the total
power of the relations r € R defined in T’ 1’;. Then Ny has the order O(n). The complexity
of the Comy interpretation of one axiom, the variables of which are bound by the con-
dition A, is determined by the costs necessary to obtain the values of the X,,, variables
of the r, formula, on which the interpretation of 7, is true or T, i.e., the complexity of
selecting “effective” substitutions for the X, . If / is the maximum possible length of the
X, set for TP, then the upper bound for Comy, obtained by estimating the enumeration
of all vectors of length / in the set of constants C and the time to check the truth of the
ry for these arguments, has the order O(|C|" - n) or O(n'*1), if the values of n, |C| are
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equally powerful. That is, without optimizing the process of searching for suitable ¢,
arguments, already for clauses containing no more than two variables, the interpretation
time of one definition will be of the order of O(n3).

A possible optimization consists in the selection of ¢, vectors from the domain of
certainty D(r) = DV (r) U DT (r) of the relation r for each r of 7, compatible with each
other and the set of ¢,, that induced the interpretation of the definition. The main role
in estimating the value of Comy then plays the complexity of the intersection of the
subformulas variables of the formula r,,. For many applications, in particular those used
by us, the following conditions are sufficient.

Let m be the cardinality of the set DT U D'. Let’s denote the set of arguments
containing constants from C, of any (sub) formula ® as Arg(®), and the arity of the
predicate r as 14(r). Replace all occurrences of constants ¢ € C into subformula r, with
a single character 8. Provn

Statement. If for each clause of TII; there is a:

D {rp} #@; Vi, CV,

ros Vi S Vo (finite completion condition) and
k

2) for the subformula r, = & r;(X), the following is performed: Vr;(i € [1, k]) :
i=1

u(ri) <2 and either

a) V;; NV, = @ for any ri(x), rj(x) from ry, or b) iﬁ)l Vi, #Q,0rc) B € ir:leArg(r,-),
ord)If3ry,, rp,: rp =71y, &Fp,, Vr‘p1 N er2 = & and er] satisfy condition a),
Vy,, satisfies c), then the system of definitions 7o U T[I; is solvable with complexity
O(n log, n) in time and O(m) in memory for any finite 7j.

The obtained estimates do not increase with some weakening of conditions 2): the
restriction on the number of predicate arguments is not as significant as the restriction
on the structure of the graph defined by the formula. It can be shown that when replacing

k
condition 2b with a V., N Vrl. - ﬂ Vr, (i, j € [1, k]) constraint for any r;, rj from r,

and condition 2¢ with {8} = ﬂ Arg(r;), memory costs will be on the order of O(m)
i=

and time — O(n log, n) and when any multiary predicates are included in 7.

Each axiom T is checked once for the domain D = DT U DT U D, so there is
no multiplier n in the time estimate and the memory D is not growing. However, since
any axioms are allowed in Tg, the complexity of verifying the truth of each of them can
theoretically exceed log, n. The estimate depends entirely on the way storage and access

are organized in D and usually ranges from constant to n>.

4 Examples

To illustrate, we present fragments of the prototype description corresponding to the
[11] model of traffic flow separation. The main parameters of the model are route time
(7) and part of the flow volume (1) (at each point, where the flow is divided into k parts:



Complexity Estimate of Logical Specifications Execution 9

k
> 2 = 1). In our example, we consider car flows; other parameters are taken into
laclcount for them, in particular, railway station capacity, the availability of infrastructure,
locomotives and engine crews. Such and many other parameters are themselves functions
of a large number of different quantities [12, 13]. In the description, to simplify, we take
such functions as externally specified facts. There is no Ty in the example, because the
prototype is built for various input facts.
Sorts:

POINT - route point, railway station, railway junction;
TIME - finite discrete time intervals

Relations:

is_track (from, to): POINT x POINT - presence of a track between points;
is_route (from, to, in_time): POINT x POINT x TIME - presence of a route
is_slot (from, to, in_time): POINT x POINT x TIME — presence of free thread
overflow (from, to): POINT x POINT - too much flow

must_new_track (from, to): POINT x POINT — necessity of a new track creation;
delay (where, when): POINT x TIME — delay on station at time

Functions:

T (from, to): POINT x POINT — TIME - route time

A (from, to): POINT x POINT — INTEGER - part of the car flow between points
s_capasity (whose): POINT — INTEGER - railway station capacity

r_capasity (from, to, in_time): POINT x POINT x TIME — INTEGER - route capacity
c_capasity (from, to): POINT x POINT — INTEGER - carrier capasity

ncrews (where, when): POINT x TIME — INTEGER - free engine crews quantity
nloc (where, when): POINT x TIME — INTEGER - free locomotives quantity at time
delay_reason (where, when): POINT x TIME — TEXT

Definitions:

V X,Y, z (is_track(x, y) & is_track(y, z) — is_track(x, z) & MXx, z)= A(X, y)' My, 2)&
ux, 2)= X, y) + 1y, 2));
V X,y (is_track(x, y) & A(X, y) > c_capasity(x, y) = overflow(x, y);
V x,y (overflow(x, y) = must_new_track(x, y);
vV X, Y, t(is_track(x, y) & r_capasity(x, y, t) > 0 — is_route(X, y, t) &
r_capasity(x, y, t+1) =r_capasity(x, y, t) - 1);
vV X, Y, t(is_slot(x, y, t) & r_capasity(x, y, t) > 0 — is_route(X, y, t);
V x,y,t(is_route(x, y, t) & ncrews(x, t) = 0 — delay(x, t) & delay reason(x, t) = "no
engine crews”);
V x,y,t(is_route(x, y, t) & nloc(x, t) = 0 — delay(x, t) & delay_reason(x, t) = ’no lo-
comotives”);



10 V. V. Ilicheva and A. N. Guda

Restrictions:
—3x, vy, t(delay(x, t)& (is_route(x, y, t) V is_slot(x, y, t)));
—3x,y,t(is_route(x, y, t) & (r_capasity(x, y, t) <0 V s_capasity(x) < 0));

—3x,y (is_track(x, y) & M), y) > 0 & ¢_capasity(x, y) < 0);
—3x,y,t(is_route(x, y, t) & (delay_reason(x, t) = ’no locomotives”);

Note that if multimodal transportation is prototyped, as in [11], then the parameter
transportation_type is added to the relations is_track, is_route, in the functions 4 and 7.

5 Conclusion

The executability of the prototype specification — the automatic construction of a logical
model of an object — a project, a process — plays a major role in automating decision
analysis and diagnosing unforeseen situations. However, the execution of high-level
specifications, including logical ones, can have exponential complexity estimates.

We use specifications in a first-order predicate calculus language that include equal-
ities and negations and have computable semantics. A prototype consists of a set of
domain objects, connections between them (relations) and their attributes (functions).
The specification defines the rules (axioms) for determining them (setting values) and
verifying the correctness of the results (prototype viability). We have identified suffi-
cient conditions and, accordingly, subclasses of such specifications, the complexity of
building prototypes and analyzers for which can be reduced to low-degree polynomials.
The main difficulty is the interpretation of definitions. Systems were identified that are
solvable in time O(n log, n) with linear memory O (m), where n— is the power of the
obtained relations, m— is the power of certainty of functions and relations.

The expressiveness of the obtained specification classes, as shown by practical use,
is sufficient for prototyping in various subject areas, including transport systems and
processes of the railway industry. Each axiom describes a local area, and automatic
inference over their entire set gives a global picture of their mutual influence. This process
can be compared with the self-organization of the system. The use of the concept of self-
organization of railway traffic to determine the best management strategy is discussed
in [14] as promising in artificial intelligence [15, 16].
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Abstract. The work proposes the structure of an adaptive extrapolator based on
a dynamic model of the evolution of state parameters of dynamic systems. It
was obtained using the scientific and methodological apparatus of reducing the
Lagrange problem to an isoperimetric one. The numerical simulation performed
demonstrates the effectiveness of the proposed solution in comparison with a
traditional extrapolator.
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1 Introduction

Traffic management in conditions of rapid growth in freight and passenger traffic requires
the creation of intelligent centralized multi-level control systems. Their task is not only
to ensure the specified indicators of quality and safety of transportation, but also to save
energy resources [1].

The Order of the Ministry of Transport of the Russian Federation No. AK-60-r dated
March 25, 2020 contains a list of subsystems of the intelligent transport system (ITS),
among which:

— subsystem of directive control of traffic flows;

— weather monitoring subsystem;

— subsystem for monitoring traffic flow parameters;

— subsystem for monitoring pedestrian traffic parameters;
— subsystem for monitoring environmental parameters;

— subsystem for providing priority travel.
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One of the most important criteria for the effectiveness of the functioning of each
of these subsystems is the accuracy of forecasting the parameters of the state of the
observed dynamic processes [2]. Historically, the accuracy of forecasting dynamic pro-
cesses depends on the accepted model of the system, which in general is stochastic
and nonlinear [3], which significantly complicates typical extrapolators based on deter-
ministic models of constant velocity, constant acceleration and coordinated reversal
[4].

Thus, the development of promising extrapolators in ITS subsystems is associated
with the task of building an adaptive motion model that takes into account the physical
characteristics and mode of motion of a dynamic system. As shown in [5], adaptive
extrapolators are characterized by increased efficiency in predicting random processes
in ITS. This effect is achieved due to the availability of adaptation parameters that
determine a specific model of the process under study, providing an acceptable margin
of error for the forecast [6].

In [7], an approach is used to synthesize the structure of a dynamic system model,
which consists in considering unknown causal characteristics as forces that cause a
dynamic system to move in phase space along an optimal trajectory in accordance with
the accepted target functional. The key stage of the approach is to find non-negativity
conditions for asynchronous variation of the extended functional, which is the result of
convolution of the accuracy criterion and the action integral. This makes it possible to
obtain the necessary conditions for the extremum of the target functional in the form of
a boundary value problem [8] obtained on the basis of the reduction of the Lagrange
problem to an isoperimetric one using the Hamilton action integral.

The set of trajectories, which are a quasi-optimal solution to the boundary value
problem, defines the structure of the motion model in terms of differential equations and
can be successfully used in the synthesis procedure of an adaptive extrapolator.

The aim of the study is to increase the accuracy of forecasting the evolution of the
parameters of the state of dynamic systems in comparison with a typical extrapolator.

The scientific objective of the study is the synthesis of an adaptive extrapolator based
on the scientific and methodological apparatus for reducing the Lagrange problem to
an isoperimetric one and analyzing its effectiveness in predicting the evolution of the
parameters of the state of dynamic systems over time.

2 Problem Formulation

The basis for constructing an extrapolator is a mathematical model of the dynamics of
the process under study.
Using the Lagrange formalism, the equations of motion can be represented as

n n n

Y aisGr = — Y. > Lk, m; s1qrgm
k= k=1m=1 (1)
+ (uY - 3_2? - g_‘l;) - Q‘Y(q’ qv u)a

s=1,n, k=1,n, q(to)) = qo,4(0) = do,

where [k, m; 5] = %(% + % — %a—;Z’> — Christoffel symbols of the first kind for the

matrix of the quadratic form of kinetic energy,



14 A. A. Kostoglotov et al.

q@®) = [q1 ®), @), ..., qn (t)]T — vector of generalized coordinates, q € R",
0s(q, q, u) — generalized power,
ays — inertia coefficients,

u(?) = [ui (t), us(?), ..., u,(t)1" = vector of control actions, u € R",
g—; — dissipative generalized forces, ® — dissipative function,

% — potential generalized forces, I1 — potential energy,

n —number of degrees of freedom, ) — observation start time.

In addition to setting the parameters of the control laws, the quality of operation of
such a fuzzy controller depends on how well the selected structure of the fuzzy output
takes into account the changing operating conditions. Since the boundaries of the areas
of different control modes are determined by the selected accessory functions, the quality
of the controller depends on their type and parameters. In this regard, it is necessary to
analyze the efficiency of the fuzzy controller with various accessory functions.

Using model (1) to construct an extrapolator, taking into account the completeness
and detail of the description of the evolution of the parameters of the object under study,
is a rather difficult task, and such a model has not been widely used in the practice of
statistical synthesis.

A mathematical model is usually built on the principle of minimum complexity with
the criterion of ensuring a given adequacy of the description of the process under study.

One of the possible approaches to solving the problems of building models of con-
trolled systems without using linear approximation is the principle of decomposition.
The essence of this principle is to eliminate the dynamic interaction between the ele-
ments, to set the system in motion in the decomposition mode, providing a given value
of the functional characterizing the quality of the state estimation process. Thus, the
considered nonlinear multi-connected dynamical system of high order begins to move
after a finite time interval due to the simplest system [9]. This fact can be used to build
a model of the system under study.

Let’s consider a variant of constructing a model of object motion in the plane in the
presence of two degrees of freedom with the following assumption: the formal attribution
of part of the energy to the work of generalized forces allows us to introduce the simplest
definitely positive quadratic form of velocities, which is interpreted as the kinetic energy
of the system (1)

[
T = ~q" Aq, 2)
2
0

where A = |:a11
0 ax

] is a diagonal matrix of quadratic form,

ass is a inertia coefficients, q = [ g1 q2 |, T — transposition sign.
This form is used later to build a model of the dynamics of the evaluated process.
Equation (1) can be written in the compact form of Lagrange equations of the second

kind

d(or + or 0 1,2 (3)

N )t =0 s=1,
dr \ 94 ags y
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or taking into account (2)
assgs = Qs, s =1,2. 4)

It is known that Eq. (3) is an extremal of the action functional
1
S = / (T 4+ A)dt — min,
fo

where A is the work of generalized forces Qs, s =1, 2.
If the coordinates in which observations are made are selected as generalized
coordinates, then

z=q+v, z=[z2], )

where z(t) is the measurement vector, z() € R?,
v(t) € R? is a random effect with local characteristics

M[v(@®)] =0,
M[v(z)vT(t)] —N&(t — 1),

Nip 0 . . . . . . . .
N = |: (;l N ] is a weight matrix characterizing the intensity of interference in
22

the observation channel.
Let’s build a mathematical model of motion taking into account information about
the accuracy characteristics of the observation channel:

1 1
1
J=3 f z—q N '(z—-qdt = /F((])dt = D = const, (6)
10 10

where D is the weighted error of the measurement results of the observation channels,
the sign A means an estimate.

This means that the trajectory of movement must satisfy the extremum of the extended
functional action

1
S* = f [M(T + A) + Fldt — min, (7)
4]

X is an indefinite Lagrange multiplier.

3 Synthesis of a Dynamic System Model

The analysis of the variation of the extended functional (7) carried out in [8] shows that
the set of trajectories for which (6) is performed satisfies the following boundary value
problem [7]

d (oT oT __ 4 —1 S\ oF
{E(T%)h_% o (R 7 PP (®)

[A-1)+27'F]|} =0,
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where u — synthesizing function.

The exact solution of problem (8), as the solution of any boundary value prob-
lem, presents significant difficulties, therefore, consider the option when A = 0 that
corresponds to the approximate (forecast) movement in the decomposition mode, then

T =1"'F, )
or taking into account (2)
i'Aq=2"'z-9'N"'z-o. (10)

The ratio (10) allows you to write down the kinematic coupling equations that are
performed on the trajectory of the proposed model

lgsl = A" lag ' Ngtlzs — gsl, s =1,2, (11)

where N, are the elements of the diagonal matrix.
Then the adaptive motion model can be written in the form [7]

d (0T oT
—_ — _— = — e 9 ¢ — 5 )y = 1, N 12
dr (8%) + 34s MsGs + n5(zZs — gqs), s n (12)

where n; = A~ !a;;' N ! is the adaptation parameter.

4 Synthesis of an Adaptive Extrapolator

The motion model (12) can be constructed on the basis of real data, taking into account
criterion (6). Then, for the class of systems under consideration, the model of the evo-
Iution of the state vector x(¢) for each degree of freedom of a dynamic system has the
form [7]

x(t) = Fx(t) + Gw(t), x(ty) = Xo, (13)
where x(1) = |:x1 (t)i| = |:6.](t)i| is the state vector,
x2(1) q(t)
F= |:0 ! i| is the transition matrix of the state,
0—-n

G= |:01| is the perturbation vector,
n

w(?) is the standard white Gaussian status noise.
The deterministic component of the model (13) determines the structure of the
extrapolator

x(1) = Fx(1), (14)

the transition matrix of which, unlike the traditional model of rectilinear uniform motion,
has an adaptation parameter that allows taking into account the physical characteristics
for various modes of operation of a dynamic system.
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The implementation of an extrapolator using digital information processing pro-
cessors implies its operation in discrete time. This fact determines the need for a
finite-dimensional approximation (14).

It is known that the solution of Eq. (14) has the form

X(1) = A()x(0), 5)

where A(f) = e is the fundamental matrix of solutions.
The fundamental matrix can be represented as a series

N L
A =1+

m=1

(16)

m

where I is the unit matrix.
The fundamental matrix of the system (13), up to the second order, has the form

10 0 0 —0.5./nt* 1 t—05/7
At = Ft% =
B =e [01]+[0—ﬁt}+[0 0.5n12 } [01—ﬁt+0.5nt2
17)

The structure of a discrete adaptive extrapolator for each degree of freedom of the
object [10]

x(i) = (mx(@ — 1), (18)
1 Ar—05/mA8
PO = [0 1 — At +0.5nm2}' (19

where At is the sampling period.
The choice of a parameter n minimizing criterion (6) makes it possible to increase
the accuracy of forecasting the evolution of the parameters of a dynamic system.

5 Analysis of the Effectiveness of the Proposed Solution
and the Prospects for Intellectualization

Let’s consider a model example of forecasting using a discrete adaptive extrapolator
(18). The trajectory of the aircraft during a 45-s maneuver, obtained using a broadcast-
type automatic dependent observation system at various sampling periods At, was taken
as the initial data.

Numerical simulation of the extrapolation process for each reference is performed
using the proposed expression (18) and an extrapolator based on the model of rectilinear
uniform motion, which is traditionally used in various forecasting systems. The results
are shown in Fig. 1.
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Fig. 1. Simulation results (a — with At =2 5, b — with At =6 s)

For small values At, the difference in the forecasts of the extrapolators is insignificant,
however, with an increase in the sampling period, the adaptive extrapolator provides an
increase in the accuracy of forecasting. The result is achieved due to the presence in
the structure of the adopted model of a parameter that takes into account the dynamic
characteristics and mode of motion of the aircraft.

The presence of a parameter in the structure of the accepted motion model implies
carrying out a procedure for its adaptation at the stage of developing an extrapolator
according to criterion (6). Due to the unpredictable characteristics of disturbances and
the nonlinearity of the initial model of the dynamic system, a rational solution is to use
a neural network identifier to determine the adaptation coefficient.

When building a neural network, one of the priority tasks is the formation of a
representative training sample characterizing the behavior of the simulated dynamic
system [11]. Such a sample can be formed by long-term registration of dynamic system
parameters at certain intervals and subsequent normalization and preprocessing of data
[2].

The results of the research published in [12], an adaptive extrapolator in combination
with a neural network identifier (Fig. 2) can be successfully used in the structure of
algorithms for estimating the parameters of dynamic systems operating under conditions
of a priori unknown external influences.
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Fig. 2. Block diagram of a neural network extrapolator

6 Conclusions

The accuracy of forecasting the evolution of the parameters of dynamic systems in ITS
subsystems is one of the most important criteria determining the effectiveness of ITS
functioning as a whole.

The use of an adaptive extrapolator is advisable in the task of predicting the evolution
of state parameters of stochastic nonlinear dynamical systems.

The motion model obtained using an approach based on the reduction of the Lagrange
problem to an isoperimetric one can be used in the synthesis of the structure of an adaptive
extrapolator taking into account the physical characteristics and mode of motion of a
dynamic system.

The results of the numerical simulation confirm the effectiveness of the proposed
solution, providing an increase in the accuracy of predicting the evolution of the param-
eters of the dynamic system by an average of 5-20% relative to the extrapolator based
on the traditional motion model, depending on the sampling period.
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Abstract. The development of domain-specific intelligent systems is one of the
key directions in modern information technologies. At the same time, automation
of knowledge base engineering for these systems is one of the most relevant and
promising areas in the field of artificial intelligence. Especially when it comes
to using already accumulated information, presented, in particular, in the form
of conceptual models. We propose an approach and software for automating the
creation of knowledge bases using the analysis and transformation of conceptual
models in the form of state transition diagrams. The proposed approach is based
on the identification of structural elements of diagrams and their mapping into
constructions of a target knowledge representation language. The main stages
of the approach and implementation are described. An illustrative example of
converting state transition diagrams to form a failure analysis plan is presented.

Keywords: knowledge engineering - knowledge acquisition - knowledge base -
ontology - state transition diagram - model transformation - code generation -
rules

1 Introduction

Intelligent system engineering is a promising direction in the field of information tech-
nology. Intelligent systems can be used to solve complex and weakly formalized tasks
in the fields of medicine [1], energy [2], industry [3], natural and technogenic safety
[4, 5]. As a rule, a knowledge base is the core component of such systems. It contains
formalized domain knowledge presented in the form of rules, ontologies or knowledge
graphs, etc. However, the creation of effective methods and tools for knowledge base
engineering has not yet been fully solved so far. Therefore, research aimed at develop-
ing new methods of information processing for creating elements of knowledge-based
systems when solving practical problems in various domains is relevant.

Today, various specialized editors are used to develop knowledge bases; these tools
allow one to present a formalized description of domain concepts and structures of knowl-
edge base in a specific knowledge representation language [6]. However, such systems
have low integration ability with visual modeling tools and knowledge interpretation
modules. As a rule, they can only support a single knowledge representation language.
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Moreover, these editors are aimed at advanced specialists (e.g., knowledge engineers,
programmers) and are not focused on domain experts, who are the main source of
practical knowledge and professional experience. This fact gives rise to the problem of
transferring domain-specific non-formalized knowledge (competencies) from a domain
expert to a knowledge base.

In this paper, we propose a new approach and software, namely the Knowledge
Modeling System (KMS) [7], which supports knowledge modeling in state transition
diagrams [8]. The main feature of our approach and tool is support for generating knowl-
edge base codes based on constructed diagrams. Logical rules, decision tables [9], and
ontologies are selected as target knowledge representation formalisms. In particular, we
used CLIPS (C Language Integrated Production System) [10] and OWL (Web Ontology
Language) [11] as the main knowledge representation languages. The proposed app-
roach and software for knowledge base prototyping were applied to solve tasks in the
field of technogenic safety provision.

The paper is organized as follows: Sect. 2 presents the state of the art of research.
Section 3 describes the proposed approach and its implementation. Section 4 describes
a case study for a practical task. Section 5 presents a discussion of the obtained results,
while the Conclusions present concluding remarks.

2 The State of the Art

Currently, different conceptual models (e.g., concept or mind maps, event and failure
trees, fishbone diagrams, semantic models, etc.) are actively used at the stages of knowl-
edge extraction and structuring. These models have a system-wide orientation and are
focused on knowledge systematization or decision-making support [12]. Conceptual
models are a convenient and understandable way to represent knowledge for a domain
expert. State transition diagrams (or statechart diagrams) [8] are an example of a con-
ceptual model that is used to model the behavior of a system depending on its states
and external influences. Each such diagram is a graph, where nodes are system states
and arcs (transitions) are events or actions that lead to a change in a system state. The
diagram may also indicate conditions that are met at each transition. A state transition
diagram is used to design and analyze complex systems such as software, hardware
devices, business processes, and others. It helps to understand the logic of a system and
identify possible errors in its operation. A state transition diagram can also be used to
document an already existing system or process. In general, this diagram is a very useful
tool for any project or task where it is necessary to clearly define the sequence of actions
and system states.

Various software tools, in the form of visual editors, are used to build state transition
diagrams. Such editors are usually presented both as desktop applications and web ser-
vices, in particular, Flexberry Designer [13], Visual Paradigm Online [14], Enterprise
Architect [15], and EASE: State diagram editor [16]. These tools facilitate the devel-
opment of visual diagrams of varying degrees of abstraction, corresponding to domain
knowledge. However, they are not intended for knowledge base engineering and there-
fore cannot ensure the completeness of the development process from conceptual models
to formalized code in a specific knowledge representation language. This feature makes
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it difficult to practically use the constructed diagrams for the automated formation of
knowledge bases in intelligent system engineering.

Thus, our motivation is to increase the efficiency of knowledge base engineering
based on the automated analysis and transformation of state transition diagrams. For this
purpose, we proposed an approach to support visual knowledge modeling for domain
experts, including the ability to generate knowledge base codes based on constructed
state transition diagrams.

3 The Proposed Approach

3.1 Problem Statement

The problem of state transition diagram analysis and conversion into a knowledge base
can be reduced to the task of model transformation [17]. The model transformation is
one of the major components of the Model-Driven Development [18]. In general, model
transformation is the process of generating a target model from a source model, according
to some set of transformation rules. In this case, a transformation rule describes how
one or more constructs in a source modeling language can be mapped to one or more
constructs in a target modeling language [19].
Thus, the problem statement can be formalized as follows:

T:CcM3™ - KB, 1)

where T is a transformation operator of a source conceptual model into a target knowl-
edge base; CM S™P is a source conceptual model in the form of a state transition diagram
(STD); KB is a target knowledge base; and: KB = (Codecups, CodePT, CodeOWL).

We propose a specialized approach and software system (KMS) to solve this problem.
Next, let’s take a closer look at this approach and system.

3.2 State Transition Diagram Structure

State transition diagrams are one of the powerful means for system behavior modeling
and documentation. They are a graphical representation of a sequence of system states
(nodes) and transitions between them (arcs) under certain events (conditions). Each
transition is described by an event that causes a change in the system state. At the same
time, states and transitions may have certain properties (characteristics). These diagrams
also show the beginning and end of state transitions, depending on the implementation
specifics (e.g., in UML). An abstract example of a state transition diagram containing
all the main elements is presented in Fig. 1.
The main features of state transition diagrams are:

1. They make it easy to represent the system behavior in the form of a sequence of states
and transitions between them.

2. These diagrams can be used to model both simple and complex systems.

3. They help identify possible errors in the operation of existing systems at the design
stage.
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4. Such diagrams can be used to document the operation of existing systems to facilitate
understanding of their operation and simplify the debugging process.

5. They can also be used to create test scenarios, check system functionality, or assess
risk.

Start
@n 3.1

State 1 Initial state State 3
property 1 <«—Transition 1— property 1 ——Transition 3—» property 1

property 2 property 2 property 2

Transition2 = — _
AN

\ 4 N - = -
. N Transition condition 2
Transition 1.1———» State 2 N
N property 1
property 1 N\ property 2
property 2 AN

|

Transition 2.2

State 2.2

property 1
property 2

v
@ End

Fig. 1. An abstract example of a state transition diagram.

We have built a metamodel (abstract syntax) of a state transition diagram that defines
in abstract form the main concepts of this diagram (Fig. 2). The constructed metamodel
corresponds to the Ecore meta-metamodel [20], and it is further used as a source meta-
model when developing transformation rules that describe the correspondence between
elements of this metamodel and a target knowledge base metamodel.

Currently, there is no generally accepted unified format or standard of text notation
for representing state transition diagrams. Therefore, we took into account the specifics of
these diagrams and decided to develop our own specification format for the serialization
of state transition diagrams using the XML language. A description of the developed
XML format (concrete syntax) for state transition diagrams is presented in Table 1.

3.3 Main Stages

To solve problem (1), we specialize a generalized algorithm for the transformation of
conceptual models into knowledge base code, described in [21]. Thus, our main task is
to transform source state transition diagram elements, presented in XML format, into
target knowledge base elements.
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Fig. 2. A metamodel of a state transition diagram.

Table 1. Description of the XML format for representing state transition diagrams.

Tag name Tag attribute names Description

<Diagram> id, name, A general description of a state
description transition diagram

<State> id, name, type, description Information about the system’s

state. It also contains a state type
with two possible values: “initial
state” and “common state”

<StateProperty > id, name, operator, value, Information about the property of
description the system state. It also contains an

operator (“=7, “>7, “<”, “>=",
and “<=") and a possible property

value
<Transition> id, state-from, state-to, name, | Information about the transition
operator, description from one state to another
<TransitionProperty> | id, name, operator, value, Information about the property
description (condition) of the transition. It also

contains an operator and a possible
value for the transition condition

This algorithm can be presented as a sequence of actions (Fig. 3):

Stage 1:Visual construction of the state transition diagram. A non-programming user
(domain expert) constructs a source state transition diagram using a specific graphical
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editor called State Transition Diagram Editor (STDE), which is part of KMS. This
diagram describes the sequence of state transitions in a certain system.

Stage 2:Representation of the state transition diagram in XML format. The constructed
diagram is serialized in XML format using the developed specification (Table 1).
Stage 3:Analysis of the XML format. The XML structure of a source state transition
diagram is analyzed. As a result, diagram elements and their relationships are extracted.

[ ) State
Domain 1. Visual construction of state transition iti
expert D diagram (using a graphic editor) ﬁ tr.ans't'on
p : diagram
3. Analysis of XML structure (transforming 2. diagram.ln ;&it?;f';a' iti
elements and their relationships) (use own specification)
[
4.1. Formation of rule-based model 4.2. Formation of ontology model
(unified knowledge representation format)  (unified knowledge representation format)
5.1. Modification of rule-based model 5.2. Modification of ontology model
(using RVML notation) (using KBDS editor)

| |

6.1. Code generation in CLIPS language or
in the form of Decision Table (CSV)

CLIPS C D
knowledge‘ Decmon table v‘ owL
4 —)ontology

base

6.2. Code generation in OWL2 DL

Fig. 3. Main stages of the proposed approach.

Stage 4: Generation of a unified knowledge representation model. A rule-based model
or ontology model (the user selects the required one) is automatically formed based on
the extracted diagram elements. These models are used as a universal abstract means
for representing domain knowledge, which is independent of a target knowledge repre-
sentation language (e.g., CLIPS, Jess, Drools, SWRL, OWL, and RDF) or a source of
models.

StageS: Modification of the unified knowledge representation model. At this stage,
the user can modify the received models and also check their correctness. A rule-based
model is modified using a graphical notation called Rule Visual Modeling Language
(RVML) [22]. An ontology model is modified using the Knowledge Base Development
System (KBDS) [23].

Stage 6: Knowledge base code generation. A rule-based model is generated either into
a target decision table in CSV format or into a target code in CLIPS format. An ontology
model is generated in OWL2 DL format.



Using State Transition Diagrams for Automated Knowledge Base Construction 27
Thus, let’s clarify the transformation operator (1):

T = (Tcm—rm > TRm —rkB> Tcm —om » Tom —0kB)»
Tem—rm @ CMRTE — RM , Try—gks : RM — RKB, RKB = (Code“HPS | CodePT),
Tcv—om - CM)‘(SAT,IQ — OM , Toy —okB : OM — Code®WE,

where Tcy—gry 1s an operator for converting a source conceptual model in the form
of a state transition diagram into an unified rule-based model; Trys —rgp is an operator
for converting an unified rule-based model into a target knowledge base code in CLIPS
format or a target decision table in CSV format; CM%E is a representation of a source
state transition diagram in XML format; RM is an unified presentation of acquired
knowledge in the form of a rule-based model; CodeCFS is a target knowledge base
code in CLIPS language; CodeéPT is a target decision table in CSV format; Tcy —oum 1S
an operator for converting a source conceptual model in the form of a state transition
diagram into an unified ontology model; Topy —okp is an operator for converting an
unified ontology model into a target ontology code in OWL2 DL format; OM is a
unified presentation of acquired knowledge in the form of an ontology model; Code®W
is target ontology code in OWL language.

Transformation rules for all four operators are described in terms of the domain-
specific language called Transformation Model Representation Language (TMRL) [24].
TMRL constructs make it possible to describe the elements of the conversion scenario
in a declarative form. In particular, this scenario includes rules for describing the corre-
spondences between elements of a source metamodel of state transition diagrams and
a target metamodel of a unified model for knowledge representation or representation
knowledge language. Specific examples of correspondence between the main elements
of a state transition diagram, rule-based model, and CLIPS language are presented in
Table 2.

Table 2. Specific examples of rules for the correspondences between elements.

State Transition Diagram Rule-based model CLIPS

Diagram Model -

State FactTemplate/Fact Deftemplate

StateProperty Slot (slot “ <name>"

Transition RuleTemplate/Rule defrule

Transition (state-from) FactTemplate/Condition deftemplate/defrule (consequent)
Transition (state-to) FactTemplate/Action deftemplate/defrule (antecedent)

Specifications created on TMRL satisfy the requirements of accuracy, clarity and
completeness. These specifications contain all the necessary information to solve the
task, all model elements are well formalized, and the specifications are quite compact
and at the same time understandable (readable). This fact provides a sufficiently high
performance for the proposed conversion approach.
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3.4 Implementation

The proposed approach is implemented in the form of web software called Knowledge
Modeling System (KMS) [7]. KMS is developed in PHP 8 using the Yii2 framework and
PostgreSQL 15. KMS has a client-server architecture and is aimed at non-programming
users (e.g., domain experts, data analysts).

KMS includes two graphical editors:

o Extended Event Tree Editor (EETE) is a graphical editor for the visual modeling of
semantic tree structures in the form of classic or extended event trees [25].

o State Transition Diagram Editor (STDE) is a graphic editor for the visual modeling
of state transition diagrams.

Main functions of KMS are the following:

e CRUD API for projects that involve working with various diagrams.

e CRUD API for event tree diagrams (both classic and extended) and state transition
diagrams within a specific project.

e Import and export diagrams as serialized files in XML format.

e Automatic transformation of diagrams into unified models (a rule-based model and
an ontology).

e Export constructed models into files in CLIPS and OWL2 DL formats or spreadsheets
in CSV format.

KMS supports two types of users:

e Registered user can create and manage their own diagram projects, as well as open
diagram projects.

e Administrator can create and manage all diagram projects in the system, as well as
register new users.

The implementation of these types is carried out using the incorporation of Role-
Based Access Control (RBAC) into the KMS architecture. RBAC ensures data privacy
and aligns KMS usage with organizational policies and compliance mandates through
controlled access mechanisms. This methodical approach to managing data access sig-
nificantly advances the security of KMS, providing a structured framework that supports
secure and efficient operations across various levels of user engagement. Moreover, we
use hashing of all user data in MD5 format when storing it in the database.

4 Case Study

Let’s consider an example of the automated formation of a knowledge base using state
transition diagrams. In [26], we developed a program in the form of a chain of steps that
facilitates the computer-aided failure analysis of petrochemical technical systems. In
particular, the program on CLIPS was generated from a state transition diagram (Fig. 4)
accounting for a model of technical states’ dynamics and a failure analysis algorithm. A
rule-based model (Fig. 5) was generated based on the extracted elements from the XML
structure of this state transition diagram. The resulting rule-based model was converted
to knowledge base code in the CLIPS language (Fig. 6).
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The developed knowledge base was filled with specific facts extracted from tables.
These tables were obtained as a result of the automatic analysis of industrial safety
inspection reports. We used the TabbyLD tool [27] to semantically annotate the source
tables and extract facts from the annotated tabular data.
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Fig. 4. Anexample of a state transition diagram fragment describing a failure analysis algorithm.

T ition-1
name : String = asb->amsf
properties are entered : String = yes; no
min.similarity : String = 0.5
cases count : String =0
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Fig. 5. A fragment of the resulting rule-based model in the form of RVML diagrams: a rule
template and an example of a specific rule.
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(deftemplate State-@

(slot name)

)

(deftemplate Transition-1

(slot name (default "ASB->AMSF"))
(slot properties-are-entered)

(slot minsimilarity (default "0.5"))
(slot cases-count (default "@"))

(State-@ ;State-@

(name “ANALYSIS OF STRUCTURAL MEMBERSHIP")
)
)

(defrule 4-State-@+Transition-1->State-@
(declare (salience 1))
(State-@ ;State-@
(name "ANALYSIS OF EXTERNAL SIGNS OF ASSEMBLY UNIT FAILURE")
)
(Transition-1 ;Transition-1
(name “AASUF->ADF")
(properties-are-entered "YES")
(minsimilarity "@.5")
(cases-count "@")
)
=
(assert
(State-@ ;State-@
(name “ANALYSIS OF EXTERNAL SIGNS OF DETAIL FAILURE")
)

Fig. 6. A fragment of an obtained CLIPS code.

5 Discussion

The development of rule-based knowledge bases and ontologies for different intelligence
systems remains a complex process that requires in-depth knowledge, both in the field
of software engineering and in the domain. Moreover, the use of principles of visual
domain-specific modeling and accumulated information, in particular, in the form of
conceptual models, is relevant. KMS shows new possibilities for knowledge base engi-
neering. Existing approaches and software solutions (e.g., Expert System Designer [28],
Exsys [29], ES-Builder [30], Protégé [31]) provide even nonprogrammers with the abil-
ity to develop knowledge bases, but they do not enable the use of conceptual models in
the form of different visual diagrams. In contrast to them, KMS uses domain models, in
particular state transition diagrams and extended event tree diagrams, as the main infor-
mation source about domain concepts and their relationships. On the other side, there are
special editors for modeling chains of states in the form of specific diagrams [13-16].
These systems do not imply further use of knowledge contained in the diagrams created
by domain experts and do not provide a way to generate codes of knowledge bases in
any knowledge representation language using the created diagrams. Also, it should be
noted that, at the moment, there are no standards and specifications for the serialization
of state transition diagrams, and each editor for their modeling uses their own storage
format. We suggest using the XML format because it is the universal and most common
way of integrating software systems and ensuring the exchange of information between
applications today.

KMS is a sufficiently flexible and easily scalable system for the development of
knowledge bases of varying complexity. This fact is confirmed by two real-life practical
cases. In one case, KMS was applied to generate a code of rule-based knowledge base for
predicting the degradation processes of petrochemical equipment and to support Indus-
trial Safety Inspection (ISI) tasks. State transition diagrams made it possible to present
the cause-and-effect formation and development of degradation processes in the form
of logical rules and helped to solve the forecasting problem in an automated mode. In
another case, it facilitated the generation of ontologies to support the process of aviation
equipment troubleshooting [32]. KMS was used to design state transition diagrams for
describing two types of dependencies: (1) between the external manifestations of failure
and the causes; and (2) between troubleshooting operations.
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Thus, we believe that KMS can be used for prototyping knowledge bases for different
domain-specific intelligence systems.

6 Conclusions

In this paper, we propose an approach for the automated development of knowledge
bases using conceptual models in the form of state transition diagrams. The proposed
approach is based on the analysis of structural elements of diagrams and their transfor-
mation into constructions of a target rule-based or ontological knowledge representation
language. This approach minimizes programming errors at the stage of knowledge for-
malization due to automatic code generation and reduces the time spent on knowledge
base engineering. It also opens up the opportunity to directly involve domain experts in
the development process of knowledge base prototypes, allowing them to create program
code using domain-specific models that are understandable to them. The proposed app-
roach is implemented in the form of web-based software (KMS), which can be used to
model domain knowledge and generate codes of knowledge bases for various intelligent
systems.

The reported study was supported by the Ministry of Education and Science of the
Russian Federation (Project no. 121030500071-2 “Methods and technologies of a cloud-
based service-oriented platform for collecting, storing and processing large volumes
of multi-format interdisciplinary data and knowledge based upon the use of artificial
intelligence, model-driven approach and machine learning”) and by the Council for
Grants of the President of Russia (grant No. SP-978.2022.5).
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Abstract. The paper presents a new approach to station operation planning based
on real data received “from the wheel”. The processes at freight stations are con-
sidered and an approach to station work planning based on modeling of processes
using statistical data and forecasting of key station performance indicators is pro-
posed. The use of such a model will allow predicting critical parameters and
optimizing shunting operation control. The results of the study demonstrate the
effectiveness of the model in predicting abnormal scenarios and its potential as a
tool for preventive decision making at freight stations.

Keywords: freight station - digital twin - parameter forecasting - abnormal
scenarios - railway infrastructure - automation systems - operational efficiency -
process optimization - statistical information

1 Introduction

The use of modern technologies within the framework of the Industry 4.0 concept in
terms of digitalization and intellectualization [1, 2] of railway infrastructure in general
and marshalling yards as the most complex components of the freight traffic service
system in particular should lead to a sharp increase in labor productivity, reduction
of operating costs, transition to low-traffic operation technologies with a simultaneous
increase in the safety of technological processes [3].

At present, the design and implementation of digital modules, including the follow-
ing, is underway at the decisive hub stations of the Russian Railways network in accor-
dance with the approved “Updated layout and development program for marshalling
yards, taking into account the development of auxiliary (technical, pre-hub) yards” and
its subprogram “Digital Marshalling Complex”:

e integrated post of automated reception and diagnostics of rolling stock at marshalling
yards (PPSS) [4, 11];
complex system of automated control of the sorting process (KSAU SP) [5];
shunting automatic locomotive signaling MALS [6];
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interactive console of the KSAU SP [7];

automation of maneuvering movements on the slide;

automated barricading/bolting in station parks;

enhanced information exchange with the automated plant control system (ASU ST);
the system of control and preparation of information on real-time movements of cars
and locomotives at the station (SKPI PVL RV) [8].

A significant disadvantage of existing information systems at marshalling yards,
introducing significant distortions in the formed indicators and limiting the effectiveness
of automated work planning, is manual input of information on technological operations
at the marshalling yard.

One of the technical solutions designed to improve the reliability of the model of
rolling stock location at the station is the Universal Counting Point (STU) developed
by the Institute’s specialists. The universal counting point consists of rolling stock axis
fixation devices (UFPO), illumination projectors to create uniform illumination of the
control area and specialized cameras to identify the type of rolling stock.

The universal counting point will provide not only identification of the fact of moving
and fixing the total number of axles of the repositioned group of rolling stock, but also
control of the inventory number, the number of rolling units and the number of axles in
each rolling unit.

Execution of STU’s functions is realized by merging of data received from floor
devices (axle counting sensors, rail chains), from specialized video cameras and from
real-time model of location of all moving units at the station.

The data received from specialized cameras are preprocessed based on vision
algorithms (Fig. 1).

51099612

Fig. 1. Illustration of the operation of the STU.

The use of deep learning algorithms (Fig. 2) [9] and parallel computing mechanisms
[10] provides real-time data processing and their transfer to the central control module. A
distinctive feature of the used toolkit is the simultaneous detection of several indicators
- couplers, axles and rolling stock numbers.
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Fig. 2. Architecture of the used artificial neural network for extraction of coupler contours, axles
and rolling stock numbers (Weng Y. et al. Nas-unet: Neural architecture search for medical image
segmentation. IEEE Access. - 2019. - VOL. 7. PP. 44247-44257.).

At the same time, due to the interaction of each counting point with a common station
model of rolling stock placement, very high identification accuracy is achieved with a
minimum number of counting point equipment.

The study is structured as follows:

e Problem Statement: This section identifies the inefficiencies and inaccuracies of cur-
rent manual input systems at marshalling yards and outlines the need for a digital
twin model to enhance data accuracy and operational efficiency.

e Methods: We describe the development and implementation of the digital twin model,
detailing the use of the Universal Counting Point (STU) and the integration of deep
learning algorithms for real-time data processing.

e Results: The section presents the findings from our model, including statistical anal-
yses of station performance indicators and the model’s accuracy in predicting park
utilization and abnormal scenarios.

e Discussion: We discuss the implications of our results, highlighting the improvements
in operational efficiency and safety, and identifying areas for future research and
development.

e Conclusion: This section summarizes the key contributions of our study and outlines
the next steps for further enhancing the digital twin model and its integration with
real-time automation systems.

By addressing these aspects, our study aims to significantly improve the operational
management of marshalling yards, making them more efficient, reliable, and safer.

2 Problem Statement

The current system of manual data input at marshalling yards presents significant chal-
lenges to the efficiency and reliability of station operation planning. Manual data entry is
prone to errors and inconsistencies, which lead to distortions in the recorded indicators.
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These inaccuracies hinder the effectiveness of automated systems and decision-making
processes. As a result, there is an urgent need for a more reliable and accurate method of
capturing and processing operational data to enhance the overall efficiency of marshalling
yards.

The inefficiency caused by these manual processes not only affects the accuracy of
data but also impacts the throughput capacity of the yards. Freight cars often experience
extended idle times due to delays in processing and mismanagement of resources. This
inefficiency leads to higher operational costs and reduced productivity, directly affecting
the profitability and operational performance of the railway infrastructure. Given the
critical role of marshalling yards in the logistics and supply chain, addressing these
inefficiencies is paramount for improving the overall performance of the railway system.

Moreover, the existing systems lack the capability to predict and manage abnormal
scenarios effectively. The nonlinearity of processes at marshalling yards, influenced by
numerous uncertain factors, complicates the optimization of shunting control. Without
accurate, real-time data, it becomes challenging to anticipate and respond to potential
disruptions proactively. This limitation underscores the need for an advanced solution
that can provide real-time, precise data and predictive analytics to support decision-
making.

This study aims to address these challenges by developing and implementing a digital
twin model of the station. This model leverages real data obtained from downstream
devices and integrates deep learning algorithms for real-time data processing. The goal is
to enhance the accuracy and reliability of station operation indicators, optimize shunting
operations, and reduce the idle time of railcars. By providing a robust tool for preventive
decision-making, the proposed solution seeks to significantly improve the operational
efficiency and safety of marshalling yards.

3 Methods

Wagon model of SKPI allows automatic unbiased recording and logging of objective
indicators of the sorting station, such as the beginning and end of the technological
operation, the time of car processing at the station, etc.

Currently, the SKPI is only used as a means of capturing primary data from floor
equipment.

In this case, the station indicators are calculated only on the basis of rough generalized
(often biased) information entered manually by the duty personnel or on the basis of
planned values. This information often does not correspond to real operational data, as
it is generated by a human being. Therefore, the indicators calculated on the basis of
this data often do not correspond to reality. In this regard, the real duration of specific
operations cannot be analyzed, which does not allow for maximum efficient use of the
processing capacity of large stations, such as Chelyabinsk-Glavny station.

In 2023, we proactively started to implement additional functionality of the SKPI,
which allows us to automatically calculate statistical indicators based on the database
of cars that actually passed the station.

The statistical indicators calculated can be divided into 3 types: inbound, park and
station-wide.
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Inbound railcar flow statistics:

the number of trains that have entered;
number of cars in the entered trains;
distribution of cars by direction in incoming trains.

Parks stats:

distribution of transitions from the park;

idle time of railcars in parks;

number of cars in the trains to be formed in marshalling yards;
calculation of specialization of marshalling tracks.

Station-wide statistics:

e probability of excessively overworked car (passing the slide more than 2 times);
number of train locomotives at the station;
the likelihood of a transit train.

Figure 3 presents the statistics of the incoming car traffic to calculate the average and
maximum utilization of station entrances, where quartile values are calculated for each
of the statistics: the first quartile (Q1), the second (Q2 is the median) and the third (Q3).
Number of entered trains (Fig. 3.a) - median of train locomotives with cars entering
through the entrance counting points for a given period of time (e.g., trains per day).
Number of cars in the entered trains (Fig. 3.c) - median of the number of cars in the
arriving freight trains for a given period of time. Distribution of cars by direction in
incoming trains (Fig. 3.b) - the ratio of cars by direction for a given period for each fleet.
The direction is selected based on information from the ASU ST or specialization of
marshalling yards.

Figure 4 presents the park statistics. Distribution of transitions from park to park
(Fig. 4.a) - probability of transition from park A to park B for a given period of time. Car
idle time (Fig. 4.b) - median of car idle time for a given period of time. It is calculated for
the station and separately by park. Probability of excessively processed railcars (Fig. 4.c)
- number and percentage of railcars that passed through the marshalling yard more than
twice.

Based on the real information, we calculated the relative utilization of the station’s
parks during the week under two systems - even and odd. Figure 5 shows the number of
railcars as a percentage of total park capacity, where Park D is the receiving park, Park
D is the marshalling park and Park C is the departing park.
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From: | 24102023 [i3)| oz [ 31102023 [{3)|

Start End Park Q1 Q2 Q3 Number of cases
24.10.2023 00:00|01.11.2023 00:00|Park G| 53 |62 |66 |8 (1)
24.10.2023 00:00(01.11.2023 00:00|Park V|25 |26 |28 |8
24.10.2023 00:00(01.11.2023 00:00|Park A[30 |38 |41 |8
24.10.2023 00:00 (01.11.2023 00:00| All 26 |38 |53 (24

From: 24102023 to: |31.102023 [i5)

Start End Park Direction Percent

24.10.2023 00:00|01.11.2023 00:00| Park G |830200:Vhodnaya 22.84

24.10.2023 00:00|01.11.2023 00:00| Park G | 780000:Ekaterinburg-Sortirovochny [11.59

24.10.2023 00:00|01.11.2023 00:00| Park G | 850000:Inskaya 10.08 b)
24.10.2023 00:00|01.11.2023 00:00| Park G| 790400:Voynovka 7.63

24.10.2023 00:00)01.11.2023 00:00| Park G | 828500:Kurgan 4.48

24.10.2023 00:00 [01.11.2023 00:00| Park G| 830000:Moskovka 4.05

24.10.2023 00:0001.11.2023 00:00| Park G | 800008: Chelyabinsk-Glavny 3.72

From: | 24102023 [i3) | to: 31102023 3|

Q1 Q2 Q3 Number of cases

Start End Park

24.10.2023 00:00

01.11.2023 00:00

Park G|49 |65 |70 |480

24.10.2023 00:00

01.11.2023 00:00

Park V|54 |66

72

213

24.10.2023 00:00

01.11.2023 00:00

Park A|42 |59

67

283

24.10.2023 00:00

01.11.2023 00:00

All 47 |64

70

976

Fig. 3. Inbound train statistics.

We have developed a program that, based on specified rules and statistical data,
allows modeling the station operation. The program not only predicts some indicators
of station operation, but also allows predicting abnormal conditions in station operation
for taking preventive decisions.

Station operation is modeled by generating a hitch (train, group of cars) at the station
entrance and moving the hitches between station parks.

The frequency of generation of couplings (groups of cars) is taken from the statistics
“Number of entered trains”. The number of wagons is arandom number that is generated
from the “Number of wagons in entered trains” statistic.

Each car in the train is assigned a random destination station based on the statistics
“Distribution of cars by destination in incoming trains”.

After entering the park, the idle time is calculated for the hitch based on the “Wagon
idle time” statistic. The next park for the train is calculated based on the “Distribution
of transitions from the park” statistic.

If the next park cannot accept this hitch, the hitch becomes pending.

Inbound and outbound fleets cannot accept a coupler in the event that all tracks are
occupied.

A sorting yard cannot accept railcars if there are no vacant tracks or not fully occupied
tracks with its destination station.
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From: | 24102023 [33)] toz31.102023 [33)]

Start End Park Transition Transition probability
24102023]01.11.2023|Park S |Park B 9545
24.102023]01.11.2023|Park S | Park A 45 a)
24.10.2023]01.11.2023|Park S | Exit 0.04
24.102023/01.11.2023 |Park D |Park v 98.18
24,102023[01.11.2023|Park D |Park G 1.73
24.10.2023]01.11.2023 | Park D | Exit 0.09
24.10.2023|01.11.2023|Park G |ParkD 8436
From: 24102023 [13) to: | 31102023 )
Start End Park  Direction Q1 Q Q3 Quantity
24.10.2023|01.11.2023| Park S | 000200 163 197 |197 |9
24.10.2023|01.11.2023 | Park B | 525205:Gazyr 158 |186 |262 |2666 g b)
24.10.202301.11.2023 | Park B | 525205:Gazyr 166 |166 [166 |74 3
24.10.2023|01.11.2023 | Park B | 523100:Vyshestyeblevskaya-Export 300 |350 |400 |140 3
24.10.2023|01.11.2023| Park B | 521001 :Novorossiysk (export) 71 |14 [144 ass £
24.10.2023|01.11.2023 | Park B | 515208: Yeysk (export) 68 |2%9 [3%2 [ 3
From: | 24.10.2023 [i3}| to: | 31.102023 [i3)|

c)

Passages through the slide park Number of wagons Percentage
>=2 6307 11.07

Fig. 4. Park statistics.

On the basis of the analysis of statistical information accumulated by the SKPI, gen-
eralized parameters on the operation of individual station sections (parks) were iden-
tified. Using these generalized parameters, simulation of multiple random scenarios of
train situation development at the station was carried out.

4 Results

Our private simulation model based on statistical data allowed us to form a certain
forecast of some station performance indicators, for example, such as park utilization
(Fig. 6).
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Fig. 5. Park congestion for November 4-13, 2023.
Parks
f "\ \ \ P
Real statistics for 10 days Forecast for 2 weeks

Fig. 6. Model of the Even sorting system based on statistical data.

One of the main goals of our private simulation model is to predict abnormal states
of station operation for preventive decisions. For example, as shown in Fig. 7, the mar-
shalling yard utilization increases when the number of marshalling tracks decreases
(repair simulation). The input park loading tends to 1 after a day.
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Fig. 7. Simulation of marshalling yard track repair (reducing the number of marshalling tracks
by 2 times).

5 Discussion

The implementation of a digital twin model for marshalling yards represents a significant
advancement in the field of railway infrastructure management. By addressing the core
issue of inaccurate manual data input, this model provides a robust solution for enhancing
the reliability and efficiency of station operations.

One of the primary advantages of the digital twin model is its ability to process
real-time data and provide precise insights into the operational status of the yard. This
capability is crucial for optimizing shunting operations and reducing idle time of railcars,
which are critical factors in improving the overall efficiency and throughput capacity of
marshalling yards.

Furthermore, the predictive capabilities of the digital twin model offer significant
benefits for proactive management of abnormal scenarios. By analyzing historical data
and real-time inputs, the model can forecast potential disruptions and allow for preventive
measures to be implemented. This proactive approach not only enhances the safety and
reliability of yard operations but also contributes to a reduction in operational costs by
minimizing downtime and improving resource utilization.

The integration of the Universal Counting Point (STU) with the digital twin model is
another key innovation that enhances the accuracy of data collection. The STU’s ability
to provide detailed information on rolling stock movements, including the number of
axles and rolling units, significantly reduces the likelihood of errors and distortions in
the recorded data. This integration ensures that the digital twin model is based on precise
and reliable inputs, further enhancing its effectiveness.

Despite the significant benefits demonstrated by our study, there are still areas for
future development. One of the main challenges is the synchronization of the digital twin
model with existing real-time automation systems. Ensuring seamless integration and
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data exchange between the digital twin and other automation tools will be critical for
maximizing the model’s potential. Additionally, further research is needed to refine the
model’s predictive algorithms and improve its ability to handle complex and nonlinear
operational scenarios.

6 Conclusion

Our proposed simulation model based on the analysis of statistical information and
generalized station operation parameters has become an effective tool for forecasting
various indicators, such as park utilization. Our approach allows us not only to assess the
current situation at the station, but also to predict possible abnormal scenarios, which
makes the model a valuable tool for preventive decision-making. Further steps in the
development of the model include the organization of synchronization with real-time
automation systems, which will make it possible to promptly respond to changes and
improve the efficiency of railway station management.
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Abstract. Intellectualization is one of the main ways to improve the efficiency
of interaction between the user and technical systems. The essence of modern
approaches to intellectualization comes down to the concept of analyzing accu-
mulated knowledge and synthesizing private interface solutions that take into
account the parameters of the subject area. Despite all the existing achievements,
the modern paradigm of intellectualization requires revision, since it excludes the
logic of user perception and processing of information received from a technical
system. The article discusses a method for ensuring the intellectualization of inter-
action between a technical system and a user, allowing the context and assessment
of the state of the system to be reflected in the terminology of a specific user.
The method allows the user to define in natural language the logic for forming
meaningful assessments of the state of the system based on observed parameters
and select for each assessment the necessary modalities used for notification.

Keywords: user interface - IUI - context - intellectualization - interaction -
technical system

1 Introduction

Methods and technologies for constructing interfaces from the point of view of the inter-
action of technical systems with users are focused on the effective display of significant
parameters associated with the context. Efficiency is understood as a combination of fac-
tors that ensure guaranteed delivery of information to the user and the necessary speed
and unambiguity of its perception. Effectiveness by default is achieved through the use
of adequate modalities [1], skeuomorphism [2] and other techniques. In recent years, to
achieve efficiency, the use of intellectualization techniques and tools has been observed
[3]. Intelligent user interfaces (IUIs) use predictive analytics for suggestions [4], natural
language text communication [5], and other techniques to reimagine how information
is presented to the user.
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Despite all the existing achievements, the modern paradigm of intellectualization
requires revision, since it excludes the logic of user perception and processing of infor-
mation received from a technical system. In reality, the user uses complex information
generated by a combination of observed parameters to form inferences and meaningful
conclusions about the state of a technical system. For each such combination, the user
associates a certain concept that characterizes the state of the system.

To achieve a significant increase in efficiency, it is necessary that the user interface
of a technical system be able to generate information signals containing a meaningful
result of processing a combination of observed parameters in the same way as the user
does.

Each meaningful result must be described by the user in terms of the logic of its
formation. This requires the creation of methods and tools for developing user interfaces.
Such interfaces should not replace, but complement the existing one. This will provide
the opportunity to determine the nature of the observed state of the system if there is
doubt about the conclusion made by the intelligent interface.

The article discusses a method for ensuring the intellectualization of the interaction
of a technical system with the user, which makes it possible to reflect the context and
assessment of the state of the system in the terminology of a specific user. The method
allows the user to define in natural language the logic for forming meaningful assessments
of the state of the system based on observed parameters and select for each assessment
the necessary modalities used for notification.

2 Current State of Research

Intellectualization of user interfaces is one of the topics actively discussed by users. The
analysis of publications allows us to determine the following series of trends that differ
from each other in implementation features.

Trend 1. Formation of assistant interfaces that make it possible to eliminate insuffi-
cient user qualifications by generating contextual clues and offering alternatives for use.
This approach is found, for example, in [6]. The authors, through the use of a frame
model, provide the ability to describe complex technical systems based on a limited set
of basic parameters entered by the user.

Trend 2. The use of “human-like” interfaces, which make it possible to eliminate the
barrier between the user and the technical system by representing the latter in the form of
a person using modalities familiar to everyday communication (text, speech messages).
This approach is quite promising, but is associated with solving non-trivial problems.
For example, in work [4], the problem of capturing the context of communication is
solved. Work [7] discusses the problems of forming speech messages generated by the
system, and work [8] discusses the interpretation of phrases spoken by the user.

Trend 3. Individualization of user interfaces based on user behavior analysis. This
approach, specific solutions within which are presented in [4, 9-12], involves adjusting
the interface within the framework of the built-in flexibility mechanisms in such a way
as to ensure the greatest efficiency of interaction for a specific user. This trend can be
considered the most ambitious among all those formulated.
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Works are also highlighted, for example, research within the OSTIS project [13,
14], which are at the intersection of several trends and aimed at the comprehensive
intellectualization of interaction between the user and the technical system.

The considered trends from the point of view of the problem posed are characterized
by the following general features:

1. Focus on increasing the efficiency of interaction without changing the paradigm. The
user and his private logic of interaction with the technical system, which is the factor
determining efficiency, are beyond the scope of intelligent solutions.

2. Intellectualization through generalization. Researchers proceed from the premise
that all users can be reduced to a specific number of classes, and each class can
be associated with specific interface models and modalities.

3 Suggested Method

Existing methods of interface intellectualization are based on the premise that the prob-
lem of a person understanding the logic of the operation of technical systems lies in
personalizing the interface. According to the authors, personalization is an important
task, but not a priority. Providing primary signals and information to the user in a con-
venient form solves only part of the interaction problem. A more important aspect of
the issue is the formation of meaningful conclusions about the situation or state of the
technical system, which the user forms based on his own logic. This logic is developed
in the course of mastering a technical system and acquiring skills to work with it. The
development of such logic, in its essence, determines the need to train users when mov-
ing, for example, from one technical system to another while maintaining technological
processes.

In contrast to the ideas embedded in existing approaches, an intellectualization
method is proposed, aimed at formalizing the logic of interpreting a set of signals and
information into specific conclusions about the state of a technical system. The idea of
the method is illustrated by the following diagram (Fig. 1).

The essence of the intellectualization method is that the general channel of interaction
between the user and the technical system is not replaced, as proposed in the methods
discussed in the second section of the article, but is supplemented with an intellectual
component. Such an intelligent component operates in a one-way mode and performs
the functions of interpreting the signals and information generated by the basic interface
of the technical system. Interpretation implies the formation of an assessment of the
state of the system in a form determined by the end user. The intellectual part of such
an interface, in contrast to well-known approaches, uses the principles of natural rather
than artificial intelligence. Artificial intelligence uses retrospective principles, which can
be characterized as an analysis of accumulated data and knowledge - a synthesis of a
particular solution. This approach when applied to the interfaces of technical systems
leads to averaging and generalization of interaction models and does not solve the prob-
lem of the effectiveness of user interaction with a technical system. In contrast, natural
intelligence uses a generative principle, which can be characterized as a synthesis of a
formalized description of the logic of solving a problem - an analysis of means that can
be used within the current context.
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User-defined estimation of
a technical system state

Common channel
of interaction

Intelligent interface

A A

Information Signals

Common interface of
a technical system

Fig. 1. General idea of an interaction intellectualization

Natural intelligence, in relation to the problem considered in the article, represents
the user’s private logic for interpreting signals and information, which can also be called
context. The context is formed by the user independently in the natural language of the
subject area, which is provided by previously obtained results [15].

From a structural point of view, the intelligent interface of the technical system
proposed in this article can be presented as follows (Fig. 2).

To create intelligent interfaces of technical systems based on natural intelligence,
the following sequence of steps is proposed.

Step 1. Determine the set of situations and system states that the user must monitor. At
this step, an expert user who knows the technological process and the operating features
of the technical system generates the entire possible set of system states and situations. In
this case, typical cases included in the basic interface of a technical system are excluded:
errors, warnings, etc. Next, the user who directly operates the system selects a subset of
the states and situations he uses from those proposed by the expert.

Step 2. Description of the logic for forming meaningful conclusions (context). At this
step, the user describes the individual logic for drawing conclusions about the presence
of the set of states and situations selected at Step 1. For the description, natural language
and a technique proposed by the authors earlier in [15] are used. An important aspect is
also the choice by the user of a modality that is individually suitable for him, with the
help of which an assessment of the situation will be delivered.

Step 3. The context created by the user is converted from a model represented in the
language of the domain to a model represented in the language of the technology. For
this purpose, a set of translation rules is used, based on dictionaries of actions in natural
language and their technological implementation.
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Interaction model with different modality

User-defined estimation of
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/ AN
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interface

- /

Information Signals

list of signals available in
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(means and technigues to fetch signals from common interface)

Fig. 2. Intelligent interface structure

Practical testing of the proposed method for intellectualizing the interaction of a
technical system with a user was carried out as part of the R&D “Platform for self-design
of web interfaces by the user to provide remote access to local information systems.” The
first step of the proposed method is implemented in the form of an editor of information
objects that individual employees work with (Fig. 3).

The second step of the proposed method is implemented in the form of a graphic
editor, in which the actions for processing information objects and the connections
between them are described in natural language (Fig. 4).
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Fig. 3. Information Object Editor

Using translation rules, the logic described by the user is manually converted by a
technical specialist in the interface designer (Fig. 5).

The interface developed in this way is an ordered combination of window forms. The
order of the windows corresponds to the logic defined by the user and is also displayed
on the screen (Fig. 6).

Presented software provides the opportunity to create additional interaction inter-
faces that isolate the user from the original system. The purpose of creating and using
such an add-on is to personalize the user’s interaction with the system. Personalization
itself is determined by the individual logic of processing information signals, objects and
data, which is formed in the natural intelligence of the user. The software package allows
you to formalize and transfer this user logic into the logic of the software operation.
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v Stage for the director 24889717289
v Setting the date
+ Setting up officials
+ Signing of a document
Director's memo

1/03/2021 0

Fig. 6. Interface operation based on user-defined logic

4 Conclusions

The essence of the proposed intellectualization is the use of natural intelligence instead of
artificial intelligence. Natural intelligence in the form of the user’s private logic for inter-
preting the totality of information and signals generated by the technical system interface
is transformed into an intelligent interface of the technical system. Such an intelligent
interface does not replace, but complements the existing technical system. Thus, intel-
lectualization is ensured at the level of taking into account the individual characteristics
of the user, which make it possible to synthesize private interaction mechanisms that
take into account the characteristics of his natural intelligence.
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Abstract. The automation and intellectualization of industrial, transport, and
energy systems have become critical drivers of efficiency and innovation in
the modern economy. This adoption of algorithms enables precise forecast-
ing of demand and pricing, facilitating automated decision-making. This shift
towards automated, data-driven approaches aligns with the broader trend of digital
transformation in industrial and transport systems.

The theoretical foundations of pricing in the transport services market have
been research. Data have been generated and indicators that affect the cost of
renting a wagon have been determined. New aspects of integrating linear regres-
sion with econometric models to improve forecast accuracy are presented. This
hybrid approach uses the strengths of both methods: the interpretability of linear
regression and the qualitative characterization of interdependencies between real
economic phenomena. A statistical assessment of models for predicting the cost
of wagon rental is presented. Prospects for the development of research have been
identified.

Our approach is comprehensive when applied to a dynamic pricing model
in the transportation market, providing a more robust and adaptable forecasting
system. The introduction of statistical criteria facilitates a precise forecasting of
transport demand and cargo flow optimization, leveraging extensive econometric
data.

This approach underscores the importance of innovative statistical methods in
forecasting and strategizing in the transportation sector, suggesting that such adap-
tive models are essential for operators to remain competitive and economically
stable in a dynamic market environment.

Keywords: modeling - regression analysis - statistical criteria - wagon -
coefficient

1 Introduction

The automation and intellectualization of industrial, transport, and energy systems have
become critical drivers of efficiency and innovation in the modern economy.
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Specifically, in the railway sector, the development of automated tariff-setting mech-
anisms through advanced predictive models like ARIMA and LSTM is reshaping oper-
ational dynamics. This adoption of sophisticated algorithms enables precise forecasting
of demand and pricing, facilitating automated decision-making that minimizes human
error and accelerates adaptation to market changes.

This shift towards automated, data-driven approaches aligns with the broader trend
of digital transformation in industrial and transport systems, where intelligent systems
play a crucial role in optimizing resource utilization and operational efficiency.

Moreover, the integration of artificial intelligence and advanced analytics into these
systems enhances strategic decision-making. For instance, rolling stock operators are
now using adaptive tariff systems that harness vast datasets to foresee market movements
and dynamically refine pricing strategies.

The cost of renting wagons of assets for transportation plays a central role in shaping
a company’s strategy and profitability. In this context, the development of statistical
methods for price forecasting becomes not just an optimization tool, but also a strategic
resource to anticipate and effectively respond to market fluctuations.

The purpose of the research is to develop adaptive wagon tariffs as a tool for
implementing the financial strategy of rolling stock operators.

Inrecent decades, there has been significant interest in the development of forecasting
methods in various areas of the economy, including the transport industry. This field of
research focuses on the integrated use of statistical data, econometric modeling, and
machine learning to analyze current trends and produce accurate future forecasts. These
forecasts are crucial for planning infrastructure projects and optimizing supply chains,
contributing to the broader theme of automation in industrial systems [3, 8, 9, 11, 12].

For example, the autoregressive integrated moving average (ARIMA) model is
widely used for time series forecasting in various areas. Research have shown the
effectiveness of ARIMA models in predicting various phenomena [5, 6, 7, 10].

In paper [1], the authors conduct a comparative analysis of the autoregressive inte-
grated moving average (ARIMA) and the seasonal autoregressive integrated moving
average (SARIMA) for forecasting prices of gasoline and diesel fuel. The coefficients of
the identified models were tested for significance using the Z-test. ARIMA and SARIMA
models were compared using RMSE, MAE and MAPE. In the article [2] the authors
complement the comparison with the LSTM model in time series forecasting.

In the market for the services of railway rolling stock operators, pricing is deter-
mined by competitive mechanisms, which distinguishes it from the traditionally regu-
lated sectors of railway transportation. In this market segment, prices are not subject to
government regulation and are formed solely on the basis of supply and demand.

2 Materials and Methods

Statistical tests are mathematical tools used to analyze and interpret empirical data in
the context of statistical hypotheses. They help determine whether hypothesized patterns
in the data are supported or should be rejected in favor of alternative hypotheses. The
main application of statistical criteria is testing hypotheses about the parameters and
distributions of general populations [4].
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There are many statistical methods, each used in different situations to analyze data.
Here is a brief overview of some of them:
Logistic Regression:

In( P

) = Bo + Bix1 + Boxa + ... + Brxk (D
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The Shapiro-Wilk test is used to check the normality of data distribution:
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x; — i-th ordinal statistic, a;— coefficients obtained from special tables, x— sample mean.
Student’s t test evaluates differences between the means of two groups:
X —-X
X1—X2
X1, X, —sample averages,
SYl Xy standard error of the difference of means.

Fisher criterion:
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MSpetween — mean square of intergroup differences;
MS,ishin— mean square of within-group differences.

The coefficient of determination R? is a measure that is used in statistical analysis
to evaluate the quality of a linear regression model. It shows how much of the variance
in the dependent variable is explained by the model through the independent variables

SSVES
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SSres—sum of squared residuals (difference between actual and predicted values),
SS;0+—total sum of squares (difference between actual values and their average).

The adjusted coefficient of determination Rz di modifies to reflect the number of
predictors in the model, providing a more precise measure of the explanatory power of
the model when multiple variables are present.
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n — sample size,
p —number of predictors in the model.
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The initial data for the analysis are various indicators of the use of wagons, rental
rates for the provision of wagons, transportation costs obtained from sources:

— Reports of the information and analytical center of the Union of Railway Operators
(IAC SOZhT) [13, 14].

— Monthly monitoring Institute for Problems of Natural Monopolies IPEM) [15].

— Daily indices of the Electronic trading platform «Freight transportation» [16].

Data time interval from 01/2020 to 12/2022. Data preprocessing stages, such as
normalization using MinMaxScaler and specification of indicators, are presented in the
next section.

The choice of regression and econometric modeling methods for forecasting time
series and processing large data sets is due to the advantages of these models: the inter-
pretability of linear regression and the qualitative characterization of interdependencies
between real economic phenomena.

3 Result and Discussion

The current economic situation, including sanctions measures from third countries,
requires from railway transport operators not only efficiency, but also flexibility in man-
aging tariffs. Understanding the key indicators that influence wagons tariffs is critical to
maintaining the competitiveness and economic sustainability of the rail industry.

The research is based on the use of an integrated approach, including statistical
analysis, econometric modeling, as well as comparative and systemic analyses, and
machine learning. These methods allow a comprehensive assessment of the influence
of various factors on tariff components and their sensitivity to changes in the economic
environment. The initial data were indicators of the use of wagons and rental rates.

At the first stage, a model was built with the found coefficients for the following
characteristics:

cena_pv_st;- selling prices for new standard wagon, million rubles, excluding VAT,
cena_pv_inn; — selling prices for new innovative wagon, million rubles, excluding VAT,
cena_vag_kompl; — price dynamics for a casting wagon set, thousand rubles,
gen_park, — dynamics of the working wagon fleet, thousand units,

rab_park; — dynamics of the working wagon fleet, thousand units,

arenda_pv; — dynamics of gondola wagon rental rates, rub. per wagon per day,

trl; — repairs in the amount of TR-1, thousand rubles,

tr2; — repairs in the amount of TR-2, thousand rubles,

dr; — repairs in the amount of depot repairs, thousand rubles,

krl, — repairs in the amount of major repairs, thousand rubles,

proizv, — production of freight wagon in the Russian Federation, units.

The statistical significance of the model was determined using the coefficient of
determination, the statistical significance of the coefficients of the model’s features was
determined using the Student’s test.
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The mathematical formula of the model can be represented as:

arenda_pv; = by + by - cena_pv_st; + by - cena_pv_inn;
+ b3 - cena_vag_kompl; + by - gen_park; + bs - rab_park;
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Fig. 1. Dynamics of wagon rental rates, rub.

When performing statistical analysis, the following results should be noted.

The model shows a high R-squared = 0.98, indicating good quality of the model
and that most of the variability in the variable y can be explained by the independent
variables.

Not all coefficients for variables x1, x2, x3, ..., x9 are statistically significant (p —
value < 0, 05).

Adjusted R-squared equals 0.97, which is very close to the R-squared significative.
This shows that adding variables to the model does not lead to overfitting, and the model
adequately fits the data given the number of independent variables.

F-statistic is 62.73 with a very low probable (F-statistic) = 3.94e—07, indicating the
overall statistical significance of the model. This means that the model as a whole has
statistically significant predictors for predicting the dependent variable.

The coefficients for each variable (x1, x3, x3, ..., X9) show how the dependent vari-
able changes when a given independent variable changes by one unit while holding
other variables fixed. For instance, the coefficient of x; is 113.0328, which means that
for each increase of one unit, it enhances by approximately 113.0328 units, assuming
other variables remain unchanged.
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Standard errors provide an estimate of the standard deviation of xj the coefficients.
For example, for x; is 68.51, which gives an idea of the accuracy of the coefficient
estimate.

P > |¢| indicates the statistical significance of each coefficient. Values below 0.05
indicate that the corresponding coefficient is significantly different from zero and the
variable is important to the model.

The confidence intervals ([0.025 0.975]) for the coefficients indicate the range within
which we expect to find the true values of the coefficients with 95% confidence. This
helps assess the uncertainty around coefficient estimates.

To improve the accuracy and quality of the model, it is necessary to scale the source
data using MinMaxScaler, which allows you to normalize the data before using it in the
model, that is, bringing numerical variables to the range from O to 1 (Fig. 2).

CENA_PV_ST 4
CENA_PV_INN -
CENA_VAG_KOMPL A
gen park 4

rab park 1

Proizv 1

tr-1 4

tr-2 4

(k p

k_r -

ARENDA PV t-1 1

il

-0.50 -0.25 0.00 0.25 0.50 0.75 1.00 125 1.50

Fig. 2. Violin plot of features

Letus give some general explanations regarding the chart. On the graph, each “violin”
represents one feature. The central black dot in each violin shows the median value of
the data for the corresponding feature. The thick line inside each violin represents the
interquartile range (the interval between the 25th and 75th percentiles). A thin line or
violin whisker can represent the entire range of data or a specific confidence interval
around the median. The width of a violin in any horizontal section is proportional to the
density of values, i.e., the wider the violin, the more observations there are values in that
range.

The graph helps rapidly evaluate several aspects of the data distribution:

1. form of distribution is the distribution of each characteristic symmetrical, does it have
heavy tails,
2. presence of outliers is long whiskers can indicate potential outliers in the data,



58 V. M. Zadorozhniy et al.

3. comparison between features is although the data is scaled, differences in the width
and shape of the violins may indicate differences in the distribution of values of
different features.

The result of building a model on scaled data is similar to the first model (Fig. 1).
Let’s build a model based on top-features. The graph is shown in the Fig. 3.
Let’s determine the most significant features by:

arenda_pv;—1 = 2, 153621
gen_park; = 0, 151610
cena_pv_st; = 0,062820
cena_vag_kompl, = 0, 040124

Thus, the mathematical formula for this model is:

arenda_pv; = by + by - arenda_pv:_1 + by - gen_park;

8
+ b3 - cena_pv_st; + ba - cena_vag_kompl; + ¢ ®

= ARENDA PV
ARENDA PV predict
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Fig. 3. Dynamics of rental rates for wagon

Discussion of Model Results
When performing statistical analysis, the following results should be noted.

The model shows a high R-squared = 0.981, indicating that the model is of good
quality and that most of the variability in the variable can be explained by the independent
variables.
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The coefficients of the variables x1, x2, x3 are statistically significant (p — value <
0, 05), which indicates the influence of these variables on the dependent variable.

The coefficient of the variable x4 is p — value just above the threshold of 0.05, which
may indicate that it has less influence on the dependent variable in the data sample under
study.

As aresult, we can conclude that the presented model well describes the relationship
between variables and can be used to predict values y based on x1, x2, x3, x4 although
the contribution of the variable x4 may be less significant.

Adj. R-squared equals 0, which is very close to the R-squared signification. This
shows that adding variables to the model does not lead to overfitting, and the model
adequately fits the data given the number of independent variables.

The F-statistic is 205.5 at a very low probable (F-statistic) = 1.56e—13, indicating
the overall statistical significance of the model. This means that the model as a whole
has statistically significant predictors for predicting the dependent variable.

The coefficients for each variable (x1, x3, x3, x4 ) show how the dependent variable
changes when a given independent variable changes by one unit while holding other
variables fixed. For example, the coefficient of x| is 606.6701, which means that for
each increase x; of one unit, y increases by approximately 606.67 units, assuming that
other variables remain unchanged.

Standard errors provide an estimate of the standard deviation of the coefficients. For
example, for x1 is 51.885, which gives an idea of the accuracy of the coefficient estimate.

P > |t| indicates the statistical significance of each coefficient. Values below 0.05
indicate that the corresponding coefficient is significantly different from zero and the
variable is important to the model. In this case, all variables except x4, are significant,
because the coefficient of the variable x4 is p — value just above the threshold of 0.05.

The confidence intervals ([0.025 0.975]) for the coefficients indicate the range within
which we expect to find the true values of the coefficients with 95% confidence. This
helps assess the uncertainty around coefficient estimates.

The Shapiro-Wilk test checks whether the residuals follow a normal distribution.
Normality of residuals is one of the assumptions when using linear regression. If the
p-value is less than the selected significance level (0.05), it indicates that the residuals
are not normally distributed. In our case, p-value = 0.518, which means the residuals
are normally distributed.

All these indicators together demonstrate that the presented linear regression model
explains the variability of the dependent variable quite well and can be used for forecast-
ing. However, when interpreting the results, it is always important to consider potential
limitations of the model, such as the assumption of linear relationships, the lack of
influence of other unaccounted variables, and others.

New aspects of the proposed approach, in particular the integration of linear regres-
sion with econometric models to improve the accuracy of forecasts, solve not only the
current problems of transport pricing, but also contribute to the development of intelligent
approaches and economic stability of transport systems.
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4 Conclusion

The research devoted to the development of statistical methods for asset forecasting
demonstrates the significant potential of an adaptive approach to tariff setting in the
context of managing the financial strategy of rolling stock operators. During the work,
the theoretical foundations of statistical forecasting were explored, as well as existing
experience and methodologies in this area.

The paper presents the development, development and testing of models that take
into account various economic and technical factors affecting the cost of using wagons.
The use of statistical methods and econometric models has significantly improved the
accuracy of forecasts of the economic efficiency of using wagons, which in turn con-
tributes to more informed decision-making in the field of pricing and financial planning
of transport companies.

The results of the research provide important directions for further research and
development in the field of transportation and forecasting. The need to continue work to
improve methodological approaches, as well as testing new models in various economic
conditions, is emphasized.
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Abstract. Sorting humps are used for forming railway trains. Automation of
sorting humps can increase processing capacity and operational safety. The intro-
duction of technical vision systems has been widely used in recent years. Technical
vision systems make it possible to solve tasks that were previously impossible to
automate. For example, to determine the number of cars in a cut on the hump of
a hump yards, a system based on the recognition of wheel pairs, automatic cou-
pling devices and car numbers is used. The purpose of this article is to consider
the issue of using technical vision systems on hump humps. An important aspect
in the implementation of technical vision systems is functional safety. To solve
functional safety issues, it is proposed to integrate information obtained from dif-
ferent sources, primarily from technical vision systems and grassroots sensors.
This allows us to ensure the required level of functional safety and generally
increase the speed and accuracy of the system.

Keywords: railway transport - Computer vision system - artificial neural
networks - technical vision devices

1 Introduction

One of the most important areas of development of Railways is to increase the process-
ing capacity of marshalling stations. Optimizing the railway transportation management
will reduce the time spent waiting for operations and increase processing capacity. To
optimize planning, reliable information about the location and progress of technolog-
ical processes in real time is required. To obtain reliable information, the location of
monitoring and control objects and the progress of the technological process must be
obtained “from the axle” — from various sensors and control systems [1, 2]. In order to
implement the task of optimizing the execution of technological processes at the sta-
tion, the concept of a digital railway station was developed, which includes a number
of modules, the development and implementation of which will ultimately provide an
automatic station. A distinctive feature of the proposed concept is the inclusion in the
network, automation and control of all processes based on objective data from sensors
and control systems that ensure high accuracy of the entered data.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024
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Today Computer vision system (CVS) and artificial neural networks (ANN) are
considered the most promising means of presenting primary information in security
systems [3—14]. There are many reasons for this:

The huge bandwidth of the visual channel. Bandwidth determines the information
content, detail and volume of information.

In the process of evolution, human began to use the visual as the main channel for
receiving information. Through the visual channel, he receives more than 80% of all
information that ensures his interaction with the external environment.

These considerations have led to the fact that in the developments of the institute,
CVS has a very wide application - both in process automation systems and in diagnostic
systems.

CVS make it possible to replace operations that require visual control and confirma-
tion with machine processing of the resulting images. This led to increasing the speed
and quality of processing information.

2 Problem Statement

Despite the increasing use of TVS in railway transport, the safety issues of these systems
are the most pressing and complex.

The difficulty of proving the safety of artificial intelligence is due to the fact that
artificial intelligence don’t have strictly defined operating algorithms. Therefore, the
connection between the input and output of the system cannot be traced.

As one of the solutions to the problem, the construction of multi-level systems is now
proposed: artificial intelligence solves basic security problems, and the main security
functions are solved at the level of software and hardware subsystems with hard logic.

The second possible approach is to use the approaches of adaptive immune system
(AIS) of highly developed biological organisms. AIS provide safety and protection of the
human body in the widest range: protection from viruses, physical damage and nervous
stress.

By modeling immunological mechanisms, it is possible to integrate them into engi-
neering applications, thereby reaching new levels of safety. Thus, the application of
Al technologies based on the theory of artificial adaptive immune systems (AAIS) is
proposed.

The features, and in this case, the advantages of AAIS, are:

— The mechanism of negative selection is the ability to perceive as “acceptable” known
situations or a set of parameters of an object and all others as “forbidden,” potentially
dangerous;

— Formation of a training sample based on already known, “acceptable” states of the
research object.

Thus, the entire state space of the object of control or management with the help
of expert information is initially divided into two areas: the subspace X and subspace
NOT_X. Subspace X is completely controlled by the AAIS. AAIS provides the required
levels of operational safety in X and cannot controlled anything in NOT_X. Further, in
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the learning process, subspace NOT_X is continuously narrowed through adaptation of
AAIS.

In terms of the use of technical protection systems in transport, this involves, for
example, the introduction of a certain number of samples of a particular system and the
accumulation of data during their operation. At any point in time, the system ensures
functioning with the given parameters only in situations that lie in the subspace X. If a
situation occurs from subspace NOT_X, the system goes into a protective failure or offers
operator intervention to correct the process. With the accumulation of the knowledge
base, after additional training, the subspace X will increase, and the subspace NOT_X
will correspondingly decrease.

The subspace NOT_X will be observed only when there are critical deviations of the
parameters of the observed or controlled object. Next, using statistical methods aimed at
analyzing the knowledge base on the operation of exploited images, it will be possible
to calculate the functional safety indicators of a given system.

3 Materials and Methods

CVS not only replace human visual control with machine detection, but also increase the
safety and predictability of technological processes. Training ANN can be implemented
in much less time and with much higher quality, compared to training a human specialist.
And the use of detection of the same objects over time makes it possible to determine
not only their movement in space, but also its first derivative - velocity, as well as the
second - acceleration, with sufficient accuracy, taking into account the inertia of large
objects.

Specialized video cameras located near the object are used for technical vision in
most case. Lidars or radars can also be used as technical vision devices, but it is more
expensive. Specialized video cameras feed the image to the input of a neural network
classifier.

To process frames received from technical vision devices (TVD) and convert them
into a form suitable for comparison with signals from ground devices, a pre-trained
deep neural network architecture is used [15—17]. To train a neural network classifier, a
training sample is formed in the form of a set of images coming from TVD.

The disadvantage of TVS is the high probability of error, which can consist of either
incorrect recognition or lack of recognition.

In this regard, an algorithm is used to merge data from TVD and data from sensors.
For this purpose, an approach to merging heterogeneous data is used (Fig. 1).

In general, the operating algorithm of the TVS can be divided into three stages:

— perspective transformation
— detection
— adequacy analysis by comparing data with other sensors.

The ANN continuously analyzes data from TVD. If a rail car unit is recognized,
then this rail car is added as a virtual object to the model. Next comes authentication:
the process of matching virtual objects with existing rail car (RC) in the model.
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Fig. 1. The data fusion scheme used to combine and synchronize heterogeneous information

To do this, the virtual object is compared with existing RS obtained during previous
processing. If the coordinates of the virtual object coincide with the coordinates of an
existing RC in the model, then the parameters of the virtual object are transferred to
the RC. Each authenticated virtual object affects the life cycle of the RC in the model.
Location data is used to adjust the dynamics of the RC: calculating accelerations and
speeds, determining whether it has stopped.

Virtual objects that have not passed authentication (i.e., at the previous point in
time this object did not exist) are perceived by the model as potentially new RC. These
objects undergo a registration process in the model. To confirm the presence of an object,
sensors are used based on clear logic (for example, axle counting sensors). These sensors
are installed before and after the controlled area. When a rail car enters through these
sensors, RC are added in model.

If the arrival did not arrive, the model assigns the value virtual to such an object.
For such objects, the maintenance time will be about 1 min, after which they are deleted
from memory.

The presented algorithm allows you to filter detections and reduce the errors of the
first and second types.

4 Results

To date, the considered algorithm is used in the following systems:

— System for monitoring and preparing information for the automated control system
of the SS on the movements of cars and locomotives at the station in real time;

— Computer vision complex for monitoring the occupancy of marshalling tracks KZSP
[18, 19];

— Device for counting and control of uncoupling of cars USKR [20, 21].

In 2020, specialists from JSC NIIAS developed and patented a Computer Vision
Complex for monitoring the occupancy of marshalling tracks (KZSP). KZSP consists of
trackside and station equipment. Trackside equipment is designed to generate data from
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specialized video cameras in the format of video streams for subsequent sending to the
station equipment. Video cameras locate on the lighting masts of the marshalling yard
or the crossbars of rigid crossbars. The number and placement of trackside equipment
depends on the size of the marshalling yard.

The station equipment consists of a video signal equipment (VSE) and workstation
of railwayman (WS KZSP). VSE is intended for:

— receiving and processing data coming from the Trackside equipment,

— receiving and processing data coming from the Integrated Automation System for
Marshalling Process Control (KSAU SP)

— generating and transmitting information signals about the placement of cars on the
tracks of the marshalling yard in the KSAU SP and WS KZSP.

One of the important functions of the KZSP, developed and patented after the start
of replication of the complex, was the function of calculating changes in the profile
of sorting tracks. The function is based on calculating changes in the elevation of the
longitudinal profile in given areas through calculating the speed of movement of the
cars. To visualize the resulting slope, the WS KZSP is used.

APM K3Cn

Fig. 2. Screenshot of the longitudinal profile analysis working window at WS KZSP (Profile des-
ignation colors: red — accelerating slope, green — slope within normal limits, yellow — decelerating
slope).
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If the longitudinal profile deviates from the permissible values, the problem area is
indicated on the WS KZSP and a decision is made to change the operating mode of the
KSAU SP in automatic mode, or about the need to straighten the longitudinal profile.
The function of automatic assessment of the longitudinal profile of the marshalling
yard tracks allows you to display in real time the condition of sections on a mnemonic
diagram, as shown in Fig. 2.

The developed method for analyzing the longitudinal profile of marshalling tracks
based on the KZSP complex inreal time is a relevant and effective means for the transition
to infrastructure diagnostics by condition, which will have a positive impact on traffic
safety. The use of objective data on the condition of the longitudinal profile will reduce
the number of unsafe collisions of cars in the marshalling yard by building a more
accurate model of the movement of the wagons by KSAU SP.

Since 2022, specialists from JSC NIIAS have been developing a Device for counting
and control of uncoupling of cars (USCR). USKR involves equipping the measuring
section of the hump with technical vision devices, as shown in Fig. 3.
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Fig. 3. Measuring section configuration

USKR consists of station and trackside equipment. Trackside equipment includes
4 axle counter, linear detector, 4 specialized video cameras, Weight sensor device. 4
specialized video cameras are used as technical vision devices, placed 2 each on both
sides of the railway track and directed at each other perpendicular to the direction of the
track.

Station equipment contains industrial computers for processing, storing, inputting
and outputting information.
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The advantage of the developed technical solution is the possibility of simultaneous

fixation of both the axles of the wheel pairs and the automatic coupling of the cars, as
well as the possibility of fixing the coupled and uncoupled state of the cars at a short
distance, which makes it possible to calculate the number of cars in a moving cars.

5

Conclusion

The article discusses the problems of functional safety of technical vision.

Further development of the topic should focus on the application of artificial adaptive

immune systems together with merging of heterogeneous data. According to experts,
this will help achieve SIL4 for Computer vision system.
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Abstract. An urgent task for all areas of industry is to create documents with
machine-readable content (SMART-standards) that can be analyzed not only by
domain specialists, but also software services for solving various professional
tasks in the Industry. Such documents should be equally understandable to both
experts and software systems, which is generally a contradiction. The presence
of a textual, i.e. human-readable document with its subsequent translation into
a machine-understandable representation is quite a difficult task due to the pres-
ence of complex semantic connections in the domain. Modern methods of natural
language analysis, including Large Language Models (LLM), are not able to accu-
rately solve this problem. Therefore, an critical task is to develop new methods
and approaches to ensure human and machine comprehension while minimizing
possible errors when translating from one representation to another. The purpose
of this work is to describe an approach for creating and translating into a machine-
understandable representation of regulatory documents of the Industry for their
further use in software services and systems. The authors propose a new approach
for representing normative documents as two-level graphs of knowledge. LLM
models, supplemented by a specialized adapter obtained as a result of additional
training, serve as the basis for ensuring the transformation of one form into another
form.

Keywords: SMART Standards - knowledge representation - automatic
extraction and transfer - normative document - knowledge graph - two-level
representation - LLM

1 Introduction

Currently, professional activity in various sectors of the economy is impossible without
the use of various types of regulatory documents (recommendations, rules, standards,
instructions, technical specifications, conditions, etc.). They accumulate experience and
knowledge that are necessary for work and decision-making; establish requirements
for products, services, processes and systems. They help to ensure the quality of work,
process efficiency, improve safety and reliability. The number of such documents is
constantly growing, they are represented in various text formats (.doc, .txt, .pdf, etc.),
may include tables, figures, formulas, graphs.
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Traditional methods of working with documents have limited possibilities for
automating the tasks of their processing, management, and application, and, as a rule, are
not compatible with modern IT technologies. Such documents are understandable to spe-
cialists in the domain area, but they do not have machine-actionable representation. That
is why it is topical to develop so-called SMART-standards (Standards Machine Appli-
cable, Readable and Transferable) [13], which are an integral part of Industry 4.0 and
correspond to the fourth level of digitalization development in the field of standardiza-
tion according to ISO/IEC classification. The main feature of this level of digitalization
is the achievement of such a quality of standards that makes them machine—actionable,
that is, along with the ability to be read by a person, it makes it possible to process and
use information and cyberphysical systems, bypassing humans.

The development of digital transformation requires the creation of standards with
machine - interpretable content that will allow the use of digital documents at various
stages of development and production without the need for human operator participation.
It is noted in [7, 14] that, despite the high relevance, research in the field of creating
smart standards is insufficiently covered in scientific publications and is considered
by the research community as a very specific topic. Their creation is a complex and
important scientific task.

The aim of this work is to describe an approach for creating and translating into
a machine-actionable representation of regulatory documents of the industry for their
further use in applied software systems.

2 Materials and Methods

SMART Standards. SMART standards (as part of the use of digital technologies in
standardization documents) are information models that can automatically interact with
each other. Digital documents can be divided into the following types.

Machine-Readable Format. 1t is needed for processing by automated means and for
presentation in a human-readable form, a specialist can read and analyze it indepen-
dently. The machines can display the document, as well as design and install equipment
and processes for the production of products and services in accordance with market
expectations. As a rule, these are documents in DOCX, PDF, HTML format.

A Machine-Interpreted Format. It allows you to create human-oriented analytical ser-
vices, in particular, to separate individual formulations from the document-requirements.
In this case, a person still applies them, but SMART standards and SMART services cre-
ated on their basis can save a lot of resources on searching, analyzing and selecting these
requirements for a specific task, as well as reduce the number of errors in transmitting
information and deliver certain formulations to the specialist’s workplace. Such human-
readable requirements and other SMART data can be exported to external application
software and automated verification of their relevance. As arule, these are documents in
XML and XHTML formats. The methods of automatic interpretation are diverse: from
the connection of linguistic methods to semantic graph modeling [8, 9, 15].

A Machine-Actionable (Machine - Understandable) Format. It allows you to transfer
machine - understandable data to other information systems and directly to equipment, as
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well as create machine-oriented SMART services. However, for a qualitative leap in labor
productivity, it is not enough to digitalize individual enterprises — they need to interact
with each other in a digital environment. And here a powerful tool of cooperation comes
to the rescue: standardized documents in SMART format allow different organizations to
exchange more complete data, including through communication of information systems
without human participation. The purpose of SMART documents is not just to be content,
but an information base and a basic component of smart human- and machine—oriented
services and specialized information systems being created.

The standards normalize the activities of specialists in all fields, and they are used
for various professional tasks. The range of tasks covers:

— technical and regulatory control of facilities and conditions of their existence,

— diagnosis, determination of violations (and their causes),

— determination of the criticality of the condition (threats),

— determination of the potential for elimination, correction and improvement plans,

— search for information (including filters) or answers to questions,

— criticism of the proposed solutions,

— forecast of changes in the state, monitoring,

— selection of means of influence, plans for construction, processing, cultivation and
much more.

The standard should be unambiguous:

— each concept is associated with its exact definition and, possibly, a place in the
hierarchy from general concepts (possibly accompanied by common synonyms);

— each formulation includes a normalizing or explanatory “bundle” of concepts,
conditions, parameters, degree obligation.

Currently, various industries are only forming approaches and formats for the creation
of smart standards. That is why research in this direction [4, 13] is an extremely important
scientific task.

In [5], a modular approach to the formation of the content of a smart document is
proposed. Considering the existing approaches to modularity, it is proposed to transfer
them to the field of standardization. Based on these approaches, the concept of formula
modularity is designed and developed, and in particular, the development of a formula
module. The descriptive elements of the formulas are highlighted and structured. This
module serves as a template for future documentation of formulas in XML standards.
After that, the identified modules are integrated into the existing expert system of SMART
standards to demonstrate possible options for their application.

Graphs of Knowledge. Knowledge graphs are actively used to formalize data and
knowledge in solving various tasks; they are used to generate recommendations, analyt-
ical information, decision support, and predictive analytics. One of the key advantages
of domain-specific knowledge graphs is their ability to describe complex semantic con-
nections of the domain, and thus provide an opportunity to answer specific domain ques-
tions, identify hidden connections between elements, i.e. they provide a representation
of semantic content in a machine-readable format.
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Knowledge graphs can be “general”, as well as focused on specific use cases or tasks,
the second is considered the most relevant [4, 10, 16]. Examples of such areas of appli-
cation of knowledge graphs are: financial fraud detection and prevention; financial risk
assessment; regulatory compliance management; improving customer service, support
and providing them with accurate and context-sensitive assistance with the integration
of customer data, product information and supporting documentation; optimization of
freight transportation, vehicle management; real-time traffic analysis; analysis of his-
torical patterns about the weather; assistance in laying optimal routes for vehicles and
many others.

Knowledge graphs are also actively used in medicine, and their construction is a hot
spot for research in the field of artificial intelligence. The technology of building and
using knowledge graphs has broad prospects for application in this field [10, 12].

The construction of knowledge graphs is steadily progressing from manual to semi-
automatic and further to their automatic construction [3, 6, 12]. Various technologies
and approaches of natural language processing are actively used for this purpose. It is
noted that automating the creation of knowledge graphs has advantages, among which:
reducing the labor required to create and maintain all stages of knowledge graph genera-
tion, improving interoperability, real-time decision support, and scalability of solutions.
At the same time, it is noted that the main problem of their formation is the complexity
of automating expert knowledge: to create a knowledge graph for a specific domain, it is
necessary to take into account complex semantic connections of different types between
objects, their insufficiently accurate and complete representation, simplification (despite
the amount of data) can lead to an inefficient process of finding a solution [3].

Currently, Large Language Models (LLM) are actively used to build knowledge
graphs [10, 11]. However, their known problem is “hallucinations”. A language model
trained on existing data may not have access to the latest results of current research. The
lack of up-to-date information may hinder the model’s ability to generate contextually
relevant answers, which may lead to outdated or incomplete conclusions, it is impos-
sible to encode all available knowledge in the LLM parameters for a comprehensive
understanding.

Thus, knowledge graphs can be used to develop machine-readable documents or
smart standards.

Their creation can be carried out manually, domain experts are involved and knowl-
edge graph editors are used (often controlled by ontologies of this knowledge or
domain).

Natural language analysis methods are used to automate the construction of knowl-
edge graphs; currently, the use of LLM is relevant. However, despite some positive
results, the problem is far from being solved and requires the creation of new models,
methods and approaches to the creation of smart standards.

LLMs trained (on the “basis” of existing texts) to understand questions (simple
tasks) and form answers to questions are expensive. An alternative is the method of
two related domain-specific formats (related domain-specific languages). One is like a
structured, ordered, placed text. The second one details the information in the texts of
semantic elements-concepts and connections. This will allow you to access the necessary
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fragments, manipulate them when solving or explaining some task. Semantic elements
are written as nodes of knowledge graphs, and connections form named arcs (edges).

Description of the Graph Approach to Creating SMART Standards. The main
properties of SMART standards are their comprehensibility to a person (with appropriate
professional knowledge), suitability and sufficiency for standardized information, as
well as “intelligibility” for software services used in solving professional problems in
the domain.

Knowledge is primarily of interest in smart standards, and knowledge graphs, on the
one hand, can provide an understandable and natural representation of knowledge, for
example, “top-down” and with named logical arcs, unlike other knowledge representa-
tion models (for example, in the form of triplets or rules). The presence of knowledge
graph editors, which make it possible, when generating new knowledge elements, to
choose their meaning and the type of their “subject” connection (predetermined by the
ontology of knowledge) with already generated knowledge elements, makes the process
of creating and editing more rigorous and simplifies the reading of such structures. Some
editors of knowledge graphs (with a top-down representation of information) supple-
ment named arcs with specifiers and limiters (and may associate them with rules of
interpretation).

But it is obvious that the professional community is not ready to move on to reading
and especially creating documents represented by such graphs. The presentation of a
document in such a formal form, where each node of the knowledge graphs corresponds
to semantic elements (as atomic elements), and the “subject” connections are named
arcs/edges of these graphs, it is not always convenient for a domain expert. Human
intelligibility and “program intelligibility” are partly opposite goals: information that is
as structured as possible for software processing is not convenient for human perception.

Therefore, it is proposed to provide two types of interpretation of a normative docu-
ment (human-readable and machine-understandable) through two related formats (two
domaint-oriented languages). One format (machine-understandable) is a network of con-
cepts and strict formulations (part of the domain ontology), the other (human-readable) is
a graph of concepts and connections, each node of which represents a text in natural lan-
guage corresponding to the type of container node. A “human-readable” representation
is a kind of “compromise” between rigor, unambiguity and ease of reading and creation
by a person; a detailed and formal representation is put in accordance with this graph,
intended for processing by software services. In other words, each node of the “human-
readable” graph corresponds (in general) to a subtree of the machine-understandable
knowledge graph.

The formation of graph knowledge of each of these two “levels” should be carried
out according to its structure, but using a single vocabulary of the domain inherent in
the current normative legal acts (limited natural language). The diagram for general
approach is shown in Fig. 1.

In the traditions of the ontological approach (where any number of knowledge bases
are created under the control of one ontology), an arbitrary set (class) of documents
and their versions can be written in a domain-oriented language of the same and second
levels.
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An ontology of a class of documents

A human-centered document class ontology for software processing

" N . 4

() \ / ¥

1 1 |
w &~ SMART- — Analyzer SMART- Software service

X

document document

LLM

Fig. 1. Schematic representation of a two-level approach to SMART standards.

3 Results

The work proposes the minimum necessary set of tools for the production of machine-
readable documents. He contains domain- and problem-independent tools, as well as
domain and problem—oriented ones. Such tools include: editors of the domain termi-
nology, editors of knowledge graphs under the control of ontology and terminology, a
translator (analyzer and LLM) from human-centric smart-document to smart-document
for software processing, visualizers of knowledge graphs (human- and machine-readable
graph documents of the industry).

It is proposed to use the IACPaaS platform as prototype of the tool environment.
The reason: there is a repeatedly tested software tool for constructing arbitrary graphs of
concepts and connections of the domain. More than a hundred experiments have been
conducted to test its suitability. For the formal representation of the ontological structure
or structural parts (modules) of the ontology of the subject area, the information language
of various levels of generality is used (IRUO, described in https://iacpaas.dvo.ru/infores)
[2]. The ontological structure is constructed as an oriented graph (digraph) with special
markup describing the characteristics of nodes (concepts) and relationships. Digraph
nodes are divided into two types: nonterminals and terminals. Digraph arcs describe
directional relationships between pairs of concepts. According to the notation of the
IRUO language, relations are characterized by a set of specifiers that define the rules
for generating concepts and relations in graphs (graph documents): copy (=) — “copy”’;
one(!) — “exactly one”; set(+) — “non-empty set”; seq(A) — “non-empty sequence”;
copymm([=]) — “possible absence”; onemm([!]) — “zero or one”’; setmm([+]) — “possibly
an empty set”; seqmm([A]) — “possibly an empty sequence”. These constructions are
sufficient to define graphs of any complexity.

Other editors implemented outside the IACPaaS platform can also act as edi-
tors/viewers of knowledge graphs, since all knowledge graphs created on the platform
are exported to Json format (and imported from it to the platform).

All specialized services interpreting and processing documents, are domain-oriented.
They hosted on specialized SMART standards portals (services can be located both on
the IACPaaS platform and outside it).

LLM models serve as the basis for ensuring the transformation of one form of
representation of a SMART standard into another. The available Lama 2 model is used
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as such a model. For each domain, LLM is complemented by a specialized adapter — a
problem-oriented add-on obtained as a result of further training of the LLM model using
the PEFT (Parameter-Efficient Fine-Tuning) approach, which provides fine-tuning of
the model to the required class of tasks based on the dataset from the examples, while
reducing memory and computing power requirements.

The text analyzer, referring to the LLM with a given adapter, provides text translation
from one form of the smart standard representation to another (Fig. 2).

High-performance cluster / IACPaaS platform \
@ Editor/Viewer of
[ A
Adapter
(Medicine)
|

SMART Standards
Web-cepeep /l Specialized portals of SMART standards

(and their processing services)

SMART standard (human-
readable) in json format

(/" SMART Standards "\

Processing Service

- /

SMART standard
(machine-understandable)
in json format

.

Fig. 2. General architecture of the software package.

A separate task is to ensure the quality of converting a human-readable smart standard
into a machine-understandable one. This task is currently being investigated. As solu-
tions, we see permanent improvement of the adapter through the expansion of datasets
with examples, using various available LLM models (for example, Mistral, Mixtral,
etc.) and comparing the results obtained, as well as configuring various hyperparame-
ters of the model, for example, obtaining the same result when setting a high temperature
(temperature is an LLM hyperparameter).

Examples of Human-Readable and Machine-Understandable
Smart Standards. Many experiments have been conducted to confirm the applicability
of human-readable and machine- understandable documents. So, in a machine- under-
standable representation, more than 50 documents with knowledge on the diagnosis of
diseases were described, 11 on treatment (graphs were built using different methods,
mainly manually by experts, often from several sources). In the human-readable repre-
sentation - 5 different clinical guidelines of the Ministry of Health (from 65 to 95% of
the text was represented, the rest was considered insignificant by experts).

Let’s look at examples of a two-level representation of smart standards for the subject
areas “medicine” and “construction”.

The main regulatory document in medicine is the clinical recommendations, which
define the rules for prevention, diagnosis, treatment, monitoring and prognosis of patient
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conditions for various diseases. Each clinical recommendation is presented in a multi-
page document, the table of contents of which is almost the same for all of them. In
general, it is a text document, in some cases containing charts and tables. The size of
these documents varies depending on the disease and reaches (for one disease) up to
250 pages of text (for example, guidelines for the treatment of covid-19, version 18).
Let’s consider a fragment of a clinical smart recommendation to describe the etiology
and pathogenesis (Fig. 3).

¥ Acute myocardial infarction with ST segment elevation of the electrocardiogram [Structure 1.2. Etiology and pathogenesis

of Clinical Recommendation for Expert] ¥ Causes and factors
¥ 1. Brief information on the disease or condition ¥ Internal reasons
v 1.2. Etiology and pathogenesis ¥ Thrombosis of a large branch of the coronary artery [State]
Vv Etiology ¥ Type of influence (on disease)

¥ Thrombosis (thrombosis of a large branch of the coronary artery) [Cause of be the consequence (type: string)

illness] Myocardial infarction [type of disease (sort: string)]
Myocardial infarction is usually a consequence of thrombosis of a large branch of ¥ Frequency (modality)
the coronary artery. [Etiology.Record (sort: string)] usually (type: string)

» Anemia [Pathogenic factor] » thrombotic occlusion of a large epicardial branch of the coronary artery [

¥ Hypoxemia [Pathogenic factor] ¥ hypoxemia [State]
Myocardial ischemia can be provoked or aggravated by anemia, hypoxemia, ¥ Type of influence (on disease)
inflammation, infection, fever, as well as metabolic or endocrine disorders (in provoke or aggravate (type: string)
particular, hyperthyroidism). [Etiology.Record (sort: string)] ¥ Frequency (modality)

» Inflammation [Pathogenic factor] C———, ——=  maybe (type: string)

» Infection [Pathogenic factor] Myocardial ischemia [type of disease (sort: string)]

» Endocrine disorders (in particular hyperthyroidism) [Pathogenic factor] » inflammation [State]

» Metabolic disorders [Pathogenic factor] » Infection, fever [State]

¥ Pathogenetic links » Metabolic or endocrine disorders [State]

¥ 1 [Cause-and-effect relationship] * ¥ Physiological Links
Rupture of atherosclerotic plaque [State-reason (sort: string)] ¥ Occurrence of Thrombus [Expected change]
Blood clot occurs [Consequence (sort: string)] ¥ 1 [Condition to change]
Athrombus most often occurs at the site of a rupture of the so-called vulnerable ¥ Condition for appearance place
(unstable) atherosclerotic plaque (AP) with a large lipid core, rich in inflammatory unstable atherosclerotic plaque [object (sort: string)]
elements and a thin cap [Link (Cause-and-effect relationship).Record (sort: break [1amereHve (sort: string)]
string)] with a large lipid core [feature of an object (process) (sort: string)]

Fig. 3. The fragment of smart two-level clinical recommendation.

When processing the machine-readable portion of the standard (see Fig. 3) for the
query “What are the most common internal causes of this disease?” the answer in terms
of ontology could be constructured like this:

find in the document the section “1.2. Etiology and pathogenesis”,

find in the section the subnet “Causes and factors. Internal causes”,

find in the subnet all nodes of type-[state] with an internal node of type-[Type of influence
(on disease)] with the internal meaning “to be a consequence”, and with an internal node
of type-[frequency (modality)] with the internal meaning “as a rule”

and display the values of such found nodes of type-[state].

The experiments were also conducted with documentation from the technical
committee for standardization in the construction industry (Fig. 4).

The example of the request for a method for concrete structure bending calculating
without reinforcement in terms of the ontology of the set of rules (see Fig. 4) can
be constructed as follows: “Find in the document the node [Requirement] with the
internal node [Object name] = “concrete structures” and with the node [impact type] =
“bending”; find in the subnet of the found node [Requirement] the node [limit value],
and in its subnet the node [formula] and show its value.

Text Analysis Using LLM. In general, the process of forming a knowledge graph based
on text is the complex-solved problem, especially for texts that contain complex semantic
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Constructia {ALTERNATIVE} (5.1.1) State determination [Constructia]
¥ Concept definition {ALTERNATIVE} ¥ Concept definition
¥ Concept-state {ALTERNATIVE} ¥ Concept-state
¥ State changing or State with consequences ¥ State changing or State with consequences
concept name (sort: string) limit state of the second group [concept name (sort: string)]
v itis the state, {ALTERNATIVE} ¥ itis the state
¥ modifying {LIST} ¥ modifying
¥ option {LIST} ¥ 1 [option]
change option (sort: string) E> making operation difficult [change option (sort: string)]
the object of changing (sort: string) constructs [the object of changing (sort: string)]
condition on the object (sort: string) ¥ 2 [option]
property condition (sort: string) reducing durability [change option (sort: string)]
OR (type: string) buildings [the object of changing (sort: string)]
¥ leading to {LIST} structures [the object of changing (sort: string)]
state' option (sort: string) compared to the intended service life [condition on the object

Fig. 4. The fragment of smart two-level set of rules.

connections. The example is medicine. At the same time, decomposition of the entire
text into fragments corresponding to the elements of a human-understandable smart
standard simplifies the process of its semantic analysis. Each fragment of a human-
readable standard corresponds to a fragment of the ontology of a machine-readable
standard.

Let us give an example of parsing medical text (from a container node in a human-
oriented graph format) using a trained LLM [1]. Let’s take a fragment of the treatment
of COVID-19 using the drug Favipiravir. Original text:

“Treatment of COVID-19 using the drug Favipiravir.

Mechanism of action: Inhibits the RNA-dependent RNA polymerase of the SARS-
CoV-2 virus. Prescription scheme. Tablets: for patients:

with body weight <75 kg: 1600 mg twice daily on the 1st day, followed by 600 mg
twice daily on days 2 to 10;

with body weight >75 kg: 1800 mg twice daily on the 1st day, then 800 mg twice
daily from the 2nd to the 10th day.”

The result of processing in JSON format is given in the Application.

We used the version of LLM that has gone through fine-tuning process in order to
more accurately match the specifics of medical text analysis.

In addition to fine-tuning, specialized prompts for model queries were developed
and applied. These prompts were aimed at identifying and extracting key aspects of
treatment, such as drug names, dosages, formulations, and evidence of effectiveness.
The use of customized prompts made it possible to refine queries to the model and to
obtain more relevant and accurate results.

As the result of text processing using LLM with fine-tuning and specialized prompts,
we received structured data in json format. This json format can be used for processing by
various services, and can be imported onto the IACPaaS platform, on which the software
shell currently operates to create decision support systems for prescribing medication.

To validate graph knowledge, check quality properties of SMART standards and
ensure their credibility, the reference tasks for specific situations are created. That tasks
are created based on previously solved ones in the subject area. Tools are used to verify
solutions generated using formalized graph knowledge bases. A sign of readiness (but not
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a guarantee) is 100% concordance of the generated results or solutions to the reference
ones.

4 Conclusion

The new two-level approach is proposed for creating and translating regulatory doc-
uments into a machine-understandable representation for their further application by
intelligent systems and services.

Since domain and problem orientation are most naturally provided by the ontology
of the domain, the formation of documents that help solve problems is based on ontology.
Since the use of graph structures is more popular and more appropriate for modeling
ontologies, the means of constructing connection graphs are required to form a document
language. The requirements for these tools are universality (suitability for any fields,
industries), independence from the direct consumer (person, machine) and ensuring that
the documents themselves are written in a given format using a dictionary. The novelty
of the work lies in the proposal of principles for building a set of tools that meet these
requirements.

The principles for implementing software components preparing graph documents
with knowledge for interpretation are established.

It is envisaged to construct the tool for projecting a graph of concepts and strict
formulations into a detailed graph of concepts and connections and to construct a graph-
interpreter as a solver of the user’s professional tasks: identifying violations, searching
by criteria, etc. The authors believe that the process of projection (using LLM with fine-
tuning and specialized prompts) and the construction of a graphical interpreter are more
effective than “training” LLM to “solve” such professional problems. The reason is: a
formalized knowledge graph can be used for a wide class of solver services, while LLM
needs to be trained for each class of problems and this process is quite expensive. In
addition, the interpreter produces predictable result, and the trained LLM “solves” the
problem with a plausible, but opaque and unstable result. So the approach proposed by
the authors contributes to the confidence in the results of applying smart standards. At
the same time, the problem is not “closed”; the authors continue work in this direction,
primarily related to ensuring the quality of the proposed solutions.
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Application. The fragment of export representation of detailed graph for treatment assignment:
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{
"name": "COVID-19",

"meta": "Disease",
"successors": [
{
"name": "Favipiravir",
"meta": "Recommended Drug",
"successors": [
{
"name": "Mechanism of Action",
"successors": [
{
"name": "Inhibits the RNA-dependent RNA polymerase of the SARS-CoV-2 virus"
}
]
}s
{

"name": "Prescription Scheme",

"successors": [

f
1
"on

"name": "1",
"meta": "Prescription Option",
"successors": [
"name": "Tablets",
"successors": [
"name": "Daily Dosage",
"successors": [
"name": "Condition for Dosage",
"successors": [
"name": "Condition Type",
"successors": [

{

"name": "Criteria Block",
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"successors": [

{
"name": "Body Weight < 75 kg",

"meta": "Criterion",

"successors": [

{

"name": "Numerical Values",
"successors": [

{

"name": "1st Day",
"value": "1600 mg",
"meta": "Single Dose"

"name": "2nd-10th Days",
"value": "600 mg",
"meta": "Single Dose"

"name": "Body Weight > 75 kg",
"meta": "Criterion",
"successors': [

{

"name": "Numerical Values",
"successors": [

{

"name": "1st Day",
"value": "1800 mg",
"meta": "Single Dose"

}s

{
"name": "2nd-10th Days",
"value": "800 mg",

"meta": "Single Dose"
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Abstract. This paper presents a new hybrid approach to solving the
problem of wagon cuts monitoring in the classification bowl of a freight
station. The approach combines vision technologies for identifying key
objects in video camera images. It also involves modeling the state of
the fleet based on data obtained from various sources of information
about the state of the marshalling yard and classification bowl devices.
The study of the problem under consideration is relevant as the solu-
tions existing on the market do not provide accurate and comprehen-
sive information about the movement of wagon cuts and locomotives in
the classification bowl. The authors suggest combining an artificial deep
learning neural network for recognizing wagon cuts to create a data-
driven algorithm and a virtual model of the classification bowl based on
multisensory data to build a knowledge-driven algorithm. This combina-
tion allows both to smooth out the errors of the first and second kind
caused by the impossibility of obtaining all kinds of variations of wagon
cuts in the frames of video cameras and to have the most complete static
and dynamic picture of the marshalling yard. The paper presents the
results of the algorithm and its advantages over existing solutions for
the control of wagon cuts in the classification bowl.

Keywords: Computer Vision + Deep Learning + Hybrid System -
Marshalling Yard - Railway

1 Introduction

Modern logistics and freight management demand highly accurate and reliable
systems for controlling mobile units in sorting yards. Effective management of
the movement of wagons and locomotives is critical to ensuring the seamless
operation of railway stations and optimizing sorting processes. However, existing
control methods often face issues related to insufficient accuracy and complete-
ness of the provided information, leading to decreased efficiency in the sorting
yard operations.
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Numerous studies [1-3] have focused on addressing these challenges with
a common goal of fully automating technological processes at sorting stations
through the application of intelligent technologies, machine vision, and the Inter-
net of Things (IoT). Today, advanced automation tools such as KSAU SP [6],
DDC-IIT [4], and others are already in use, capable of full control and man-
agement of mobile units (determining speed, positioning, and automatic rolling
down sorting hills) as they move through sorting hills. However, once a mobile
unit exits the sorting hill onto the sorting yard track, only the position of the
last axle entering the yard can be monitored using pulse probing technology [4].
This results in reduced accuracy of mobile unit control (MU) and consequently
potential collision, speed exceedance, negatively impacting the efficiency of the
sorting process.

To improve the tracking process of mobile units, a computer vision system
for monitoring track occupancy (KZSP) was developed [8,10].

Main problems of developed computer vision systems for mobile unit moni-
toring:

e Lack of unambiguous system response under incomplete data conditions when
images from cameras are delayed or entirely absent for some period.

e Object overlap [9] (Fig. 1).

e Lack of trust verification for recognized objects potentially leading to mon-
itoring errors (due to type II errors) and consequently incorrect positioning
and erroneous movement dynamics calculations.

Fig. 1. Fragment “Recognition of Mobile Units Using YOLOv3” [9]

This article describes an algorithm that improves the reliability, accuracy,
and quality of mobile unit positioning in sorting yards (classification bowl) of
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sorting hills capable of avoiding the aforementioned issues. By applying computer
vision technologies, high accuracy in tracking the dynamics of mobile units can
be achieved. To enhance the reliability and trustworthiness of such a system, it
is necessary to control both the tail and head of the wagon cut group and input
data from related systems (AKU, BZU, and KSAU SP) achieved through the
application of a virtual model of the yard.

A virtual model is a collection of knowledge about the state of devices, track
sections, and virtual mobile units (VMU) - a reflection of real MUs in the VM at
a given moment, as well as algorithms to predict the future behavior of VMUs.
It reflects the objective reality of the yard’s condition, devices, and VMUs at a
given moment, formed based on data analysis from various information sources.

Section 2 describes the proposed hybrid algorithm for wagons cut control
in a classification bowl based on data-driven and knowledge-driven approach.
Section 3 demonstrates the result of approbation of the algorithm in the KZSP
system and an example of the algorithms operation under poor visibility condi-
tions. The conclusion and future work are shown in Sect. 5

2 Proposed Hybrid Algorithm for Wagon Cuts Control
in a Classification Bowl

The proposed hybrid algorithm distinguishes itself from existing methods
through its integration of both data-driven and knowledge-driven approaches.
Unlike traditional methods that rely solely on video-based object detection [§],
our approach combines these detections with a virtual model of the yard built
from multisensory data. This integration allows for improved accuracy in scenar-
ios where video data alone is insufficient [10]. Additionally, our method incorpo-
rates predictive algorithms to anticipate future wagon movements, a feature not
present in earlier solutions [4].

2.1 Data-Driven Approach

The data-driven approach is based on using data from CCTV cameras and other
sensors to develop algorithms for recognizing and monitoring mobile units. The
main stages of this approach are:

e Data Collection: Surveillance cameras installed throughout the sorting yard
capture images of mobile units.

e Data Preprocessing: Perspective transformation of images simplifies object
recognition tasks and reduces scene dimensionality to 2D, enhancing the speed
and accuracy of subsequent calculations.
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e Object Recognition: YOLOv5 model is used for object detection in images
from a dataset like this one https://github.com/DrewShAA /dataset-railway-
car.

e Path Segmentation: Image segmentation is performed to determine the
paths of mobile units.

e Distance Calculation: A function converts bounding box coordinates to
meters for accurately determining the position of mobile units on the tracks.

The dataset used for our experiments consists of images captured from
surveillance cameras installed throughout the sorting yard. It includes a total
of 100,000 annotated images, covering various lighting and weather conditions
to ensure robustness. Each image is labeled with bounding boxes around the
railway cars. This comprehensive dataset allows for thorough training and eval-
uation of the detection algorithm. An example of this dataset can be found here
https://github.com/DrewShAA /dataset-railway-car.

2.2 Knowledge-Driven Approach

The knowledge-driven approach involves modeling the state of the sorting yard
based on prior knowledge and data from various sensors and devices. The main
components of this approach are:

e Virtual Model (VM): VM encompasses knowledge about the state of
devices, track sections, and mobile units at a given moment, including infor-
mation on track length, sensor and camera locations, and their interconnec-
tions.

e Data Aggregation: Data from various devices, including cameras, sensors,
and other sources, are aggregated and used to update the VM’s state, creating
a complete picture of the yard’s current condition.

e Behavior Prediction: Based on the VM, the future behavior of mobile units
can be predicted, improving monitoring accuracy and reliability.

2.3 Algorithm Steps

The algorithm Integrated Neural-Sensor Fusion Algorithm for Dynamic Virtual
Model Updates combining data-driven and knowledge-driven models into a single
system is presented as Algorithm 1.


https://github.com/DrewShAA/dataset-railway-car
https://github.com/DrewShAA/dataset-railway-car
https://github.com/DrewShAA/dataset-railway-car
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Algorithm 1. Integrated Neural-Sensor Fusion Algorithm

Require: Neural network (NN), Virtual model (VM), Nerual data inference

(NN_data), Sensors data (sensor_data)

Ensure: Updated virtual model (VM)

: Step 1: Matching Neural Network Data with VMUs
for each data in NN_data do
matching.VMU — Match(data, VM)
if matching VMU exists then
Update matching VMU with data
else
non_matched_data «— data
end if
end for

: Step 2: Condition Update VMU
: for each VMU in VM do

sensor_info « GetSensorData(V MU, sensor_data)
NN_info — GetNNData(V MU, NN_data)

Update VMU with sensor_info and NN_info
Evaluate and adjust VMU state (location, movement)

: end for
: Step 3: Adding New VMU
: for each data in non_matched_data do

if valid then
new_ VMU « CreateNewVMU (data)
Add new_ VMU to VM

end if

: end for
: Step 4: Updating the Condition of Unmatched VMUs
: for each VMU in VM do

if not Updated(VMU) then
Update VMU with previous static and dynamic characteristics
end if

: end for

return VM

Matching Neural Network Data with VMUs: For each data set (data)
from the neural network (NN_data), a corresponding VMU in the virtual
model (VM) is sought. If a match is found, the VMU is updated with neu-
ral network data. If not, the data is added to the list of unmatched data
(non_matched_data).

Updating VMU Condition: For each VMU in the VM, information from
sensors (sensor_data) and neural network data (NN_data) is collected to
update the VMU’s condition, including location and movement characteris-
tics.

Adding New VMUs: For each data set from the list of unmatched data
(non_matched_data), the possibility of adding a new VME is checked. If the
data meet the criteria, a new VMU is created and added to the VM.
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e Updating the Condition Of Unmatched VMUs: For each VMU in the
VM that did not match with neural network data, its conditions is updated
based on previous static-dynamic characteristics.

The result is an updated state of the model as well as static and dynamic char-
acteristics of the wagons cuts. This algorithm effectively combines data-driven
and knowledge-driven approaches for monitoring mobile units in the sorting yard
Fig.2 even in the absence of new data from the neural network, ensuring high
accuracy and reliability of control.

Wagon in sight Wagon out of sight

c\\/ Cam 1 X Cam 2 «\/ Cam 3

RW track

__ Distance to NN inference
for real wagons cut

— Distance to VMU

Time P

Distance
Cam 1 Cam 2 Cam 3

Fig. 2. Schematic representation of the model’s output in situations with partially
missing surveillance camera data

3 Results

The hybrid approach presented in this study, which is based on a virtual model
of the yard and computer vision technologies, has improved the accuracy and
quality of mobile unit monitoring in the park zone of the sorting station. Exper-
imental results show that the proposed approach provides more accurate and
reliable tracking of moving units compared to existing methods. This can sig-
nificantly improve the efficiency of the sorting process, reduce the probability
of errors, and improve the overall traffic control in the sorting fleet. It is also
noteworthy that the KZSP system was redesigned based on the presented app-
roach and the described algorithms. This system has been implemented and is
functioning at the Kinel freight station of Russian railways sorting station. The
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Fig. 3 (a) shows an area with poor visibility due to sunset (red rectangles), while
the model copes remarkably well with this problem and displays the wagon cuts
in the right place (green rectangle) on the KZSP schema.

Fig. 3. A - camera image; B - model output (part of KZSP user interface)

4 Discussion

Future developments are planned to integrate context into the neural network
model used to recognize moving units, which in theory can improve the qual-
ity of monitoring changes in the dynamic characteristics of MUs. As well as
optimizing the data processing algorithms and improving the accuracy of pre-
dicting the behavior of moving units. Implementation of the proposed approach
to other marshalling yards and its integration with other traffic control systems
will further improve the efficiency of railway transportation.

5 Conclusion

In this paper, a hybrid approach for the control of wagon cuts in a classification
bowl is proposed, which combines data-driven and knowledge-driven methods.
This approach combines the use of vision technologies and fleet condition mod-
eling based on data obtained from different sensors and devices. Experimental
results show that the proposed approach provides more accurate and reliable
tracking of moving units compared to existing methods. This can significantly
improve the efficiency of the sorting process, reduce the probability of errors, and
improve the overall traffic control in the sorting fleet. Further research will focus
on optimizing data processing algorithms and improving the accuracy of pre-
dicting the behavior of moving units. Implementation of the proposed approach
at other marshalling yards and its integration with other traffic management
systems will further improve the efficiency of rail transportation.
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Abstract. For acomplex organizational and technological system of transport and
train management, the issues of creating a neural network control of transporta-
tion based on the resources of the operated corporate information system of JSC
“Russian Railways” are considered. The high volatility of external and internal
factors affecting transportation increases the dependence of the efficiency of dis-
patching the transportation process on the competencies of personnel. Important
data from different levels of organization of a railway section operation, the state
of transport infrastructure facilities and the train situation on the section, affecting
the carrying capacity of the section are presented. The analysis of methodological
approaches to the formalization of objects and processes of railway transport for
the development and implementation of intelligent technologies for managing the
transportation process is presented.

Keywords: Neural network control - transport process - railway transport -
neural networks - machine learning

1 Problem Statement

Currently, intelligent systems are used in almost all areas of the economy. In rail-
way transport, information management and intelligent systems provide support for
a decision-making process at different levels of management and they are aimed at
increasing the organizational and technological reliability and operating efficiency of
railway transport production facilities [1-3].

The use of artificial intelligence (Al) in the tasks of managing the transportation
process in railway transport can change decision-making processes, taking into account
the transfer of management functions traditionally performed only by the dispatch office.

The purpose of the study is to analyze the main problems and prospects for the
use of artificial intelligence in the railway transport management system, present the
functionality and prospects for the use of artificial intelligence in the railway transport
management system based on the analysis of advanced research. The structure of this
research includes the formulation of research problems, systematization and clarification
of the categorical research apparatus, analysis of the mathematical basis of the research,
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determination of the mathematical apparatus for solving the problems set in the study,
identification of problems and prospects for the use of artificial intelligence in the railway
transportation management system.

The research work includes:

— consideration of the state and key breakthroughs in the development of artificial
intelligence, including in the company JSC “Russian Railways”;

— systematization of the categorical research apparatus, research of intelligent control
technology based on neural networks;

— study of the features of organizing the existing corporate information systems of JSC
“Russian Railways”, their general classification and characteristics by subject areas,
identification of the main tasks of the digital transformation of the railway industry;

— determination of methodological approaches to the formalization of railway objects
and processes, namely the railway section for the development and implementation
of intelligent technologies for managing the transportation process;

— presentation of the intelligent control technology based on neural networks for
improving the performance of railway transport;

— development of a formalized model for managing the transportation process for a
railway section.

As a result, the main conclusions are drawn on the promising tasks and the prob-
lems of introducing artificial neural networks (ANN) into the railway transportation
management system.

2 Intellectual Control Technologies Based on Neural Networks

At present intelligent systems are used in almost all areas of the economy. The scope of
application of artificial intelligence (AI) tools continues to grow rapidly, both in Russia
and in the world. According to Marketsandmarkets research, the size of the global

artificial intelligence market in 2024 is estimated at $232 billion, Fig. 1.
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Fig. 1. The growth of the global Al market, billion $ (according to BCS Express)
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The transport industry was no exception. In railway transport, artificial intelligence
systems are designed not only to control unmanned vehicles and monitor road conditions,
but also to increase the efficiency of the transportation process by optimizing resources.
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At JSC “Russian Railways” the development of digital technologies is provided for
by the scientific and technical project “Digital Railway” [4]. As a part of this project,
a number of innovative developments are being carried out related to the most relevant
areas: Internet of Things technology, big data, intelligent systems, as well as modern
data transmission networks, Fig. 2.

Al

Intelligent Systems:
systems capable of solving problems
traditionally ~considered creative,
self-learning  and  accumulating
knowledge about the subject area

Virtual and

Augmented Reality: an
environment with direct or indirect
addition of digital data to the physical
world using computer devices

I Big

“¥3DATA
e Big Data: technology

for  high-speed processing  of
structured and unstructured data to
identify non-obvious connections and
generate results that are perceived by
humans

Distributed Ledgers: a
decentralized digital ledger of
transaction data that is used by a
distributed network of market
participants to improve efficiency
and transparency of processes

Internet of Things:
technology  for collecting and
transmitting information about the
state of objects without human
intervention for subsequent
automatic processing and generation
of control actions

: New Data
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Fig. 2. Priority areas of digital technologies within the project “Digital Railway” by JSC “Russian

Railways”

Digital transformation helps strengthening the position of JSC “Russian Railways”
as an industry technology leader in the use of information systems, digital technologies
and innovative solutions [4]. Digital transformation is implemented in the company’s

digital platforms.

Artificial intelligence technologies are being actively introduced within the “Digital

Railway” program, Table 1.

Table 1. Application of Al technologies at JSC “Russian Railways”

Al technology

Application direction at
JSC
“Russian Railways”

Implementation area

Natural Language Processing

Conversational Al

Reception of voice requests,
speech synthesis

Automation of manual
processing of standard
applications and requests

Robotization of processing
requests for technical support

(continued)
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Table 1. (continued)

Al technology

Application direction at
JSC
“Russian Railways”

Implementation area

Intelligent Decision Support

Infrastructure and rolling
stock

Predictive diagnostics,
maintenance and repair

Railway infrastructure

Predictive diagnostics

Transportation
management

Recommendation service,
neural network control

Control of unmanned vehicles

Traction rolling stock

Locomotive control using
unmanned technologies

Software works (RPA)

Automation of routine
operations

Technical support, reporting,
maintaining regulatory and
reference information

Artificial neural networks (ANN) are models that are built similarly to natural neu-
ral networks of the brain. Neural networks have become a major area of research in
machine learning for solving complex problems such as optimization, recognition and
identification. The classical structure of an artificial neuron is shown in Fig. 3, [5].

X1 W1
%}
X2
w
le

-

—

b — offset: b € R
a— outputsignal: 1 <a<1€eR

Induced local field
n
z=b+ Z WiX;
i=1

a=o0(z)

X = (x1,%X3,...Xn) — input signal: x; € R
w = (Wq,Wy,...w,) — synaptic weights: w; € R

Fig. 3. Classic structure of an artificial neuron

To solve a specific problem, neurons are assembled into a network. There are a
large number of types of ANN. The most popular are: Deep Neural Network (DNN),
Convolutional Neural Networks (CNN), Recurrent Neural Networks (RNN), Generative
Adversarial Networks (GAN) and others neural network architectures.

The use of a particular ANN architecture depends on the specific practical task. Neu-
ral networks are constantly being improved. At the same time, their accuracy increases.
If a few years ago the results of neural networks often gave unsatisfactory results, now
they sometimes exceed the results of classical algorithms. The complexity of neural
networks is growing as well — the number of layers is increasing, the architecture is
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becoming more complex. Neural networks require large amounts of data for training
and analysis, and therefore large computing power.

3 TMS of JSC «Russian Railways»

It’s necessary to note the complexity of managing production processes in railway trans-
port, which is stipulated by significant number of managed objects, a variety of connec-
tions between objects and a large number of management indicators, uneven distribution
of transport work, and heterogeneity of sources of information over large areas. The tra-
ditionally corporate information systems of JSC “Russian Railways” — TMS —systems,
in the field of transportation process management formed the train and carriage models
(in particular, the automated transportation process management system (ATPMS)).

Individual automated systems (AS) are focused on dedicated functions and control
objects; in general, their purpose is related to:

— automation of calculations of basic regulatory and planning documents (train
schedule, train formation plan, technical standards, etc.);

— automation of maintaining and recording the schedule of completed train movement,
energy-efficient passage of trains, planning of track possessions;

— improvement of traffic control system at different levels of transportation management
(range, railway, station, cargo area, container site, etc.);

— control and analysis of technological processes at linear enterprises and, above all, at
stations;

— automation of individual worksites (AWS);

— ensuring control and safety of transport processes;

— automated control systems of locomotive, infrastructure and other facilities;

— collection, transmission of information and data processing;

— implementation of services in the field of freight transportation and registration of
transportation documents;

— implementation of passenger services;

— statistical accounting and reporting on operational and financial indicators. So cur-
rently, the Main Computing Center generates daily, weekly, monthly, quarterly and
annual reports for all levels of management of the holding in an automated mode.
It should be noted that the volume of daily reports provided to the central office of
Russian Railways alone is more than 12 thousand certificates.

The automated control system of Russian Railways includes more than 600 integrated
automated systems and client applications, however, a much smaller number of these
systems are used as a basis for scientific research and have the ability to flexibly adapt
to changing operating conditions.

The digital transformation of the railway system predetermines the need to cate-
gorize existing information systems for managing the transportation process with the
participation of the railway mode of transport, with the possibility of translation into
synthesized transport systems of artificial intelligence. As a part of the “Digital Rail-
way” program, artificial intelligence technologies are being actively introduced, among
which the following should be highlighted:
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— intelligent traffic control;

— object recognition based on neural networks;
— intelligent logistics systems;

— predictive analytics systems;

— unmanned vehicles.

At the same time, there is not enough research and development in the field of
application of artificial neural network (ANN) for traffic control in railway transport.
As an object of the study, we will select a section of the railway, including a number
of stations, and outline methodological approaches to the formalization of objects and
processes of railway transport for the development and implementation of intelligent
technologies for managing the transportation process.

4 Technologies for Intelligent Management of Railway
Transportation Based on Neural Networks

Currently, foreign and domestic experience in the field of neural network control of the
transportation process is known. To manage railway transport in foreign countries an
artificial intelligence (AI) mechanism is being developed to find solutions for optimal
traffic schedule planning in order to increase the capacity of the railway network and
minimize train delays. Al technologies are used in the European railway transport man-
agement system ERTMS [6], in the Japanese autonomous decentralized train control
system ATOS [7], in the national railway network in China (China Railways) and espe-
cially in high-speed transport [8]. Overview of Conceptual Approaches of the use of
ANN in railway traffic control systems are given in Table 2.

For the tasks of JSC “Russian Railways”, there is also positive experience in the
implementation of intelligent technologies. The leading place in the intelligent trans-
port system is occupied by the “Unified Intelligent System for Control and Automation
of Production Processes in Railway Transport” (ISCRT) [16]. JSC “NIIAS” develops
unmanned technologies and technical vision systems for railway transport, automation
of discharging dangerous goods at hump yards equipped with self-propelled automatic
control systems [17]. In 2022, an intelligent train traffic control system (ITTCS) “Prog-
noz” was developed on the basis of Moscow Institute of Physics and Technology (MIPT)
[18]. The next example is the use of a neural network to plan the optimal train schedule
[19], which is based on the “Elbrus-M” complex, developed by VNIIZhT (All-Russian
Scientific Research Institute of Railway Transport) specialists.

S Parameters of the Transportation Process Management Task

The formalized representation of facilities in the transportation process management
system includes entities that directly affect the transportation process by changing oper-
ational performance indicators. At the same time, a large number of factors have an
indirect impact on the transportation process, creating conditions for the effective imple-
mentation of transport and technological processes that stay in the background, in fact,
without affecting the operational management of the transportation process.
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Table 2. Approaches in using ANN in control systems for the transportation process of railway
transport

Tasks

Solutions

Strategy for rescheduling

1 Estimation of delays in the railway network | Delay forecasting mainly focuses on
[9] predicting delays for each train at subsequent
stations: a neural network approach on
heterogeneous graphs
2 Forecasting delays using train operation and | A train delay forecasting model (FCLL-Net)

weather data based on train traffic simulation
[10]

is developed that combines a fully connected
neural network (FCNN) and two long
short-term memory (LSTM) components to
account for operational interactions. The
performance of FCLL-Net is tested using
data from two high-speed railway lines in
China

Development of high-speed railways

3

Overview of artificial intelligence applications
in high-speed railway systems [11]

An overview of the most advanced
technologies and artificial intelligence
applications in the three main application
areas of the HSR system: mechanical
manufacturing and electrical control,
communications and signaling control, and
high-speed railway control

Creation of hybrid models for forecasting
passenger traffic on intercity high-speed
railways [12]

Three hybrid models for predicting passenger
flows on intercity high-speed railways based
on neural networks have been developed and
compared

Carrying capacity

5

Creation of a model for scheduling trains
based on passenger preferences, taking into
account operating costs and capacity
limitations [13]

During the planning stage, passenger
operators develop schedules to operate
passenger services and a train plan to support
those schedules. An optimization model has
been developed that minimizes passenger
travel costs within the limited budget
available to cover operating costs

Digital twins

6

An overview of digital twin concepts (DTS)
for improving product quality and optimizing
production processes in railway transport:
preliminary recommendations and reference
architecture [14, 15]

The introduction of digital twins in the
railway sector, with special attention to the
role of artificial intelligence (AI)
technologies as key factors contributing to
the creation of value-added services and
applications related to intelligent
decision-making
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The key indicator of the organization of transportation by rail is the maximum use
of throughput while maintaining other parameters.

The classification of indicators involved in assessing carrying capacity, Fig. 4, include
infrastructure parameters and the mode of organizing train movement, which depends
on the structure of train traffic on the section.
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Fig. 4. Hierarchy of indicators for assessing the carrying capacity of a railway section

The following entities are of interest: infrastructure, train group (or “train”), reg-
ulatory actions on the part of the dispatch apparatus and means of traffic control and
regulation. Thus, three parties are involved in the organization of the transportation
process:

1. Railway infrastructure, which ensures the movement of a “train group” (TG).

2. The control object is a “train group” (TG), which is in a state of rest or movement;

3. A leading, regulating decision represented by a “dispatcher” who can allow/prohibit
specific changes, transitions of the system from one state to another.

We denote the set of states of the elements of the section “infrastructure” by the set
S@t) = {s;l(z), $9(1), 5] (z)}, where

t — time point (observation, control);

I = 1,2,...,L — eclementary sections (blocks) of infrastructure that affect the
organization of the transportation process;

A\ (1) — is in the process of recovery as a result of failure of technical devices or other
reasons;
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Slo(t) —is in a state of readiness for work (waiting);
S 11 (t) —is in a state of active loading (passing a “train group”).

We denote the set of states of a 7G on a section by the set P(f) =
{Plllz(t D, Phl (t, l)},Where

l1(lp)) — initial (final) station of TG
Pll I (z, 1) —is in a state of movement (change of state) on the block /;

11 L (¢, 1) —is in a state of waiting for a command and (or) a change in state in an adjacent
section.

The model of active control of train operation on a section is specified by a set of
decisions of the “dispatcher” D(f) = {Dl(t), Dy, 1, (1), dj 1, (1) }, where

D, () — the status switch of the block section is in the on/off mode;

Dy, 1, (t) — the “train group” status switch is in on/off mode;

dy,, (t) — the “train group” status switch “speed” of change in the state (change in the
delay time of the change).

“TG generation” can occur according to a given train formation schedule at the
boundaries of the site, namely:

— for each station (section) a € [1, L] and time point P1 (t a) are defined — the train
departing from station (block) a by destination to stat1on (block) j in accordance with
the approved timetable.

The set of solutions for generating train groups is denoted by & (¢).

A dynamic train model on a railway section is
described by sets {S(#), P(t), D(t), £(¢)}. All parameters take values O (free, waiting)
or 1 (busy, in operation) depending on the state of the object or process.

The purpose of the simulation is to evaluate (achieve) the maximum capacity of
the railway section for the implementation of the formed train flows & (¢), based on the
choice of management decisions D(#) for the implementation of train flows P(¢) using
the capabilities (states) of infrastructure facilities S(¢).

6 Formalized Model of Transportation Process Management

The change in the states of entities per unit of clock time At determines the regulated
transportation process. The moments of time at which a change of states can occur are
determined by #;,1 = 0, 1, 2, ..., I for the planning period [0; T], where T = A¢I. The
change of states of entities can be determined by the following relations.

Conditions of “Infrastructure”. The section opens for work after it is “switched” by the
“dispatcher”, i.e

SN ) =1 =87 G)Di@). (1)
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The section remains in a state of waiting for work if there was no 7G in the previous
section or, while in the previous section, the “dispatcher” did not open traffic, i.e.

SP) = (1 =P}, (61, L= 1Dy, (1) + P, (i1, L= DL =Dy (1), (2)

There is a TG on the previous section and the “dispatcher” did not stop the movement,
or the “dispatcher” allowed the train waiting to move on the previous section to move,
i.e.

S} () = P}, (tio1, L = 1)1 = Dy, (6) + Py, (ti1, L = DDy, (1) 3)

Train Group (TG) States. TG is in a state of motion if the next section is free, there was
no “command” from the dispatcher to stop it, and the next section is “free”, i.e.

Pl (6. ) =P}, (ti—1, 1 — D(1 = Dy, () (1 — SP(8)). )

TG is in a state of waiting for movement if the next section is free, there was no
“command” from the dispatcher for its movement, or following along the section 7G
was stopped by the “dispatcher”, i.e.

P (6. ) = P (61,1 = 1)(1 = Dy (1)) + PJy, (6. 1 — DDy, (1) (5)

States of “Infrastructure” and “Devices”. It is known that the actions of the dispatcher
are associated with the analysis of the train situation, the state of infrastructure and
railway devices at the corresponding “sections” and “train groups” (TG). The dispatcher
will change the nature of the movement if a certain “failure” is detected, leading to a
technological violation in the organization of train movement.

Let us consider a flow of failures of this kind as random parameters of external
influences on movement:

1, if there was a failure in section/ at time f;
Si() = . (6)
0, otherwise
1, if there was a failure in TG (I1») at time ¢;
Fuis (1) = : (h2) )
0, otherwise

The process of recovery after failure of infrastructure and TG will be considered
random. Let’s define for infrastructure:

1, if at time ¢ the failure is eliminated on/;
hy(t) = . (3
0, otherwise
A similar function for TG has the form:
1, if at time ¢the failure is eliminatedin TG(l/;/2);
g () = . (1) ©)
0, otherwise

Without dwelling on the probabilistic characteristics of random processes of failure
occurrence and their recovery, let us move on to the decisions of the dispatcher to control
traffic on the section.



Neural Network Control of the Transportation Process in Railway Transport 101

States- the dispatcher’s decisions on the state of the infrastructure and the TG.
Changing the state of the infrastructure (section) in case of failure at the command
of the dispatcher, i.e.

Dy(1;) = (1 —fi(1)). (10)
Changing the state of the 7G in case of failure at the command of the dispatcher, i.e.
Dyy1, (t1) = (1 = fiy1, (). (1)

Changing the state of the infrastructure (section) when restoring its operability at the
command of the dispatcher

Dy(t;) = hy(t). (12)

Changing the state of the TG when restoring its operability at the command of the
dispatcher.

Dy, (t) = hyy1,(0). (13)

For each TG k;,, (the length of the 7G in sections) is defined. For each TG there is b, ,
such that

by, 1, +k
[1,"% "% Pl (i, b) = 1, for eachy; € [0; T, (14)
=Pl
and
Pllllz(ti'b) =0, b & [by1,; b, + ki, (15)

Conditions (14)—(15) determine the continuity of the TG.

Solutions to ensure the continuity of the 7G are achieved by checking the changes at
each time interval At. If the changes do not violate conditions (1)—(15), the corresponding
changes in the state of the infrastructure and the 7G can be implemented, i.e. the changes
in the state are confirmed.

7 Identifying Key Tasks for Neural Network Control of Railway
Transportation Processes

Modern concepts of the transition to digital control platforms provide for the creation
of intelligent dispatch assistants that completely or partially replace certain functions or
operations. This area includes technologies for the formation of digital twins of railway
infrastructure objects and neural network algorithms for managing the transportation
process. Therefore, in this study, an attempt was made to combine several tasks: the
formation of a digital twin of the railway section and stations with the implementation
of neural network control of the transport process. This formulation of the research
problem is fundamentally different from those discussed earlier and will allow us to
assess the main problems that arise during the formation of both the digital twin and the
ANN architecture. In this case, neural networks will use for training not only real data
from transport information systems, but also use data from digital models.
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A digital twin (DT) is an accurate model of a physical object that is maintained
during execution and updated with data collected from monitoring devices in real time.

From the point of view of creating a model of the operation of arailway section, a dig-
ital twin is a dynamic and self-developing virtual copy of physical objects and processes,
characterized by bidirectional uninterrupted communication that allows real-time data
exchange between the physical and digital worlds [14, 20]. Using DT technology, you
can implement several services (for example, modeling, monitoring, forecasting).

In the study, several tasks on creating DT and selecting an element for neural network
control are grouped; enlarged blocks are shown in Fig. 5.

Analysis of the state of the research area,
statement of the research problem

Building a model of a railway section — a digital twin

—

<«

Selection and development of neural network
control elements

Carrying out a computational experiment and analysis of
results

Fig. 5. Tasks of developing digital data and selecting elements of neural network control of train
traffic

The object of the study is chosen as the real section from Vysochino station to
Timashevskaya station of the North Caucasus Railway. As a basis for developing and
conducting experimental research, a digital model of the railway section of the station
Vysochino — station Timashevskaya, developed at the Rostov State Transport University
is used within the framework of the existing educational and laboratory complex “Virtual
Railway” [21-25].

To develop a control system for the process of passing trains along a railway section
using ANN, it is necessary to competently formulate and solve the following subtasks:

— analysis of factors determining the operational control decision of the system. Each
of these factors must be matched with an indicator suitable for entering the input
layer of the neural network;

— determination of sets of ANN output data, on the basis of which a command for
constructing a train route will be formed;

— choice of architecture (topology) of the neural network: the number of input signals,
which determines the power (number of nodes) of the input layer; the number and
type of output signals, determining the power of the output layer; determining the
number of hidden layers and the number of neurons in each of them; determining the
structure and initial value of the weights of connections between layers, as well as
choosing the node activation function.
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— choosing the method of training the ANN;
— determination of a set of training data for training the ANN;
— determination of a set of test data for verification of the ANN.

An architecture for a railway station (section) control system is proposed, the
functional diagram of which is shown in Fig. 6.

DB

[ |

Train grovp | Logical block |

~| of sinzs : - - .
- Logical block | ¢ omman:
formation - of command | -
— -| formation
ANN
Infrastructure -
group

Fig. 6. Functional diagram of a neural network control system for a railway station/section in the
mode of receiving/passing trains

The formation of a multi-parameter task of optimal control of dynamic processes
for the rapid increase in carrying capacity comes down to the search for local optimal
solutions to speed up the passage of train traffic through the section due to the control
influence on the parameters of the passage of train traffic.

For neural network programming, the key elements are the reference states of a
dynamically changing object — the train situation on the section. As a part of the presented
formalization of the railway section model, it is necessary to indicate the “normative”
intervals for changing the parameters of train operation. The neural network control
process will include developing a sequence of actions (decisions) of the train dispatcher
to “improve” the parameters of train operation.

Datasets have been formed for offline training of the neural network based on
the obtained data as the result of playing scenario. The first dataset contains features
which are connected with dispatcher instructions. Particularly, the following features
are included:

— station - designation of a station;

— time - current time;

— cmd - command;

— cmd_state — the fact of command execution (1-done, O-undone).
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The second dataset contains features of the state of a sector:

— Time - current time;

— Block_name — the name of occupied /free track;

— State - state of block Sect. (1 — occupy the track O - clear the track);
— Train_num - number of a train;

— Velocity - the velocity of a train in the section.

Conducted scenarios of the train traffic allowed to make preliminary assessment of
state data of block sections. The state of all sections for scenario is shown in the Fig. 7.

Block section index

Fig. 7. The state of block sections of the scenario

Therefore, we receive approximately 3000 records about changes of state of over
500 block sections per single scenario which duration is around 1 h.

The total amount of commands per station scenario is not high, approximately 100.
In comparison with general amount of records of state and unique commands is even
smaller. Some commands, at particular stations, are carried out just once.

The analysis shows that peculiarities of issued challenge are small amount of tar-
get objects (commands for train managing) in the sample, large numbers of signs and
discharged data.

In view of the above, at the first stage, within exploration data analysis, the task was
to assess the possibility of dividing space of features: those which lead to the execution
of command, that is the task of binary classification. For this purpose, the network
architecture was used, which is shown in the Fig. 8. It might be used as a benchmark in
the future.

A graph showing the performance of a classification model in the form of ROC curve
is shown in the Fig. 9.

The model example itself is superficial, without specific details. It is not even clear
which neural network model is being trained and on which data. I think that the work
should be substantially improved for publication.

In general, the model showed decent results of classification according to area under
the ROC Curve.
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Dense

Input shape: (None, 529) | Output shape: (None, 4)

Dense

Input shape: (None, 4) | Output shape: (None, 108)

Dense

Input shape: (None, 108) | Output shape: (None, 128)

Dropout

Input shape: (None, 128) | Output shape: (None, 128)

Dense

Input shape: (None, 128) | Output shape: (None, 1)

Fig. 8. The network architecture
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Fig. 9. The performance of a classification model

8 Conclusion

This article is devoted to the issues of neural network control of the transportation process
of a railway section and stations. Since the control object (railway section) operates in a
dynamically changing environment, it is proposed to use a digital twin of the real section
as an object for implementing ANN. This research methodology will allow us to assess
the possible risks of implementing ANN in transportation process control systems on
railway lines. Since at the moment there are a huge number of them, connected:

— with data security and privacy protection when using artificial intelligence. When
collecting and analyzing large amounts of sensitive data, including passenger infor-
mation, operational data and maintenance records, leakage or unauthorized access to
this data could result in serious privacy troubles and security risks;

— with insufficient recognition of certain types of failure modes, that may increase the
risk of accidents;
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— with the accuracy of the algorithm, that may lead to an incorrect assessment of certain
capacity needs or priorities of train handling. Decision-making process according to
Al application must consider the relationship between technological efficiency and
social justice.

— with data quality and coverage. Modern rail networks are managed by a variety of
tools and devices, resulting in data that is too heterogeneous and unintegrated, mak-
ing collaboration and decision-making particularly difficult. Despite the widespread
adoption of IoT sensors in various sectors, connectivity problems still exist, especially
in real-time monitoring.

Summing up we can say that in this study we have discussed some of the challenges
and opportunities associated with the implementation of artificial intelligence in the
railway industry. In railway data centers, artificial intelligence is used to optimize the
use of resources, reduce energy consumption and ensure high availability of services.
Despite the potential benefits of Al there are also challenges associated with its imple-
mentation, including the need for high-quality data, the reliability and interpretability
of Al-based systems, and ethical and legal issues related to privacy, security, and bias.
On the other hand, in the railway industry, artificial intelligence is used to optimize train
schedules, reduce delays, support preventative maintenance operations and improve pas-
senger safety by predicting and preventing accidents, so for a safer experiment, the use
of ANN in digital twin systems of railway facilities is necessary.
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Abstract. The article discusses the issue of improving traffic management effi-
ciency. The importance of addressing this issue is justified. An analysis of existing
methods’ effectiveness has been conducted, identifying their advantages and draw-
backs. The problem to be addressed is defined. A classification of current models
and algorithms for managing traffic flow is presented. Various traffic flow manage-
ment models have been analyzed. The benefits and drawbacks of existing traffic
control algorithms are highlighted. A method for distributed traffic flow manage-
ment utilizing the concept of proactive management is proposed. An approach to
active traffic management based on agent-based technology has been developed.
Additionally, a modified model for vehicle movement in a stream is proposed.
The proposed method of traffic management can be applied to different types
of intersections and road sections, regardless of their geometric or transportation
characteristics. A model of agent interaction has been developed for various types
of intersections, and it is proposed to use different types of agents to organize
traffic. A general structure of agents has been developed to manage vehicle move-
ment. Software has been implemented to implement the proposed method and
obtain a list of related agents within an intersection or road section. Software in
the Java and C++ programming languages has been developed. The software has
been tested.

Keywords: intelligent transport management systems - traffic flows - adaptive
distributed management - agency approach

1 Introduction

Modern methods of building transport flow control systems implement the principles of
centralized transportation management, which limit the system’s ability to respond to
changes in the movement parameters of individual transport flows through intersections
and handle non-standard situations that may arise during transportation [1, 2]. Systems
with centralized architectures not only place heavy demands on communication channels
but also geographically separate the decision-making point for management, increasing
the possibility of errors and reducing the quality of the system. Additionally, such systems
require human intervention (an operator), increasing the reaction time to changes in
transportation conditions with a large amount of data and increasing the cost of equipment

needed for these control centers.
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The analysis shows that current methods do not allow for the synthesis of a distributed
control system that can effectively manage traffic (TP), taking into account the individual
characteristics of traffic sub-stream movement within an intersection. This is because
these methods are limited by their centralized management approach, which uses a single
entity to manage each intersection [3, 4].

To improve traffic flow management efficiency on the city’s road network, it is essen-
tial to develop new approaches that allow for the creation of distributed TP management
systems. These systems would involve agents acting as control entities at intersections,
individually determining control actions for each traffic direction based on the movement
parameters of each traffic subflow and the number and location of potential conflicts [5,
6].

2 Models and Methods of Traffic Flow Management

A traffic flow (TF) is a complex phenomenon with several key characteristics. It is
stochastic, meaning that it is influenced by a variety of factors and cannot be predicted
with certainty. Additionally, the behavior of a traffic flow is constantly changing, making
it difficult to accurately describe. These changes occur due to temporary fluctuations in
the characteristics of the flow, such as intensity, speed, and composition. These charac-
teristics can vary depending on time of day, day of week, and even season. Finally, the
traffic flow is non-repeatable, meaning that even with the same set of control measures,
the outcome will likely differ each time.

There are three main types of traffic flow, each with its own characteristics: free flow,
group traffic, and saturated flow. Groups of cars moving at the same speed can form,
and the density of vehicles on the road can increase. If the number of cars per unit of
road reaches a certain level, a critical density can occur. This can lead to congestion and
changes in the flow of traffic. Breaks in the traffic flow can also occur, causing congestion
[7].

Improving the efficiency of traffic management in the city’s road network can be
achieved by increasing the capacity of intersections and reducing traffic delays [8].

Two approaches can be used when implementing complex traffic management
models [9, 10]:

1. Multi-program hard-coded control based on simple road controllers that allow setting
several control programs for one traffic light object depending on the time of day, or
other approaches.

2. Adaptive traffic management with real-time information on traffic flow. To do this,
traffic controllers must receive up-to-date information about the current state of traffic
flow from transport detectors located at road intersections and, based on this data,
calculate traffic signal cycles for each stage of operation. Transport detectors can also
be used to record passing vehicles and determine their parameters.

Currently, traffic management is carried out primarily due to its cost effectiveness.
However, this management model is not optimal and often leads to significant delays in
vehicle movement. This model fails to take into account various factors affecting traffic,
such as the randomly varying level of congestion on a particular section of the road
network.
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In contrast, adaptive traffic control allows addressing problems with fluctuating traffic
loads, although it is a more complex and costly solution that is typically employed in
traffic management systems in large cities [10].

Intersections that are more than 1 km apart are considered independent and can
be managed separately. Their management algorithms are implemented in traffic con-
trollers. These algorithms can be divided into two categories. The first category does
not include adaptive control elements and is used for implementing a strict control strat-
egy. The operation of these algorithms is based on techniques for determining control
parameters and distributing periods in a cycle according to the average characteristics
of traffic. The optimal duration of a traffic light cycle is determined by summing up
the intensities of conflicting traffic directions, and the distribution of cycle periods is
determined by adding up and dividing traffic intensities in conflicting directions.

The second group of algorithms includes elements of adaptive control and is based
on the methods of switching traffic light signals in accordance with the instantaneous
determination of traffic saturation. Effective use of the green signal period is possible by
switching traffic lights according to the actual behavior of each vehicle at the intersection.

Local management works within the framework of a single intersection and does
not take into account the intensity of traffic at neighboring intersections, making this
approach ineffective for use in a city with a high density of traffic intersections.

A network-based approach to traffic management is used at intersections that are
located within a distance of 1 km or less from each other and are connected by a single
road system. To calculate control parameters, information about the traffic situation at
all intersections in the network is needed. Managing traffic at connected intersections
is a challenging process to develop and implement, as it requires taking into account
numerous factors, which complicates the calculation process. In the case of an adaptive
traffic management model, it is also necessary to consider the stochastic nature of traffic
flow and various social factors.

Network tight control ensures the coordination of traffic lights within a certain area.
Using the standard approach, we can determine and calculate the most optimal traffic
light work plan, which is suitable for both urban and motorway intersections. We can
also optimize traffic light signal switching programs using specialized software on the
road network.

Rigid control algorithms, which are based on the repeatability of traffic situations
at certain times of day or on certain days of the week, cannot handle large variations
in instantaneous traffic flow intensity. In such cases, network adaptive management
approaches are more suitable. At the same time, delays in each direction and the number
of stops are estimated, and a performance index is calculated based on the total network
bandwidth. The algorithm then gradually adjusts the traffic light operations according to
this index. If the road’s saturation level reaches a certain threshold, the system increases
the minimum cycle time for each intersection by a small fixed amount. If the saturation
level falls below this threshold, the cycle time is reduced by the same amount.
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3 The development of a traffic flow management method based
on an Agent-Based Approach

The proposed method implements the concept of active traffic management, which is
based on several key principles [11]. These principles include:

1. Maintaining the capacity of the road network at its maximum level.

2. Focusing management efforts on the current situation, rather than predicting future

events.

Recognizing that traffic conditions are constantly changing and can be unpredictable.

Considering drivers’ needs and ensuring they can move safely and efficiently.

5. Measuring management results based on outcomes, rather than simply collecting
data.

6. Prioritizing system management over system development.

7. Ensuring continuous control, even during periods of low traffic.

Ealie

The method is based on a traffic flow model, which takes into account various traffic
parameters such as the average speed of movement Vl.(l), intensity Ij(l), density kl.(l),

and the presence of conflict points DP(®). Each traffic subflow Gj(l) is controlled by a

separate entity y.(l) that uses a specific algorithm to manage the flow. New algorithms
for managing distributed systems, or agents, are also proposed.

The developed method can be applied to different types of intersections and road
sections, regardless of their geometric or transport characteristics [12—14]. The sys-
tem synthesized using this method depends on the rules for agent interaction and the
algorithms used for agent operation.

The general principle of operation of the proposed method for a particular section
of the road network is illustrated in Fig. 1. The exact number of agents involved in the
management process depends on the specific configuration of the traffic intersection and
the surrounding area. As input, we use transport and geometric data about the control
object (the intersection), which is obtained through a survey of the targeted section of
the road (SR) or through a comprehensive traffic management plan.

The traffic management plan includes information on the number of traffic lanes, road
signs, and traffic lights on the study section of the road network. A traffic light can act
as a traffic management agent at an intersection, while a road sign on the corresponding
lane can be used in the SR area.

The total number of agents is determined by adding up the number of lanes in
the intersection and the number of road signs in the area adjacent to the intersection,
subtracting the number of lanes leading out of the intersection:

K4 = line + sign—line_out,

where K 4 represents the total number of agents in the study area of the SR, line represents
the total number of lanes at the intersection in the study road network (including incoming
and outgoing), sign is the number of road signs in the study section of the road network
(excluding information), and line_out is the number of outgoing lanes leading away
from the intersection.
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Fig. 1. The block diagram of the proposed method

To create an agent interaction system, it is necessary to assign each agent a unique
identifier.

Agents can be divided into two categories, based on their physical location within
the road network:

e Agents at intersections: These agents are physically located at transport intersections
and control traffic that passes through them.

e Agents on road sections: These agents are located outside intersections and control
traffic flow outside intersections. Let’s take a look at an example of how agents at an
intersection interact. For simplicity, we will not consider the direction of traffic for
this example (see Fig. 2).

Fig. 2. The scheme of interaction at the intersection

Agent ail) must exchange information with agent aél), as the directions of vehicles
moving along the lanes they control intersect.

This rule also applies to pairs of agents aél) and agl), agl) and ail), aél) anda'V, a!"

X 7 -4
andag).

The endpoints of the movements of sub-streams controlled by agents agl) and ail)

coincide, as do those controlled by agents agl) and aél). These agents interact to control

traffic at an intersection.
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A diagram of agent interactions for several interconnected intersections is shown in
Fig. 3. In addition to agents working within a single intersection, those working within
a group of intersections also interact with agents from neighboring intersections.

Fig. 3. Interaction diagram for a group of intersections

The agents agl) at junction J; and af) at junction J, are on the same path of the

traffic flow and need to exchange information with each other in order to effectively

manage traffic. This rule also applies to agents agl) and ail) at junction Jp, as well as

a (@) 2 . :
gents a;” and a, " at junction J».

Depending on the type of agent and its physical location in the road network, each
agent has different functionality and needs to be configured differently. The general

structure of a traffic management agent is shown in Fig. 4.

Algorithm for Algorithm for
Interface for . . . . N .
— " . . . interaction with interaction with - "
Receiving information loT interaction with . N [Transfer of information loT
agents intersection agents of the
9 agents SRN
Algorithm for
Interface for interaction with Algorithm for
Transport situation interaction with agents of a mag:ninmRIDOs [ Control actions
RIOs neighboring 9ing
intersection
Algorithm for
Messages from other agents calcu!atlng the loT interface [Messages for other agents.
operating time of
RIOs

Fig. 4. Agent structure

The agent interaction interface is a physical interface that allows agents to commu-
nicate with each other and can be implemented using open or closed communication
standards and protocols.

The interface for interacting with road infrastructure (ODI) facilities is a physical
interface for receiving data or displaying information to apply control actions to the ODI.

IoT interface is a physical interface for sharing data on the transportation situation
with the IoT data center.
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Algorithms for agent operation are algorithms that implement various methods of
interacting with other agents and generating control actions on TP. Depending on the
agent type, its physical location, and the presence of nearby agents, the configuration of
the agent can be changed during the initial or subsequent setup.

For agents that are located within the boundaries of a transport intersection, there are
several options: a locally controlled intersection that is not connected to other transport
networks; an intersection that is part of a network and is connected to other intersections;
etc.

4 Implementation of the Proposed Method

For the effective design of distributed automation systems, it is necessary to use strict
methods of description. At the same time, it is important to ensure the compatibility
and interchangeability of devices included in the system, which are manufactured by
different manufacturers. For these purposes, we have developed a model that uses three
levels of hierarchy: the system model, the physical device model, and the functional block
model. The system model describes the overall structure and behavior of the system.
The physical device model represents individual components and their interactions. The
functional block model describes specific functions and processes within the system. All
models are presented in accordance with industry standards, in the form of functional
blocks, which describe the transmission and processing of information within the system.

The model of a distributed control system in accordance with the international stan-
dard IEC 61499 “Functional blocks for industrial control systems” can be represented
as a set of physical devices (for example, a PLC) interacting with each other using one
or more networks (Fig. 5).

| Network (for information exchange)

Agent 2 Agent n

Agent 1 |

[ ] [ 1
| FB1 | | FB2 FBn
2Nt

Intersection Manageme

| Lane 1 | | Lane 2 | Lanen

Control object (intersection)

Fig. 5. Control scheme

Each agent for traffic control and elements of its structure (modules) can be rep-
resented as event-driven automata models. Figure 6 shows a model of an intersection
controller in the form of a composite block, developed according to the IEC 61499
standard.
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EVENT INIT INITO EVENT
GREEN EVENT
RED EVENT
— (=]
Agent_junc
WSTRING Port1 Cars INT
WSTRING Port2 ID_LANE INT
INT D
INT Vmax
WSTRING Port_1_net
WSTRING Port_2_net
STRING ENDPOINT
WSTRING Port_A_road

Fig. 6. Intersection agent in accordance with IEC 61499 standard

To implement the method proposed in the work and obtain a list of related agents
within the intersection and/or section of the UDS, we developed software in Java and
C++. The user provides a diagram of a road network section, for which it is necessary
to create a traffic management system.

In accordance with the traffic management plan for the studied section of the road
network, a traffic agent is added at each entrance to the intersection and at the locations of
road signs (see Fig. 7). The directions of traffic controlled by the agent are also indicated,
if necessary.

[ 00 NG LoAD |FiN
Ad
WS
A4
Al A2
A6 NV A6
@8
A7
A £
AS & AS
£8
Al ®2 Al A2 A3 sl A3

A7

Fig. 7. Example of agent placement

As aresult of the program, the user receives set of interconnected agents for further
system design (Fig. 8). The sets of agents are categorized based on the type of intersection
between traffic trajectories. “On Trajectory”: The intersection of agents in the road
network whose trajectories are on the same path. “Factual Crossing”: The intersection
of agents from different roads whose trajectories intersect. “Agent-Road Crossing”:
Interaction between agents from the road network and those from intersections.

The results obtained from testing the performance of a distributed adaptive con-
trol system can be compared with the results demonstrated by existing motion control
systems (Table 1). The efficiency of transport control for the presented systems was
compared with the control existing on a section of the road network using a fixed traffic
light cycle - “hard control”.
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Bua Cnpasca

j y:
Al : A3 by R2
A3 : A1 by R4
Factical crossing:
Al : {A6) by R1
A2 : {AS, A6} by R3
A3 : (A7) by Ra
AS : {A2} by R6
A6 : {A1, A2} by R7
A7 : {A3} by R8
Agent-Road crossing:
A2 : {A8) by R3
A6 : {A8} by R7

Fig. 8. Program output data

Table 1. Comparison of Traffic Management Systems

Traffic management systems Total delay Bandwidth, ¢
SCOOT from +-88% to —51% from 5% to 29%
SCATS from —6.3% to —12.5% from 0% to 20%
OPAC from -21.2% to -39.7 from 10% to 26%
UTOPIA ~from +23% to —2% ~15%

ImFlow ~trom +37% to —8% from 5% to 15%
Developed system from —44% to —49% from 10% to 27%

5 Conclusion

The proposed method of traffic flow management, based on an agent-based approach
combined with event-driven automatic models, allows for the formation of control
actions on the control object as a result of the interaction between the elements of
the control system. The developed algorithms for the operation of the elements of the
adaptive control system enable distributed adaptive control over traffic flows on the
city’s road network. This is achieved through the formation of control actions based on
the interaction between elements of the distributed system at intersections, groups of
intersections, and sections of the street road network.
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Abstract. This paper explores the application of deep reinforcement learning
to minimize in-train forces. A longitudinal train dynamics model incorporating
differential equations is established. Track profile identification enables realistic
computational experiments. Deep reinforcement learning is used to explore control
strategies for braking and traction forces, aiming to minimize in-train forces and
improve railway safety and efficiency.

Keywords: In-train forces - Deep Reinforcement Learning - Longitudinal Train
Dynamics - Differential Equations - Track Profile Identification - ARX - Neural
network - MPL - A2C - Ac-tor-Critic - Stable Baseline

1 Introduction

This research is a continuation of the works [1] on the creation of modern rolling stock
including isothermal one. Its main advantages should be the cost efficiency and design
modularity [2]. The rail vehicle can have different composition of modules, for example,
traction drive or generator drive from the wheelset axle [3]. As an electric machine, it
is reasonable to use a switched reluctance motor (SRM) capable of operating in motor
and generator modes, as it is shown in [4]. Reliability and the maintenance problems
of rolling stock directly affect the life cycle cost, so it seems reasonable to take into
consideration the approaches [5], when designing rolling stock.

Thus, one of the wagon designs can be high-speed isothermal self-propelled rail
vehicle or a platform car which are equipped with a high capacity battery and traction
drive with SRM.

In the above works, the authors did not consider the problems of reducing the body
unladen weight or designing its primary structure, which is an important part of designing
a high-speed rail vehicle. We can identify several approaches to reducing the unladen
weight of the rail vehicle: applying lighter and stronger materials, optimization of the
body design, which give good results, as it is shown in [6] and [7], when designing new
constructions and improving the existing ones.

In this work the problem of reducing the mass of the construction and its further
optimization is considered in the light of reducing loads, affecting the rail vehicle, their
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decrease will reduce the stresses in the construction and, as a result, its mass. As it is
said above, we are not limited to the existing designs, so in perspective we consider
the extreme case, when motor and non-motor cars in the trainset are coupled with the
coupling devices only in certain places, and the car control system keeps a given small
distance between the vehicles.

It is obvious that in such a trainset configuration longitudinal forces in the rupture
points will be negligible and determined by inertia forces. Designing the control sys-
tem for rolling stock vehicles and the train requires solving many complex problems,
including those connected with controlling tractive efforts and adhesion properties in
different environmental conditions. The authors of [8] showed that the Fuzzy control
system copes well with this task, but in their work the trainset is not considered as a
multi-body dynamic system.

Deep reinforcement learning (DRL) is increasingly being employed to address var-
ious challenges in the railway transportation sector. Recent studies have explored the
application of DRL for controlling the longitudinal, vertical, and lateral dynamics of
rail vehicles [9-11]. These studies focus on a single rail vehicle and utilize differential
equations of motion and cosimulation with MATLAB and Simpack. Python is employed
as the programming language.

In [12], the authors investigate the application of reinforcement learning to reduce
the energy consumption of freight trains. They employ a deep Q-learning algorithm
and consider the operational characteristics of the railway infrastructure. The train is
modeled using an ordinary differential equation that does not account forces in vehicle
coupling devices.

The authors in [13] address the challenge of in-train forces monitoring under service
conditions. They developed a mathematical model of train motion using the Universal
Mechanism software, which was employed to train a self-attention-based causal con-
volutional network. The resulting neural network was then applied to predict in-train
forces under automatic train operation conditions.

The development of effective braking control algorithms for heavy-haul trains is the
focus of [14, 15]. The authors employ DQN-based and Q-table-based algorithms. In [14],
the train model is represented by differential equations of motion and incorporates inter-
car connections. The authors select speed limits, total running distance, and air-braking
distance as performance indexes.

In this work, we model the train as a multi-body dynamic system represented by
ordinary differential equations (ODEs) in a form adapted for reinforcement learning (RL)
algorithms. This approach offers advantages such as improved flexibility in algorithm
design and reduced computational burden compared to traditional methods that rely
on proprietary software and cosimulation. We focus on using deep RL to address the
challenge of reducing longitudinal train forces for controlling the traction and braking
of rail vehicles. This task has not been explicitly addressed in the existing literature on
rail vehicle control.
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2 Methods

We describe the train movement model using the system of ordinary differential equa-
tions, in which the rail vehicles are represented with the mass elements which are coupled
with the coupling devices. The design (force) diagram is shown in Fig. 1.
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X «— —
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Fig. 1. Force diagram of the train

Forces on the diagram: F; is traction or dynamic brake force, W is resistance force,
B is pneumatic brake force, F, is force in vehicle coupling devices (wagon connections).

In our model, each vehicle has the force F;, which allows us to investigate different
configurations of trainsets, the force F/ ? was introduced into the equations for generality,
which allows us to consider the absolute motion of the entire train at F0 = 0 or relative
motions of the arbitrary fragment.

Using the SymPy library [16] and Kane method we obtain the equations of the train
motion for the case of n + 1 vehiclesi =0...n,j =0...n:

Mi[x, v© =f(x,v).
dx

The column vector of forces f (x, v) is obtained as follows:

Feew =[],
x=[xo...x],
v=1[vy...vl,

ﬁ=<i—F+W—W>—H’

=i

=1y
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Mass matrix M

I,, — identity matrix n X n,
0,, — zero matrix n X n,

x; — vehicle displacements,
Xi, v; — vehicle speeds,

m; — vehicle masses.

The main specific resistance to the movement of non-motorized rail vehicle, N/t is
equal to:

2
W=A+B+Cv+Dv ’
q
where A, B, C, D — coefficients corresponding to the type of the vehicle,
q — axle load.
The main specific resistance to the movement of locomotives (motorized rail
vehicles), N/t is equal to

W = B + Cv + Dv>.

Additional specific resistance to the movement due to the track gradient is calculated
by the formula, N/t:

w; = 9,811,

where i is the track gradient (slope), in per mille (%o).
Inter-car connections in the first approximation are assumed to be linear with the
stiffness ¢ and damping 8

F.=cx+ Bv.

Irregularities in the plan were described on the basis of the measurement results of
areal 130 km section, the fragment of which is shown in Fig. 2.

Specific resistance to the movement due to the gradient is one of the main factors,
affecting the train running, thus, it is reasonable to develop the model of the track section
gradients to improve the control reliability.
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Fig. 2. Track gradients

Let us perform distribution Fitting and find parameters of normal distribution with

mean and variance for forward and reverse directions. Figure 3 shows histogram of
irregularities in the plan, the nonparametric distribution and the normal distribution with

the

parameters mean = 6.71269e—17 and variance = 47.4837.
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Fig. 3. Results of distribution Fitting

The data obtained can be used to design the track profile using the bootstrap method.
For the cases when it is not reasonable to apply the above method, we identify the

parameters of the track irregularity model. The simplest variant for the forward direction
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is Discrete-time ARMA model with fit to estimation data = 83.28%:

Ay = C(2)e(),
AR) =1—-0.8584-7z71 —0.5442 - 772 — 0.02287 - 773 + 0.4265 - 774,
Ciz)=1403876-z71 —0.3214-772 - 0.6745 - 773 — 0.2571 - 7%,

For forward and reverse directions with fit to estimation data = 77.24%:

A(Z)=1-2349 .77 42465772 —1.697 - 773 +0.581 - 74,
Cz)=1-144-77141.208 772 -0.6329-773 —0.07957 - 4.

Deep reinforcement learning requires creating the environment for the agent to inter-
act with it. In this work, we use Gymnasium [17]. The motion equations and the track
profile model derived above were used to train the agent using algorithms, implemented
in Stable Baselines 3(SB3) [18].

To identify the most rational action space A and observation space S for the problem
under consideration, as well as and the architecture of the neural network, several envi-
ronments were created. We refer to observation space as S since [17] requires it to be
explicitly set and passed to the agent, actually representing it as the set of all possible
states the agent can be in.

We considered Model 1 for a single locomotive and Model 5 for the train with one
locomotive and five cars. In the environment with Model 1 action space, observation
space, reward r at the step ¢ were set in several variants.

Variant 1.

A=[-1,1],§ C RS, seS, s = (xt, v, i, itz, i:‘, €, X1, vt71>,

where x; displacement, v; speed, i; gradient, it2 gradient of 2 m forward, if gradient of
4 m forward, ¢, difference between current and required speeds v* x;—; displacement at
the previous step, v;— speed at the previous step.

Reward with weights »? and "

r,= a)dv,[v*_ <v <Vt 4+’ - v*)2(l — v < v <v*T]),
VT =v* -0,
Vi =y + 0.

where ® — speed threshold
Variant 2.
According to [19], let us discretize the action space:

A=1{0,1,...,n},S C R8,S €S, s = (x,,vt, i, itz, if,et,x,_l,v,_l),

where n + 1 — number of discrete actions.
Reward with weights w? and "
r= a)dv,[v*’ <v <Vt 4+’ - v*)2(1 — v < v <v*T)).
Variant 3.
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In this case, in S there is no history of the previous step x;—1,v;—1 and the
displacement (the distance traveled) of the first vehicle x?

A=1{0,1,23,SCR . seS.s = (v,, i i2, it e,),
The actual control values u for actions a with step 6 were obtained as follows

up = u;— + a;8la, < 3],
r, = a)dvt[v** <v <Vt 40" - v*)z(l — v < v <v*F])).

Variant 4.
A=1{0,1,...,n},SC R6, seS, s = (vt, i, itz, if, €, VF]).
Reward with weights w? and "
r, = a)dv,[v*_ <V < v*+] + a)"(vl - v*)2(1 — [v*_ <y < v*+]).

Environment with Model 5.

Variant 1.

Due to the fact that the relative coordinates were introduced in the model, the absolute
speed of the locomotive v was introduced in S. Reward functions were introduced
according to [20].

27 1.5 .2 4 1.5 /
A=1{0,1,...,n},SCR ,seS,sl=<x, ,vt,lt,l,,l,,E,,xt_l,Vl_l,V),

r, = 0exp[—0.25(v —v*)1([1 < v, < v*H]) = [y < 11— [vy > v,
Vi =% +20.

Variant 2.
In this case we used multi-discrete action space

A={A% Al ..., A" d €A d =1{0,1, ..., n},
S C R27, ses, s, =5, = (xll"'s, Vi, i, ilz, if, el,x[l;'ls, Vi qs v/),
r, = (@’exp[—0.1(v' — v*)2]+wdexp[—10 max (x; " — v*)z])([l <V <v*t))
[V < 1] =V > v,
VT = 4+ 20.

Training was carried out for speeds of 10, 15, 20 m/s, the control system was to keep
the specified speed within the required interval ® = 2 m/s. Integration of the motion
equations was performed using SciPy [21].

Our policies were trained with Actor Critic (A2C) [22] with fully-connected network
(FCNN) with the same number of layers for Actor and Critic.
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Fig. 4. Mean episodic training reward in Model 1 variants

3 Results

In order to evaluate the impact of the environment variants on training performance,
mean episodic training reward values [18] have been found and shown in Fig. 4 and in
the Table 1.

All results are shown on the graph, but the most important ones are summarized in
the table. Models and environments are divided into three groups in descending order
from best to worst.

Table 1. Characteristics of Model 1 variants

Variants Min Max Value Group
Model 1Variant 4 10 m/s [64 64] —3,464.4252 | 288,781.3573 | 286,219.0088 | 1
Model 1Variant 4 15 m/s [64 64] —1,122.2761 | 287,584.9127 |284,720.2052 |1
Model 1Variant 4 15 m/s [128, 64, 32] | —3,003.1195 | 298,178.2648 |237,709.2752 | 1
Model 1Variant 2 20 m/s [64 64] —3,744.6352 | 149,523.5488 | 148,655.8077 |2
Model 1Variant 4 20 m/s [128, 64, 32] | 120.8663 128,727.7447 | 126,472.7185 |2
Model 1Variant 4 10 m/s [128, 64, 32] | —211.6326 | 123,428.4299 | 121,786.2627 |2
Model 1Variant 4 20 m/s [64 64] 4,449.3306 | 134,704.0709 |121,429.271 |2
Model 1Variant 2 15 m/s [64 64] —136.0347 | 107,088.4936 |95,499.7257 |3

According to the table and figure, the environment in Variant 4 seems to be the most
successful.

As it follows from the obtained results in the table and the figure, the best variants
are variants 4, and increasing the inner layers in FCNN to [128, 64, 32] does not give
significant advantages in comparison with the configuration [64, 64].

The same approach for determining the rational network architecture was applied
for the environment with model 5. The results are shown in Fig. 5 and in the Table 2.

In this case architectures with the large number of layers also do not have significant
advantages.
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Fig. 5. Mean episodic training reward in Model 5 variants

Table 2. Characteristics of Model 5 variants

Variants Min Max Value
Model 5 Variant 1 15 m/s [64, 64] 48.1687 1,226.289 1,172.5492
Model 5 Variant 2 20 m/s [64, 64] 2.7667 922.6016 919.4102
Model 5 Variant 2 20 m/s [128, 64, 32] 12.2292 933.5962 741.7054
Model 5 Variant 2 15 m/s [128, 64, 32] 11.0921 695.0649 682.6167
Model 5 Variant 1 20 m/s [64, 64] 29.2059 452.7209 423.1615

As the result of training, policy allows us to maintain the set speed constant through-
out the entire section. Figure 6 shows the gradients and movement speed with upper and
lower limits £ standard deviation ¢ of model 5 without car control.

200 ™ AT

Velocity [mis)

250 500 750 1000 1250 1500
Track [m)

Fig. 6. Velocity of the trainset of 5 railway cars without car control

Similar graph in the case of control by forces Ft is shown in Fig. 7.
The dynamic forces in the trainset, in the case when there are no gaps in the coupling

devices, are determined by the change in the distance between the railway cars. Figure 8
shows the reduced distances between cars without control.
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Fig. 7. Velocity of the trainset of 5 railway cars with car control

To bring the obtained results closer to the practical plane, Fig. 9 shows the deforma-
tions of inter-car connections x5 in the cases of controlling the traction and breaking
of the vehicles +F'; and controlling only the brakes —F,.
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Fig. 8. Reduced distances between cars for the case without control
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Fig. 9. Deformations of inter-car connections for the case with control
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4 Discussion and Conclusions

The presented results show that using the policy found, it is possible to achieve practically
predetermined distance between cars and thus to control the dynamic forces in the
trainset. The strictness of fulfilling the condition v* = const and distances between the
cars is determined by o’ u w?.

It should be noted that track characteristics affect the training performance signifi-
cantly, it is reasonable to use an environment model for this kind of problems and move
on to model based control.

Discretization for action space affects the training performance, the model can go
into loop because of its inability to select an unintended action, besides too small dis-
cretization interval transforms the problem to continuous adjustment (control), which in
this formulation of the problem required significant computational resources and was not
considered further. A possible solution can be a kind of irregular grid on the continuous
action space, representing the track gradients.

The following highlights the scientific novelty of this work. This work demon-
strates the feasibility of controlling longitudinal train forces using reinforcement learning
algorithms.

The authors have achieved several significant theoretical results. The models of track
irregularities in the plan and the parameters of normal distribution have been found,
which makes it possible to generate them if necessary.

The differential equations describing train movement for an arbitrary number of
rolling stock units and various train configurations have been derived. The form in
which these equations are presented allows for their straightforward integration into
well-established machine learning environments, eliminating the need for proprietary
software to model train dynamics.

This work achieves its goals by leveraging Actor Critic (A2C) with a fully-connected
network (FCNN), a well-established and effective reinforcement learning algorithm. An
investigation of various state spaces, actions, and reward functions revealed that incor-
porating the dynamic system’s history into the state space is beneficial while avoiding
explicit time representation. This approach avoids the need for additional time-related
features, simplifying the state space and potentially improving training efficiency.

The authors consider leveraging multi-agent reinforcement learning in this kind of
problems to be the most promising direction for further research. This study demonstrates
the feasibility of utilizing a group of 5-6 rail vehicles as the control object.

The practical significance of this work lies in the potential to design lighter rail vehi-
cles by reducing longitudinal train forces. For existing cars, the possibility of controlling
brakes is demonstrated, which also leads to a reduction in longitudinal forces. In the case
of passenger cars, this translates to improved passenger comfort.
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Abstract. This paper presents the development and study of a system for con-
trolling the evaporation process of caustic soda using a model predictive control
(MPC) and fuzzy logic. The main goal is to optimize temperature regimes and
improve the system’s adaptation to external disturbances to enhance the qual-
ity and reliability of the production process. As a result of this work, a control
system for the caustic soda evaporation process was implemented, demonstrating
high efficiency in maintaining stable temperature regimes and adapting to external
disturbances.

Keywords: Model predictive control (MPC) - fuzzy logic - temperature control -
caustic soda evaporation - parameter optimization - external disturbances -
process automation - control system - temperature regime - control adaptation

1 Introduction

In modern industry, there is a growing need for the development and implementation
of highly efficient and reliable systems for managing technological processes. Model
predictive control (MPC) has become one of the leading tools in process automation
due to its ability to analyze and optimize operational parameters in real time. This
predictive capability is particularly valuable in processes that require strict adherence
to temperature regimes and where parameter fluctuations can lead to reduced product
quality or even emergency situations.

In the process of evaporating caustic soda, operators face a number of challenges,
among which maintaining strict temperature regimes and responding to sudden dis-
turbances in the process, such as temperature fluctuations and pressure changes, are
particularly notable. In the evaporation process of caustic soda, precise adherence to
temperature conditions is of paramount importance for production efficiency and the
quality of the final product. In the process of caustic soda evaporation, precise adher-
ence to temperature conditions is of paramount importance for production efficiency and
the quality of the final product. Any deviation from the established temperature regime

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024
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can lead to a chain of undesirable chemical reactions, which not only reduce the yield

of valuable product but also pose a potential threat of hazardous by-product formation,
representing a serious risk to production safety.

2 Description of the Technological Process

Figure 1 shows the FSA of caustic soda evaporation.
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Fig. 1. The diagram of the evaporative unit for dehydrating caustic soda.

From workshop N1, caustic soda is pumped into degassing column J-14, where it
is mixed with vapor from the separator J-15, entering the upper part of the column. The
caustic soda solution exiting the degassing column is drained into a tank.

The caustic soda solution from the tank is pumped by a submerged pump into the
lower part of evaporator unit J-7, where it is heated by secondary steam from separator J-
12. The secondary steam from the separator is fed into the inter-tube space of evaporator
unit J-7, and the steam condensate is drained into a hydroseal. The heated caustic soda
solution from the evaporator unit is then transferred to separator J-8, where water vapors
are separated from the caustic soda under vacuum.

In evaporator unit J-12, the caustic soda solution is heated by steam from diphenyl
mixture and then enters separator J-13, where the separation of water vapors and caustic
soda occurs.

To maintain the quality of the caustic soda evaporation process, it is necessary to
maintain the temperature TE 15-1 of the caustic soda melt within the range of 340-365 °C



Fuzzy Controller Using a Predictive Control Model to Optimize the Parameters 133

by heating the liquid with steam from diphenyl mixture (temperature sensor TE 17-1) in
separator J-15, so that the melt reaches the required temperature and concentration for
further application.

3 Conceptual Control System Model

At the core of the system lies a Model Predictive Control (MPC) model, which receives
current measurements of caustic soda and steam temperatures. These parameters are
inputted into the MPC, which utilizes an optimization function to determine the optimal
values of three parameters: the temperature of diphenyl mixture in J-12, the flow rate of
caustic soda feed, and the temperature of the caustic soda solution in J-12.

The objective function minimizes temperature deviations to achieve desired system
operating conditions. Subsequently, the calculated temperature and flow rate values are
inputted into a fuzzy controller.

The fuzzy controller plays a crucial role in this model as it utilizes rules and
input temperature constraints to regulate three valves affecting the system’s qualitative
indicators.

The conceptual control system model is depicted in Fig. 2.

saply vl Fuzzy | perature of casst
contraller | JF ey me

Fig. 2. Conceptual Control System Model.

Each block performs its function, ensuring the smooth operation of the entire control
system.

4 Conceptual MPC Model

The MPC receives input data about the current state of the process, denoted as r(kT).
Based on this input data, the MPC determines the optimal values of three temperatures:
the temperature of the diphenyl mixture in J-12, the flow rate of caustic soda feed,
and the temperature of the caustic soda solution in J-12 (Fig. 3). The task of these
control signals is to adjust the process to meet the specified parameters while minimizing
the use of resources. The mathematical model of the MPC utilizes an optimization
function, allowing it to accurately obtain and process temperature values, ensuring their
compliance with the specified parameters with minimal deviation.
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Fig. 3. Conceptual MPC Model.

In addition to calculating the optimal temperature values, the MPC receives feedback
from the fuzzy controller in the form of adjusted valve settings (md).

5 Development of MPC

The optimization function in the control system of the caustic soda evaporation process
plays a crucial role in ensuring the stability and efficiency of the entire system. Its main
goal is to minimize deviations of critical parameters, such as temperature and flow rate,
from their optimal values. The essence of the optimization function lies in finding such
values of these parameters that will result in the minimum deviation from the specified
conditions, thus maintaining stable and efficient process operation.

The optimization function in MPC, aiming to minimize deviations of predicted values
from target values, would be as follows:

Hp
J = [(TEy_1a(k + i) — TEy_1atarg)* + (TE,—12(k + i) — TE, _1ptarg)*
j=0
+ (FTo1(k + i) — FTg_targ)’] M

where TEq.12, TE,.12 are the temperatures of the vapor phase of diphenyl mixture and
caustic soda solution, respectively; FTg.; is the caustic soda feed rate; Hp is the prediction
horizon; TE4.12™¢, TE,.12'™¢, FTe. "8 are the target values of the process parameters.

The objective of the optimization function is to minimize the deviations of actual
parameter values from these target values. Each deviation is computed as the difference
between the actual parameter value and its corresponding target value. Then, each devia-
tion is squared to account for both positive and negative deviations. This approach allows
for a more sensitive response to large deviations from target values while considering
their impact on the overall system performance.

The target values of process parameters in Eq. 1 are determined based on a compre-
hensive analysis and optimization to ensure stable and efficient operation of the caustic
soda evaporation system. The primary objective of the optimization function is to min-
imize deviations of critical parameters, such as temperature and flow rate, from their
optimal values.
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The determination of target values begins with the identification of key process
parameters that need to be controlled. In this case, these are the temperature of the vapor
phase of the diphenyl mixture (TEx-12), the temperature of the caustic soda solution
(TEp-12), and the caustic soda feed rate (FT6-1). These parameters are crucial for the
efficiency and stability of the process.

Next, historical data on the evaporation process is collected and analyzed. At this
stage, the results of previous operations are studied and experiments are conducted
to determine the optimal values of temperatures and flow rates that ensure maximum
efficiency. This analysis helps identify patterns and determine the ranges of values that
need to be maintained to achieve optimal process conditions.

Then, process modeling is carried out using specialized software, such as Simulink.
Modeling helps understand how different parameter values affect the process and identify
the optimal ranges of temperatures and flow rates. At this stage, optimization algorithms,
such as the least squares method, can also be used to calculate target values. The goal is
to minimize deviations from specified parameters, ensuring system stability.

After determining the target values, they undergo validation. This includes conduct-
ing additional experiments and comparing the obtained values with real process data. If
necessary, the target values are adjusted to achieve maximum efficiency and stability.

In addition to experimental validation, the implementation phase involves integrat-
ing the determined target values into the control system. This involves configuring the
MPC controller to use these values as reference points for real-time adjustments. The
effectiveness of these target values is continuously monitored, and any deviations are
promptly corrected to ensure that the process remains within the desired operational
parameters.

The next stage of the project after defining the evaporation optimization function is
the implementation of the system in the Simulink environment (Fig. 4) and tuning of
the MPC. This stage involves rigorous testing and fine-tuning of the control system to
ensure that it performs optimally under various operating conditions. The integration
of the MPC with the existing process control infrastructure is crucial for achieving the
desired levels of stability and efficiency.

B

The temperature of caustic soda

r(t) | -~ u(t)
Bref  MPC  mv

The vapor temperature dmd

of the diphenyl mixture

Fig. 4. The scheme of the MPC system in Simulink.
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Fig. 5. The process of temperature maintenance using MPC.

Initially, upon system startup, fluctuations in control parameter values were observed,
which is a common occurrence as the system seeks to achieve a balance between the

current state of the process and the set target parameters (see Fig. 5).
The dynamics of control signals have shown that over time, the oscillations become

less intense, and the frequency of their occurrence decreases, indicating a gradual
approach of the system to the specified target temperature values.

6 Conceptual Model of Fuzzy Controller

To implement the fuzzy controller, it is necessary to establish control rules based on
which the analysis will be conducted and output parameter values will be determined.
Let’s describe all the parameters of the caustic soda evaporation system and their ranges

of variation (Tables 1 and 2).

Table 1. Input parameter notation.

Position | Name Regulation limits | Units of measurement
TE 15-1 | Temperature of caustic soda in 340-365 °C
separator at position J-15
TE 19-1 | Temperature of diphenyl mixture at the | 340-380 °C
outlet of evaporator at position J-14
TE 17-1 | Temperature of the vapor phase 350-380 °C
FT 6-1 | Flow rate of caustic soda feed 5-10 M3/4q
TE 15-1 | Temperature of caustic soda solution 80-160 °C
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Table 2. Output parameter notation

Position Name Regulation limits Units of measurement
17-4 Control valve 0-100 %
6-4 Control valve 0-100 %
23-4 Control valve 0-100 %

The application of the fuzzy controller begins with a detailed analysis of the sys-
tem’s operation and the determination of key parameters that will be used to control
the process. In this case, the fuzzy controller will take current values of caustic soda
and diphenyl vapor temperatures, as well as current values of parameters calculated
by the Model Predictive Control (MPC) model. The fuzzy controller will first interpret
the input data—temperature and flow rate values—using membership functions. Based
on these interpretations, the controller will use a predefined rule base to issue control
actions. After applying fuzzy logic rules, the results - fuzzy output signals for each
variable - will be aggregated and transformed into precise numerical values through the
defuzzification process.

The precise control signals obtained from the fuzzy controller (FC) will then be
passed to the MPC system for further analysis. These signals represent the valve opening
values, which are transformed into optimal target temperature values to maintain the
initial conditions. When new valve values are passed to the MPC, they are analyzed and
used to adapt new control signals for predicting temperatures and flow rates.

The precise control signals obtained from the fuzzy controller (FC) will then be
passed to the MPC system for further analysis. These signals represent the opening
values of the valves, which are transformed into optimal target temperature values to
maintain the initial conditions. When new valve values are passed to the MPC, they are
analyzed and used to adapt new control signals for predicting temperatures and flow
rates.

7 Development of Fuzzy Controller

After the system of rules has been developed, the next step is to integrate it into the
structure of the fuzzy controller. This stage involves implementing specific fuzzy logic
algorithms within the Matlab software environment, utilizing the functionality provided
by the fuzzy command. The Mamdani algorithm will be used, known for its reliability
and versatility in modeling expert knowledge and human experience in control systems.

The developed fuzzy controller, denoted as FC, will be designed with five inputs and
three outputs, reflecting the number of controlled parameters and their corresponding
system responses.

For each input and output parameter, membership functions will be set up, allowing
the classification and evaluation of parameter values according to predefined criteria.
Membership functions are based on specified ranges and are intended to determine the
degree of correspondence of current indicators to each of the possible states. Then, it is
necessary to define the rules for the proper operation of the controller.
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Let’s consider an example rule, and the rest will be formulated similarly:

“If Steam Temperature is Low and Caustic Soda Temperature is Low and Vapor Phase
Temperature is Low and Caustic Soda Solution Temperature is Low and Caustic Soda
Feed Rate is Low, then Valve 17-4 is Open, Valve 6-4 is Open, Valve 23-4 is Open”.

Finally, we will integrate the resulting fuzzy controller into our scheme. We will
connect the fuzzy controller to regulate the variable md (Fig. 6).

E].—’[

r(t)
[l o )
o MG
rPmd

=

;
T

Fig. 6. Final MPC Scheme with Fuzzy Controller.

Further, it is necessary to test our model and compare the performance of MPC with
the fuzzy controller and without the fuzzy controller. We will analyze the influence of
the fuzzy controller’s presence in the system.

8 Analysis of the Disturbance Impact

During the comparative analysis of Model Predictive Control (MPC) systems, key
aspects of their operation and effectiveness were considered. The first MPC system oper-
ated without feedback from the fuzzy controller, while the second one was equipped with
a valve regulation mechanism.

In the system without the fuzzy controller, the temperature maintenance process was
more inertial. The response to changes in the process occurred with a noticeable delay,
leading to slow return to target parameters after each deviation. It is noteworthy that in
the system without considering disturbance effects, stabilization occurred at 250 s, while
the system equipped with a mechanism to respond to external disturbances stabilized at
140 s (Fig. 7).

In contrast, the system with disturbance integration demonstrated more dynamic and
efficient behavior. Integrating the disturbance response mechanism into the MPC algo-
rithm allowed the system to actively adapt to the current state of the process, anticipating
and compensating for potential deviations.
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In addition, the inclusion of the fuzzy controller in the system provided a more
robust response to disturbances by effectively adjusting control actions in real-time.
This adaptive capability enabled the system to maintain stability and achieve target
parameters more rapidly, ultimately enhancing the overall efficiency and performance
of the process control system.

MPC with fuzzy controller

The temperature of caustic soda, °(

lime, sec

Fig. 7. Comparison of Caustic Soda Temperature Stabilization.

The result was a significant acceleration of the temperature stabilization process,
ensuring faster achievement and maintenance of the target parameters.

9 Conclusion

In this work, a control system for the caustic soda evaporation process using Model
Predictive Control (MPC) and fuzzy logic has been developed and investigated.

The analysis covered issues related to maintaining a stable temperature regime,
including overheating, insufficient heating, thermal inertia, and temperature instability,
all of which decrease product quality and increase energy costs.

A conceptual model of the control system oriented towards parameter optimization
has been devised. A conceptual MPC model has been created, taking into account input
and output parameters, the process of generating control signals for temperature and
flow rate indicators, and an optimization function for predicting process behavior.

A fuzzy controller model has been developed to regulate key system parameters,
membership functions, and control rules. The controller has been integrated into MPC
to improve adaptation to external disturbances.

Input and output channels of the system, prediction and control horizons, as well as
constraints for control variables and output signals have been tuned.
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The fuzzy controller has been developed, forming control rules using membership
functions. The controller is configured to regulate the valve closure and integrated into
the control system.

The analysis revealed that the system considering disturbances demonstrates more
dynamic and efficient behavior, quickly reaching and maintaining target parameters.

A fuzzy controller can predict values by dynamically adjusting rules based on the
system’s behavior. This allows for flexible and adaptive control, which can respond to
changes in the system in real-time. The fuzzy controller uses a set of if-then rules to
handle uncertainties and nonlinearities, providing a robust prediction mechanism for
various operating conditions.

In our case, the process is maintained through continuous monitoring of the system’s
state and constant adjustment of the impact on the MPC. Instead of relying solely on
predefined rules, the system uses real-time data to make precise adjustments, ensuring
optimal performance. This approach allows for more accurate control and stability, as
the MPC can respond immediately to any deviations or disturbances in the process.
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Abstract. This paper considers the time consistency of multistage
cooperative games in which there are multiple optimal trajectories with
complete information. In dynamic cooperative games, an important con-
dition for the distribution of players’ payoffs is that individual rational-
ity needs to be satisfied. If the players’ payoffs do not satisfy individual
rationality as the game progresses along the cooperative trajectory, some
players will deviate from the cooperative trajectory. If there are multi-
ple optimal trajectories in the multistage game, the situation is further
complicated by the fact that the players’ payoffs always satisfy individ-
ual rationality on some of the optimal trajectories, but not on others.
Alternatively, players’ individual rationality conditions are quite differ-
ent along different optimal trajectories. Therefore, four different scenar-
ios of multi-stage cooperative games with multiple optimal trajectories
are set up in the study and analysed for each of the four different situa-
tions. Four different Payoff Distribution Procedure (PDP) formulations
are proposed to modify the players’ payoff distributions so that the game
satisfies time-consistency on different optimal trajectories. Several theo-
rems are given, and proofs are provided, with corresponding examples.

Keywords: Time consistency - Multistage cooperative games -
Multiple optimal trajectories

1 Introduction

Game theory, founded by Von Neumann and Morgenstern [1] in 1944, is a study
of strategic decision-making among individuals or groups in conflict. It involves
players influencing outcomes to maximize their benefits and is applied in diverse
fields like economics, management, military, Al, and more, representing an inte-
gration of natural and social sciences. It is a branch of applied mathematics and
part of operations research.

The work was supported by China Scholarship Council, N:202309010291.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024
S. Kovalev et al. (Eds.): IITI 2024, LNNS 1209, pp. 141-150, 2024.
https://doi.org/10.1007/978-3-031-77688-5_14


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-77688-5_14&domain=pdf
http://orcid.org/0009-0003-9212-3023
http://orcid.org/0000-0002-1731-4554
http://orcid.org/0009-0001-5503-0405
https://doi.org/10.1007/978-3-031-77688-5_14

142 Z. Li et al.

Operations research emerged in the 1930 s from military, management, and
economics. It’s a technical science using math to study eflicient resource allo-
cation under environmental constraints, essential for effective system operation
and decision-making. Known as operational research in the UK and operations
research in the US, it’s often called “management mathematics” [2] due to its
focus on management problems and use of mathematical tools. It’s rooted in
management, with methods from military and economic research adapted for
practical application.

In game theory, non-cooperative games are categorized into four types based
on information and dynamics, each with a corresponding equilibrium concept:
Nash equilibrium [3] for static games with perfect info, subgame perfect Nash
for dynamic games with perfect information, Bayesian Nash [4] for static games
with incomplete information, and perfect Bayesian Nash for dynamic games with
incomplete information.

This paper consider how to achieve time consistency of cooperative trajec-
tories in a multistage cooperative game with non-transferable utility if there
are two and more Pareto optimal cooperative trajectories. Time consistency
(Dynamic Stability) in multistage cooperative games is investigated. Yeung and
Petrosyan [5] propose a new approach to study time consistency. If either player
strays from the cooperative trajectory at any moment in the cooperative pro-
cess, cooperation is disrupted and the players will use the same strategy as in the
non-cooperative game situation. Petrosyan [6] introduced notion “PDP” (Payoff
Distribution Procedure) for first time. The concept PDP and related formulas
concerning multi-stage cooperative game theory were proposed by LI [7] that
applies to unique optimal trajectory. With the help of a formula for PDP, the
game allows no one to stray from the cooperative trajectory.

In the paper, the concept of a multistage cooperative game with complete
information, and time consistency (also known as: Dynamic Stability [8]), is
introduced. An Example of time inconsistency is considered.

Based on the definitions, this study constructs formulas for the distribution of
four procedures in games with multiple optimal trajectories. These procedures
account for whether the players’ payoffs are identical and whether the games
have the same number of stages in the game process. The results are presented
and proved for the Payoff Distribution Procedures in multistage games. Using
this formula for the payoff distribution procedure to ensure that each player
satisfied the condition of individual rationality.

2 The Basic Definitions Of The Model

2.1 Multistage Games

This research involves some basic definitions of games mainly from the book of
Petrosyan L [9].

Definition 1. Let Z be a finite set. IfV z € Z, f(z) € Z, then f is a single-
valued map from Z into Z. The set-valued map F, is the set Z into Z, if ¥
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z € Z, F, CZ. Consider the pair G € (Z,F) is a graph. Vx,y € F,, p = (x,y)
is the arc form x to y of the graph. p = (p1,pa,...,p1) is a sequence of arcs in
the graph G(Z, F), and the length is the number l(p) = L.

Consider an example shown in Fig. 1 It shows the graph tree with its root at
z1.1- The vertex z € Z of the graph are represented as circles and squares.

Z(3,1) %(3,2) #(3,3) %(3,4) %(3,6) %(3,7) %(3,8)
NQVARYE
2(1,2) #(1,3) Z(1,4) #(1,5)
N 4
%(2,1) 2(2,2)

e

2(1,1)

Fig. 1. The game tree with root z(; 1)

Definition 2. In the graph G(Z, F), the subgraph is represented as G,(Z,, F,).
In Fig. 1, the line encircles the subgame with as root z(3 1).

Definition 3. Similarly, In G(Z,F), the set Z divided into n + 1 sets Z,
s Dy i1, j+1Z =2Z,Z,NZ =0,k # 1. The set Z;, j € 1,...,n is
called the set of personal positions of the jth player, Z,+1 is the terminal posi-

tions.

Definition 4. The single-valued map u; is a strategy for player j in the game.
The ordered set u = (u1,...,u;,...,u,), where u; € U, is a situation in the
game, where U = [, U; is the set of situations. And u = (u1,...,uj,..., Uy)
1s uniquely determined a situation and player’s payoff in the game.

Definition 5. The payoff H; along the trajectory p = (p1,...pi,...,p1), @ =
1,...,1, under the situation u = (u1,...,Uj, ..., Up), is

Kj(u):Kj(ul,...,uj,...,un) (1)

where K, j =1,...,n. u are defined on the set of situations U =[]}, Ui, Zp41
is the terminal positions of the trajectory p = (p1,..-piy---,01), 1 =1,...,1.



144 Z. Li et al.

Definition 6. The normal form of the game can be represented as:

where N = {1,...,7,...,n} is the set of players, U; is the strategy set for each
player j, and K is the payoff function for player j, 7 =1,...,n.

Similarly, Player j’s payoff H? () in the subgame G.(Z;, F,) can be repre-
sented as: H? (2) = Hj(2),j =1,...,n.
The set of all possible strategies for player j in the subgame is denoted by

U7 . The normal form of the subgame can be represented as:

G = (VAU ) o (K5} ) 3)

where the payoff function K7, j=1,...,n.

Definition 7. Consider hj(z1) € RTU{0}, j = 1,...,n, for vertices z1, zi,
..y 2141 there exist the trajectory p = (p1,...Diy-.-,01), © = 1,...,1 in the
game, obtain the payoff of player j in the game starting from verter z1 can be

represented as:
I+1

Hy (1) = Yoy 20 0
where hj (z1) € RT U {0}.

For vertices z;, 2k, . . ., 2141 there exist the trajectory p = (D, .., Dk, -- -, D1),
k =1,...,1 in the subgame, and obtain the payoff of player j in the subgame
starting from vertex z; can be represented as:

I+1

Hj(z:) =) hj (=) ()
i=k

where hj (z;) € RT U {0}.

And, consider an example of a multistage cooperative game with complete
information shown in Fig. 1. If there are only two players in the game, it shows
the graph tree with its root at z( 1).

Here the circle represents player 1, i.e., the decision is made by player 1 at
vertex z(1,,). The square is used to represent player 2, i.e., the decision is made
by player 2 at vertex z(2 ), and the vertex z(3 ) represents the player’s terminal
payoff. And the line encircles the subgame with vertex z(; 1) as root.

Definition 8. For wvertices z1,z;,...,214+1, of there exist the trajectory p =
(p1y---Diy--,01), i =1,...,1, the following conditions are satisfied:

X 2 2 (=23 ) o
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where hj (z;) € RT U{0}, then there is a cooperative trajectory in the game.
In the cooperative game G, along the trajectory p = (p1,...Diy---,D1), &t =
1,...,1 the payoff of player j in the game can be represented as:

+1

H; (1) = b (2) 7

where hj (z;),h > 0.

3(";»11 2(3,2) Z(3,3) Z(3,4) Z(3,5) Z(3,6) Z(3,7) Z(3,8)

NQVARYSY

2(1,2) 2(1,3) 2(1,4) #(1,5)
Z3
Z(2,1) 2(2,2)

Z2 N\
1’1\

(1,1)
Z

Fig. 2. The Subgame with root z;

As shown in the Fig.2, along the already determined cooperative trajectory
71,29, 23, 24, represented the vertices in the trajectory as z;.

Subsequently, consider an example shown in Fig.3, the circle represents player
1, the square represents player 2, in the game along the trajectory (p(1), p(2), P(3)),
the payoff of players is if for vertices 2(1,1), 2(2,1), 2(3,1), 2(4,1), there exist the tra-
jectory p = (p1,p2,p3) can obtain the maximum payoff among all possible tra-
jectories, then along the trajectory p = (p1,p2,p3) is the cooperative trajectory
in the game.

max Y Y " hy () = Hi (2.1)) + Ha (20,1)) = 44.

j=1i=1

2.2 Time Consistency of Cooperative Solutions

In multistage cooperative games, ensuring the stability of cooperative solutions
is the key question to cooperation, and an important condition for the game
is Individual Rationality. If the Individual Rationality is not satisfied along the
cooperative trajectory, some players may deviate from the cooperative trajec-
tory. Therefore, it is necessary to consider the time consistency in the multistage
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(19,25) (18,23) (13,27) (15,26) (17,24) (14,29) (17,13) (19,23)

(4,6 (3, 4) (3,10) 5)(7,13 (4,18) +(4,3) 11,9)
)IN (6,4)(1,2 \ %o) ,\ /5.3)((;.[1)‘ /
(1,9)

#(1,2) 2(1,3) Z(1,4) 2(1,5)
P(2) [(6.11) (2.4)[ /
(6,11 (4,6)

z(2,1) 2[2,2)

[N /

(3,4) (3,4)

2(,0)

Fig. 3. Multistage game with 2 players

cooperative game to ensure the stability of players’ cooperation, so that all play-
ers do not deviate from the cooperative trajectory[10] [11].

Definition 9. Consider a noncooperative game with two players as {j}, N/ {j},
the values of game V;(z1;{j},N/{j}) is the payoff in the noncooperative game
between {j},N/{j}. In the game the player j plays against the player N/{j},
j=1...,n

And in a noncooperative subgame with j players are {j},N/{j}, 7 =

1,...,n. The values of the subgame payoff starting from z; can be represented
as V;(#), and is represented as V; (z;; {j}, N/ {j}).
Definition 10. In the game G, if along vertices z;, zk, ..., z+1, there exist

the trajectory p = (Diy.--Pky---,01), k = 1,...,1, the following conditions are
satisfied:
I1+1

2) =Y hi (%) 2V (z) (8)
i=k

Then Cooperation paths are time-consistent.
The following is the time inconsistency of cooperative solutions:

I+1

D hy(Z) < Vi(z) 9)
i=k

where, the multistage cooperative game along trajectory p = (pi, ... Pky- -, D1)s
k=1,...,1, there exist the vertices z;, 2, ..., 214+1-

3 The Formulas for Multiple Trajectories of Individual
Rationality

In the multistage cooperative game, players receive different payoffs. Therefore,
this paper identified four models based on the payoffs of the players in the game
with different trajectories. As shown in the table below:
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Table 1. Two models based on the payoffs of the players in the game with different

trajectories
Number of stages of the same Number of stages of the different
cooperation path(n) cooperation path(n)
Pareto o.H;:Hf:...:H}L ovH;sz:...:HJ’?
optimality|8;* = f (H1,V) = f(H1,V)
solutions |82 = f (Hz, V) 2 — f(Ha,V)
are . e
same G = f(H;,V) gin = f (H;, V)
(H) .’Ll:’LQIIZn 021#2275757,n
Pareto o.HJl;AHf;é...;éHf ovH};éHf;é...;éHf
optimality|8;* = f (H1,V) = f(H1,V)
solutions ;2 = f(H2,V) ;2 = f(H2,V)
are . e
different |3j* = f (H;,V) By = f(H;,V)
(H) .’LIZZQII’L»,L 021;&7,275752n

In the Table 1, j is represented as the player, 7 is represented as the number of
stages in the cooperative game, and i, is the number of stages of the cooperative
game corresponding to player j.

Next, this paper will introduce the formula for individual rationality under
the four conditions.

Theorem 1. Using the following Payoff Distribution Procedure: the path to the
Pareto optimal solution can be obtained when HJ1 = H]2 =...= H} and Pareto
optimality solutions are same and Number of stages of the same cooperation
path(Upper left part of Table 1) reach time consistency.

and H; (

z

)

Vi (z:i) = max{V' (z),V" (z)},...

5 H;(?)
b= l+1

l
2i=1

hj(zi)y ﬁ: (ﬁlaﬁu
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Proof.
5= OO ) - v )
e C G

*Vj(fv:)*vj(zwrl)*--~*Vj(51)]
LS ps) V(5
:ZZi:lhyl(_r_)l Vi ( )+VJ(21)ZVJ(ZZ)
i=1

l _ _
S Zim kG VG
I+1 -
=1
l

Lo L () -V (z
Y F=y =B IBE) Ly )5 v
=1 =1

l
> 8= Vi(=)
=1

Theorem 2. Using the following Payoff Distribution Procedure: the path to the
Pareto optimal solution can be obtained when H]1 #* HJ2 # ... # Hijz €
{1,...,n} and Pareto optimality solutions are different and Number of stages
of the same cooperation path(Lower left part of Table 1) reach time consistency.

l l
DB =V(a), Y B>V (2) Zﬁg >V (2) (10)
=1 1=2

ij (El) = Inax {VI (zl) ) v (El)} P vr (Ei)}v

~  H:(z)-V:Em (11)
B = = )ng : )’[W(ZH)*W@)]-

and H; (2) = iy hj(z), D= (P1, - -Pis- - D1)-
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In the above formula, j is the players, j, is different payoff for players in
different strategies, i is the number of stages of the cooperative game.

The demonstration of this theorem proceeds analogously to that of Theorem
1; however, it is omitted here due to limitations of length.

Theorem 3. Using the following Payoff Distribution Procedure: the path to the
Pareto optimal solution can be obtained when HJ1 # HJ2 # ... # HJ and Pareto
optimality solutions are different and Number of stages of the different coopera-
tion path(Upper right part of Table 1) reach time consistency.

V; (z:) =max{V' (z;),V" (z)},.... V" (z:)},
. EE-VEE) . (13)
L= T T = V' Fivr) = V)" (z0)].
and ﬁj (2) = Zé:l hj(zi); p = (2317 . 'ﬁia s aﬁl)‘
In the above formula, j is the players, jn is different payoff for players in
different strategies, i is the number of stages of the cooperative game.

The demonstration of this theorem proceeds analogously to that of Theorem
1; however, it is omitted here due to limitations of length.

Theorem 4. Using the following Payoff Distribution Procedure: the path to the
Pareto optimal solution can be obtained when HJ1 = Hj2 =...= Hj. and Pareto
optimality solutions are same and Number of stages of the different cooperation
path(Lower right part of Table 1) reach time consistency.

l

l
DB =V (1), Y B =V (z), Z@>Vzl (14)
i=1

=2

V; (zi;) = max{V'(z:) , V" (z:)},...., V" (zi)},
H; (z) - V] (z1)
[+1

gy = — [VF (o)~ VF ) 15)

J

i Eis A F g

and H,; () = iy hi(20) D= (Prs - -Piv--- PY)

In the above formula, j is the players, i is the number of stages of the cooper-
ative game, and i, is the number of stages of the cooperative game corresponding
to player j.

The demonstration of this theorem proceeds analogously to that of Theorem
1; however, it is omitted here due to limitations of length.
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4 Conclusion

This paper examines the issue of time consistency in multistage cooperative
games with complete information. It proposes a method to ensure time consis-
tency when a single optimal trajectory exists by adjusting player payoffs without
changing their total sums. This maintains the cooperative trajectory’s adherence
to the optimality principle at all stages. Additionally, the paper addresses the
complexity of payoff redistribution across multiple optimal trajectories. It cate-
gorizes four scenarios based on players’ stage experiences and individual payoffs.
For each, it offers and proves formulas that redistribute payoffs, maintaining
the same total for each player while ensuring time consistency. This approach
guarantees that players stay on the anticipated cooperative trajectory, leading
to stable cooperation along optimal paths.
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Abstract. An approach for solving a problem of incorporating the
expert rules into machine learning models, in particular, into neural net-
works, in the framework of the concept-based learning is proposed in the
paper. The first idea behind the approach is to consider the expert rules
as logical functions on concepts, which restrict a joint probability distri-
bution over all combinations of concept values, i.e. it is supposed that
each combination of concepts must satisfy the expert rules, otherwise
the probability of the combination is assigned to zero. The second idea
is to add a neural network producing probabilities of the concept com-
binations by a layer which maps the probabilities of the concepts to the
marginal probabilities of concepts and guarantees that the probabilities
will satisfy expert rules for any input. The proposed approach can be
viewed as a way for combining the inductive and deductive learning. A
numerical example illustrates the approach.

Keywords: Concept-based learning - Neural networks - Expert rules -
Deductive learning

1 Introduction

One of the promising approaches that focuses on using high-level concepts
derived from raw features is the concept-based machine learning (CBL) [1].
It aims to combine the human-like reasoning with machine learning models in
order to obtain more accurate predictions. Simultaneously, CBL can significantly
improve the explainability of the model predictions by connecting the predictions
with concept values which are intuitive to users [2-4]. Concepts can be anno-
tated in different form. Often, one can meet the binary label representation of
concepts meaning the presence or absence of a concept in an image. Another
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form is when the concept values are represented as indices. The above forms can
simply convert into each other.

Most of the CBL models are combined into the concept-based bottleneck
models (CBMs). These models are based on the two-step inference procedure.
They first explicitly predict the concept labels from images and then predict
the final label (target) based on the concept label predictions. The prediction
of the concept labels after the first step can be regarded as a lower-dimensional
representation of the input features [5], which is referred to as the bottleneck.
By having the bottleneck with the lower-dimensional representation, the final
target can be expressed through the concept bottleneck representation [3]. This
leads to the explicit explanation of the target as a function of the concept labels.

CBL can be viewed as a powerful tool for solving machine learning tasks.
As a result, the CBL models, including CBMs, have been applied to image
recognition, natural language processing and other applied areas [6]. However, we
propose another interesting application of CBL, which significantly expands the
scope of machine learning in general. We propose a new approach to combine the
inductive learning tools (neural networks) with the knowledge-based expert rules
of the form “IF ..., THEN ...”. An example of the rule which can be constructed
by using the Bird identification dataset (CUB) [7] is “IF the Head is red, the Back
color is black, the Crown color is red, the Wing color is white, THEN the Bird is
a red-headed woodpecker” It should be noted that the expert rules we incorporate
into the machine learning model can have a more general representation. They
can be represented as any logical functions that establish a relationship between
concepts and target class labels or just concepts with each other. We use the form
“IF ..., THEN ...” for simplicity. In fact, we combine inductive and deductive
learning which is an important task to incorporate into a machine learning model,
for example, into a neural network, the available causal relationship between
concepts and class labels or between concepts. Below, we will use the expert
rules in the form of logical functions.

We propose the approach for incorporating the expert rules into a neural
networks, which aims to develop a model which is trained by simultaneously
using concept-based data and knowledge-based rules. It is important to point
out that the expert rules can be incorporated into the machine learning model
by adding the corresponding regularization terms to the loss function in order
to restrict a set of the output values in accordance with the expert rules. In this
case, the loss function will be penalized when the rule is not satisfied. However,
this does not mean that the rule is guaranteed to be implemented. Therefore, we
need another way which guarantees that the expert rule is satisfied. The main
idea behind the proposed approach is that expert rules change probabilities
of concepts in the bottleneck of the CBM. The rules also change predictions
corresponding to new instances which are classified and explained.

The paper is organized as follows. A brief review of the CBL models is given
in Sect.2. A formal problem statement of CBL and expert rules as well as a
description of the proposed approach to incorporating expert rules into neural
networks are considered in Sect. 3. The training procedure of the neural network
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taking into account expert rules is provided in Sect.4. Numerical experiments
illustrating the proposed approach are provided in Sect.5. Concluding remarks
can be found in Sect. 6.

2 Related Work

Various CBL models have been proposed recently [2,4]. A comprehensive sur-
vey of the models is provided in [§8]. Most CBL models study the image input
data [1,9]. At the same time, a CBL model dealing with tabular data was pro-
posed in [10]. An important question of interventions from humans in CBL was
investigated in [11].

The CBL models have been applied to several areas, including medicine [12,
13], the time-series data predictions [14,15], anomaly detection [16].

CBMs as an important part of the CBL models have been also intensively
developed. Various extensions of the base CBM [5] were proposed [17-21]. This
is a small part of all publications devoted to CBMs.

The problem of incorporating the expert knowledge into machine learning
models has been stated in literature. In particular, a review of the corresponding
existing approaches was presented in [22]. A common approach to solve this
problem is to add the rules as constraints to loss functions [23]. However, this
approach does not guarantee that the rules will be satisfied for all training and
testing examples because violation of the constraints is only penalized, but not
eliminated. An interesting approach has been proposed in [24] where the authors
propose an effective safe abductive learning method and show that induction and
abduction are mutually beneficial. The idea behind our approach is to construct
the probability distribution of concepts and to restrict it by using expert rules.

3 Expert Rules and Concepts

3.1 Problem Statement

Suppose that a training set consists of n pairs (x;,y;), where x; € X C R? is
the feature vector; y; € ¥ = {1,2,..., K} is the target label. In addition to each
pair, there is a concept vector ¢c; = (cz(-l), e cgm)) € C consisting of m concepts.
The training set can be represented now as (x;,¥;,¢;), ¢ = 1,...,n. Concepts
can take different values, for example, when a concept takes binary values, this
means that the concept is present or not in the input x;. We will use another
sets of the concept values. Each concept ¢(”) can take one of n; values from the
i-th concept outcome set ct) = {1,...,n;}, i € {0,...,m}. The concept vector
is represented as ¢ = (¢(9), ¢, ... ™) € ¥, where C* is the concept domain
produced by the Cartesian product C* = C(® x ... x C(™). We will consider the
target variable y also as the concept ¢(®) with index 0.

One of the aims of CBL is to determine a function f : X — (C,Y). As we
represent y as a concept, then we aim to find another function f : X — C under

condition that expert rules are incorporated into the neural network, and to
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train the whole model taking into account the expert rules. Let us introduce the
logical literal hgj)(c) = [¢Y) = {] taking the value 1, if the concept cU) has the
value i, otherwise 0. A set of expert rules is represented as a logical expression
g(c) over literals hl(»J) (c) or as a mapping g : C* — {0, 1}, where 0 means FALSE,
and 1 means TRUE. For example, the rule “IF ¢(!) = 3 THEN ¢®) = 1” means
in terms of the logical function

9= =3) = (@ =1 =n) - = En) v,

where — and — are the implication and negation logical operations; we omit the
argument c for short.

Let X and C(©, ... C™ be a random vector taking values from X C R?
and discrete random variables for the concepts taking values from C(9, ... C(™),
respectively. The concept random vector is denoted as C' = (C(©, ¢ . C(™),

Finally, we aim to estimate marginal concept probabilities Pr(C") = j | X =
x) conditioned on an input x for the i-th concept and outcome j under condition
of the expert rules. For brevity, we denote the marginal concept probabilities as
vectors p(". Tt should be noted that vectors p(* cannot be estimated separately
because the marginal probabilities are not independent due to the expert rules.

3.2 Joint Probability Distributions of the Concept Combinations

Let us consider the conditional joint probability distribution over concepts:
Pr(C = ¢ | X = x). All concept random variables are discrete with finite
outcome sets. Therefore, vectors ¢ can be indexed, and the total number of
distinct concept vectors is t = ng - ny - -+ - nyy,. Suppose that the function
M :C* — {1,...,t} maps a concept vector to its index. The inverse function
M~ maps the index to the corresponding concept vector. Let us define the joint
probability distribution 7 = (m1,...,7;) as follows:

VCECX,TFM(C)ZPI“(CZC|X=X). (2)

The joint probability distribution is constrained to satisfy the expert rules for-
mulated as g, therefore:
Pr(g(C) = 1) = L. (3)

Let us consider a binary mask of admissible states u = (u1, ..., u;) € {0,1}¢. Its
components are equal to 1 if the rules g(c) are satisfied for the corresponding
concept vectors ¢ € C*, otherwise up = 0, i.e., there holds

we = gIM7Y(K)), ke L.t (4)

Constraints on the joint probability distribution can be reformulated as a set
of the equality constraints on components of 7, corresponding to invalid states
that violate the rules:

me=0, kef{ie{l, ..t} | gM (k) =0} (5)
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Let us consider the joint probability under condition that expert rules g(C) are
satisfied. In this case, there holds
Pr(C=c)-Pr(g(C)=1|C=c)
Pr(C=clg(C)=1)= : (6)
Pr(g(C))

Here Pr(C = c) is the prior concept probability which can be computed as the
output of a neural network implementing the function f : X — C. We denote
the output probability distribution of the neural network as 7 (c)-

It should be noted that the logical function g is deterministic. Hence, the
posterior probability is determined as

Pr(g(C)=1|C=¢c) = g(c) (7)

The probability Pr{g(C)} is defined by probabilities of the concept combina-
tions k from the Cartesian product C*, which correspond to the case g(k) = 1.
Therefore, we can write

Pr(g(C) = Y g(k)-Pr(C = k). (®)

keCx

The above implies that there holds

o T gMT())
’ ZkeCX T 'Q(Mil(k)).

For illustrative purposes, we consider a toy example with two classes of Birds:
a red-headed woodpecker (¢(®) = 1) and an European green woodpecker (¢(©) = 2).
The corresponding concepts describing the birds are Head (c(l))7 Bill shape (0(2))7
and Wing color (¢(®)). Concept Head takes values: red (c!) = 1), green (¢(V) = 2),
concept Bill shape takes values: chisel (¢(?) = 1), dagger (¢®) = 2), all-purpose
(¢ =3). Here m = 2, ng = 2, n; = 2, np = 3. Suppose there is the expert rule:

9)

IF Head is red
AND  Bill shape is daggerORall — purpose, (10)
THEN Bird is red — headedwoodpecker.

This rule can be represented as:
1 2 2 0
gle) = (" A (S v R§)) = ¥
=n" va v, (11)

Table 1 shows in bold all combinations of the concept values satisfying the
above expert rule. It can be seen from Table 1 that combinations (2,1,2) and
(2,1,3) lead to g(c) = 0. Therefore, probabilities mg and 7y are equal to zero,
and Zgil_’#&g m = 1.

In sum, we produce a mask u for admissible probabilities 71, ..., 7, which
has zero components with indices 8 and 9. It is important to note that this
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Table 1. An example of all combinations of the concept values and the corresponding
probabilities

A1 11122122

T || T2|TT3|TT4 |05 |T06 |07 |TT8|TT9| 7010|711 7712

approach requires to predict all components of the joint probability distribution
by applying a neural network, while only admissible states will be used. So, it
is quite redundant, and this motivates us not to use the approach in practice.
However, it is flexible and can be useful, for example, in case when multiple
conflicting expert rules are applied to different parts of one dataset, or when the
choice of expert rules depends on inputs.

4 Neural Network and Expert Rules

Consider a partially-labeled multi-label multi-class classification problem. The
training dataset D consists of N tuples (x;, CJ(O), el C}m)), where (j(.i) eCc®uy
{—1} is a label of the i-th concept of the j-th training observation. The label
Cj(i) is assigned to —1 if a value of the i-th concept is unknown for the j-th

observation. The target y; is denoted as the zero concept C;O) and can also be

partially labeled, that is Cj(-o) can also be equal to —1.

Let us denote the unit simplex of dimension ¢ as A; and then 7 € A;. We
consider neural networks that simultaneously predict the marginal distribution
for each concept. For the i-th concept, the prediction mapping is denoted as

P x - A, (12)
however, a neural network fy with parameters 6 computes f(go), ceey a(m)
taneously.
It should be noted that f(gl) is nothing else but the marginal probability p(*)
estimation. Then the training loss function is a sum of m masked cross-entropy
losses over each concept

simul-

N g
£0 = =3n[¢f? #-1]- (Z 1Y = K] - log (19 (xm) RNGE)

Jj=1 k=1

The summation in brackets is the log-likelihood for the ¢-th concept.

The neural network can be fully-connected or convolutional depending on a
solved problem, but there is one special layer at the end of the neural network.
This layer maps an embedding produced by the preceding layers to the marginal
class probabilities and guarantees that they will satisfy expert rules for any
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input. In order to implement this scheme, the prior joint probability distribution
vector 7 is calculated by the neural network using the softmax operation applied
to a linear layer that maps embedding to ¢ logits. To satisfy expert rules, the
posterior joint probability conditioned on the rules is calculated by multiplying
admissible states by the mask u. After multiplying, the posterior joint probability
distribution has several zero values which violate the unit sum of probabilities.
Therefore, the probability distribution is renormalized to get the unit sum of
probabilities denoted as 7.

A general scheme of computing the marginal distributions p*, i = 1, ..., m, of
concepts is depicted in Fig. 1. It can be seen from Fig. 1 that the neural network
produces the joint probability distribution of 7 of the concept combinations.
Expert rules form the musk which is multiplied by 7 resulting a sparse vector
having zero components corresponding to combinations of concepts which do
not satisfy the rules. After normalization of the sparse vector, we again obtain a
probability distribution 7 which produces marginal probability distributions of
concepts p*) after reshaping.

Marginal
p(O) probabilities
T ‘,f of concepts

Neural
network
Reshape

Fig. 1. A scheme of computing the marginal distributions: expert rules form the mask
vector u which is multiplied by the probability distribution 7 (the Hadamard product);
the obtained vector is normalized and reshaped to obtain a “tensor” producing marginal
probability distributions of concepts

5 Numerical Experiments

Let us consider an artificial dataset constructed as a part of original image
dataset MNIST consisting of 5000 randomly selected of 28 x 28 pixel handwrit-
ten digit images. Labels of digits define 10 values of the concept ¢!). Another



160 A. V. Konstantinov and L. V. Utkin

concept ¢?) is obtained by random coloring each digit in white or blue that cor-
responds to ¢® = 1 or ¢ = 2, respectively. The target label y = ¢(?) is defined
as follows: odd blue digits or even white digits are labelled as y = 1, other digits
are labelled as y = 2.

Three cases of CBL are compared:

— the proposed approach;

— the case of joint distribution without rules when the distribution 7 is used
for computing the marginal distributions of concepts;

— the case of independent targets when concepts are considered as indepen-
dent targets (classes) and the network predicts probabilities for the targets
separately.

The expert rule in this numerical experiment is the same as the rule used for
constructing labels for y. Results of the experiment in the form of dependen-
cies of the F} measure from the labeled data ratio for targets y and for the
concept ¢ are depicted in Fig.2. One can see from Fig.2 that the proposed
approach provides the outperforming results when the labeled data ratio for tar-
gets is rather small. This implies that incorporation of the expert rule allows us
to improve the whole model accuracy. At the same time, F; measures almost
coincide when values of the labeled data ratio are large and close to 0.5. This is
due to simplifying the model which leads to the similar accuracy in considered
cases.

y c

0.9

0.8

0.7

F1

0.6

05 1 g
—— The proposed approach ——— The proposed approach
Joint distribution without rules Joint distribution without rules
0.4 1 |ndependent targets 1 —— Independent targets

0.005 0.01 0.025 005 01 015 02 025 05 0.005 0.01 0.025 005 01 015 02 025 05
Labeled data ratio Labeled data ratio

Fig. 2. Test performance (Fi) depending on labeled data ratio for concepts c© (v)
and ¢V

6 Conclusion

The problem of incorporating the expert rules into machine learning models in
the framework of CBL has been stated in the paper. In fact, we have propose a
way for solving the important problem of combining the deductive and inductive
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learning models. The proposed approach is extremely simple from its implemen-
tation point of view. However, it is hard from the computation point of view
because we need to analyze the Cartesian product of possible concept combina-~
tion and to check whether each combination satisfies the expert rule. Therefore,
other computationally effective approaches have to be developed. This can be
regarded as a direction for further research.

We have applied the proposed approach to image data because they can
be simply described by the high-level concepts, and these concepts are con-
nected with target values. At the same time, it is interesting to study the case
when the input vectors are tabular. In this case, some features can be regarded as
concepts. Hence, a similar approach to incorporating the expert rules into neu-
ral networks or other machine learning models can be developed. This is also an
important direction for further research. Generally, the consideration machine
learning models different from neural networks in terms of CBL with expert rules
is also an actual problem to be solved.
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Abstract. The paper considers the use of case-based reasoning to support deci-
sions for choosing a vacation destination. The use case model and algorithm for
their search and extraction are defined. The case model includes a description
of the features of tourist attractions, accommodation facilities, public catering
establishments, and services. The features of the model have quantitative, quali-
tative, interval, and semantic similarity values. Scales for measurement features
describing cost and distance are individual and defined by a tourist. The similarity
between tourists’ reviews and preferences is assessed based on semantic similarity
and sentiment calculated using the BERT multilingual neural network model. The
similarity of cases is assessed based on the k-d tree (k-dimensional tree) method,
which takes into account interval and text data types. The proposed approach
is implemented on the Yandex.Cloud cloud platform and is tested in the Baikal
natural territory using data collected from open sources. The proposed approach
is implemented on the cloud platform Yandex.Cloud, and is being tested on the
Baikal nature territory using data collected from open sources.

Keywords: Tourist Profile of the Territory - Collection of Data from Open
Sources - Web Service - Cloud Platform - Case-Based Reasoning

1 Introduction

When choosing a vacation destination, a tourist faces the problem of searching for suit-
able information about accommodation facilities, public catering establishments, attrac-
tions, and tourist routes. Usually, information is scattered on various web-resources, is
incomplete and inaccurate, and is presented in both formalized and textual unformalized
forms. The search is limited to a certain number of criteria. Consequently, the tourist is
forced to carry out a lengthy search, compare information from various sources, ana-
lyze numerous reviews and reviews, that creates a risk for the tourist - not finding an
interesting and new vacation spot, and for the region - losing a potential tourist.

A prominent representative of web-services that aggregate the most complete infor-
mation about the tourism industry is TripAdvisor - an American travel site that operates
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in 49 countries in 28 languages, that allows it to claim the title of the world’s largest
travel site (https://www.tripadvisor.com/).

The authors have proposed and are implementing a project to create a territorial
tourism monitoring service that aggregates data on the tourist profile of a territory, and
provides analysis and visualization of the collected data, and supports decisions for
choosing a vacation destination or locations of tourist business facilities [1].

At present, the analysis of various web-sources is performed (“Ostrovok.ru”, “101
Hotel”, “Mir Tourbaz”, OpenTripMap, tourist passports of the Irkutsk region and its
municipalities, Russiadiscovery, the “Reserved Baikal region” website, and groups on
the social networks VKontakte and OK), the ontology that provides uniform presentation
and aggregation of data collected from various sources is developed, and the methods
for collecting and visualizing the data that characterizes the tourist profile of Baikal
territory are developed. The data about tourist objects has been processed: collective
accommodation facilities: 1163 (685) (number of objects about which information has
been collected; number in brackets is the number of identified objects with geolocation);
services: 61 (16); public catering establishments: 2261; attractions: 395 (352); tourist
routes and excursions: 94 [11].

The project is aimed at all stakeholders in the tourism sector and is intended to
become the most comprehensive analytical source of information.

To improve the efficiency of the service, in addition to data visualization, decision
support functions are needed.

Nowadays, various recommendation systems for tourists are being created; for exam-
ple, world regions in demand by tourists have been identified based on the analysis and
clustering of data from social networks [2]. In [3], the system that recommends places
to visit in Barcelona on the basis of Twitter reviews analysis was described. In [4], the
method that recommends attractors visit according to the tourist’s position using place
reviews, analysis, and ontological modeling was created. Personalized recommendations
on tourism in China are formed based on a knowledge graph [5]. The recommendations
on choosing a travel service are formed on the basis of multi-criteria decision support
methods, contextual awareness, augmented reality, and information about the user’s
needs [6]. Methods used in these works belong to machine learning methods [7-9] and
ontological modeling methods [4, 10].

It should be noted that the listed works solve particular problems that do not allow
the tourist to get a complete picture of the territory of the planned vacation.

Among the information technologies that solve a similar problem, we can highlight
recommender systems that perform content-based filtering and collaborative filtering
[11]. These approaches assume the presence of some data from the user’s profile or
information about his past behavior.

The proposed service is not commercial and does not involve the collection of such
information; users will not need to register, but will be able to share their opinion about
the service and the resulting solution by liking it. However, in the initial stage, which may
be quite lengthy, there will be a so-called “cold start” - a lack of data on user opinions.
In this case, the most effective method is the “nearest neighbor search,” which compares
the user request data and the data available to the service.
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It should be noted that a feature of the data set available to the authors is the presence
of reviews about various objects in the tourism sector, that is an important source of data
which will allow us to obtain a more accurate solution.

The availability of text data necessitates the need to complement the nearest neighbor
method with a method for assessing the semantic similarity of texts (Semantic Textual
Similarity, STS). This area is developing in various directions [12], but the most effective
approach is the use of deep neural networks, in particular, models based on transformers
(BERT, GPT-2, etc.) [13], models with self-observation mechanisms (self-attention) and
positional encoding [14].

The purpose of the work is to develop a method of decision support for choosing
a vacation destination based on aggregated heterogeneous information about regional
tourism from open sources and case-based reasoning. The novelty of the work is the
creation of a precedent model, the development of a method of case-based analysis,
and the proposed visualization of the results within the framework of the Yandex.Cloud
cloud platform.

2 Case-Based Reasoning

To support decision-making, it is proposed to use a case-based approach that allows one
to get recommendations based on reasoning by analogy [15—17]. The problem statement
within this approach has the form of a list of features of the domain object‘s and their
possible values:

Obj = {oby, 0by, ..., 0bk},
oby = {px1.pi2; -, Prm i} (1
DPikm = i, T),

where oby, is a k-object of the domain, py, is a m-characteristic of the k-object, v, is
a [-value of the m-characteristic, T is a characteristic type from the list: coordinates,
quantitative, qualitative, or text.

The set of objects® features form a description of the “problem”, that is, information
that determines the initial data about some problem situation. The other part of features
is the “decision” — the current part of the situation’s description:

Case = {c1, ..., cN},
ci = (Problem;, Decision;),
Problem; = {(Pkm_/, Vm_jl_j}k’m’la
Decision; = {(pkm_d, vm_dz_d) } k.l

2)

where Case is a case base. The similarity between the feature values of the current
situation ¢* and an i-case c¢; is evaluated with a s; € [0; 1] value:

si(cx, ¢) = Sm:l,MWmhi(pm*s pim)/M, 3)
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for coordinates values: d, d =1 — dkp.tree (V¥ni, Vim)
for quantitative values: d, d =1 — [V — Vg

i (Pm*, piw) =— Jor qualitative values: {(1): :::j ;:t ;wf:j

: d’ d *m > Vi < 8
for text values: {0, dg*mj, iﬁ; =8

—

where wy, is a characteristic information weight, v*,;;, vi,y is a normalized values, d is
a proximity of different types of values.

The process of case-based reasoning consists of the following steps: retrieve, reuse
(including adapt), revise, and retain [16, 17].

Case retrieval (search) is carried out by searching for the nearest analog. The methods
used for search are the nearest neighbor method, the decision tree method, and others.
Generally, the methods are based on summing up the similarity evaluated with various
metrics: the Euclidean metric, the city block’s metric, the Zhuravlev’s metric, etc.

In this study, the nearest neighbors method was employed using a representation of
the tree data structure k-d tree (k-dimensional tree), where precedents are described by
a k-dimensional tree and the search is carried out to determine the similarity between
the properties of the tourist’s query and objects with similar values properties.

Conceptually, the realization and application of the approach algorithm consist of
the following steps:

e building the use case model based on the created domain model,

implementation of the use case model in the form of data structures (database, MS
Excel tables, csv-files),

filling the model with the user’s case data,

input of initial data about the current situation,

automatic extraction of new data about the current situation by analogy,

adaptation of the new decision,

save the new case (self-learning).

3 The Case Model

The main task of the proposed approach is to define a case model that includes a descrip-
tion of the “problem” and “decision” for choosing a vacation destination by tourist
(according to (1), (2)). Results of ontological modeling and experts‘ knowledge are used
for creating this model [1].

Each tourist can submit an assessment, review, or comment about the objects of
tourism after using such services. Those actions form a space of cases. In the initial state
of a space of cases, there are no connections between tourism objects because detection
of those connections is a hard task that can be performed, for example, on the basis of the
formation of tourist routes as a result of the analysis of the digital footprints of tourists.
However, when using such a space within our web service for search, analysis, and deci-
sion support, these connections will be formed based on user requests and assessments,
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which will ensure a more effective use of case-based reasoning. Conceptually, connec-
tions have the following form: attractions — accommodation facilities — public catering
establishments — services — reviews. The set of cases forms the case knowledge base,
which can be separated into the case base of all tourist territory objects and the case base
based on tourists requests showing their individual aspects.

According to surveys of experts in the field of providing tourism services (tourism
managers with 30 years of experience), choosing a vacation destination for a tourist
consists of the following steps: (1) choosing attractions (natural, cultural, religious,
etc.) that are attractive to visit; (2) choosing accommodation facilities; (3) choosing
public catering places; (4) clarifying desired entertainments and their features (travels,
excursions, etc.); (5) clarifying special wishes (viewing from the window, comfortable
foot paths, unusual dishes of local cuisine, etc.).

Therefore, the case “problem” includes a features description that characterizes
the classes of the domain: attractions, accommodation facilities, public catering estab-
lishments, services and entertainments, and reviews (keywords from the query with
wishes), when the decision is a list of specific objects (locations) satisfying the criteria
of proximity of cases (Table 1).

4 Algorithms and Software

The algorithm of case retrieval is carried out in two steps: (1) search among cases as
the results of tourists’ requests; (2) search in the total space of cases. The second step is
carried out if there are no results from the first step (“cold start”).

Most objects in the domain have qualitative values, which will be taken into account in
the search method if there is a complete match. Quantitative values describe features such
as cost and distance. These features are individual for a decision-maker. It is proposed
to take into account the opinion of the user, who determines his own scales to select
the criteria for data similarity. It is also to take into account special requests that cannot
be found in the list of features but can be reflected in text comments and reviews about
tourist objects. In this case, similarity is calculated based on keyword extraction, their
comparison, and the assessment of semantic similarity. The space of cases for the territory
at each step of the search sequence will be narrowed within the method implementation.

The approach is proposed to be implemented as a separate function of the web-service
for monitoring tourism.

This function will provide sequential filtering of domain objects (in accordance with
selected priorities) by using their properties as criteria, with the display of intermediate
results on an information panel with geoinformation binding.



168

O. Nikolaychuk et al.

Table 1. The case model

Object

Characteristic (attribute)

Characteristic description

Problem

Time duration

time duration

decade, month, season

Attractions

attraction category

natural, cultural, ecological, etc

rating of an attraction

by the scale from 1 to 10

distance to accommodation
facilities

the individual maximum
distance specified by the user

Accommodation facilities

tourists number

the tourists number in a group

children number

the children number in a group

rooms number

the number of needed rooms

level of improvement

the level of improvement is
described by the room category

rating of an accommodation
facility

by the scale from 1 to 10

distance to water

the individual maximum
distance

cost

individual cost limits

have a beach

have or have not

Public catering establishments

cuisine type

European, Georgian, Buryatian

rating of public caretaking
place

by the scale from 1 to 10

distance to accommodation
facilities

the individual maximum
distance

distance to attractors

individual maximum distance

average bill

individual cost limits

Services and entertainments

entertainment category

sport, excursion, SPA etc

cost

individual cost limits

time duration

the individual maximum time
duration (hours, days)

transport type

car, ship, boat, train etc

Keywords

positive location
characteristics

Positive prompt

negative location
characteristics

Negative prompt

(continued)
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Object

Characteristic (attribute)

Characteristic description

Decision

Vacation destination

accommodation facilities

name, address, geolocation

public catering
establishments

name, address, geolocation

services and entertainments

name, address, geolocation

keywords that characterize

words characterize natural

the place objects, attractions, problems,
representation in the form of a

word cloud

weather conditions average temperature,
precipitation, direction and

strength of wind

area workload café workload, beach workload

The generalized algorithm of the proposed approach is performed in stages (see
Fig. 1):

1. The user specifies the coordinates or name of the attraction (recreation area) and their
required characteristics.

2. Search for the nearest accommodations to the target coordinates.

3. Search for attractions, accommodations, and public catering establishments based on
specified characteristics: average check, distance to the beach, comfort level consid-
ering the provided services. Distances between objects are assessed based on deter-
mining actual routes using the OSRM API (https://project-osrm.org/docs/v5.24.0/
api/).

4. Search for accommodations based on the semantic similarity assessment of the
tourist’s text query and consumer reviews of tourism services by keywords. Such
queries contain textual descriptions with positive (positive prompt) and negative
(negative prompt) preferences.

The semantic similarity assessment is implemented using the Python programming
language, including the SentensTransformers module (https://sbert.net/). The function
uses the results of a preliminary classification of the advantages and disadvantages
of vacation spots indicated in reviews of tourists. The classification was performed
using the large Saiga2 language model (https://huggingface.co/llyaGusev/saiga2_70b_
lora) and prompt engineering technology, taking into account the given classes (pol-
icy\administration, transport\movement, maintenance, landscaping, tour operators\travel
agencies, natural emergencies situations, ecology, food, services\entertainment). The
classification accuracy is assessed by F-measure averaging metrics: Micro F1 — 0.74,
Macro F1 - 0.67, Weighted F1 — 0.66. Next, using the multilingual model paraphrase-
multilingual-MiniLM-L12-v2 [18], the semantic similarity of information about vaca-
tion spots and the highlighted advantages from the tourist’s request is determined,
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Coordinates or name of the main
— attraction (holiday
destinations and their characteristics)
Results of CBR-analysis
(equations (1), (2)) \l/
~_ @@ Search for the nearest accommodation facilities | | Library X-D thre
Information about (search by coordinates)
attractions,
accommodation facilities, \l/ 9{ Module OSRM
catering object,
tourist service, reviews Search for nearest attractions, catering objects - .
. L P Proximity calculation module
(equations (1), (2)) (search by quantitative and qualitative tion (3
-~ characteristics) (equation (3))
Tourist query - Search for semantic similarity
advantages and ]
disadvantages of a Classification of query elements > . lSalgﬂZ
holiday destination (70 billion parameters)
(keywords) \I/
Determining the semantic =
Classification prompts similarity of a query element
- \l/ > Library SentenceTransformers
Aggregation of semantic
] . similarity of query elements Multilingual model
Information about “>| paraphrase-multilingual-MiniLM-
holiday destinations

¢ L12-v2

Information about attractions,
accommodation facilities,
catering object
(location and proximity)

(location and review
classification results)

Fig. 1. Algorithm for assessing proximity.

which are then aggregated into a single assessment for each vacation spot. The val-
ues of semantic similarity of advantages are summed up, disadvantages are subtracted.
This model has the best characteristics among publicly available multilingual models in
terms of accuracy (Avg. Performance — 51.72) and time (Speed — 7500 sentences/s) of
calculations.

To visualize the results, information panels (dashboards) were developed using
the “Yandex Datal.ens” service. The proposed approach is implemented in the form
of a “wizard” with a sequence of dialogs for step-by-step input of information and
obtaining an intermediate result in the form of visualization information panels with
geoinformation binding:

e selecting a territory and/or a category of attractions with the result displayed on the
territory map,

e specifying the required properties for the accommodation facility, selecting a mea-
surement scale for the price of accommodation, and the distance to the beach, with
the results displayed on the map as point objects with additional information about
prices, services, and the number of positive and negative reviews,

e selection of required properties for public catering places, selection of a measurement
scale for the average bill of the public catering establishment and the distance to it,
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with the results displayed on the map in the form of point objects and isolines char-
acterizing proximity to accommodation facilities, and additional information about
prices, services, and the number of positive and negative reviews,

e identification of keywords characterizing the vacation destination, with the results
displayed as a cloud of words.

The efficiency of the described precedent approach at this stage is assessed based
on a comparison of offers of vacation spots received by the service and experts in the
field of tourism. The expert was asked to describe the requirements for 5 categories of
tourists and create a list of vacation spots for each category on the island Olkhon. Next,
using the service functions and the listed requirements, the initial data for case analysis is
described. A comparison of the expert’s and service’s proposals showed that in four out
of five cases, the service’s results coincide with the expert’s proposals, which represents
an 80% rate of positive results.

5 The Practical Significance

The practical significance of the proposed approach is the development of algorithms
and software to support decision-making by tourists when choosing vacation destina-
tions. This support will improve the efficiency of informing and attracting tourists to
the regional tourism sector. A fragment of the information panel with the request of a
tourist about the need for a location on the territory of Olkhon Island is presented to
demonstrate the results (see Fig. 2). The dashboard presents the characteristics set by
the tourist and the result of a case-based analysis, highlighting the links between the
accommodation facility and public catering establishments.

Map Hotels: 128

Rating Price Type

momg

Maxdistance to beach (m) center(m)  lovel

° Number of tourists ngroup Numberof ehidranin group Number of rooms

’ Public catering: 53
&  waaic
% s i

S ° } { }

° Max distance to hotals (m) Max distance to attractors (m)
o 0 ) <> [5 <>
e
& i
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° ¥ Type Rating Waxdistanca o hatal ()
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Word Cloud Type Transport

window 0 0D

beautiful =

breakfast

Fig. 2. A fragment of the dashboard with the result of a case-based analysis.
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6 Conclusion

The method of supporting decisions on the choice of a vacation destination based on
a case-based analysis of heterogeneous information from open sources was proposed
in this work. When implementing the method, the authors’ experience in applying this
approach to solving problems of technical diagnostics and developing tools for creating
knowledge processing systems was used. In the future, it is planned to develop the
method, ensure the accumulation of knowledge (heuristics) of experts in the field of
tourism on the choice of vacation destinations, and explore the possibility of forming a
route to visit several geographically remote attractions.
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Abstract. In this paper 3d segmentation methods of irregular point clouds are
presents to decipher the structure of archaeological sites of the Bronze Age in
the Southern Trans-Urals. The first method for 3d semantic segmentation is based
on a multimodal dynamic graph, which is created by recalculating the graph’s
Kirchhoff matrix in each special convolutional layer of the neural network. The
second method for 3d instance segmentation is based on the architecture of a deep
neural network in the form of improved Mask3D transformer. The introduced
modifications into the transformer architecture made it possible to significantly
improve the confidence of instance segmentation and obtain a dense, complete
and homogeneous point cloud for processing from various depth sensors. For
computer simulation, the most promising methods for 3d semantic segmentation
and 3d instance segmentation were selected. In this paper computer simulation
was carried out for various methods of 3d segmentation, the results obtained were
presented and discussed, and the dependence of the accuracy segmentation from
3d up-sampling and augmentation procedure of point clouds was studied.

Keywords: 3D semantic segmentation - 3D instance segmentation - dynamic
graph convolution neural networks - transformer

1 Introduction

The discipline of 3d data processing is currently at a critical moment, driven by the
pressing requirement to analyze and handle intricate 3d point cloud data in several
domains including autonomous navigation, sophisticated robotics, architectural mod-
eling, and geospatial analysis. In this paper, methods are proposed for studying the
3d structure of archaeological sites using machine learning, mapping and geophysics
methods. The inherent intricacies of 3d point clouds, particularly their non-Euclidean
and irregular characteristics, provide substantial analytical obstacles that conventional
data processing approaches struggle to overcome. This requires a fundamental change
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in the way we approach neural network architectures and algorithms, focusing on more
advanced solutions that are capable of analyzing and effectively exploiting the intri-
cacies and complexities of 3D data. An innovative method is presented for processing
point cloud data using CNN (convolutional Neural Networks) [16], this approach based
on DGCNN (Dynamic Graph CNN) addresses the challenges of traditional CNNs in
interpreting non-Euclidean, irregular 3D data. DGCNN utilizes dynamic construction
of local graphs, significantly increasing the network’s ability to discern both local and
global structures in the data. This advancement is crucial for tasks such as classification
and segmentation, marking a notable progression in CNN applications for complex data
analysis. In the referenced study [13], a Regularized Graph Convolutional Neural Net-
work (RGCNN) is introduced for effective point cloud segmentation. Utilizing spectral
graph theory, this method dynamically updates the graph’ Laplacian matrix in each layer,
enhancing the model’s adaptability. This approach positions RGCNN and DGCNN as
a computationally efficient yet powerful tool in the realm of 3D data analysis but none
computationally efficient tools for large-scale point clouds. To eliminate this disadvan-
tage of these methods, modern algorithms for 3d semantic segmentation, for example,
SPG, ConvPoint, KPConv, Superpoint Transformer have been proposed.

Firstly, let’s look at the methods of 3d semantic segmentation of semantically rich
large-scale point clouds according to the benchmark datasets. The study [6] proposes
a deep learning framework utilizing Superpoint Graphs (SPG). This approach inno-
vatively partitions point clouds into geometrically homogeneous elements, leveraging
graph convolutions to exploit contextual relationships effectively. The study [1] discusses
ConvPoint, a method is designed to handle the unstructured nature of point clouds more
efficiently than traditional methods. It demonstrates significant improvements in var-
ious tasks such as classification and segmentation, particularly notable in its ability
to deal with large-scale datasets. KPConv (Kernel Point Convolution) [14] is a new
point convolution approach for processing point clouds. KPConv distinguishes itself
by its deformable convolutional operation, which adapts to the local geometry of the
data, and its efficient handling of varying point cloud densities. Superpoint Transformer
[10] employs a fast algorithm for partitioning point clouds into hierarchical superpoint
structures, significantly speeding up preprocessing. The model uses a self-attention tool
to figure out relationships between super-points at multiple scales, achieving excellent
performance on benchmark datasets with a compact model size.

Secondly, let’s look at the methods of 3d instance segmentation of semantically rich
large-scale point clouds according to the benchmark datasets. The advancement in 3D
instance segmentation is marked by a unique methodology 3D-MPA (Multi-proposal
Aggregation) [3] that emphasizes the aggregation of multiple object proposals from 3D
point clouds. This technique, utilizing a graph convolutional network for processing,
diverges from traditional methods that rely on pruning proposals. This innovation leads
to enhanced accuracy and efficiency in 3D instance segmentation for lots of digital collec-
tions. The GICN (Learning Gaussian Instance Segmentation in Point Clouds) [8] method
emphasizes the use of Gaussian heatmaps to approximate the distribution of instance
centers within a given scene. Its architectural design streamlines both the training and
inference processes, resulting in outstanding performance metrics on the ScanNet and
S3DIS datasets. This technique’s innovation is rooted in its effective management of
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instance centers and sizes, offering an intuitively understandable and computationally
efficient solution for 3D instance segmentation tasks. HAIS (Hierarchical Aggregation
for 3D Instance Segmentation) [2] method employs hierarchical aggregation, amalga-
mating clustering-based frameworks with an efficient bottom-up strategy. The procedure
encompasses the aggregation of points into sets, followed by the formation of complete
instances, culminating in the application of a sub-network for quality enhancement.
DKNet (Dynamic Kernel Network) method [17] places a primary emphasis on the precise
localization of instances and comprehensive feature collection, employing 1D kernels
to encode vital positional, semantic, and shape information. The novelty of this app-
roach resides in its instance encoding methodology, which harnesses a dynamic kernel
network to achieve highly effective instance segmentation. This study SSTNet (Seman-
tic Super-point Tree Networks) [7] presents an innovative end-to-end solution for 3D
instance segmentation, focusing on the creation and traversal of a semantic superpoint
tree. The method has demonstrated remarkable effectiveness on benchmark datasets like
ScanNet and S3DIS, showcasing its robustness and accuracy in challenging segmenta-
tion tasks. The TD3D (Top-Down 3D) [4] is a top-down, fully-convolutional approach
for 3D instance segmentation, which overcomes the limitations of traditional bottom-up
methods. TD3D’s end-to-end, data-driven training process avoids the need for manual
hyperparameter tuning. Demonstrating exceptional performance and speed on bench-
marks like ScanNet v2 and S3DIS, TD3D’s approach is innovative in its efficiency
and effectiveness in segmenting 3D point clouds. The study presents PBNet [18], an
innovative 3D instance segmentation approach for point clouds, featuring a divide-and-
conquer strategy with point-wise binarization. PBNet innovatively categorizes points
into high and low-density groups, aiding in effectively segmenting adjacent objects and
refining instances. The approach demonstrates significant performance improvements
on benchmark datasets. Mask3D [12] marks a breakthrough in 3D semantic instance
segmentation, utilizing a Transformer-based model with sparse convolutional feature
backbones and Transformer decoders. This innovative approach enables efficient pro-
cessing of large-scale scenes, directly predicting instance masks from point clouds. With
its ability to set new benchmarks on multiple datasets, Mask3D demonstrates exceptional
proficiency in handling complex segmentation tasks across varied environments. One-
Former3D [5] introduces a unified framework for 3D point cloud segmentation, all within
a transformer-based model. This innovative approach incorporates a novel query selec-
tion mechanism and efficient matching strategy, optimizing the training process without
the need for the Hungarian algorithm. One Former3D’s remarkable performance on
benchmark datasets, including Scan-Net, ScanNet200, and S3DIS, signifies a signifi-
cant advancement in multi-task 3D segmentation, setting new state-of-the-art standards
across all segmentation tasks.

In this paper original 3d semantic segmentation method based on a dynamic weighted
graph, which devoids the disadvantages of the well-known CNN architectures [1, 13,
14]. Also, we have made a lot of improvements to the architectural design of instance
segmentation based on transformer [12], which allowed to be effectively applied to
sparse, nonhomogeneous and noisy point clouds to decipher the structure of archaeo-
logical sites of the Bronze Age of the Southern Trans-Urals. This paper is organized
as follows: in the second chapter, the method for 3d segmentation was suggested, in
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the third chapter method for 3d instance segmentation was proposed, the fourth chapter
presents the results of computer simulation.

2 Semantic Segmentation Method Using Dynamic Graph

In this study the data set was compiled for archaeological sites of the Bronze Age of
the Southern Trans-Urals [15]. The data sample contains: 2D data based on a collec-
tion of aerial photographs and Earth remote sensing data from the Sentinel-2, Landsat
4-9, Resurs-P, Kanopus-V satellites and 3D data in the form of tacheometric survey
results, depth data from LiDAR scanners (orthophotos and point clouds), as well as
electrical survey results. Let’s represent an architecture system for remote research of
archaeological sites using only 3d data from this dataset (see Fig. 1).

Input Data 3d point cloud Form a training 3d segmentation Output Data
preprosessing sample processing
] . ] 3d Semantic Seemented
Tacheometric Up Sampling 3d Point cloud Segmentation |—» P Y Cloud
survey results PU-GCN markup DWG*CNN omt Clou
Agisoftmetashape
- 3d Point Cloud
" thDAR 4 Down Sampling Augm entation 3d Instance Instance
(or tophotos andl | OptD Real3D-Aug Segmentation [—» Segmented
polet clonds) Mask3d* Point Cloud

Fig. 1. The architecture system for remote research of archaeological sites using 3d data.

The 3d point cloud segmentation procedure can be divided into two pipe data process-
ing: for 3d semantic segmentation based on originally method DWG*CNN (Dynamic
Weight Graph Convolutional Neural Network) and for 3d instance segmentation based
on improved version of Mask3d*. The adaptive point cloud up-sampling PU-GCN algo-
rithm [9] is used for survey data from Trimble 3300 tachometer sensor (Elta R55) to
obtain a dense and homogeneous point cloud; for data from LiDAR-sensors data dimen-
sionality reduction is required using adaptive point cloud down-sampling to obtain a
homogeneous, noiseless point cloud of a smaller dimension. To increase the lot of 3d
models in the data set, the collection was expanded approximately 8 times using the 3d
data augmentation algorithm Real3D-Aug [11]. This algorithm based on fast point cloud
augmentation by placing real objects with occlusion handling for 3d detection and seg-
mentation and allows to add new objects, such as a dwelling, mound or external/internal
wall in the 3d model of an archaeological site. Geographic information system “Ag-
isoftmetashape” was used to label the 3D data. The 3d semantic segmentation process
was represented as the following iterative sequence of steps DWG*CNN (Algorithm
1): the calculating Kirchhoff matrix elements, the normalization of the elements of the
Kirchhoff matrix and the convolution of a spatial weighted graph. The approximation
using the Chebyshev polynomial can improve the performance of the graph filtering
and convolution procedure. DWG*CNN method uses a combination of geometric and
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color features points in the point cloud to get advantages in accuracy of 3d segmentation
procedure.

Algorithm 1 based on DWG*CNN:

1: Input data: colored point cloud P = {py, ..., p,}. Output data: segmented point
cloud € = {p3, ..., pn};

2:  Initialization of feature vector elements {C }; the Chebyshev polynomial Co-
efficients{6,5,3}; k=1; s;, s, — signals on the graph;

3: forkin1,...,3 do
Calculating Kirchhoff matrix elements L;;
Normalization of the elements of the Kirchhoff matrix L**™;
Approximation of the graph signal Chebyshev polynomial g ‘/)(k);
Convolution of a spatial weighted graph s, = g " (L5*™)s,;
Initialization of feature vector elements DWG*CNN;
9: end;
10: MLP 1 (1024); MLP 2 (512);
11: Concatenation (EdgeConv 2, MLP2);
12: Determining the value of the loss function L;,.

® DDk

The loss function of DWG* CNN can be represented as

N 4

Ligst = — Y _ convilog(y) + Asmom1 Y_ ¥} DGy, (1
i=1 j=1

where conv; — the total score, y; — the probability value, y; — the feature map of the j-th
EdgeConv layer, Ag,oim — smoothness term (set to 1072 in our tests), DG — the function,
which form output of dynamic graph of CNN for the j-th EdgeConv layer. The loss
function consists of two terms, first term presents multiclass cross-entropy and second
term is responsible a graph-signal smoothing to allow significantly improves the model’s
resistance to noise and variations in point cloud density.

3 3d Instance Segmentation Method Using Mask3d Transformer

In this research for 3d instance segmentation Mask3d [12] based on generic transformer
was applied which allows to directly predict instance masks from point clouds: each
object instance is represented as an instance query. The model of 3d instance segmen-
tation has the following modules architecture: Sparse Feature Backbone using convo-
lutional U-net backbone (M1); Transformer decoder based on the Minkowski-Engine
(M2); Mask module (M3). Query refinement (M4). Instance queries are trained using
a transformer decoder in the form of an iterative procedure, in which functions are
accessed to process a point cloud at a multiple scale. In Mask3d improvements have
been introduced, the new steps are marked-up with sign * (Algorithm 2 Mask3d*): in
the loss function the term was added that is responsible for smoothing signal; as a pre-
liminary processing, a procedure for point cloud up-sampling with the option of forming
a uniform distribution of points was added; feature concatenation scheme was changed,
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that it improved instance segmentation; the architecture of the M1 module was changed
and based on 6 sparse feature backbone; fast quantization procedure of a point cloud in
voxels and procedure of adaptive detection of outliers in voxels has been added. Let’s P
is RGB point cloud of size N, where P € RN*6 and My is number of voxels V € RMo X3,
where an initial feature for each voxel is average RGB color of the points within this
voxel. Let’s F, € RMrxD g a features maps (matrixes), where D — common dimension
3d sparse, r — the sparse resolution, where r = 0 for full-resolution feature map. If
X e R¥*D are instance queries, where K — dataset of instance queries.

Algorithm 2 (Mask3d*) based on transformer Mask3d:

1: Input data: colored point clouds P = {p, ..., p,} P € RV, Output data: refined
instance queries, semantic class predictions, instance masks B;

2:* Point Cloud Up-Sampling and 3d Augmentation of training data set;

3. Initialize the transformer’ modules M1, M2, M3, M4;

4:* Fast quantize P into My voxels V € RMOS,

5:  Determine the initial feature values;

6: Calculate feature map F in 3d high resolution using M1;

7. forrinO,...,R do

8: Extract features for set of M, voxels and project to dimension D: F;
9: Adaptive outlier detection in M, voxels;

10: end;

11: Initialize K dataset of queries with non-parametric queries;
12: for each X do

13: Refine instance queries using M2;
14: Cross-attend to scene features and self-attend to other X;
15: end;

16: Apply M3 to refined X and point features;

17: Predict semantic class and instance masks B for each X;

18: Compute confidence score (Flor IoU) for each predicted,

19: Apply M4 to dominant class: select queries and calculate class confidence (CC);
20:* Calculate mask-based confidence for each voxel and fuse with CC;

21:* Form a segmented point cloud based on local and global features;

22: Post processing for segmentation result using confidence scores.

The decoder sends these instance queries X and refines them to a final set of instance
requests using a stack with L levels, cross-attention to the features on 3d scene allows the
queries to produce data from the voxel features and a self-control mechanism. 3d data
processing architecture allows to eliminate duplication of instance masks. To apply the
cross-attention mechanism, a linear projection of a set of voxel objects F; to the set of
keys K and dimension values V (KV € RM*D) is performed, and also a linear projection
of instance queries X to the queries Q € R¥*D is performed. As a preprocessing before
calculating cross-attention and self-attention, the positional Fourier transform of the
encoding is used. Mask3d uses a masked variant cross-attention

T

X = softma oK +B.|V 2)
= X .. ,
VD Y

where B is an instance mask, Bl./j = —00- [B,-j = O], [-] are Iverson brackets.
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In this paper, we use 6 the feature backbone levels instead 4 in classical version
Mask3d, from bad to good resolution, an iterative procedure repeatsis a3 times,soL =18
query refinement steps, it improved instance segmentation. To establish a correspondence
between the set of instances on the scene and the set of predicted instances, this paper
uses a bipartite-graphs matching based on the Hungarian algorithm. The overall loss has
been improved by introducing a third term related to signal smoothing. So, the overall
loss function of transformer Mask3D* for all auxiliary instance predictions after each
of the L layers is defined as

L i i 6
Lipsy = — =1 Lmask + )"L‘[LCEC[ + Asmoth2 Zj:l Mask3d;, 3)
where Lfn ask = MBCELBCE+ADiceLpice, LBCE s the binary cross-entropy loss, Lpic. is the
Dice loss, LICEd is multi-class cross-entropy loss, Mask3d; is the function, which form
output of Transformer decoder for the j-th sparse resolution, Apck, Apice, Aci — hyperpa-
rameters of the loss function, Agy,om2 —smoothness parameter. The Mask3d* transformer
has a high degree of autonomy and doesn’t require the involvement of an expert to select
the values of hyper-parameters and geometric properties in object grouping procedures
and voting procedures. The proposed loss function (3) with smoothing allow directly to
optimizes an instance masks.

4 Computer Simulation

This section presents the results of computer simulation, it was quantitatively evaluated
suggested approach (DWG*CNN + Mask3d*) and compared with state-of-the-art meth-
ods, such as OneFormer3d, Mask3d for instance segmentation and DGCNN, RGCNN
for semantic segmentation. In this paper we use only 3d data from dataset: the approach
based on DWG*CNN 4 Mask3d* was tested using geophysics data and LiDAR data at
the area of archaeological sites near the settlements of Stepnoe and Levoberezhnoe. All
3d data has been preprocessed (see Fig. 2, a), consisting of the following steps: division
of a 3D model into semantic blocks with step = 0.01, up-sampling of point clouds based
on PU-GCN (see Fig. 2, b), calculations of normals in the point cloud.

The signs of deciphering archaeological objects characteristic of Bronze Age monu-
ments were defined based on the Archaeological Atlas of the Chelyabinsk Region [20],
created by prof. G.B. Zdanovich. In this paper the following set of classes are used to
decrypt the structure of a 3d archaeological site: s1 — dwelling; s2 — moat; s3 — defensive
wall; s4 — burial ground; s5 — inner wall; s6 — well; s7 — entrance to the settlement. The
experiments we carried out on part of dataset which contains 116 originally 3d point
cloud from 2 categories, annotated with 7 labels in total. PU-GCN algorithm allows to
create the dense homogeneous point cloud, which consist of rather than 2000 points
from each 3d model site. Using Real3D-Aug for point cloud augmentation, dataset size
to 928 of 3d diverse point clouds was expanded (see Fig. 2, ¢). In our study the following
hyperparameter values were used: xsmoth1=10—9 for DWG*CNN, Agce = 5.0, Apjce =
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Burial ground Solntse-2

original upscale upscale-augmented

Fig. 2. The results of 3d preprocessing a) tacheometric survey results b) point cloud after
Upsampling PU-GCN c) point cloud after 3d Augmentation Real3D-Aug*.

2.0, Ae1=2.0, Agnom2 = 10~? for Mask3d*. The model based on DWG*CNN is trained
on a single Intel Core i7-9800X, NVIDIA GeForce RTX 2080 Ti 11264MiB with 250
epochs. The results computer simulation for RGCNN, DGCNN, DWG*CNN by Accu-
racy: 73.06%, 68.53%, 91.07%; IoU: 0.695, 0.530, 0.781, F1: 0.734, 0.695, 0.934. The
results of instance segmentation using Mask3d* were presented on Fig. 3.

Burial ground Solntse-2

original predict errors
class
-S1
S4
true
«error

X X X

a) b) )

Fig. 3. The results of instance segmentation using Mask3d*: a) point cloud after Up-sampling b)
predict of instance segmentation c) errors of instance segmentation.

Confidence score of 3d semantic segmentation by Fl-score for different values of
Chebyshev coefficients was evaluated (see Table 1), in this paper Chebyshev coefficients
K = {6, 5, 3} are used. DWG*CNN consists of 3 convolution layers and 3 MLP layers
{512, 192, 50}. Feature map has dimensions F = {128, 512, 1024}.



182 A. Vokhmintcev et al.

Table 1. Fl1-score (in 1073) of semantic segmentation DWG*CNN.

Chebyshev coefficients sl s2 s3 s4 s5 s6 s7

{5,3,1} 913 909 886 813 632 389 468
{6,5,3} 983 924 956 889 875 503 587
{6,4,2} 976 918 913 846 822 523 515
{7,5,3} 902 926 873 915 776 486 566

Confidence score of 3d instance segmentation by F1-score for different transformer
architecture was evaluated (see Table 2). Analyzing the data in the Table 2, it can be
conclude, that the proposed instance segmentation approach has significant advantages
by Fl-score in comparison with known segmentation methods for processing sparse,
uneven and noisy point clouds. However, for classes s5, s6, s7, it’s impossible to achieve
acceptable quality of instance segmentation. The model based on Mask 3D* is trained
on a single Nvidia GeForce GTX 1080Ti with 50 epochs.

Table 2. Fl-score (in 1073 ) of 3d instance segmentation methods.

Name sl s2 s3 s4 s5 s6 s7
OneFormer3d 660 598 487 544 422 - -
Mask3d 720 575 581 602 461 - -
Mask3d* 899 914 813 815 673 440 364

The program code of segmentation methods can be found at the following link [19],
archeology detailed results of computer simulation are also presented at this link.

5 Conclusions

In this paper, the semantic segmentation method of point clouds based on a multi-modal
weighted dynamic graph CNN and the instance segmentation method were proposed,
which allow to decrypt the structures of archaeological sites of the Bronze Age with
higher quality by F1-score than state-of-the-art methods of point clouds segmentation.
The main focus of this work was the improvement of known point cloud segmentation
methods such as DGCNN, ConvPoint and Mask 3d to the processing of heterogeneous,
sparse, uneven and noisy point clouds and also for 3d large-scale scenes with microrelief
and non-convex objects. The paper also identifies problem related to the fact that it was
not possible to obtain acceptable 3d data segmentation quality for a lot of classes. The
suggested methods were tested using geophysics data in the area of archaeological sites
near the settlements of Stepnoe and Levoberezhnoe. The main practical result is the
discovery of two new archaeological sites in the form of fortified settlements of the
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Bronze Age that existed in the Chelyabinsk region in the northern periphery of the
territory inhabited by the Sintashta population in the Bronze Age: the settlements of
Nizhneuspensky and Verkhneuralsky.
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Abstract. Data is an important aspect of modern deep learning
research, particularly in Place Recognition, which plays a pivotal role in
various applications such as robotics, augmented reality, and autonomous
navigation. In this paper, we introduce the ITLP-Campus dataset cap-
tured by a mobile robot equipped with front and back cameras and a
LiDAR sensor. The dataset encompasses diverse outdoor and indoor
environments within a university campus setting. Spanning different
times of day, seasons, and weather conditions, ITLP-Campus offers a
rich and varied set of scenes for analysis. The dataset includes unique
features such as strategically placed ArUco markers along routes, auto-
matically generated semantic masks and textual descriptions of scenes.
Moreover, indoor tracks are annotated with scene text, enhancing the
dataset’s utility for tasks involving text recognition and understanding.
We provide detailed insights into the dataset’s acquisition process, anno-
tation procedures, and potential applications. Additionally, we conduct
extensive experiments by testing popular Place Recognition methods on
ITLP-Campus, demonstrating its effectiveness and versatility for advanc-
ing research in multimodal semantic place recognition and related fields.

Keywords: place recognition - mobile robotics - deep learning -
multimodal dataset

1 Introduction

Place Recognition is a crucial task in various domains including robotics, aug-
mented reality, and autonomous navigation. It involves identifying a previ-
ously visited location using data from various sensors, thereby enabling systems
to understand and navigate their environments effectively. Despite significant
advancements, Place Recognition remains challenging due to factors such as
changing lighting conditions, dynamic objects, and environmental variations.
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Data plays a crucial role in the training and evaluation of Place Recognition
methods, providing the diverse environmental conditions needed to test and
improve algorithmic performance. Existing datasets such as KITTI [6], Oxford
RobotCar [15], Nordland [18], and NCLT [4] offer rich collections of visual
data that encompass a wide range of scenarios, including urban streets, sea-
sonal changes, and day-night cycles. These datasets are valuable resources that
assist researchers in developing more robust and accurate PR systems, facilitat-
ing autonomous and reliable robot operation in real-world environments. How-
ever, many of these datasets primarily focus on either outdoor urban settings
or lack sufficient indoor data, limiting their ability to test Place Recognition
methods comprehensively across varied environments.

The ITLP-Campus dataset addresses this gap by providing a comprehensive
collection of both indoor and outdoor data captured within a university campus.
The dataset spans different times of day and seasonal variations, including win-
ter conditions and summer days, to simulate the wide range of environmental
changes that autonomous systems must handle. By incorporating these diverse
conditions, the ITLP-Campus dataset enables rigorous testing and evaluation of
Place Recognition methods, ensuring their robustness and adaptability to both
indoor and outdoor environments under varying seasonal and weather condi-
tions.

To capture data comprehensively, the dataset was collected using a mobile
robot equipped with front and back cameras and a LIDAR sensor. ArUco markers
are strategically placed along indoor routes to facilitate precise localization and
ground truth annotation. The dataset includes automatically generated seman-
tic masks and textual descriptions of scenes, which add a layer of semantic
understanding, that can be used in various scenarios [11,12]. Data collection
spans different times of day and various seasons, capturing changes in lighting,
weather conditions, and environmental appearance. Indoor tracks are manually
annotated with scene text, which can be used to improve Place Recognition
methods [8] enhances the dataset’s utility for tasks involving text recognition
and understanding.

The ITLP-Campus dataset opens up numerous research opportunities and
applications, particularly in the field of Place Recognition: benchmarking Place
Recognition methods, multimodal semantic analysis, robustness to environmen-
tal variations, indoor navigation and text recognition.

The key contributions of our dataset are:

— Collection of data from both indoor and outdoor scenarios;

— Multiple modalities, including images from front and back cameras, auto-
matically generated semantic segmentation masks and text descriptions, and
LiDAR point clouds;

— Data spanning different times of day and seasonal variations, providing a
diverse set of scenes;

— Inclusion of indoor ArUco markers to enable the development of more robust
localization algorithms;
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Table 1. Overview of existing datasets suitable for Place Recognition.

Dataset Scenario CoverageData types Diversity
‘Weather|Season Day /night
Nordland [19] Train ride 748km RGB + + -
HPointLoc [22] Indoor - RGB, Depth - — -
NCLT [4] Campus 55km |LiDAR PC, RGB + + -
Oxford RobotCar [15]Urban + Suburban10km |LiDAR PC, RGB + + +
Mapillary [21] Urban + Suburban|4228 km RGB + + +
Ithaca365 [5] Urban + Suburban15km  |LiDAR PC, RGB + + +
Boreas [3] Urban 8km LiDAR PC, RGB, Radar |+ + +
ITLP-Campus (ours) |Campus 3.6km [LiDAR PC, RGB, +— + +
Semseg, Text desc, ArUco

Overall, the ITLP-Campus dataset aims to be a comprehensive resource for
advancing research in Place Recognition and related fields. The dataset and API
is publicly available: https://github.com/OPR-Project /ITLP-Campus.

2 Related Work

A brief overview of existing datasets that are suitable for Place Recognition are
shown in Table 1.

Nordland [19] provides a long-term dataset captured from a train journey
across different seasons, focusing on the challenges of visual place recognition
over time. HPointLoc [22] offers a simulation dataset collected in the 50 scenes of
the Habitat simulator. NCLT [4] is a comprehensive dataset that includes long-
term autonomy data collected from the University of Michigan’s North Cam-
pus over 15 months, featuring diverse weather conditions and sensor modalities.
Oxford RobotCar [15] comprises over 1000 km of driving data through central
Oxford, collected over a year, providing a rich resource for studying urban navi-
gation and long-term localization. Mapillary [21] contains street-level sequences
from various locations worldwide, offering diverse scenes for training and eval-
uating visual recognition algorithms. Ithaca365 [5] includes driving data from
Ithaca, New York, collected under a wide range of weather conditions and sea-
sons, designed to study driving perception in real-world scenarios. Boreas [3] cap-
tures multi-season driving data with significant environmental variations, aimed
at improving the robustness of autonomous driving systems under diverse condi-
tions. These datasets collectively contribute to the development and evaluation
of Place Recognition systems by providing varied and challenging environments
for testing.

The ITLP-Campus dataset offers unique data types such as semantic segmen-
tation masks, text descriptions, and ArUco markers, making it stand out among
other datasets. The only limitation compared to others is the lack of data col-
lected outdoors during rain or snow, as our robotic platform is not designed for
use in such conditions.
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3 Data Collection

The data for the ITLP-Campus dataset was collected using a mobile robot based
on the Clearpath Husky robotic platform. The robot was equipped with a Velo-
dyne VLP-16 LiDAR, a StereoLabs ZED stereo camera at the front, and an
Intel RealSense stereo camera at the back. Outdoor tracks were recorded along
a repeated route on the university campus, while indoor tracks were recorded in
the hallways of a building with five floors.

3.1 Sensors

Velodyne VLP-16 3D LiDAR. The Velodyne VLP-16 was mounted at the
top of the robot, as illustrated in Fig. 1. This sensor provides high-resolution 3D
point clouds with a 360-degree field of view. Data was collected at an average
rate of 10 Hz, capturing detailed spatial information of the environment.

StereoLabs ZED Stereo Camera. The ZED stereo camera was used as the
front-view camera. It captures high-definition stereo images from the left and
right sensors, which were recorded in a compressed format with a resolution of
1280 x 720 pixels. The average capture rate was 10 Hz, ensuring a consistent
stream of visual data for the front view.

Intel RealSense Stereo Camera. Positioned at the back of the robot, the
Intel RealSense stereo camera provided rear-view imagery. Similar to the front-
view setup, images were collected in a compressed format at a resolution of
1280 x 720 pixels and an average rate of 10 Hz. This setup enabled comprehensive
coverage of the robot’s surroundings.

3.2 Data Collection Process

ITLP-Campus-Outdoor. The outdoor route covered approximately 3.6 km
around the university campus, as illustrated in Fig. 1. The route was carefully
chosen to include a variety of environments, such as pathways, gardens, and
open spaces, to capture diverse outdoor scenes. Data collection was performed
repeatedly along this route to ensure temporal variation and to capture changes
in lighting and weather conditions.

ITLP-Campus-Indoor. Indoor tracks were recorded within the hallways of a
building with five floors. The indoor data collection aimed to simulate real-world
indoor navigation scenarios, providing valuable data for Place Recognition tasks
in indoor spaces.

Data was collected across different times of day and various seasons, ensuring
a rich dataset with temporal and environmental diversity (see details in Table 2).
The robot was manually operated along the predefined routes, and sensor data
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was continuously recorded. To facilitate ground truth generation and precise
localization, ArUco markers were placed along the indoor routes.

The data was recorded using Robot Operating System (ROS) in a rosbag
format. Each rosbag file contains data streams from the LiDAR and stereo cam-
eras. This format allows for efficient storage and easy retrieval of large amounts
of data, enabling detailed post-processing and analysis. Additionally, the use of
ROS tools facilitated real-time monitoring and verification of data quality during
the collection process.

4 Data Processing

4.1 Pre-processing

Ground Truth Poses. We used the Cartographer open-source library [7] to
build the 3D map of the route and for localization on both indoor and outdoor
tracks. This process provided accurate 6DoF (Degrees of Freedom) poses. The

VLP-16 LIDAR ——> RealSense camera

(at back)
W

Fig. 1. An illustration of Husky robotic platform equipped with LiDAR and two cam-
eras that was used to record the dataset and an outdoor route.

Table 2. Dataset statistics.

Track Season|Time of day|Frames, pcs
ITLP-Campus-outdoor|00 2023-02-21 winter |day 620

01 2023-03-15winter night 626

02 _2023-02-10winter twilight 609

03 _2023-04-11/spring |day 638

04 2023-04-13/spring night 631
ITLP-Campus-indoor |00 2023-10-25— night 1233

01 2023-11-09- twilight 1310
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poses were stored in the format of position [tx, ty, tz] and rotation quater-
nion [gx, qy, qz, qw].

Subsampling. The images from cameras and LiDAR point clouds were syn-
chronized based on their timestamps so that the maximum difference was less
than 50 milliseconds. Then the frames were subsampled based on their poses:
we sample one frame for each 5m along the route for outdoor data, and 1 frame
for each 1 m along the route for indoor data. This ensures that the frames are
differs from each other enough.

Directory Structure. Each recorded track is stored in a separate directory
named <N_date>, where N is the consecutive track number. Inside each direc-
tory, there are back_cam and front_cam subdirectories containing images named
<timestamp>.png. The lidar directory contains point clouds in binary for-
mat with filenames <timestamp>.bin. The masks directory contains seman-
tic segmentation masks organized into subdirectories for each camera. The
text_descriptions directory (only in outdoor tracks) contains csv files with
text descriptions for front and back images. The meta_info.yml file in the root
directory of each track contains extrinsic calibration data. The track.csv file
contains rows with corresponding timestamps for each data type.

Calibration. The intrinsic camera parameters [f, fy,¢sz,cy] and distortion
coefficients [k1, ko, p1, p2, k3] were obtained using standard OpenCV tools. The
extrinsic transformations from robot’s base to cameras and LiDAR were obtained
using the ILCC utility [20]. The format of transforms is translation [t,, t,,t.] and
rotation quaternion [¢g,qy, ¢=, ¢w). This data is provided in the repository and
included in the meta_info.yml files within the track directories of the dataset.

4.2 Annotation

Text Descriptions. To generate text descriptions, we utilized MiniGPT-4 [23]
with a Vicuna-13B-based checkpoint. The prompt “Describe this scene” was used
to produce image descriptions directly, without any pre-processing of the input
images or post-processing of the generated texts. Examples of the generated
descriptions are shown in Fig. 2.

Semantic Segmentation Masks. For semantic segmentation, we employed
the OneFormer model [9], which was pre-trained on the Mapillary dataset [17].
While the model supports semantic, instance, and panoptic segmentation, we
concentrated solely on semantic segmentation for our dataset, using a total of
65 semantic classes. Examples of the generated masks are shown in Fig. 2.

Indoor Text Annotations. An indoor tracks were manually annotated with
a scene text. An example of such annotation is shown in Fig. 3.
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This image shows a narrow street with buildings on either side. There This image is of a person walking down a street in a city. The person
are several parked cars lined up along the side of the road. The street is wearing a black coat and has their hands in their pockets. There
is lined with tall trees and snow covers the ground. There are no are several cars parked along the side of the street and some
people visible in the image. buildings can be seen in the background. Itis a cold day and there is

snow on the ground.

Fig. 2. An example of the outdoor frame with front and back cameras images semantic
segmentation, text descriptions and point cloud.

Indoor ArUco Markers. We placed ArUco markers in the areas near the
elevator that look the same on all floors, as shown in Fig.4. This allows the
robot to determine its location even if the Place Recognition methods make
mistakes.

5 Benchmarking

To evaluate the effectiveness and generalization capabilities of the ITLP-Campus
dataset, we tested several popular Place Recognition methods on our data. These
methods include AnyLoc [10], MixVPR [2], MinkLoc3Dv2 [13], MinkLoc++ [14]
and MSSPlace [16]. By using models pre-trained on other widely recognized

Fig. 3. An example of the scene text annotation.

Fig. 4. Three of the five images look the same despite being on different building floors.
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Table 3. Benchmarking results.

Model Modality  |Outdoor Indoor

R@1 RQ@1%R@1 RQ1%
MixVPR [2] I(front) 84.89 192.52 |95.67 [99.65
AnyLoc [10] I(front)  [33.88 93.70 96.6699.88
MinkLoc3Dv2 [13] L 86.82 196.85 |73.28 [98.88
MinkLoc++ [14] L + I(front)88.41 [97.24 |80.23 |99.37
MSSPlace-LI [16] L + I(both) 89.81/97.48 84.32 99.42

datasets, we aimed to assess the robustness and adaptability of these methods
to the diverse environments and conditions captured in ITLP-Campus.

We adopted a standard benchmarking methodology commonly used in Place
Recognition research [13,14,16]. All possible pairs of tracks were constructed,
with the first track as the query and the second as the database. This resulted
in 20 permutations for the 5 outdoor tracks and 2 permutations for the 2 indoor
tracks. For each pair, we calculated the Recall@1 and Recall@1% metrics, repre-
senting the percentage of correctly recognized places from the top-1 and top-1%
closest database candidates, respectively.

A place is considered correctly recognized if it falls within 25 m of the ground
truth for outdoor tracks and within 10 m for indoor tracks. We then averaged
these metrics across all pairs, reporting Average Recall@1 (AR@1) and Average
Recall@1% (ARQ@1%).

5.1 Results and Discussion

For MixVPR [2], we used the model trained on the GSV-Cities dataset [1] pro-
vided in the original repository!. For AnyLoc [10], we used the original code?
and fit VLAD clusters using the database descriptors for each tested pair. For
MinkLoc3Dv2 [13], MinkLoc++ [14], and MSSPlace [16], we used the code from
the OpenPlaceRecognition library® and model weights trained on the NCLT
dataset [4].

The results are reported in Table 3. These results provide insights into the
generalization capabilities of each model when applied to the ITLP-Campus
dataset, demonstrating their effectiveness across different environments and con-
ditions. For the outdoor scenario, the combination of LiDAR point clouds and
images from both cameras has shown the best performance, providing the most
valuable descriptors. For the indoor, the methods that use LiDAR data has
shown poorer performance compared to camera-only ones. This is explained
by the fact that in the indoor data there are a large number of geometrically

! https://github.com/amaralibey /MixVPR.
2 https://github.com/AnyLoc/AnyLoc.
3 https://github.com /OPR-Project/OpenPlaceRecognition.
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identical corridors, in which the LiDAR point clouds will be very similar, but,
nevertheless, these are different locations. Thus, LIDAR data makes a negative
contribution to the resulting descriptors for that scenario.

6 Conclusion

In this paper, we introduced the ITLP-Campus dataset, a comprehensive collec-
tion of indoor and outdoor data captured within a university campus. The data
was collected using a robotic platform equipped with front and back cameras
and LiDAR. Additionally, the dataset was enriched with automatically gener-
ated semantic segmentation masks and text descriptions. The indoor data also
includes ArUco markers, which enable the development of robust solutions for
localization in visually identical environments.

The primary purpose of our dataset is to facilitate further research into robust
Place Recognition methods that can operate effectively in diverse environments
across different seasons and weather conditions.

We conducted experiments on several popular Place Recognition methods,
highlighting their suitability for different scenarios. The results showed that the
performance of LiDAR-based methods decreases in geometrically uniform envi-
ronments, which opens up research opportunities for developing more robust
methods.

A limitation of our dataset is the lack of outdoor data recorded during rain
or snow, as the robotic platform is not designed for operation in such conditions.

We plan to further expand the dataset by recording new tracks, which will
enhance its diversity and utility.

Acknowledgments. This work was supported by Russian Fund for Assistance to
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Abstract. It is known that constraint satisfaction methods are success-
fully used to solve many complex combinatorial search problems. As
their distinctive feature, it should be noted the widespread use of logi-
cal inference procedures on constraints that implement the reduction of
the search space. The article continues a series of works that deal with
the development of table constraint satisfaction methods to solve data
mining problems. Previously, the author’s methods of inference on table
constraints for clustering problems, discovering patterns of the required
type, and searching for association rules were presented. In this work,
using the example of solving the binary classification problem, the pos-
sibilities of applying the author’s approach to modeling JSM-reasoning
are considered for the first time. The article considers the case when the
properties of objects are atomic and have no internal structure. Within
the framework of the approach, positive and negative examples are pre-
sented using specialized table constraints, namely compressed tables of
the D-type, and the process of generating JSM-hypotheses is performed
using the rules developed for reducing the search space. The proposed
method of generating JSM-hypotheses makes it possible to effectively
solve high-dimensional problems.

Keywords: JSM method - Constraint programming - Table
constraints + Binary classification - Closed pattern discovery

1 Introduction

The disadvantages of most existing data mining (DM) methods are primarily
related to the difficulties of flexible accounting and analyzing extra knowledge:
the knowledge of domain experts, user constraints. Such constraints in solving
the clustering problem include prohibitions on the simultaneous presence of cer-
tain pairs of elements in certain clusters, and requirements for the size of clusters
[1]. In the pattern discovery problems, such constraints are the requirements on
length, pattern support, and conditions for the presence/absence of certain ele-
ments in the pattern [2]. In association rule mining problems, it is often necessary
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to find rules with additional constraints on the left and right parts of the rule,
in particular, on the length of the left part or on elements that may occur in
parts of the rule [3]|. Usually, a rather consuming modification of the basic DM
methods is required to account for each type of such constraints.

The article develops an author’s approach to the implementation of DM
methods based on the Constraint Programming Paradigm (CPP), which allows
for sufficient flexibility to organize accounting of additional conditions of the DM
problem without fundamentally changing the scheme of solving [4,5].

In the presented work, using the example of solving the binary classification
problem, the possibilities of applying the author’s approach to modeling reason-
ing that implements John Stuart Mill method (JSM method) [6] are considered
for the first time. The article considers the case when the properties of objects
are atomic and have no internal structure. It is proposed to reduce the prob-
lem of generating JSM-hypotheses to the frequent closed pattern discovery with
the additional condition that each of the patterns should not be included as a
fragment in a set of counterexamples.

The relevance of developing methods to accelerate the generating JSM-
hypotheses is due to the fact that the search for these hypotheses is systematic,
that is, it leads to traversing a search tree in order to identify all significant
hypotheses. The early pruning unpromising branches of the search tree seems to
be a necessary condition for increasing the effectiveness of JSM reasoning.

Within the framework of the approach proposed in the article, adding addi-
tional types of constraints to the DM problems not only does not reduce the
performance of their solution methods, but also contributes to a deeper reduc-
tion of the search space through the use of specialized methods of logical inference
(constraint propagation) for each of the constraint types.

2 Related Work

The article continues the series of works that deal with the topic of DM using
methods of inference on table constraints. Previously, the author’s methods of
clustering, discovering patterns of the required type, and mining association
rules were presented [4,5]. The developed methods relate to the methods of
interpreted artificial intelligence. The originality of the author’s approach lies in
the fact that to represent the training sample, it is proposed to use a special type
of table constraints — compressed tables of the D-type, and the DM problems
are proposed to be solved as problems of table constraints satisfaction using the
original method of branching the search tree and the author’s rules for reducing
compressed tables (rules for eliminating rows, columns, components, elements of
the components of the table constraints).

There are other works that deal with application of constraint programming
in DM problems, in particular, it should be noted the works describing constraint
satisfaction methods for solving constrained clustering problem [7], frequent pat-
tern discovery problem [8], as well as learning optimal decision trees problem [9].



198 A. Zuenko and O. Zuenko

As an article containing a review on the developing effective methods of infer-
ence on table constraints and the application of these constraints in modeling
various types of relationships, the publication [10] can be recommended.

3 Scheme of the JSM Method

The JSM method, which is a method of DM, was developed by V. K. Finn in
the mid-70s of the last century [6]. When presenting the method, the concepts
of the Itemset Mining will be used [2].

Consider the problem of binary classification in the following form: let the
training sample consists of three sets of objects: 1) positive examples, that is,
objects for which it is known that they have the classifying feature ¢; 2) nega-
tive examples, that is, objects for which it is known that they do not have the
classifying feature ¢; 3) subdefinite examples, that is, examples about which it
is unknown whether they have the classifying feature c. Based on the available
training sample, it is required to assign subdefinite examples to one or another
class. Each example is considered as a set of features it possesses.

The step of the JSM method aimed at identifying cause-effect links can
be divided into two stages: 1) generation of positive and negative hypotheses
regarding the causes of some classifying feature c¢; 2) verification and accep-
tance/unacceptance of hypotheses. In fact, in our case, the hypotheses are sets
of features of objects in the training sample.

Verification and acceptance /unacceptance of hypotheses are carried out bas-
ing on so-called first kind rules (causes search rules, induction rules):

— a hypothesis is accepted as a possible cause for the presence of a feature c if
the hypothesis is included as a subset in #; and more positive examples and
at the same time is included in no more than 71 negative examples;

— a hypothesis is accepted as a possible cause for the absence of a feature c if
the hypothesis is included as a subset in 3 and more negative examples and
at the same time is included in no more than 75 positive examples.

After that, a set of causes for the presence/absence of a classifying feature ¢
is formed, which is later used in classification procedures.

Also, the JSM method introduces such a concept as rules of the second kind
(rules for refining initial data, rules of analogy), these rules regulate the clas-
sification procedure, on the basis of which subdefinite examples are referred to
positive or negative. Here is an example of such rules (rules for a classification
strategy with prohibitions on counterexamples):

1. If a subdefinite example includes at least one possible cause for the presence
of the classifying feature ¢ and does not include any possible cause for the
absence of feature ¢, then we refine this example as positive.

2. If a subdefinite example includes at least one possible cause for the absence
of the feature ¢ and does not include any possible cause for the presence of
feature ¢, then we refine this example as negative.
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3. If a subdefinite example includes both causes for the presence and absence of
the feature ¢, then the example remains subdefinite (classified as contradic-
tory).

The first kind rules and the second kind rules are sequentially applied until
at least one new hypothesis is generated as a result of their work. In this case,
the step number is an indicator of the plausibility of the reasoning.

4 Constraint Programming: Table Constraints

The developed method of generating JSM-hypotheses is implemented within the
framework of CPP. When using this paradigm, any problem to be solved must
be represented using a network of constraints.

A network of constraints is a triple [11]: < X,D,C >, where X is a set
of variables, D is a set of domains of variables, and C is a set of constraints
specifying acceptable combinations of variable values. A Constraint Satisfaction
Problem (CSP) consists in search for such variable values that satisfy all the
network constraints.

A distinctive feature of constraint satisfaction methods from other methods
for solving combinatorial search problems is the implementation of certain logical
inference procedures on constraints.

The presented research uses the table constraints. Table constraints, in addi-
tion to the typical tables, include: compressed tables, smart tables, ete. [10].
These types of constraints differ in what is meant by the relation tuple [4,5].

For further explanation, only compressed tables will be used. Tuples of com-
pressed tables contain sets as components.

Compressed tables can be of the C- and the D-type [4,5]. We will be primarily
interested in compressed tables of the D-type. In this work, they are proposed
to be used to model sets of positive and negative examples.

The inference on compressed tables of the D-type is carried out using the
following statements, which are consequences of the theorems given in [4,5]:

Statement 1 (S1). If at least one row of compressed table of the D-type is
empty (contains all empty components) then the table is empty.
Statement 2 (S2). If all components of an attribute are empty then this
attribute can be removed from compressed table.

Statement 3 (S3). If a row of compressed table contains only one non-empty
component then all domain values that are not included in this component
are removed from corresponding domain.

Statement 4 (S4). If a row of a compressed table of the D-type contains at
least one full component, then it is removed.

Statement 5 (S5). If a component of a compressed table of the D-type
contains a value that does not belong to the corresponding domain, then this
value is removed from the component.
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The next section shows how tables of the D-type can be used to model pos-
itive and negative subsamples of training samples. To denote some components
of the tables of the D-type, the symbol “@” will be used, which corresponds to
an empty component (a component that does not contain any values from the
corresponding domain).

5 Statement of the Binary Classification Problem Using
Table Constraints

To demonstrate possibilities of the proposed approach, the paper sets the binary
classification problem. Based on the available training sample, it is required to
assign subdefinite examples to one of two classes.

As an example, consider the problem with “dancing men”. Each object is
characterized by the following features (hand position, foot position, gender):
e — hands down; € — hands up; f — feet together; f — feet apart; g — the gender
is female; g — the gender is male.

Depending on the combination of features, objects are classified as positive
examples or as negative ones. Based on the available training sample, an sub-
definite example should be assigned to one of two classes (h or h).

Table 1 presents a binary matrix for the example under consideration, that
is, an object-feature representation of the training sample.

Table 1. The binary matrix of the problem.

e e f f g g h h
1 1 1 1 1
2 1 1 1 1
3 1 1 1 1
4 1 1 1 1
5 1 1 1 1
6 1 1 1 1

The initial sample can be divided into two subsamples: rows 1-3 correspond
to the set of positive examples relative to the classifying feature, and rows 4-6
correspond to a set of negative examples. The following compressed table of the
D-type can be associated to positive examples:
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X Y
(1.2} {e. /. f, 9,9}
{3} {e.f.f,9,9}
KT [XY]= | {13} {e% f.9,5}
{2} {eefi9,9}
{1} {e.e /. /.9}
(2,3} {e.e, f. 19}

The domain of X in this case is a set of objects {1,2,3,4,5,6}. And the
domain of Y is a set of attributes {e,€, f, f, 9,9, h, h}.

Each row of a table of the D-type can be interpreted as an implication, and
the entire compressed table of the D-type can be interpreted as a conjunction of
these implications. For example, the first row of the first matrix corresponds to:

(Y e{e) - (Xe{l2}) =X e{L2h V(Y €{e f.f.9.9})

That is, if the property e is considered, then the set of objects that possess
it — {1,2}. Similarly, the following table of the D-type can be associated to
negative examples:

X Y
{4} {e,f.9,9}
K™[XY]= | {56} {e f. 9,9}
{4,5} {e. f, /. 9}
{5} {&f.f. g}

The author’s method of generating JSM-hypotheses is based on the described
representation of positive and negative examples.

6 Generation of JSM-Hypotheses Based on Table
Constraints

In this paper, it is proposed to reduce the problem of generating JSM-hypotheses
to the problem of discovering frequent closed patterns in positive and negative
subsamples. In details the frequent closed pattern discovery problem using table
constraints within original author’s approach is considered in [4,5].

Let there is an object-feature representation of the training sample. A pattern
p is any set of features. A frequent pattern is the pattern p which occurs in at
least 6 examples. A pattern p is called closed if all objects possessing all these
features simultaneously do not have other common features [8]. Closed patterns
are interesting because they represent a kind of basis in the pattern space.

In the case if the training sample is presented in the form of compressed tables
of the D-type, then a simple way appears to enumerate all closed patterns. You
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need to select exactly one component from each row of the table of the D-type
(it does not matter from the left or right column).

In order to prune obviously unpromising branches of the search tree, it is
proposed to use the above statements S1-S5 [4,5]. In addition, to reduce the
search space, two more statements are added to the statements formulated in
Sect. 4, which allow us to take into account the requirements for the frequency
of occurrence of the pattern in the training sample.

Statement 6 (S6). The components of a compressed table of the D-type cor-
responding to the attribute X and with cardinality below a certain threshold
0 are replaced by empty components.

Statement 7 (S7). If the cardinality of the domain of the attribute X is
below a certain threshold 6, then solution to the CSP does not exist.

To prune redundant branches of the search tree, it is sufficient to analyze the
column X, and if there is a component with a cardinality below the specified
threshold, then this component is replaced with an empty one.

Let us illustrate the proposed method of generating hypotheses using the
example of the problem presented in Sect.5. Note that as positive (negative)
hypotheses we are interested in fragments of objects (sets of features) that are
supported by at least two objects (threshold 6 = 2).

First, consider a positive subsample Kt (a set of positive examples). Let’s
simplify it, taking into account the required frequency threshold of occurrence of
the desired patterns, applying the above rules. All components in column X with
cardinality below 2 are replaced with empty ones according to the statement S6:

X Y
{1,2}{e. 1. f.9.9}

@ {e’f’i’g’g}

K'[XY]= | {13} {e.© f,9.7}
2 {epe f.9.9}

o {eef [.g}

{2.3} {e.e. f. F. g}

Then, according to statements S1-S5, rows with a single component are ana-
lyzed; the domain of the variable Y is reduced. Rows with a single component
are eliminated from the compressed table of the D-type, the remaining compo-
nents are “tuned” on the new domain of Y by excluding values not included in
the new domain. We have:

X Y
{1,2,3} {e, f,9}
KXY = {1,2} {9}

{13} {e.g}
2,3 {e, f}
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In accordance with the branching procedure described above, the search tree
is being built (see Fig.1). If only one arc comes from the node, then this means
that in the node a compressed table of the D-type is reduced based on statements
S1-S7. Leaf nodes are closed frequent patterns — in our case, positive JSM-
hypotheses:

{12} {e}), [{1,3} {7}, [{2.3} ().

Leaf nodes shaded in gray (see Fig.1) correspond to hypotheses that have
not passed the verification.
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Fig. 1. The search tree in the case of generating positive JSM-hypotheses.

Similarly, the generation of negative JSM-hypotheses is carried out. We have
3 negative JSM-hypotheses:

[{5,6} {e, /1, [{4,5} {e, 93], [{4,5,6} {e}].

Basing on the rules of the first kind, the rejection of hypotheses is carried out.
In this case, a positive hypothesis must satisfy at least two positive examples
and not one negative. A negative hypothesis must satisfy at least two negative
examples and not one positive. As a result, one positive hypothesis and two
negative ones are obtained:

positive hypothesis: [{1,2} {e}];

negative hypotheses: [{5,6} {g, f}], [{4,5} {€, g}]

Let us classify a subdefinite example [{7} {g, f,e}] basing on the rules of
second kind. In this case, the example contains one positive hypothesis and none
negative, therefore, the example refers to a set of positive examples.
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The described search procedure can be improved if we analyze a set of coun-
terexamples not only in leaf nodes but also in intermediate nodes of search
tree, namely: after reaching a fixed point as a result of the reduction of table
constraints, we can check whether the current domain of the variable Y is not
included as a fragment in at least one counterexample. If it is included, then
the research on this branch should be terminated. Indeed, if a set of features
is included as a fragment in some counterexamples, then any subset of it will
also be included there. In other words, when generating JSM-hypotheses, it is
advisable to apply the following statement at each step of the search.

Statement 8 (S8). If the domain of the variable Y is included as a fragment
in at least one counterexample, then the CSP has no solution.

7 Example of Classification of Rock Cells

Here is an example from the practice of mining. There are 14 spatial cells
(objects) into which a section of the rock massive is divided.

Each spatial cell is characterized by a certain set of features:

a — fault 1; b — fault 2; ¢ — stope boundaries; d — stope boundaries of the
overlying level; e — ore body; f — host rocks; g —ore body /host rocks; h —workings;
i — hanging wall of the ore deposit; j — foot wall of the ore body; N — number
of seismic events in the cell. The value “0” indicates that the feature is absent,
and the value “1” indicates that the feature is present.

Based on expert assessments of features, these 14 cells were classified into
three clusters according to the degree of seismic activity: class A — safe, class
B — medium activity, class C' — high activity [5].

As a result, three optimal partitioning were found:

First partitioning: class A — objects 1, 2, 3, 4, 9, 10, 11, 12, 13, 14; class
B — objects 7, 8; class C' — objects 5, 6.

Second partitioning: class A — objects 1, 2, 3, 4, 7, 9, 11, 12, 13, 14; class
B — objects 8, 10; class C' — objects 5, 6.

Third partitioning: class A — objects 1, 2, 3, 4, 9, 11, 12, 13, 14; class B —
objects 7, 8, 10; class C' — objects 5, 6.

It can be seen that under different partitions, objects 7 and 10 are in class A
or in class B. The JSM method was used to clarify the uncertainty.

The following positive hypotheses for class A were successfully verified:

[{2,4,12,14} {a,2,2}], [{1,2,3,4,9,13,14} {e,g}], [{9,11,12,13,14} {z,i}].
The following negative hypotheses for class A were successfully verified:
[{67 8} {a767 C7 d7 ?7 h7g}]7 [{57 6} {E’ E? ?7 97 h’ 7:73}]'

Since object 7 contains two positive hypotheses and non negative ones of
class A, it can be referred to this class. After constructing positive and negative
hypotheses for class B, it turns out that object 10 can be referred to this class.
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8 Conclusion

For the first time, it was proposed to solve the problem of generating JSM-
hypotheses as a table constraint satisfaction problem using the author’s proce-
dures for systematic search and constraint propagation methods.

It is proposed to represent the training sample in the form of table constraints
of a special type — compressed tables of the D-type. In this study, a problem of
generating JSM-hypotheses is reduced to the frequent closed patterns discovery
problem with an additional condition that each pattern should not be included
as a fragment in a set of counterexamples.

The rules proposed for propagating compressed tables of the D-type in com-
bination with the original methods of branching the search tree allow us to
effectively solve high-dimensional DM problems.

The computational complexity of the proposed method of frequent closed
pattern discovery can be estimated as:

O((IT||1) + 1] + |T| — min(|T), |1])) 2 (TLHDY

where: |T'| is the number of objects, |I| is the number of attributes,
which is better than the estimate for most prototype methods, which is:
O(|T||I||L|min(|T), |I|)), where |L| = 2mUTLID,
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Abstract. Identification of woody plant species and their states has an important
role in monitoring of forest resources, as well as joint application with remote
sensing. For remote monitoring there is still a problem of poor repeatability of
the result. Species identification models built from spectral characteristics for a
specific time interval or a specific area are often not suitable for other time inter-
vals and areas. This paper discusses a poor repeatability study approach based
on analyzing the seasonal dynamics of the annual cycle to accurately identify
different maple species. The main research methods are machine learning (ML)
algorithms: Random Forest and Gradient Boosting. Including a method to fuse
spectral data from a hyperspectral camera with meteorological data such as tem-
perature, precipitation and day length affecting the development of woody plants
in the annual cycle. The highest accuracy rate was 58.72%. Data fusion allows the
relationship between spectral characteristics and climatic conditions to be consid-
ered, resulting in a 13.21% improvement in the quality of species identification
by machine learning algorithms. The results allow us to assess the variation and
interrelationship of maple species over the annual cycle, as well as the differences
in spectral characteristics within each annual cycle. The use of spectral and cli-
matic data fusion made it possible to create a comprehensive model that considers
spectral characteristics and their relationship with meteorological conditions, thus
increasing the accuracy of species classification, and to evaluate the accuracy of
machine learning algorithms in the seasonal dynamics of the annual cycle for all
studied species.

Keywords: Data fusion - Acer - Vegetation indices - Spectral bands - Machine
learning - Random Forest - Gradient Boosting

The availability of accurate information regarding the composition of tree species in a
given area is a prerequisite to the development of effective strategies for the sustainable
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management of artificial and natural forests, plantations in human settlements, and fruit
orchards. Over the past four decades, the field of remote sensing (RS) has witnessed
significant advancements, enabling the identification of woody plant species from a dis-
tance [1]. The use of passive optical RS techniques, employing multi- and hyperspectral
sensors, has yielded promising outcomes [2, 3].

Concurrently, hyperspectral images, which possess a high degree of spectral resolu-
tion, can yield more precise results in the classification of tree species, even to the extent
of identifying intraspecific taxa [4, 5]. The integration of spectral characteristics with
plant textural features, topographic data and the values of other features can enhance
the accuracy of classification [6—8]. The analysis of time series of spectral characteris-
tics of woody plants reflecting their phenological features offers significant advantages
in classification [9—12]. A multitude of techniques have been employed to categorize
woody plant species based on spectral characteristics. Among these, convolutional neural
networks (CNN) have emerged as a particularly promising approach [1, 13, 14].

The study is devoted to the problem of maple species identification based on seasonal
variations in the annual cycle by applying machine learning algorithms and integrating
spectral and meteorological data. Heterogeneous data fusion has been employed in a
variety of applications, particularly in the domains of modern medicine and healthcare.
This approach involves the integration of heterogeneous medical data, such as elec-
tronic medical records, radiographic images, or other clinical data sources, through the
application of machine learning techniques. This integration enables the development of
more accurate diagnostic tools and methodologies [15—17]. In industrial and scientific
fields, in the tasks of object detection using multiple sensors [18], increasing signal-
to-noise ratio and reducing false detections [19], reducing response time by obtaining
better situational awareness [20]. In RS based on multi-sensor satellite images or hyper-
spectral imaging data from unmanned aerial vehicles, to classify and segment images or
to determine various parameters [21-23].

The integration of data from disparate sources facilitates the generation of a more
comprehensive and nuanced understanding of the object of study. This approach enables
the identification of intricate interrelationships between diverse phenomena, as well as
the discovery of hitherto concealed patterns, thereby enhancing the accuracy of predic-
tions. The consolidation of heterogeneous data addresses limitations that may be specific
to individual sources of information. The consolidation of data from disparate sources
can offset the limitations of a single data source, thereby enhancing the validity of the
research findings. The advantages of utilising this strategy in modern science are related
to the enhanced informativeness and accuracy of the analyses that can be achieved by
combining heterogeneous data. The analysis of data from disparate sources allows for the
discovery of novel trends, patterns, and relationships that may not have been identified
through the analysis of data from individual sources [24].

Consequently, the integration of disparate data sets is a pivotal aspect of contempo-
rary research, with applications across a range of scientific disciplines. The utilisation
of data fusion in the construction of models enhances their accuracy and the quality of
decision-making, thereby enabling the extraction of more meaningful information from
disparate sources.
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This study presents an approach to enhance the predictive accuracy of models for
the identification of maple species, based on the integration of spectral data with mete-
orological data. The data from five maple species over a three-year period from 2021
to 2023 were employed in the training and testing of the models. The second section of
the paper outlines the dataset and analytical techniques employed. The identification of
species was achieved through the utilisation of machine learning techniques, including
random forest (RF) and gradient boosting (GB). The results of the tests are presented in
Sect. 3.

1 Materials and Methods

1.1 Data

The study was conducted at Southern Federal University between 2021 and 2023. The
study focused on five species of maple: Acer campestre L., A. negundo L., A. saccharinum
L., A. platanoides L. u A. ibericum Bieb. Hyperspectral imaging of leaves of these maple
species was performed in the laboratory using a Cubert UHD-185 hyperspectral camera,
which has a spectral range of 450-950 nm and a spectral resolution of 4 nm. Leaf
sampling for hyperspectral imaging was conducted throughout the growing season at
7-10 day intervals. All spectral profiles in the image were smoothed using the Savitzky-
Golay filter with a step size of 15. Region of interest (ROI) extraction was performed
by two-stage segmentation of the original hyperspectral images [25]. The pixels with
the ROI were selected through a process of repeated random selection. Consequently,
time-series of spectral band values for five maple species were obtained over a three-year
period, encompassing the entirety of the growing season.

A combination of spectral and meteorological data was employed to enhance the
precision of maple species identification across varying temporal intervals. The meteo-
rological data set comprises minimum, maximum and average daily temperatures (°C),
average precipitation (mm) and daylight hours. Since meteorological conditions have a
delayed effect on plants, averaged values of meteorological characteristics for the last
7 days before hyperspectral imaging were taken.

However, the spectral data for 2021 contained information on only three species A.
campestre, A. negundo and A. saccharinum. Therefore, spectral data augmentation was
performed for the missing two species, A. ibericum and A. platanoides. A part of the real
data for 2022 and 2023 was used to augment the dataset of the two species for the year
2021, subsequently used for model training. In order to generate a new sample spectrum
for the same species, the following procedure was employed:

1. Only spectra for species absent in 2021 but present in 2022 and 2023 were selected.

2. Day alignment was carried out. Each year has a different number of days, the minimum
number of days from the three years was selected and the minimum total day of the
start of data collection was taken as the starting point.

3. An equalisation was performed on the number of samples per species. In some
cases, more than 5 leaves were taken, so we chose the minimum number in case
of inconsistency in the number of spectra.

4. A small quantity of noise was introduced to each spectrum.
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5. The arithmetic mean between the two spectra from 2022 and 2023 was found, the
resulting spectrum was retained in 2021.

The resulting dataset has a different number of spectra for each species, this is due to
the fact that each maple species has a different leaf shape and leaf area. Figure 1 shows
the distribution of the number of spectra by species. To obtain a balanced data set, it was
decided to use an equal number of spectra, which was equal to the minimum number
of spectra of one of the species. A. ibericum has the smallest number of spectra, so the
number of spectra of other species was chosen equal to it. At the same time, spectra
from other species were chosen randomly so that each day contained approximately
equal number of spectra.
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Fig. 1. Distribution of the number of spectra by species.

1.2 Deep Machine Learning Methods

The study used machine learning techniques: RF and GB. The random forest algorithm
is based on the training of an ensemble of decision trees. Each tree is constructed from
a subsample of the training data, and the predictions of each tree are then averaged
to obtain the final prediction. This method is effective with large data sets and is less
susceptible to overtraining due to the use of a random subsample and random feature
subsets to construct each tree.

Gradient boosting also employs an ensemble of trees, with the objective of reducing
the error of the loss function. The method works by successively adding new trees to
the model, such that each new tree adjusts for the residuals left by previous trees. This
method is typically associated with higher prediction accuracy, due to the more accurate
correction of model errors.
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Thus, both methods are based on an ensemble of trees, but they have different
approaches to building these trees and combining their predictions, resulting in dif-
ferences in their performance and behaviour. The RF method was employed with the
following hyperparameters: the number of trees in the forest (n_estimators) was set
to 150, the minimum number of samples required for splitting within a tree node
(min_samples_split) was fixed at 2, and the minimum number of samples in a leaf
node (min_samples_leaf) was set to 5. The maximum depth of each tree in the forest
(max_depth) was left as None. A variety of hyperparameters and loss functions were
employed in the training of GB models. The most accurate models were those utilising
the CrossEntropy loss function and a learning rate of 0.001 at 2000 iterations.

2 Results

To assess the difference in spectral data for each species, Exploratory Data Analysis
(EDA) was performed. In Fig. 2, the species A. campestre — highlighted in red, A.
negundo — highlighted in green, A. saccharinum — highlighted in blue, A. ibericum —
highlighted in pink and A. platanoides highlighted in turquoise. First, the average values
of spectra by day were taken for the three species A. campestre, A. negundo and A.
saccharinum for the year 2022. From Fig. 2a, it can be seen that the average values of
the spectra show the same shape and indices, as evidenced by their great similarity and
overlap of values throughout the growing season. In Fig. 2b, the mean values of species
A. ibericum and A. platanoides are added to the three species A. campestre, A. negundo
and A. saccharinum. Their values are close to each other, indicating their similarity,
but their reflectance values in the infrared range are higher than those of the first three
species. In the first half of the growing season, A. ibericum and A. platanoides show
differences from A. campestre, A. negundo and A. saccharinum. In the second half of
the growing season, the values of all spectra overlap. Based on EDA, the presented set
of spectra has close and overlapping spectra values of all maple species, which presents
a difficult task of species identification.

The first step in data analysis and species identification was an experiment using
spectral data without meteorological conditions. All data are numerical data included
in the spectral and meteorological datasets. Data standardisation was performed, which
involves centring the value at 0 and standardising the variance at 1. Data for the years
2021 and 2022 were used as the training dataset, with tests performed on the year 2023.

The RF algorithm showed the following results: Accuracy on the test sample is
0.4947. At the same time, the model training took 3 min. The GB algorithm showed the
following results: Accuracy on the test sample is 0.5021. Training the model took a little
more than 5 min on the GPU.

In the second step of data analysis and species identification, spectral data were
combined with meteorological data. All conditions identical to the first stage, training
on the dataset for the years 2021 and 2022, tests were performed on the year 2023. The
RF algorithm showed the following results: Accuracy on the test sample is 0.5586. The
model took just over 3 min to train. Table 1 shows the report of the classification of the
main indicators for each class. The error matrix is presented in Fig. 3.

The GB algorithm showed the following results: Accuracy on the test sample is
0.5872. Training the model took a little more than 6 min on GPU.
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Fig. 2. Average of spectra by day of the year (DOY) in 2022. a — A. campestre, A. negundo and
A. saccharinum, b — A. campestre, A. negundo, A. saccharinum, A. ibericum and A. platanoides.

Table 1. Report on RF classification using spectral and climatic data.

Precision Recall F1-score Support
A. campestre 0.50 0.47 0.49 21436
A. negundo 0.63 0.52 0.57 21436
A. saccharinum 0.53 0.53 0.53 21436
A. ibericum 0.57 0.57 0.57 21436
A. platanoides 0.56 0.70 0.62 21436
Accuracy 0.56 107180
Macro Average 0.56 0.56 0.56 107180
Weighted Average 0.56 0.56 0.56 107180

Table 2 is a matrix of the results of maple species classification by day of the year
(DOY). Each row corresponds to a specific maple species and each column represents a
specific day of the year. The cells of the table contain values representing the percentage
of correct classification of the maple species on the corresponding day.

It is important to note that the average accuracy of 49.93% and the overall accuracy
of 58.72% correct classification represent two distinct metrics. The differences between
these metrics may be attributed to the uneven distribution of classes in the dataset. The
overall accuracy is defined as the proportion of correctly classified objects relative to the
total number of objects in the dataset. In contrast, the average accuracy considers the

performance of the model in each class and then averages these values.
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Fig. 3. Random Forest error matrix using spectral and climatic data.
Table 2. Maple species classification results by DOY.
Species name Day Of Year (DOY) Average
137 173 205 240 269 290 | Accuracy by
species
A. campestre 5.63% |33.09% |97.78% | 69.55% |59.08% |38.30% |50.57%
A. negundo 1.22% |16.84% |35.12% |47.33% |50.37% | 0.00% | 30.18%
A. saccharinum | 75.60% |38.14% |28.69% |58.72% |83.711% |84.13% | 61.50%
A. ibericum 513% |37.62% | 3.63% |76.13% | 75.67% | 4.45% |33.77%
A. platanoides 91.72% 1 90.12% | 49.45% | 75.97% |27.53% |87.23% |70.34%
Average accuracy | 35.86% | 43.16% | 42.93% | 65.54% | 59.27% | 53.53% | 49.93%
by DOY

Thus, the differences between average accuracy and overall accuracy may be an
indicator of a class imbalance problem and highlight the importance of careful analysis
of multiclass classification results.

Figure 4 is a collection of classification accuracy bar charts that depict the perfor-
mance of the GB model in different contexts. Each chart represents one class of maple
species, where the height of the column corresponds to the classification accuracy for
the corresponding class. This visualisation makes it easy to identify which maple species
the model successfully identifies with high accuracy, and where there may be noticeable
difficulties and improvements over the course of a year.

The results of the model accuracy tests are presented in Table 3. It can be observed
that the models demonstrate an enhanced level of accuracy when combined with spectral
and meteorological data.



214 A. Alexandrov et al.

a) b) c)
0_||||| | ||-I“

137 173 205 240 269 290 137 173 205 240 269 290 137 173 205 240 269 290

2
8

Accuracy
8 &8 3 8

DOY DOY DOY
100 d

. ) e)

()

E 60

3

O @

<-_i II IIII
20

; 173 ; 240 269 ; 137 173 205 240 269 290
DOY DOY

Fig. 4. A bar chart illustrating the classification accuracy. a — A. campestre, b — A. negundo, ¢ — A.
saccharinum, d — A. ibericum, e — A. platanoides.

Table 3. Results of model accuracy in data analysis and species identification.

Method Dataset used Accuracy
Random Forest Spectral data 49.51%
Gradient Boosting Spectral data 51.87%
Random Forest Spectral and meteorological data 55.86%
Gradient Boosting Spectral and meteorological data 58.72%

The accuracy of the RF algorithm increased by 12.83%, while that of the GB algo-
rithm increased by 13.21%. The GB algorithm demonstrated superior performance to
the RF algorithm, with an improvement of 7.51%.

3 Conclusion

The identification of woody plant species and their states plays an essential role in the
monitoring of forest resources and can be effectively combined with remote sensing
techniques. However, there is still a problem of poor repeatability of the results when
monitoring remotely. This study presents a promising approach to enhance the predic-
tion accuracy of machine learning models for the identification of woody plant species
from remotely sensed data. This is achieved through the fusion of time series of spec-
tral bands and meteorological data. Two machine learning models, GB and RF, were
employed to address the issue. The identification accuracy with GB using only spectral
data was 51.87%, while with RF it was 49.51%. The fusion of spectral and meteorolog-
ical data resulted in an accuracy of 58.72% for the GB model and 55.86% for the RF
model. Although the accuracy of maple species identification in this study is relatively
low, the proposed approach is promising as it significantly enhances the accuracy of the
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models. The practical significance of this study lies in the expansion of possibilities for
the monitoring of species composition in natural and artificial tree plantations, with a
particular focus on the identification of invasive plant species. Further studies will addi-
tionally employ the fusion of spectral bands with vegetation indices and meteorological
data, neural networks as classification algorithms, and one-versus-all as classification
principles.

Funding. The project was supported by the Russian Science Foundation under grant No. 24-24-
00405, https://rscf.ru/project/24-24-00405/ (accessed on 06.12.2024) a and performed in Southern
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Abstract. This paper discusses the enhancement of the Active Appearance Model
(AAM), a classical algorithm in machine learning traditionally applied to facial
image processing tasks. The focus is on improving the accuracy and adaptability
of AAM for solving complex tasks, including tracking face contours for anima-
tion creation. The model is trained on a personalized sample of facial expressions,
enabling it to efficiently account for both global and local features of an individ-
ual’s face images. The study highlights the limitations of traditional AAMs based
on global models of shape and texture in processing local details. The use of
localized texture patches and the transition to local piecewise-linear shape models
significantly enhance the model’s performance in tasks involving detailed pro-
cessing of face images. The modified version of AAM demonstrates improved
results, confirmed experimentally, and facilitates faster and more accurate track-
ing of facial features for use in digital animation. The algorithm is applicable for
any facial landmarks, but within the scope of this article, it will be considered
using the example of lips, as the most challenging region.

Keywords: Active Appearance Model - Computer Vision - Motion Capture

1 Introduction

Over the past few decades, Active Appearance Models (AAM) have established them-
selves as a key tool in the field of computer vision, since their introduction by Cootes and
his colleagues in the mid-1990s [2]. These models, which integrate complex algorithms
for analyzing shape and texture, show a high degree of adaptability to a wide range of
visual tasks. They have enabled breakthroughs in accurate recognition and analysis of
facial features, including detailed tracking of eye and lip movements, which has been
critically important for the development of animation technologies. The results of pre-
cise tracking of eye and lip contours are an essential component of advanced approaches
to facial animation capture [1, 3]. Such tracking accuracy is achieved through numerous
iterations of training, testing, and re-annotation. The operator performs personalized
annotation of keyframes for a specific actor, and then verifies the performance of the
AAM on the remaining sequence. If the results are unsatisfactory, new keyframes are
added, and the procedure is repeated.

However, despite these achievements, traditional approaches to AAM face challenges
in processing the local features of the human face. Limitations related to the need for
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extensive annotation and insufficient coverage of all possible facial expressions due to
the use of global models diminish the effectiveness of AAMs in tasks requiring a high
level of detail and precision.

This work proposes the Local Patch Active Appearance Model (LP-AAM) to
improve Active Appearance Models. By using local models for shape and texture, LP-
AAM increases modeling flexibility and accuracy while reducing dependency on training
data. However, replacing global models with local ones may reduce stability, potentially
causing artifacts and high-frequency oscillations. The innovation lies in introducing
local shape and texture subspace models, enhancing the tracking of dynamic facial
expressions. Experiments show LP-AAM’s superiority over traditional AAM methods,
confirming its improved accuracy and efficiency.

The proposed enhancements address longstanding issues with traditional AAMs
and broaden their application, making them a more powerful tool in computer vision.
This approach meets the evolving demands for quality in digital animation and face
recognition, offering high accuracy and flexibility in processing facial visual data.

The article is organized as follows: Sect. 2 reviews previous work on AAM, describ-
ing their key features and limitations. Section 3 is dedicated to describing traditional
AAMs, which is necessary for understanding the basic principles and limitations of
these models. Section 4 presents a detailed description of the proposed Local Patch
Active Appearance Model. Section 5 is devoted to the experimental evaluation of the
proposed approach, including a comparison with P-AAM in tasks of face tracking and
face recognition with pose changes. The conclusion summarizes the findings of the
research and discusses the prospects for further development of the proposed approach.

2 Related Work

Active appearance models are crucial in computer vision and image analysis due to their
ability to adapt to various images by combining texture and shape models. This allows
for accurate extraction and interpretation of visual data. They are especially valuable in
animation, enabling precise tracking of facial contours like the eye and lip regions.

Since the advent of AAM, numerous alternative algorithms have been developed
to address similar tasks, many of which demonstrate impressive results. Some of these
algorithms are evolutions of AAM [4, 10, 12] and will be mentioned later, while others
represent modern neural network approaches [1, 5, 8]. The latter require significant
amounts of data and extensive training periods. In cases of poor contour tracking, the
process of re-annotation and retraining is time-consuming. This makes AAM preferable,
as it allows for quick re-annotation and verification using small datasets. Modern neural
network approaches can utilize AAM results as training data.

The foundation of AAM work is a shape deformation model, defined through a set of
specific points, which enables detailed representation of the contours of important facial
regions. The texture model complements this structure, presenting possible variations
in appearance based on training data, where the accuracy of the shape model is directly
related to the quality and detail of the texture model.

The initiation of AAM in the scientific community is associated with the works of
Tim Cootes and his colleagues [2], who first introduced the concepts of facial shape and
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texture modeling. These studies have had a significant impact on the development of
image analysis methods and stimulated further advancements in this area. Initial works on
AAM not only shed light on the fundamental aspects of these models but also emphasized
their importance for future research, including the adaptation and improvement of AAM
for more complex tasks such as facial expression recognition and analysis.

Nevertheless, despite the impressive results achieved with the initial models of AAM,
significant limitations of traditional approaches become evident when it comes to pro-
cessing local features of the image. The use of global models for shape and texture often
leads to inefficient processing of local changes, such as complex facial expressions or
lighting conditions. Solving this problem requires a larger amount of additional training
data, which still cannot guarantee good results. This is especially critical in tasks requir-
ing high accuracy, for example, in medical imaging or under varying lighting conditions
in face recognition. Our work proposes an approach that solves this problem by using
local models.

Improvements to AAM suggested by Matthews and Baker [7], including the method
of inverse composition, aim to speed up the AAM operation by reducing computations,
but do not address the issue of accuracy and strong dependency on the volume of training
data. Recent developments in the AAM field [4, 10, 12], especially the use of individual
image patches for analyzing appearance around key shape points [10], represent a sig-
nificant improvement, allowing for higher accuracy and consideration of local features.
This approach makes the model more adaptable to changes in visual information, which
is particularly important for tasks requiring detailed image analysis. However, even with
this approach, local facial regions cannot be flexible enough as they are encoded by the
same set of parameters as the rest of the face. In our research, we use this progress as
a basis but propose further improvements through the application of local models for
shape and texture. This innovation reduces dependence on the volume of training data
and improves the efficiency of facial landmark detection, which is critically important
for tasks related to animation creation and face recognition.

3 Overview of Active Appearance Models

Active Appearance Models (AAM) represent a comprehensive approach to modeling
and interpreting facial visual data, combining statistical modeling of shape and texture.
Shape refers to key points that define the contours of the face, while texture reflects visual
features such as skin color, wrinkles, and other unique characteristics. The effectiveness
of AAM depends on thorough training on a labeled set of images, which allows the
model to adapt to new faces with a high degree of accuracy. AAM is actively used for
tracking facial landmarks both on individual frames and entire sequences. This section
briefly describes the traditional approach to constructing and using AAM.

3.1 Models of Shape and Appearance

Shape modeling in AAM is based on representing the facial shape as a set of two-
dimensional points, which are defined by the vector s = (x;, y;, X2, 2, ..., Xn, yn)T. To
formulate the shape deformation model, principal components for the training sample are
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calculated in advance using PCA [11]. Before the PCA calculation, Procrustes analysis
is performed to remove two-dimensional rotation and translation from the shape data.
As a result of the PCA calculation, a set of basis vectors is obtained, which are used to
formulate the shape model.

The linear variation of shape allows expressing a shape instance s as a linear
combination of the basis vectors of shape variations:

M
s = by + Zwibi,
i=1

where by is the average shape obtained from the training data set; b; are the basis
shape vectors obtained using PCA on all shapes from the training sample; w; are shape
parameters that control the degree and direction of deformation relative to the average
shape; M is the total number of basis vectors.

To ensure the algorithm is invariant to position in the image, two-dimensional rotation
and translation are used. These are accounted for in the shape model through affine
transformations:

M
s =R(@bo+ Y _wib) +1, ()
i=1

where R(a) is the rotation matrix for angle a, and ¢ is the translation vector.
The texture model of AAM, on the other hand, is modeled similarly to the shape, as
a linear combination of texture vectors:

N
V=To+ ) &l
i=1

where Ty is the average texture; T; are the basis texture vectors obtained using PCA
from all images of the training sample; g; are texture parameters. It’s worth noting that
not the entire input image is used, but only that part of the pixels which is directly under
the shape points in the training sample [10]. The shape points form a sort of shape mask,
from which pixel values are then extracted from the original images.

Very often, the parameters of shape and appearance are combined into a single set
of parameters that encodes both models [9]. In the current work, this is not done as it
reduces the model’s flexibility, even though it simplifies computations.

3.2 Model Fitting

The task of fitting the AAM model involves minimizing the difference between the
observed image under the synthesized shape and the synthesized image created by the
model. This is achieved by optimizing the shape and texture parameters to reduce the
difference between the observed image I and the image generated by the model 7"

; . _ . 2
ng}g’t{; 1@ w.a.0) = V(i 913},
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where p are the pixel coordinates within the shape mask s.

This task is a nonlinear parameter optimization, which is solved using methods simi-
lar to the Gauss-Newton methods [6]. During the optimization process, a combination of
parameters is selected. This combination best reproduces the shape of the face presented
in the input image. This is achieved by reducing the differences between the image cre-
ated based on the training data and the corresponding areas of the original image aligned
with the synthesized shape.

4 Local Patch Active Appearance Model

This work proposes a local patch active appearance model (LP-AAM). The general
scheme of the approach is shown in Fig. 1. This model provides increased accuracy and
adaptability when working with detailed facial images, thanks to dividing the shape and
appearance model into separate local sections. Such division implies the analysis and
modification of each region of the deformation model separately, using individual sets
of parameters. This approach allows for a more accurate reflection of local anatomical
features and texture details, improving the overall accuracy and adaptability of the model.
This section will detail the proposed improvements.

Learning
O

Appearance
Model

\ S
7

Prediction

Train Set

Shape
Model

Sampling -~

Result

Fig. 1. The learning and prediction process using the local patch active appearance model (LP-
AAM).

In the first stage of general scheme of the approach, training data in the form of
images and shapes are used to create texture patches and region sampling. These data
are used to create appearance and shape models. In the next step, the parameters of these
models are adjusted to fit the input image, allowing for precise reproduction of the target
facial contours.

4.1 Modification of Shape and Appearance Models

In LP-AAM, the principal components are determined for each local deformable shape
through separate PCA analysis for each segment. This approach provides the modeling
of shape with the necessary flexibility to display the unique local features of each face.
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Localizing the deformation process of the shape reduces the impact of global changes
on individual regions, allowing for detailed definition of each segment.

Shape modeling in LP-AAM occurs through the creation of separate local models
for each region. The definition of these local regions is described in Sect. 4.3. The shape
s; for each j local region is defined similarly to the classical approach by formula (1):

M
sj = R(a)(bjo + Z wiibji) +t.

i=1

It’s important to note that now each local region has its own set of parameters,
including its basis vectors. The exception is the parameters responsible for affine trans-
formations, which remain common for all local regions. The final shape is formed as a
union of shapes from individual local regions s = [sg, sy, ..., sj]. Similarly, the shape
parameters w = [wog, wy, ..., w; ] are concatenated. Such shape modeling allows for defin-
ing the shape of the lower lip completely independently from the upper lip. However,
this does not entirely correspond to anatomy, as both lips are connected to each other.
Without considering this feature, topological discontinuities would occur at the junctions
of two different local regions. To address this problem, an additional smoothness energy
function for adjacent local regions is introduced, which must be considered when fitting
the model:

Esmootn = Z Z ZHWJ —wr H;’

JeJ feF;

where J is the set of all local regions; F; is the set of all adjacent local regions for j
region; [ is the weight regulating the degree of similarity between adjacent regions, with
its value as 1.

This additional energy function helps control the flexibility of the deformation model.
With a sufficiently large weight, the solution will approach global linear blending. There-
fore, the parameter 1 becomes a hyperparameter that needs to be adjusted depending on
the situation.

The appearance model undergoes similar changes for the transition to the local
version:

N

Vi=To+ ) &iTj
i=1

The final V and g are obtained by concatenating the local V; and g;, respectively.
Based on empirical experiments, it was found that the smoothness energy for the appear-
ance model is redundant. For achieving smoothness, its presence is only necessary for
the shape model. Therefore, to reduce computations, it is not introduced.

Another significant improvement is using patches around the shape points, as
described by Tzimiropoulos and Pantic [10], which reduces computational volume
and increases flexibility. This method requires only changes to the preliminary image
processing.
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4.2 Model Fitting Changes

The process of determining model parameters through solving the optimization task
remains similar to that of classical AAM. However, in this paper, the mentioned
smoothness energy function is added to the task:

min (37 1G5tz w,a.) = Vi) B+ 3 3 1wy = w3

pes J€J fEF;

Images generated by the appearance model, constructed based on PCA, turn out
too blurry, which prevents the shape model from capturing fine details. A significant
improvement in the fitting process is the use of /; normalization of appearance param-
eters, allowing for the avoidance of PCA in calculating the appearance basis [11]. This
work proposes the use of such an improvement:

min (317G w.a ) =V l5 + 3 3wy —wr [ +ellglh).

pes jeJ feF;

where e is the regularization weight, which determines the importance of regularization
in the optimization process, with its value as 0.1. This task is nonlinear and is solved
using the Gauss-Newton algorithm with the IRLS method [13].

4.3 Division into Local Regions

Dividing into local areas is a fundamental stage for adjusting the model according to
shape and texture. Optimal division of the shape into local segments provides the model
with the necessary flexibility and adaptability; however, excessive detailing can nega-
tively affect the quality of reproduction. Overly fine segmentation can lead to a type of
overfitting, where the shape and appearance model will be able to describe views that are
too different from those of the given actor. It is important to find a balance between fine
division and maintaining the naturalness and integrity of the model, requiring careful
analysis and experimentation.

In the context of our research, the division into local areas is performed manually,
unlike automatic methods such as the Dijkstra algorithm. The choice of a manual method
is driven by the desire for maximum control over the process and achieving high anatom-
ical accuracy. This approach allows for detailed adaptation of the model to the specifics
of the target object, for instance, dividing the lips into separate areas for more accurate
modeling of their shape and texture.

5 Experiments

This section evaluates the effectiveness of the developed LP-AAM algorithm by com-
paring it with the approach based on using P-AAM patches, which is currently one
of the most advanced models. Existing open datasets often contain insufficiently accu-
rate annotations and data from different individuals. Therefore, a custom dataset was
compiled for testing, allowing for the verification of the algorithm’s accuracy for each
individual actor with maximum precision. This is the most important metric for AAM
in the context of facial animation for a specific actor.
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Video sequences obtained from five different individuals were used to test both
approaches. It is important to emphasize that this approach demonstrates the use of AAM
for tracking lip contours, which is crucial for subsequent animation creation. Despite this,
the algorithm is fully applicable to any facial landmarks. Moreover, it is crucial to achieve
the most accurate tracking possible, hence the focus shifts towards fully personalized
training for a specific actor. This means that the training data of different actors do
not overlap. The data were recorded using cameras mounted on helmets designed for
capturing actor performance. Each of the participating actors demonstrated the same set
of emotions, also known as the “range of motion.” For each participant, 30 key frames
were annotated, which were then used as the training dataset. Examples of some of these
frames are shown in Fig. 2.

It is important to note that the algorithm’s operation is considered in the context of
the overall task of facial animation capture. The algorithm is trained on keyframes of
the sequence and then applied to the remaining frames. This eliminates the need for
additional data augmentation, as the data for training and application are of the same
nature.

Fig. 2. A selection of annotated examples from the training sample.

The effectiveness of the algorithms was evaluated based on the photometric error
obtained during the optimization process. This metric allowed for comparing the accu-
racy of P-AAM and LP-AAM. The comparison results are presented in Fig. 3. The
LP-AAM algorithm demonstrated increased accuracy, which is explained by a more
flexible mechanism for modeling deformations. An important advantage of the new
approach is also that achieving a satisfactory level of accuracy requires fewer training
examples compared to traditional models. This is confirmed by the data presented in
Fig. 3: to approach the accuracy of the model using 30 frames in the training sample,
only 12 frames are needed. Thus, the volume of work required for preparation and data
processing is significantly reduced.

For the initialization of the starting shape model in both cases, a pre-trained facial
landmark detector from the dlib library was used, providing a starting point for further
optimization of the algorithms.
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Fig. 3. The accuracy of the proposed LP-AAM approach. On the left - the accuracy dependency
on photometric error, on the right - the impact of the number of training examples on the error.

Testing was conducted on a system with an Intel Core i7-8700K processor and
48 GB of RAM. The algorithm was implemented in C++ using a custom differentiation
framework. Computation was parallelized across frames. The average processing time
per frame is 1.32 s.

The experimental results confirm that the developed LP-AAM algorithm enhances
accuracy and efficiency in analyzing and processing video data for actor performance
capture, especially with limited training data. These qualities make it a promising tool
for further research and application in computer vision and machine learning.

6 Conclusion

This article introduces a local patch-based active appearance model (LP-AAM) to
enhance the accuracy and adaptability of active appearance models for complex
image processing. By employing localized texture patches and local piecewise-linear
shape models, LP-AAM overcomes the limitations of traditional AAMs, significantly
improving detailed facial image processing.

Experimental results demonstrate the superiority of LP-AAM in accuracy and effi-
ciency, expanding the applicability of AAMs for high-precision and adaptable tasks
like digital animation and face recognition. The advancements in LP-AAM offer new
research and practical application prospects, providing a powerful tool for generating
accurate training data for neural networks.
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Abstract. The instability of algorithms for filtering input data, usually stochastic,
to the a priori uncertainty of their probabilistic characteristics is a serious problem
of machine learning. Since such uncertainty occurs in a huge number of cases
of developing and applying of artificial intelligence systems (in particular, when
using streaming learning, preparing data for training, and evaluating models), the
problem of ensuring accuracy and stability of algorithms for evaluation of stochas-
tic data with unknown statistical characteristics for machine learning systems is
one of the most urgent. The existing methods of nonlinear filtering in a general for-
mulation do not allow to solve this problem. In this connection, the paper proposes
a method of robust stochastic filtering, oriented to the processing of discrete data
in machine learning systems. The method allows to perform dynamic estimation
of a nonlinear discrete stochastic vector of state perturbed by correlated noise with
an unknown probability distribution belonging to the class of distributions with
limited second moments (mean squares). At the same time, the observation of this
vector is also carried out in conditions of interference with unknown probabilistic
characteristics. The robust estimation algorithm is synthesized by minimizing a
new criterion that depends on the nonlinear measurement residual function deter-
mined by the class of the measurement noise distribution function and takes into
account the correlation of state vector disturbances. In contrast to the currently
developed nonlinear filtering algorithms, the proposed method does not involve
knowledge of the laws of probability distributions of state vector disturbances and
measurement interference, but only their belonging to a certain class of distribu-
tions At the same time, its computational implementation requires significantly
less computations compared to the known nonlinear filtering methods due to the
coincidence of the dimensionality of the obtained filter with the dimensional-
ity of the estimated state vector. Such advantageous features of the developed
method provide the possibility of its effective practical application in processing
under uncertainty of input data of artificial intelligence systems used in various
technical systems - information and control, measurement, info-communication,
navigation, avionics systems and others.
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1 Introduction

To date, the vast majority of recurrent machine learning methods for discrete systems
(stream learning, training data preparation, model evaluation, etc.) are based on the use
of various modifications of the discrete Kalman filter [1, 2]. But, as is known, the effec-
tive application of this “learning-evaluation” scheme is possible only if the probability
characteristics of both perturbations of the state vector of the observed stochastic sys-
tem and interference with its measurement are accurately determined a priori. At the
same time, real robotic, information-measuring, and other systems operate, as a rule,
under conditions of disturbances, the probability distributions of which are either a pri-
ori unknown, or, at best, known approximately (and still change randomly in the process
of operation) [3—7]. Such difficulties led to the impossibility of applying the traditional
Kalman scheme and determined the problem of developing new “learning-evaluation”
methods that are resistant to the uncertainty of the probabilistic characteristics of model
perturbations. Attempts to solve this problem have led to the creation of numerous mod-
ifications of discrete filters using various compensatory algorithms: the introduction of
empirical scaling of the a posteriori covariance matrix, the use of various functional
transformations of the measurement interference dispersion matrix [8—13], the expan-
sion of the dimension of the state vector [14], etc. The obvious disadvantages of such
approaches are the heuristic choice of scale coefficients or algorithms for their determi-
nation, the difficulty (or impossibility) of taking into account the correlation properties
of perturbations of the estimated model, as well as a significant amount of calculations
when implementing the estimation procedure. Such limitations of existing methods lead
to the need to develop new discrete filtering algorithms [15—17], which provide both the
possibility of stable (robust) estimation of the state vector under conditions of uncer-
tainty in the probabilistic characteristics of object disturbances and interference from its
observer, and reduce the cost of computational implementation. Below we consider one
of the possible approaches to solving this problem.

2 Problem Statement

A dynamic discrete model, BexkTop cocrostHus whose state vector Xy is subject to
estimation is described by a stochastic difference equation of the form:

X = f Xi—1, k) + foXek—1, )Wy —1, 9]

where f (X1, k), fo(Xx—1, k) — are the known vector and matrix functions of dimen-
sion, respectively, N and N x M,
Wi—1 — a vector of correlated perturbations of dimension M, whose components
have a probability distribution density p, which belongs to the class of distributions with
o

bounded second moments (mean squares: f w2p(w)dw < 00) [18].

—0oQ
The state vector (1) is observed using the following measurements:

72k = Ci Xy + Vi, )
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where z;, = is the measurement vector of dimension K,

C. — the observation matrix of dimension K x N,

Vi — and the interference vector of dimension K, whose components have a prob-
ability distribution density defined in the class of distributions with bounded second
moments [18].

Based on the above considerations, Xk we will further look for an estimate of the state
vector Xy as an estimate that guarantees the best accuracy of estimation in the minimax
sense (i.e., minimizing estimation errors in the most unfavorable situation determined
by a given distribution class).

3 Synthesis of a Robust Filtering Algorithm

Before a detailed review of the proposed method, we will briefly formulate the main
stages of its development:

— at the first stage, the model estimation equation is formed in a recurrent form,

— atthe second stage, a criterion for optimal estimation is formulated from the condition
of ensuring a minimum of errors in model estimates for the most unfavorable class
of distribution of disturbing effects (i.e., from the condition of robustness of the
estimate),

— at the third stage, from the optimality condition of this criterion, a correction function
is determined in a recurrent form, which provides robust properties of the model
evaluation,

— atthe fourth and final stage, the found correction function is substituted into the model
estimation equation and after a series of matrix transformations, the desired robust
discrete stochastic filter is finally formed.

Let us further consider the above stages in more detail.
Based on the form of Eq. (1), we will search for the desired estimate in the following
recurrent form:

Xe = Ki—1, k) + foKu—1, k) Ux(Ki—1, 2z, k), 3)

where Uy (Xx_1, zx, k) is a vector function determined from the condition for ensuring
the robustness of the estimate (3), i.e., the minimum of estimation errors for the most
unfavorable class of measurement interference distribution.

Due to the assumption that the distribution density of the measurement interference
vector belongs to the class of distributions with bounded second moments, we define
the form of the minimized objective function as quadratic: [z; — CiXil [z — CiXil
[18]. Then, taking into account the correlation of the object’s noise, as well as its distri-
bution function belonging to the class of distributions with bounded second moments,
we formulate the minimax optimality criterion J in the following form:

Ji = [z — CeXil 2k — CoXil + aUn Ki—1, 2, KT U Ki—1, 2k, k)
+B - AU Xs—1, 2, )T AU (X1, 2k, k), “4)
AU (Xk—1, 2k, k) = Ur(Xp—1, 2k, k) — Up—1 Xg—2, 2%k—1, k — 1),
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a = const, B = const - regularization parameters that ensure adaptation to specific
operating conditions of the dynamic system.
To further define the desired function U (Xy_1, zx, k), we differentiate J; (4) by Uy:

dJ d(z, -C, X, 1"z, -C, X, ) dX X
[ e S S S ¢ k 20U (B2 B
du, dlzy = Cp Xy ] dUy ;
+2PUL (X2 ) = Up (X 5025 _q k= D)
=2z, - C, X, 17 Cfy (X1 0+ 200+ B)U, (X, _y. 21,00
o T
“2BU Ky 2 k=D

and equate the resulting expression to 0:

(@ — CiXi)" Cifo Rie—1. k) + BUk—1 Re—2, zk-1.k = DT
= @+ AUkKi1. 2. BT

From the obtained equality, we finally determine the recurrent function
UXk-1, 2k, k):

U Ki—1, 2, k)

= o0&, 0 Cl (e — G0 + FF U1 R, 1 k= 1)

Substituting the found expression Uy into the estimation Eq. (3), we have:

X =f K, k) + ﬁfo(f(k—h )foKi—1, k)T C 2
—ﬁfo(kal, foKi—1. )T CL G X + ﬁfo(xkfl, kK)Ur—1(Xk—2, 2k—1,k — 1)
®)

Since the right-hand side of the resulting equation depends on the current estimate
X¢, for the final determination X;, we transform Eq. (5) as follows:

(E + gi5/oKi—1, Dfo Ke—1, )T C CoXi
= K1, ) + g15f0Ke—1, )fo Ke—1, K)T Cl
+$f0(Xk71, K)Ug—1(Xk—2, 2k—1, k — 1),

where E is a unit matrix of dimension N,
from where we finally have the desired robust discrete stochastic filter:

X = (E + ggfoKi1, foRi—1, T CL CO™ (f K1, k)
+ a1 pfo K1, KfoKa—1, T Cl 2t
+%f0(f(k71» k) Ug—1 Kk—2, 2k—1. k — 1)),
Up—1(Xi—2, %k—1. k — 1)
= o502, k = DICL Grot — G Kim) + Uk 2Rz, s, k = 2)
(6)
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It should be emphasized here that the obtained estimate (6), being optimal by criterion
(4) (in contrast to the suboptimal modifications of Kalman schemes mentioned above),
guarantees a minimum of errors in estimating the model with the most unfavorable class
of noise distribution — i.e., the stability of the evaluation procedure in the minimax sense.

In addition to its robust properties, an important advantage of the resulting filter is
its dimension, which coincides with the dimension of the estimated state vector and is
minimal for this type of filtering schemes.

To evaluate the efficiency of the obtained filter, the following numerical experiment
was performed.

4 Example

When testing aliquid heat exchanger, the temperature change of the coolant flow recorded
in time by a digital temperature sensor in increments 7 = 0.01 s of:

% =Tr + Wy,

where T is the temperature of the coolant at the k-th moment of time,

Wk}, - measurement noise at the k-th time point with chi-square distribution density
with mathematical expectation m = 2 and variance D = 4,

it is described by an ideal mixing model, taking into account heat transfer, which
has the form:

T =1 [t (j -1 T
k k—1 in Jkl VoC

ATy -1,
where V - is the mixing flow volume (m?); v - is the volumetric flow velocity (m3/s);

p — is the coolant density (kg/m®); C - is the specific heat capacity of the coolant
(J/(kg °C)); F - is the heat transfer surface (m?); R - is the heat transfer coefficient
(W/(™2 °C)); ATy, - is a random correlated temperature difference between heat carriers
at k-time point with a chi-square distribution with mathematical expectation M o7 = 5
and dispersion Dar = 10; Ty, - is the inlet flow temperature (°C).

During numerical simulation, the values of the specified technical parameters were
chosen equal to the following for the heat exchanger under study and the temperature
sensor used:

V =8.5; p=1000; C =4200; v =0.4; F = 32.6; R = 8500; T;,, = 80.

The temperature change in the coolant flow was estimated over a time interval of [0,
1000] seconds using a discrete Kalman filter

N V. RF
T,-=(1—rV)T,-_1+tVTm+MmV +{d-1= )ZP,»_I
—1

RF N
+ )DAT+D> (zr—m-a —T%)Ti—l) (7

) DAT}((l —f*) P 1+(T

1
P = ( {0 =19 Pii+(x VpC)ZDAT}<(l —ty)?Pio+(x VpC)ZDAT +D> )
x{(1 —t%)?Pi_y + (TW)ZDAT},
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and the developed approach - by calculating the robust discrete filter (6) for regularization
parameters « = 0.5, 8 = 0.01:

A 1 RF , | A v .
T =(1+——:(z Y)Y (T, +7—(T.-T )+
051 VpC v
Z; RF RF A
+ (T T Uk—l (T/(fz s k — 1))’ ®)

y =
0.51 VpC 51 VpC

A 1 A 1 A
Uk—l (kaz sZy o k — 1) =—7 (Zk—l - kal ) + ;kaz (kas sZ s k— 2)

0.51 VpC

A comparative analysis of the estimates obtained from the results of modeling using
these methods showed that if the average temperature values practically coincide (the
integral difference in the estimates over the entire time interval did not exceed 0,12 °C),
the root-mean-square error of the estimate by the discrete Kalman filter turned out to be
4, 2 times higher than the root-mean-square error of the proposed approach. This excess
of the root-mean-square error was due to the observed more oscillatory nature of the
Kalman estimate compared to the robust one over the entire simulation time. It should
also be noted that the computational cost of implementing the Kalman filter is more
than twofold higher than the proposed one, which results both from the twice — larger
dimension of the filter (7) compared to the filter (8), and from the significantly more
complex right-hand side of the filter (7). In the more general case, with the dimension of
for a model equal to N, the excess of the Kalman filter dimension becomes even more
significant. So, taking into account the symmetry of the a posteriori covariance matrix
P, the dimension of the Kalman filter equations is (0.5 N 2 4+ 1.5 N), which is in (05N
+ 1.5) times the dimension of the considered robust filter.

5 Conclusion

Thus, the advantageous features of the developed robustic discrete filter are not only
the increase of filtering accuracy due to stability to uncertain measurement noise and
correlated perturbations of a discrete dynamical system, but also minimal computational
costs compared to the Kalman type of filtering schemes, due to its dimension coinciding
with the dimension of the estimated state vector. Such advantages make it possible to
effectively apply it in various machine learning systems - when using streaming learning,
preparing data for training, evaluating models, etc., in the absence of any information
about the statistical characteristics of disturbing influences.
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Abstract. When people or organizations purposefully mislead insur-
ance companies in order to receive benefits or payments to which they
are not legally entitled, insurance claims fraud takes place. This kind of
fraud can take many different forms with respect to different insurance
policies, such as life, health, vehicle, and property insurance. Healthcare
insurance claims fraud poses a significant threat to the integrity of health-
care systems worldwide, resulting in substantial financial losses and com-
promised patient care. In this study the aim is to use machine learning
to detect and prevent fraud in healthcare insurance claims. By using
Medicare dataset from Kaggle which contains 4 files including inpatient,
outpatient, beneficiary and target data, a dataset was created which
is a combination of these datasets. The dataset is used for supervised
classification problem which classifies the Healthcare Provider weather
fraud or not. The model was trained using Logistic Regression, Random
Forest, Decision Tree, Support Vector Machine and XGBoost, also the
ensemble learning was used to create a more powerful model by com-
bining all the models together. And the feature selection approach was
used to improve models performance and to compare the results. It was
determined that logistic regression shows the best performance in terms
of accuracy, Fl-score and AUC score. The SHapley Additive exPlana-
tions which is a model explainability approach is used to interpret the
prediction of logistic regression.

Keywords: Machine learning - Insurance claims - Explainable AT -
SHAP

1 Introduction

Health insurance fraud has a long history, originating from the beginning of
the industry. The complexity of insurance systems has led to various fraudulent
activities, from simple claims falsification to sophisticated schemes involving

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024
S. Kovalev et al. (Eds.): IITI 2024, LNNS 1209, pp. 234-244, 2024.
https://doi.org/10.1007/978-3-031-77688-5_23


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-77688-5_23&domain=pdf
http://orcid.org/0000-0001-6859-7120
http://orcid.org/0009-0009-4385-7593
http://orcid.org/0000-0003-0676-1735
http://orcid.org/0000-0001-6322-6910
http://orcid.org/0000-0001-6707-9153
https://doi.org/10.1007/978-3-031-77688-5_23

Insurance Claims Fraud Detection Based on Machine Learning 235

collusion and identity theft. Health insurance fraud is a significant issue affecting
insurers, healthcare providers, and patients. It increases healthcare costs, reduces
eligible claims supply, delays in care, influences the denial of critical medical care
coverage, and decreases trust in the healthcare system.

Identifying fraudulent activities in insurance claims necessitates a compre-
hensive understanding of healthcare payment practices, patient behaviors, and
industry regulations. Traditional methods have shown limitations in achieving
precise fraud detection [1].

The novelty of the paper lies in the utilization of Machine Learning (ML)
algorithms and Explainable Artificial Intelligence (XAI) techniques specifically
tailored for insurance claim fraud detection. By employing ML and XATI method-
ologies, this study aims to delve deeper into the intricacies of fraud detection
by leveraging historical data insights and adapting to evolving fraud patterns.
Additionally, the implementation of SHAP (SHapley Additive exPlanations) to
enhance the interpretability and transparency of the best ML model further dis-
tinguishes this research, offering a novel approach to improving fraud detection
accuracy and understanding the reasoning behind model predictions. Since the
majority of fraud detection systems rely on black-box models, it is even more
crucial to look at ways to make these systems’ logic and outputs understandable
and trustworthy to non-Al experts.

The field of artificial intelligence known as explainable AT (XAI) focuses on
translating complex “black-box” Al algorithms and system outputs into easily
understood representations. Alternatively, it uses so-called ” white-box” AT algo-
rithms that rely on naturally explicable and straightforward models [7]. SHapley
Additive exPlanations (SHAP) is one of the most well-known methods for eluci-
dating specific predictions made by black-box classifiers. This algorithm focuses
on comprehending the logic underlying every prediction. It sheds light on the
relative contributions of distinct attributes to a prediction by varying a specific
data point and monitoring the impact on the classifier’s output.

The aim of this study is to develop and implement ML algorithms for the
detection of healthcare insurance claims fraud. By leveraging advanced analyt-
ical techniques, and using SHAP to understand the ML models in fraud detec-
tion processes, thereby mitigating financial losses and preserving the integrity of
insurance systems.

The contributions of this study are as follows: (1) use ML and X AT techniques
in the field of insurance claim fraud detection to get background information and
understand how the model works and why the model is making certain predic-
tions; (2) implement SHAP to the best ML method to help detect fraud; (3) use
SHAP plots in insurance claims fraud detection to provide a clear understanding
of the factors influencing a model’s predictions by visualizing the impact of each
feature on individual predictions; (4) use Ensemble Learning that combines mul-
tiple individual models to create a more powerful model that can make better
predictions.

The rest of the paper is organized as follows. Section 2 provides a literature
review. Section 3 shows the applied methodologies. Section 4 describes the results
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and gives the discussion. Section5 reviews the model explainability. Section 6
summarizes everything by conclusion and future work.

2 Literature Review

A comparative analysis of several classification algorithms, including Multi-Layer
Perceptron (MLP), Naive Bayes (NB), Linear Regression (LR), K-Nearest Neigh-
bor (KNN), Adaboost, Decision-Tree (DT), Random-Forest (RF), and Support
Vector Machine (SVM), is conducted in a paper [3] in order to identify insurance
fraud. The precision, recall, and F1-score performance indicators are used to eval-
uate how effective the algorithms are. According to the classification algorithm
comparison results, DT provides the highest accuracy of 79% when compared to
the other methods. Furthermore, Adaboost displays an accuracy of 78%, which
is nearer the DT.

The study [4] demonstrates an efficient method for identifying Medicare fraud
using the LEIE database and random under-sampling. They found that combin-
ing RUS with existing fraud markers is effective in identifying dishonest Medicare
doctors. The C4.5 model demonstrated the best learning ability, with an AUC
of 0.883 and the lowest false negative rates. J. M. Johnson and T. M. Khoshgof-
taar in [9] developed two new datasets for supervised learning using CMS Part
B Summary by Provider datasets. They compared these datasets to a baseline
dataset and found that the suggested provider summary attributes are effective
in detecting healthcare fraud. When applied to existing datasets, these additional
characteristics significantly improved fraud detection performance, according to
a two-way analysis of variance test and 95% confidence intervals. Herland et al.
use Part D, Part B, and DMEPOS CMS databases in [5] to investigate Medi-
care fraud detection. After merging the three datasets to produce a fourth, they
examined data processing. Part B with LR at 0.805 and the Combined dataset
with Logistic Regression learner at 0.816 obtained the greatest overall scores.
To identify fraudulent activity when a physician submits payments across all
Medicare sections, they recommend using the Combined dataset.

Yingchao Ji’s study [7] aimed to evaluate XAI techniques for credit card
fraud detection using a synthetic dataset. DNN and RF were selected due to
their previous results. The DNN model performed marginally better than the
RF model, with 96.84% accuracy. The study also assessed explainability using
LIME and SHAP, with LIME outperforming SHAP slightly. Further research is
recommended to improve explainability and data preprocessing. A study [2] com-
pared supervised and unsupervised learning techniques for detecting insurance
fraud. They found that unsupervised learning is effective, especially in isolated
forests, while supervised learning works well. Both methods can identify new
false claims, depending on the input data. The study recommends seeing super-
vised and unsupervised techniques as complements rather than alternatives when
implementing fraud detection techniques. The SHAP analysis confirms that dis-
tinct features are prioritized by both techniques in identifying claim fraud.

In this paper, the model explainability methodology SHAP is used to offer a
novel approach for enhancing the efficacy of fraud detection in insurance claims.
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By leveraging SHAP, it offers a fresh perspective on the decision-making process
involved in complicated machine learning models’ detection of fraud.

3 Methodologies

In this section the selected dataset, used data preprocessing methods, and
machine learning models are described.

Dataset Overview. The selected dataset contains [11] 4 CSV files for training
and testing comprising the Medicare dataset, which is available on Kaggle. These
files take into account the beneficiary information of each provider as well as their
outpatient and inpatient claims. The Inpatient data includes claims information
for hospitalized patients. Outpatient data claims information for patients who
were merely hospital visitors. Beneficiary details include beneficiary KYC infor-
mation and target data including provider numbers and the potential fraudulent
status for beneficiaries.

Data Preprocessing. Data preprocessing is crucial for ML algorithms as it
helps clean, transform, and organize raw data, ensuring it is suitable for analysis
and modeling.

EDA Findings. The exploratory data analysis (EDA) revealed several findings,
including class imbalance, which refers to an unbalanced distribution of cases.
To maintain predictive accuracy for both classes, the model did not favor the
majority class. The imbalance between fraud and noun fraud cases in the target
variable, with over 90% being non-fraud providers and less than 10% being fraud
providers, caused detection issues. The SMOTE technique was used to address
this imbalance.

Dataset Merging. There were 4 datasets in the healthcare datasets. They were
integrated to obtain the final dataset. First, the inpatient and outpatient data
were combined using the same columns, and then this dataset was combined
with the beneficiary data using BenelD. To obtain the final result, this dataset
was combined with provider data using the provider ID.

Convert Categorical Data to Numeric Data. Label encoding is widely used as an
encoding method for categorical values. With this technique, each tag is given a
unique integer based on alphabetical order. By using this technique, the Potential
Fraud target feature was converted from [‘yes’, ‘no’] to [0, 1].

Handle Missing Values. The missing values for some features in the dataset were
filled with zeros by using fillna(0).

Feature Engineering. Feature engineering is a crucial stage in machine learning,
transforming raw data to improve performance. Effective feature engineering
leads to higher predictive capacity. The groupby function, used in this research,
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simplifies data aggregation and categorizes data, especially useful for tabular
data. Its numerous permutations make it powerful.

Data Normalization. StandardScaler is a data preprocessing method in ML that
standardizes numerical features to a range of 0 to 1, ensuring they have zero
mean and unit variance. This method improves model performance by ensuring
features are on a similar scale, preventing biased outputs, and allowing equal
learning from each feature.

Machine Learning Models. In health insurance claims fraud detection, var-
ious ML models such as LR, RF, DT, SVM, and XGBoost can provide detailed
insights. LR excels in vulnerability and interpretation, making it the go-to choice
for basic models. RF provides robustness against overfitting and handles high-
level information efficiently. DT provide intuitive decision-making processes,
which allow fraud patterns to be detected. SVM excels in handling complex data
classifications and is particularly useful in cases with nonlinear decision bound-
aries. Finally, XGBoost emerged for its exceptional predictive performance and
ability to efficiently handle big data. By leveraging the strengths of these mod-
els, health insurers can develop a multi-pronged approach to detecting fraudulent
providers by improving the accuracy and precision of all fraud detection.

The motivation behind utilizing classical machine learning methods such as
Logistic Regression, Random Forest, Decision Tree, Support Vector Machine,
and XGBoost for Insurance Claims Fraud Detection instead of more novel
approaches lies in their interpretability which is the aim of this study by using
XAI to understand the ML models, established track record of performance
across various domains, and robustness in handling structured data. Classical
methods are well-understood, making it easier to explain the reasoning behind
predictions to stakeholders, regulators, and end-users in the insurance industry
where interpretability and transparency are crucial. Additionally, these tradi-
tional models have been extensively studied and proven effective as in detecting
fraud patterns in historical data, as well as in other applications developed by
the authors [12,13] providing a reliable baseline for comparison.

Because there are 5 ML models, it was decided to use Ensemble learning
which is a ML technique that combines multiple individual models to create a
more powerful model that can make better predictions. Hard and soft voting are
types of ensemble learning methods used in the context of combining multiple
models for classification tasks.

Feature Selection. The feature importance approach assigns numerical values to
input features in a model, determining their importance. A higher value indicates
a specific feature’s greater impact on the model used to predict a variable. We
applied the important features for each of the 5 ML models after the feature
significance approach was applied to each model. The models were retrained
using these features to observe the impact of training only the crucial features
present in the entire dataset. Then we compare the results when we use feature
selection and when we use the whole data.
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4 Results and Discussion

Evaluation metrics like accuracy, precision, recall, Fl-score, AUC score, and
ROC curve are used to evaluate how well ML models perform in this study. The
results of all used ML models are shown in Table 1. According to the evaluation
metrics results, LR has the highest accuracy, Fl-score, and AUC score among
all ML models. SVM produces the best results in recall, whereas random forest
produces the best results in precision. And based on its output, we may observe
that the decision tree performs the least well.

Table 1. Evaluation metrics of ML models.

ML model Accuracy Precision Recall F1-score]AUC score
Logistic Regression|91.2 50.9 75.2 160.7 92.4
Random Forest 91.1 51.2 69.8 |59.1 92.1
Decision Tree 86.7 42.5 67.1 |50.1 87.1
SVM 89.8 47.7 79.9 159.9 91.2
XGBoost 90.8 49.8 68.5 |57.6 92.5

In Table2 hard vote and soft vote which are methods to combine all ML
models achieve high accuracy rates of around 90.8% to 90.9%. However, soft
vote tends to have better precision and F1l-score compared to hard vote, while
maintaining similar recall and AUC scores.

Table 2. Hard and soft voting results.

ML model/Accuracy|Precision Recall F'1-score| AUC score
Hard Vote|90.8 50.0 72.4 59.2 82.6
Soft Vote [90.9 52.2 72.4 159.3 82.6

Table 3 shows all the models, especially the decision tree model, perform
noticeably better when feature selections are used. However, when it comes
to feature selection, random forest, and logistic regression do not yield better
results.

In the ROC curve in Fig. 1, the AUC score goes from 0 to 1, with 1 indicat-
ing perfect classification and 0.5 indicating that the model is not superior to a
random one. The True Positive Rate (TPR) and the False Positive Rate (FPR)
demonstrate how the classifiers behave for each threshold.

The results of the study revealed that Logistic Regression (LR) emerged as
the most effective fraud detection model for health insurance claims, showcasing
a good accuracy of 91.2%, an F1-score of 60.7%, and an AUC score of 92.4%. LR’s
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Table 3. Evaluation assessments of ML models with feature selection

ML model Accuracy | Precision/Recall [F'1-score AUC Score
Logistic Regression|87.2 41.4 72.5 |51.9 90.8
Random Forest 90.9 50.2 69.1 |58.2 92.5
Decision Tree 89.8 46.4 68.5 [53.3 88.8

SVM 91.2 46.8 771 |67.2 92.3
XGBoost 90.3 48.0 72.5 |57.8 92.4

True Positive Rate

True Positive Rate

- —— Logistic Regression
0.2 - —— Random forest 0.2 - —— Logistic Regression
g —— Decision tree - Random forest
-7 ——— Support Vector Machin e —— Decision tree

0.0 4 - —— XGBoost 0.0 —— XGBoost

0.0 0.2 0.4 0.6 o8 1.0 o0 0.2 0.4 0.6 os 1.0
False Positive Rate False Positive Rate

Fig. 1. ROC Curves for the ML models (left chart) and ML models with feature selec-
tion (right chart).

success can be attributed to its simplicity, interpretability, and consistent per-
formance in identifying fraudulent claims and providing transparent predictions.
Leveraging techniques like SHAP further enriched the predictive capabilities of
LR, offering valuable insights into the model’s decision-making process. The inte-
gration of SHAP not only enhanced interpretability but also set the stage for
potential model refinements and synthesis. Comparative analysis demonstrated
that LR consistently outperformed other models in key metrics such as accuracy,
Fl-score, and AUC score, reaffirming its status as the top choice for accurate
fraud detection in health insurance claims.

5 Model Explainability

The field of explainable artificial intelligence (AI) aims to convert intricate
“black-box” AI models and system outputs into comprehensible and unambigu-
ous representations, or models that are inherently simple or explicable [10].

SHAP is a game-theoretic method used to interpret machine learning model
output, determining the marginal advantages of records and instances. It corre-
lates credit distribution with regional explanations using Shapley values. SHAP
calculates a person’s significance by calculating their contribution to the team
effort, deducting income when absent, and calculating their degree of contribu-
tion. A weighted average is then computed [7].
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SHAP is a tool that provides various visualization techniques to help users
understand the inner workings of machine learning models. These include
Beeswarm Plots, Waterfall Plots, Par Plots, Heatmaps Plots, and Force Plots.
Beeswarm Plot displays the impact of each feature on model output, showcasing
individual data points’ SHAP values along a single axis. Waterfall Plot shows
how each feature contributes to shifting the model’s output. Par Plot visual-
izes multiple data points across different features, aiding in identifying patterns
and outliers. Heatmaps provide an overview of feature interactions, and Force
Plots offer detailed insights into individual predictions. These visualization tools
empower users to interpret model decisions effectively and understand the factors
driving predictions [6].

SHAP is essential for fraud detection because it provides information on how
each feature affects a model’s prediction. By identifying the primary charac-
teristics impacting questionable claims with SHAP, insurers can improve the
interpretability of their fraud detection algorithms.

Plotting the SHAP values of each feature for each sample allows one to
obtain a summary of the features that are most crucial to a model. The features
and their impact on fraudulent providers are explained in Fig. 2. It uses SHAP
values to illustrate the distribution of the effects that each feature has on the
model output and sorts the features according to the sum of the magnitudes
of the SHAP values across all samples. This kind of display not only illustrates
a feature’s overall impact but also how particular values of this characteristic
affect the prediction. In Fig.2 if the feature value is red, its effect on the pre-
diction is high, and blue — is low. For instance, the preoperatingphyscian-mean-
ipannualreimbursement increases the likelihood of fraud providers. Conversely,
for perclmdiagnosiscode-1-opannualreimbursementamt, the likelihood of being a
more non-fraudulent provider increases when this feature is increased.

Figure 3 helps visualize the relative contributions of each feature to the final
prediction. When used with SHAP, it displays features in a top-down man-
ner. The average expected number of probable fraud across all 5410 records is
shown as E[f(z)] = 1622163.696. For this specific record, the expected number
of probable fraud is f(z) = 358964.861. All of the intermediate values are the
SHAP values. The preclmdiagnosiscode-3-mean-ipannualreimbur, for instance,
has increased the predicted number of potential fraud by 70316.5.

The mean absolute value of every feature across every instance will be used
in the bar plot. In Fig. 4 preopertingphys-mean-ipannual had the highest mean
SHAP value.

In Fig.5 the instances are plotted on the x-axis and the model inputs are
plotted on the y-axis and the SHAP values are encoded on the color scale.

Figure6 views a condensed version of the waterfall plot. Starting from a
base value of 162.200, we analyze the contribution of each attribute to the final
forecast of 358964.86. Specifically, the qualities indicated by red enhance the
likelihood of fraud provider, while the features indicated by blue decrease it.
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Fig. 2. Exploring Features Importance with SHAP Beeswarm Plot.
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6 Conclusion and Future Work

The study focuses on insurance claim fraud detection, aiming to improve effi-
ciency and accuracy in identifying fraudulent activities within claims. Despite
challenges like class imbalance in the Medicare dataset from Kaggle, the SMOTE
Technique was successfully applied to mitigate this imbalance. The study used
various machine learning algorithms, including Logistic Regression (LR), Ran-
dom Forest (RF), Decision Trees (DT), Support Vector Machines (SVM), and
XGBoost, along with ensemble learning techniques like hard and soft voting.
The results showed that Logistic Regression (LR) performed best among the
models considered with an accuracy of 91.2%, Fl-score 60.7%, and AUC score
of 92.4%. The SHAP study provided valuable insights into the decision-making
process in the LR model, which enhanced interpretation and laid the foundation
for model reconstruction and synthesis.

Future work plans include integrating XAI techniques, such as Local Inter-
pretable Model-agnostic Explanations and G-REX, and developing a web appli-
cation to detect potential healthcare provider fraud using the Flask environment.

Disclosure of Interests. The authors have no competing interests to declare that
are relevant to the content of this article.
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Abstract. Mental stress, characterized by feelings of strain, tension, or
pressure, poses significant implications for individuals’ well-being and
overall health. Timely and accurate detection of mental stress is crucial
to diagnose and prevent the problem. Despite successful past classifiers
developed to predict mental stress, there is also a need to justify these
predictions. This work aims to classify mental stress using the machine
learning predictive classifiers; to interpret these classifier models using
explainable machine learning methods; and to find the driving features
of the developed models to assist non-technical medical personnel for
early medical diagnosis and timely medical intervention. Experiments
have been performed on biometric data obtained from nurses during the
COVID-19 pandemic period by using a number of classifiers. The model
performances were evaluated in terms of accuracy, precision, recall, and
F1 metrics. According to the experiment results, the Random Forest
algorithm was better than Logistic Regression, K-Nearest Neighbors, and
Decision Tree. Next, explainable model techniques like SHAP and LIME
are employed based on a balance between prediction strength and model
interpretability to find features that best contribute to stress prediction.

Keywords: Mental stress prediction + Machine learning - Classifier -
Explainable model

1 Introduction

Intense stress has become an increasingly common and unavoidable worry in
modern life, resulting from both physical and mental pressures. These variables
might biologically interact, possibly contributing to the beginning or aggravation
of numerous diseases [1]. The healthcare sector faces a significant challenge in
mental health detection, lacking an effective and proactive system. Traditional
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machine learning (ML) predictive models lack the interpretability of models
posing challenges to non-technical medical personnel to correctly diagnose the
problem. This research suggests that addressing stress symptoms early can pre-
vent long-term repercussions. Early detection of stress is crucial for preventing
further damage and preventing chronic conditions. Attempts have been made in
predicting mental stress in the past and a number of predictive classifiers have
been constructed. However, without providing a clear justification, non-technical
medical personnel are not able to benefit much from classifier prediction results.

This paper proposes an explainable machine learning (XAI) approach to the
problem of classification of mental stress. First, the ML predictive methods are
used to classify the mental stress. Next, XAl is used to interpret the results of
these classifiers. The aim is to find the driving features of the developed predic-
tive models to produce actionable insight for early medical diagnosis and timely
medical intervention. The performance of classifiers is evaluated in terms of accu-
racy, precision, recall, Fl-score, and confusion matrix criteria. The experiment
results have shown that the Random Forest (RF) classifier performs better than
the other classifiers such as Decision Tree (DT), K-Nearest Neighbors (KNN),
Logistic Regression (LR), Naive Bayes (NB), Light Gradient Boosted Machine
(LGBM) and Gradient boosting technique (XGB) on the same dataset. Finally,
model explanation and interpretability techniques like SHAP (SHapley Additive
exPlanations) and LIME (Local Interpretable Model-agnostic Explanations) are
employed to present a reasonable justification in terms of which features play an
essential role in detecting mental stress. A balance between prediction strength
and model interpretability was the major motivation to apply a XAI method.

The paper is organized as follows. Section2 reviews the related research
works. In Sect.3, the workflow of the research is outlined. Section4 presents
the results of an experiment, an evaluation of these results, and a description of
the model explanation methods. Finally, Sect.5 is devoted to the discussion of
the experiment results and conclusions.

2 Related Work

This section reviews research papers related to ML classifiers first, then papers
related to XAIL

Mental Stress Classification. The problem of the mental stress classifica-
tion using ML models on different datasets has been investigated in two forms:
binary classification where the problem is reduced to the question if there is
mental stress or not [1]; multiclass classification where the mental stress is pre-
sented by several levels [2]. The self-reported stress levels on a Likert scale as
regression labels are presented in [16]. A comparison of some predictive models is
presented in [3]. The gradient boost algorithm (GBM) which outperformed other
ML methods is presented in [17]. However, the complexity and black-box nature
of many ML algorithms make it difficult to comprehend how the model makes
predictions or conclusions, as well as discover any mistakes or biases. This is a
key worry in industries like healthcare, finance, and criminal justice, where model
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failures can have serious implications. Another problem of black-box models is
that they are typically sensitive to hyperparameter selection, making it difficult
to optimize and generalize to new data. Additionally, black-box models are prone
to overfitting, which can result in poor performance on unknown data.

Mental Stress Classification using XAI. Recently, there has been a sig-
nificant shift toward XAI. This move acknowledges the importance of XAI, as
demonstrated by methodologies such as SHAP and LIME, in giving transparency
and interpretability to stress detection models [15]. Explanation of a model
is crucial for justifying its output, gaining insight for better decision-making,
improving performance, and increasing user trust [17]. Local, model-agnostic
algorithms that focus on explaining individual predictions of a given black-box
classifier, such as LIME [22] and SHAP [4], are among the best-known of these
techniques. These strategies disrupt a specific instance in the data and measure
the impact on the black-box classifier’s output to quantify the contribution of
individual characteristics to a prediction. In the paper [5], the SHAP method is
employed to illustrate a range of behavioral patterns associated with low and
high perceived stress, but the use of a simulated office environment and artificial
stress restricts the applicability of their findings in the context of a real-world
scenario. The work [6] introduces a new explainable AI approach for predicting
stress from physiological data, enabling the identification of crucial biological
features and enhancing stress prediction accuracy. However, it lacks the inclu-
sion of explanatory features for emotional states beyond stress. In the paper [7],
authors used SHAP values to measure a feature’s positive or negative influence
on a prediction using WESAD dataset [18] and the RF technique achieved 83%
accuracy in identifying individual stress levels based on system output analysis.

Our motivation behind using XAI techniques is finding a balance between
prediction strength and model interpretability.

3 Methodology

This section provides a comprehensive overview of the methodology employed
in the study.

3.1 Dataset Description

The DRYAD dataset was created in a hospital setting [8]. The first 3 records
of the dataset are represented in Table 1. This dataset includes biometric data
of nurses during the COVID-19 epidemic. It linked biometric signals to stress-
related parameters in a novel way. The collection also includes information on the
relative frequency of several work-related stresses encountered throughout the
epidemic. The following physiological signals were collected from the Empatica
E4 wristbands for each participant: Heart rate (HR), skin temperature, Electro-
dermal Activity (EDA), and blood volume pulse (BVP) have varying sampling
speeds. The frequency of these signals varies from 1Hz for the heart rate to
64 Hz for the BVP. The frequency of EDA and skin temperature skin electrical
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conductance changes at a rate of 4Hz from 4 to 10 Hz. However, the authors
chose a frequency of 4 Hz to reduce information loss, resulting in improved accu-
racy and shorter calculation time for pre-trained data used to forecast stress
levels. In reference to Table 1, X, Y, Z — numerical values indicating orientation
data; TEMP (Temperature) — continuous numerical values representing temper-
ature readings; Id — categorical data acting as identifiers for specific subjects or
entities; datetime — object type encompassing a broad range of date and time
entries; label — categorical data representing different states or classes; EDA
(Electrodermal Activity) — contains numerical values measuring electrodermal
activity; HR (Heart Rate) — continuous numerical values representing heart rate
measurements.

Table 1. The first 3 records of the dataset.

X Y [Z EDA HR |TEMP[id |datetime label
—13.0-61.05.0 [6.76999599.4331.17 |152020-07-08 14:03:00.000000000/2.0
—-20.0[-69.0-3.0 16.769995/99.43/31.17 |15/2020-07-08 14:03:00.031249920/2.0
-31.0/-78.0-15.0/6.769995/99.4331.17 |152020-07-08 14:03:00.062500096|2.0

o

—_

[\

3.2 Feature Engineering and Data Augmentation

Principal Component Analysis. Feature Signal extraction reduces data
dimensions and has the potential to enhance classification accuracy rates. Prin-
cipal Component Analysis (PCA) is employed to remove superfluous variables
while retaining the majority of the original variance in order to investigate the
top 6 PCA components for dimensionality reduction. Features that have been
chosen here include X, Y, Z, HR, EDA, and TEMP.

Feature Importance. Pearson’s correlation matrix was used to find feature
patterns. High correlations (near 1 or —1) between pairs of attributes imply
comparable or duplicate information. However, characteristics with weak cor-
relations (near to 0) have low predictive ability in ML models [9]. The top 6
features with the greatest values are selected based on Fig.1 to determine how
these features affect the outcome.

MinMaxScaler. The data pretreatment processes produced a dataset of
11509051 observations and 6 characteristics generated from 15 participants. To
presume that the data is regularly distributed and scaled, the standard scaler
was utilized — Min-Mix Normalization [19]. As a result, all the features are scaled
to a range with a maximum value of 1 and a minimum value of 0 thus facili-
tating feature value interpretation within a consistent scale while preserving the
relative connections between data points.

Synthetic Minority Over-Sampling Technique (SMOTE). The selected
dataset is not fairly distributed among stress categories, to handle the multiclass
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Fig. 1. Feature importance diagram.

imbalance we have used the SMOTE [10]. It is based on selecting data from the
minority class by simply producing data points on the line segment linking a
randomly picked data point to one of its KNN.

3.3 Classifier Training

Different classifiers were evaluated for the mental stress classification, includ-
ing RF classifier which aggregates randomly generated decision trees to miti-
gate overfitting but may encounter slower performance with larger datasets [14];
DT classifier which comprises nodes representing data properties and tests until
reaching a leaf node [11]; KNN algorithm which leverages a distance metric to
locate nearest neighbors for classification, particularly resilient to outliers [23];
LR classifier which differentiates between classes [24]; XGB classifier, integrating
gradient boosting decision trees (GBDT) for efficient tree-searching, albeit with
longer computation times [12]; LGB, an advanced variant of GBDT like XGB,
is investigated, introducing technological enhancements such as gradient-based
one side sampling (GOSS) and exclusive feature bundling (EFB) to improve
performance and decrease memory usage, albeit potentially prone to overfitting
with small datasets [13].

The train-test split strategy was used that allocates 30% of the dataset for
evaluation purposes, while the remaining 70% is dedicated to training. Following
this division, all ML algorithms such as RF, LR, KNN, and DT are trained
using the training data (x_train and y_train). The performance of each model
is assessed using metrics like accuracy, precision, recall, and F1-score.

3.4 Model Explanation

This study utilized XAI techniques, such as SHAP and LIME. The study eval-
uated the significance of individual features in influencing prediction outcomes
and analyzed the findings or choices produced by the created ML models.
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SHAP. SHAP computes values for every observation as a local explanation tech-
nique, capturing the influence of distinct feature values on model predictions.
Summary statistics or visualizations are required to comprehend the model’s
overall behavior. The difference between an observed feature value and the aver-
age forecast is represented by a single SHAP value. A SHAP score of 0.04 for
a characteristic, for example, in classification tasks means that the likelihood of
belonging to a certain class was 4% points greater than the average probability.
One may determine the overall significance of each characteristic by averaging
the absolute SHAP values. Understanding the impact of feature modifications
on model predictions may be gained by examining the distribution of individual
SHAP values in relation to feature values [20].

LIME. The LIME’s goal is to offer comprehensible justifications for the predic-
tions made by ML models rather than concentrating on the overall behavior of
the model [21]. LIME’s emphasis on locality-aiming to explain predictions on an
instance-by-instance basis and its model-agnostic nature, which allows it to func-
tion with any ML model, are two of its key features. Choosing an ML model and
a reference instance for clarification are steps in the LIME process. Next, new
data points are created throughout the feature space, and their projected results
are weighted according to how close they are to the reference instance. This
weighted dataset is used to train an easily understood basic model, like a DT
or Linear Model. With coefficients providing LIME explanations, the resultant
model equation sheds light on the complicated ML model’s decision-making pro-
cess close to the reference instance. LIME provides a local, interpretable method
for comprehending ML model predictions, offering insightful information about
the characteristics impacting specific occurrences.

4 Results and Discussion

Classification Results. Table 2 presents the results of the experiment. The RF
achieves the highest accuracy 99% compared to other models.

Table 2. Experiment results.

Model |Accuracy Precision|Recall|F'1-score
RF  ]0.99 0.99 0.99 10.99
DT 0.97 0.98 0.98 10.98
KNN [0.84 0.87 0.84 10.85
LR  |0.49 0.64 0.49 10.53
NB 0.44 0.66 0.44 10.50
LGBM|0.81 0.85 0.81 0.82
XGB [0.84 0.88 0.84 10.85
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We use XGB with 84.41% accuracy in XAI rather than RF, which has a
greater accuracy of 99%, which is most likely due to a preference for inter-
pretability above raw accuracy. While RF may have higher accuracy, XGB pro-
vides more transparency in model predictions, making it simpler to grasp and
explain the reasons behind the decisions. Additionally, XGB’s scalability, effi-
ciency, and resistance to overfitting make it suitable for huge datasets and com-
plicated problems. Familiarity with XGB and its interpretability characteristics,
as well as the balance of accuracy and interpretability, contribute to the decision
to choose XGB for XAI tasks.

XAI Performance on Machine Learning. XAl provides clear explanations
for predictions made by ML algorithms. XAI techniques, such as SHAP and
LIME, can provide clear explanations for projections that patients and clinicians
without technical skills may fail to understand.

SHAP Interpretation of XGB classifier. The plot in Fig.2 shows the effect
of each data point on the predictions, it can be either negative or positive and
indicates the significance of each aspect.

High
EDA () =
TEMP .2 o
2
HR __+— s
g
X _—._ 2
&
z . \ 4
Y . _’_.
. - ~— + + Low

"a Y 0 2 a 6 8
SHAP value (impact on model output)

Fig. 2. SHAP interpretation. Beeswarm plot for XGB model.

For example, for EDA, the top left point reduced the prediction by 2. Each
dot represents a Shapley value for a feature and its influence on a specific class for
a given instance. Dots stack together to indicate density. Values are color-coded
based on their influence on the model, with red being high and blue representing
low. The color represents the actual feature value in the dataset. For example,
red values for TEMP reflect high, and blue values represent a low TEMP. Over-
lapping dots are jittered toward the y-axis, indicating the distribution of Shapley
values per feature. The SHAP Bar plot for XGB is shown in Fig. 3, it can be
observed that the most important component of XGB is EDA.

In Fig.4 EDA, HR, and TEMP have SHAP values which have a positive
influence on prediction stress levels (Normal, Moderate, Severe) while they have
a negative impact on the prediction of severe stress. All SHAP values added
together will equal E[f(z)] — f(z), where E[f(x)] represents the expected value
of the model’s output, which is the average prediction over the entire dataset,
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Fig. 3. The SHAP Bar plot for XGB.

f(x) — the model’s prediction for a specific instance x, SHAP values (¢ for feature
1) — the individual contributions of each feature to the prediction for the specific
instance. The equation Y . | ¢; = f(x) — E[f(x)] ensures that the total of all
SHAP values for an instance equals the difference between the model’s prediction
for that instance and the average prediction. This property guarantees that the
explanation provided by SHAP values is complete and additive, making them a

powerful tool for interpreting machine learning model predictions.
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Fig. 4. The waterfall plot for each class Normal (a), Moderate (b), Severe (c).

LIME Interpretation of XGB Classifier. Fig.5 shows two examples of the
dataset’s explanations. Although other classes may be anticipated, the first
prediction falls into the ACA¢AcAaAZANANASsevere’ class. The feature value
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reveals which characteristics have a greater influence on the prediction.
The XAI provides characteristics and vital information to help physicians
and patients comprehend and trust computer-aided diagnoses, similar to a
AéAéAééAZAﬁANASmodera‘ce’ prediction. It can be seen in Fig. 5,(a) that the
classifier predicts the person’s probability for severe stress is 100% and HR,
EDA, and TEMP have a positive impact on predicting this result, HR had the
highest value of 71.13. It can be observed from Fig.5,(b) that the prediction
probability is ACA¢AcaAZAnANASModerate’ stress with a value of 54%, the
4 features EDA, TEMP, Z, and HR exhibit positive connections. Overall, all
qualities influence decision-making for each class.

Prediction probabilities '3 Devere Severe
" ' EDA > 3358
orma ‘
. HR <= 76.38
Moderate L Feature Value
severe [ 1.00 TEMP <= 30.03
X <= -52.00
Z<=4.00
\
-18.00<Y<=200
(a) Class Severe
Prediction probabilities NOT Moderate Moderate
" I_ 30.19 < TEMP <= 32.57
ormai l:!!:- .08

Moderate
Severe

(b) Class Moderate

Fig. 5. LIME explanation on XGB classification for features and predicting.

Local interpretability of ML models poses substantial challenges. LIME excels
at providing local interpretations by examining the model’s decision-making pro-
cess, though it reveals a significant push-and-pull influence on the output. In
contrast, SHAP provides local interpretations that account for feature inter-
actions, offering insights into each feature’s contribution to a single instance’s
prediction. SHAP values are model-agnostic and adaptable to any model type
without specific assumptions or design, and they can be computed individually
for each class in multi-class classification, providing detailed insights into the
model’s behavior. Meanwhile, the Average Feature Impact measure computes
the average influence of various features on the model’s output over all instances
in the dataset, measuring the change in output caused by changing one feature
while keeping the rest constant. This measure is best suited for linear models and
does not account for feature interactions. Using both SHAP and LIME together
enhances interpretability by combining LIME’s simplicity and intuitive expla-
nations with SHAP’s detailed interaction-aware insights. Cross-verifying expla-
nations from both methods can increase confidence in interpretability results
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and highlight areas needing further investigation. LIME provides initial, easy-
to-understand local explanations, while SHAP allows for deeper analysis con-
sidering feature interactions. Both methods being model agnostic ensures con-
sistent interpretability across different types of models. Therefore, leveraging
the complementary strengths of LIME and SHAP leads to a more robust and
comprehensive understanding of the model’s behavior.

5 Conclusion and Future Work

The use of explainable machine learning improves ML systems by giving end
users a better knowledge of their aims, decision-making processes, and reason-
ing. In this work, the multimodal Heart Rate Variability (HR) data gathered
from wearable sensors was used. A range of algorithms was applied, including
Logistic Regression, K-Nearest Neighbors, Decision Tree, and Random Forest,
to categorize people’s stress levels into three categories: normal, moderate, and
severe. The results showed that the RF algorithm beat all other models exam-
ined, with a 99% accuracy rate in personalized stress detection. Furthermore, we
investigated the possibility of merging HR and Electrodermal Activity (EDA)
characteristics to improve stress detection accuracy, with the goal of enhancing
interpretability by utilizing XAI approaches such as SHAP and LIME. These
methods demonstrated promise in enhancing both the interpretability and effi-
cacy of systems, particularly in identifying and forecasting key features associ-
ated with stress levels.

Although a good performance was obtained in all ways, there are significant
limits, such as ensuring that the dataset size was enough. In addition, the dataset
included a minor class imbalance. In the future, we aim to create a medical
dataset for stress detection that incorporates all relevant features and intend to
create a stress level prediction app using the best model.

Disclosure of Interests. The authors have no competing interests to declare
that are relevant to the content of this article.
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Abstract. We present an Off-data approach to solving a finite-horizon linear
quadratic (LQ) problem for a time-invariant discrete-time system with a graph
dynamics matrix. Unlike the regulation problem, stability and complete controlla-
bility are not assumed. The construct of optimal control is assumed in the complete
absence of data on the dynamics of the system. The design of the control trajec-
tory is controlled by the direction of the increase in the change in the state of
variables over the small number of steps, which is determined by the conditional
principal eigenvector of the adjacency matrix of the graph model. An important
difference from the standard discrete control problem is that the control model
has been modified to estimate changes in the state of variables under the controls
transmitted through the dynamics matrix. We have introduced a new interpretation
of the mathematical construction of the system dynamics matrix in the standard
finite-horizon discrete control problem, which can be used to design any controlled
dynamic system with unobservable (by its very nature) parameters. The proposed
Off-data algorithm (ODGA) using the graph dynamics matrix implements recur-
rent computations of dynamic equations and adjoint equations, as well as the
Powell method for solving a system of linear equations (SLE).

Keywords: Time-invariant Discrete-time Systems - Quadratic Cost Function -
Finite-horizon LQ Problem - Graph Dynamics Matrix

1 Introduction

Modeling dynamic systems, both for control purposes and for predicting their behavior, is
quite widespread in various fields of science and engineering. Mathematical formalisms
for constructing models differ in their fields of application, and the differences between
them are due to the properties of the class of dynamic systems inherent in these areas.
In this paper, we are exclusively interested in the class of linear time-invariant
discrete-time, finite-observation, and nonstochastic parameters dynamical systems. This
class includes many problems of interest to the logic and graph models in artificial
intelligence (AI) and sequential decision processes in operations research (OR).
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The problem of optimal indirect control in models of complex systems (CS) with
directly unobservable parameters of variable states is considered. A complex system con-
sists of social, economic, environmental, cultural, political, and technological elements
and causal relationships among them.

Itis assumed that the law of behavior of the controlled object is given by the adjacency
matrix of the directed weighted signed graph, which represents the cognitive causal
model (CM) of the controlled system. The system effectiveness of a node associated with
the dynamics of the system is most expressed by the spectral properties of the matrix
of the graph. As demonstrated in Aguiar and Bar-Yam [1], Butterworth and Dunne [2],
Gadiyaram et al. [3], and Pei et al. [4], spectral properties of the graph matrices hold
all the information about the dynamics of the system. As noted in [2], spectral analysis
provides insight into structural, especially semantic, properties, while directed graphs
provide a natural modeling formalism. Then, in the absence of observable and measurable
parameters of the controlled object, the components of the principal eigenvector in the
spectral decomposition of the adjacency matrix of a directed graph can serve as input
and output parameters (final observations) for indirect control.

In this article, we solve a finite-horizon, LQ optimal control problem for a time-
invariant discrete-time system with a graph dynamics matrix, a quadratic cost criterion,
and vector input.

The construction of optimal control actions for dynamical systems is a much-studied
area of control theory. There are two general methods for solving optimal control prob-
lems, the Pontryagin method and the dynamic programming method, that respectively
state necessary and sufficient conditions for optimality [5]. The solution of the classic
optimal control is offline and requires full knowledge of the dynamics of the system.

In the absence of complete knowledge of the dynamics of the system, solutions to
optimal control problems for systems with uncertainty, including discrete-time linear sys-
tems, have generated considerable interest in recent years [6]. However, the approaches
used require at least an incomplete data set. Optimal control methods in the complete
absence of data on the state of the variables have not been proposed.

In this study, we attempt to fill this gap to construct optimal controls in the complete
absence of data on the dynamics of the system. The main approach, when complete
information about the system is not available, is the optimal control design, such that
initially parameters of the system are determined, and then an algebraic equation in
a dual space is solved. At the same time, the dynamics matrix expresses the law of
behavior of the controlled object using an adjacency matrix, and the system parameters
are determined by the direction of the principal eigenvector of the dynamics matrix.

Here we present a new interpretation of the mathematical construct of the system
dynamics matrix (A) in the standard finite-horizon discrete control problem [7], that can
be used to design any controlled dynamic system with unobservable (by its very nature)
parameters. Taking into account the discrete nature of the optimization problem, the
components of the principal eigenvector of the matrix A are interpreted as an increment
in the value of the variable states.

The input values are taken as unknown inputs and are determined by the direction
of the principal eigenvector of the dynamics matrix. The output values of the system are
determined by the vector of optimal state changes as a reproducible trend for changes in
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the states of the nodes of the controlled system using the MAEC, presented in [8]. Since
only the output values of the system can be measured, an optimal feedback control is
not possible, and the cost functions are expressed by quadratic control functions.

The goal of optimal control is to transfer the object to the prescribed integral change
in state with the maximum value of the quality criterion. The solution to the problem
is quadratic in control with an integral constraint on the state variables. The optimal
solution is to distribute the quadratic energy (cost) of control actions over control steps.

Unlike the regulation problem, stability and complete controllability are not assumed.
In this case, the direction of increase in the change in the state of variables over a short
horizon and the optimal control that ensures this direction is of interest. The direction
of the increase is determined by the conditional principal eigenvector of the dynamics
matrix, the eigenvalue of which is not assumed to be within the boundaries of a unit
spectral radius.

Finally, necessary and sufficient conditions for the existence and uniqueness of the
optimal control problem are given. For the optimal control problem, we proved the
stationarity of the Hamilton function in the state space and its extremality in the space of
admissible controls, i.e., sufficient conditions for optimality in the form of the Pontryagin
maximum principle (PMP).

2 Methods

2.1 Problem Statement

In this section, we present the control model, which concerns discrete-time nonstationary
(or time-varying) deterministic dynamic optimization problems over a finite-horizon.
Dynamic optimization problems are also known as optimal control problems.

This study examines a control model for a system with unobservable variables. A
specific property of such a system is that the state variables of the system are unobservable
and cannot be directly measured. Therefore, to describe the behavior of the system,
we will use relative changes in the states of variables. Taking into account the specific
properties of the system under consideration indicated above, we introduce the following
notation.

Let the system under study be described by a model represented by a finite graph
G = (V, E), where V = {Vl, Vo, ..., V,,} is a finite set of verticesand £E C V x V is
a finite set of arcs. The graph is determined by the adjacency matrix F”, transposed of
the matrix F = (ﬁ,j)nxn, where f; j, 1 < i, j < n is the matrix weights for the arcs.

Let the change in the state of the system variables be a vector z and let this change
in state be achieved by a sequence of change vectors x;, | < k < m, and is written by

Eq. (1):
zZ=X|+X2+ ... +Xp, (1)

where z € R" is an n-dimensional and bounded vector of changes in the state of system
variables over a finite horizon m; R" is an n-dimensional real Euclidean space of vectors
X = (xp)}_, with norm |[x|| = VxTx; m is a natural number; in the sequel m will play
the role of a planning or control horizon, and will be fixed throughout. The number of
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steps is assumed to be small m ~ n; X1, X2, ..., X, are sequential changes in the state
of the system variables.

The system’s evolution is controlled by the past vector of changes in the state of the
variables X;, | <k < m— 1, which transmits these changes over the system through the
dynamics matrix F, and the past vector of the control actions ug, 0 < k < m — 1. Future
output depends on past input only through previous state. State summarizes effect of
past inputs on future output — like the memory of the system.

Let us consider our control problem as a standard discrete-time optimal control [7]
taking into account the introduced notation:

Xer1 =Apxg + B, 0<k<m-—1, 2

where x;, Xz € R" is the vector of changes in the state of the system variables at step
k,1 <k <m-—1andk+ 1,0 < k < m, respectively; Ay = A = SF is dynamics
matrix, independent of k; u;y € R", 0 < k < m — 1 is an n-dimensional and bounded
vector of control action on variables at step k over a finite horizon m that needs to be
designed; By = I is a constant defined as the control matrix; I is the identity matrix.

Let the initial change in the state of the system be determined only by the vector ug,
and let the system’s evolution be controlled over a horizon m with values k, 1 < k <
m— 1.

The trajectory of optimal control, which provides the condition (1) at the cost of
minimizing the sum of the squares of the Euclidean norms of control actions, can be
written as follows:

ol + flwi |2 + - .. + lup—1|*> — min. 3)

Then the discrete optimal control problem, taking into account the introduced
notations, is defined as follows (4):

J(w, %) := uol* + [w [ + ... + [[uu—1[* — min, “4)
subject to

Z=X|+X2+ ...+ Xy
X1 =O0Fxp +u, 0 <k <m—1, (%)
X():O

where J (u, x) is the quadratic finite-horizon optimal control cost functional; xo = 0 is
the initial vector of changes in the state of system variables; ug is the initial control vector;
8, 0 < § < 11is the damping factor to denote the fact that we expect the variations about
the nominal due to the subjectivity of assessing the elements of the adjacency matrix
FT.

The goal of optimal control is to find a trajectory of change in state z under control
u such that the functional J (u, X) is minimized over a finite horizon m. Stability and
complete controllability are not assumed. A trajectory {Xz41, Ux|0 <k <m—1} is
called admissible if x¢4; and u; are bounded and measurable over a finite horizon m
and constraints (5) of the problem (4) are satisfied. An admissible trajectory is called
optimal if, among all admissible trajectories, it gives a minimum functional J (u, X).
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Next, we prove a theorem that provide sufficient conditions for optimality (PMP)
in problem (4)—(5). Necessary optimality conditions (PMP) for the general case were
proven in [9, 10].

2.2 Theorem
Theorem 1. Suppose there is a control system
Xpr1 =W +6Fx;, 0<k<m-—1,%x0=0,
then there exists a unique solution {Xy41, Ux|0 < k < m — 1} of the problem
llaolI* + flwy I + ... + [y > — min,
subject to
Z=X|+X2+...+X;.

Proof. Let us write the standard Lagrangian function [11] for the conditional
optimization problem (4)—(5):

m—1 m m
1 2, T T T
L=-5 E lagll® + vy (wo — x1) + E Vi (W +0Fx 1 —x1) — W (Z— E Xk) — max,
k=0 k=2 k=1

(6)

were vector vi, | < k < m and vector w are vectors of Lagrange multipliers.

The necessary conditions for a maximum have the following form. Derivatives of
function (6) with respect to the components of vectors xx, | <k < m;u,0 <k <m—1;
and vi, 1 <k < mrepresent a recurrent sequences:

w—v1+6FTV2=0,...,w—vm_1+5FTvm=0,w—vm=0, @)
vi—u=0,..., vy 1 -0 2=0,v, -y =0, 3
u —x; =0,u; +6Fx; —x, =0, ..., u,_| +5Fx,,_ | — x,, =0. 9)

Equations (7) and (8) express the stationarity in the state and the extremality in the
control of the PMP, respectively. Substituting (9) for x in (1), we get:

2=y 1 + (1 + 5F)up_o + (I 1 8F + (5F)2>um_3 T (I +OF+ OF)2 + ... + (aF)"’—l)uO.
(10)

Substituting (8) for win (11), we get:
P,w =1z, (11)

where P, =
I+A+sF)A+FH) +...+ (I+6F+...+ " (I +6F+...+ (aF)m*‘)T.
Matrix P,, is positive definite since wTme > wi'w > 0 for any non-zero vector
w # 0. Consequently, Eq. (11) is uniquely solvable of w for any z. Next, vector uy,
m — 1 > k > 0 and vector x;, | < k < m are calculated using Egs. (7), (8), and (9),
respectively.
This completes the proof of Theorem 1.
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2.3 Computational Algorithm

The computational algorithm for solving problems (4)—(5) uses Powell method [14] (or
Conjugate directions method) to solve SLE with a symmetric positive-definite matrix P
and reduces to three m-step sequential calculations of matrices Q and P, vectors u; and
vectors Xy.

Let us write the recurrent sequence to calculate the matrix Py,:

PI=LQ =L Q=1+6FQ_,P, =P, +Q:Q/, 2 <k <m,

where n is the number of model nodes, Qy, 1 < k < m are auxiliary matrices.

The computational complexity of the matrix P, is 0(mn3) operations, since comput-
ing a matrix P,, requires n> field operations to multiply two n x n matrices over that field
and m additions for computing the sum of products. The vector z is calculated using the
MAEC algorithm presented in [8]. The MAEC is available to calculate at https://github.
com/Simon1093/cognition. The output of the Algorithm 1 is the sequence of optimal
controls ux, 0 < k < m — 1 and the sequence of state changes x;, 1 < k < m. The
Off-data Algorithm (ODGA) using the graph dynamics matrix to solve the LQ problem
(4)—(5) is summarized in Table 1. The ODGA algorithm implements recurrent calcu-
lations of dynamic equations and adjoint equations, as well as the conjugate directions
method for solving a SLE (12).

Table 1. Off-data algorithm using the graph dynamics matrix (ODGA).

1 Input: F, 6,2z, m;

2 P«1I; Q«I;

3: for k=2 to m do

4: Q«I+0FQ; P<—P+QQ’;
5:  endfor;
6.

7

8

w«P'z;

u,  <—Ww;

for k =m—2 downto 0 do
9: u, < w+0Fu,,;
10: endfor;

11: x,<u,;
12: for k=2 to m do
13: x, <u,_, +0Fx, ;

14: endfor;
15: Output: u,, 0<k<m-1; x;, 1<k<m.
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3 Simulation Results

In this section, to model the proposed method, the graph adjacency matrix (Eq. 12),
expressing the behavioral model of the Crime and Punishment system [15], is used as
the dynamics matrix Ay = A = §F in Eq. (2).

0 05 05 0 060

0 0 07 0 0 O

0 -05 0 05 006

0 0 —-04 0 0406 |. (12)
0 0 03 O

0 0
03 0 0 —-080 O
05 0 =08 0 0 O

The following initial data are assumed to simulate optimal control:

1. Dynamics matrix Ay = A = §F of dimension n = 7.

2. The value of the damping factor is determined by accounting for the theorem from
[12, 13]. The resonant boundary is 8;esonance = 1/)\maX :1/0.60244 =1.6598; then,
6=10.

3. m = 10 is a control horizon.

The output is controlled by a fixed-end state change vector z over a finite horizon
m = 10. The vector z was calculated using the MAEC algorithm presented in [8].
The MAEC is available to calculate at https://github.com/Simon1093/cognition. The
calculated components of the vector z are given below:

zZ= (0.610844 0.317196 0.283766 0.250364 0.367809 0.137910 0.478274)T.

The purpose of the design is to find the law for controlling the change in the states of
the system variables in the direction of the principal eigenvector of the dynamics matrix
of the system, represented by the adjacency matrix in Eq. (4) - (5) in such a way as to
minimize the functional J (u, Xx).

The simulation results using the ODGA are as follows. The optimal solution is
to distribute the quadratic energy (cost) of control actions at control steps. Figure la
shows that the quadratic control energy in sequences of norms of control vectors u
over different horizons m sharply decreases in the last steps. As shown in Fig. 1b,
the distribution of the norm values of the response variable vectors at control steps is
approximated by a second-order polynomial, which characterizes the dynamics with
uniform increments, positive for one branch of the parabola and negative for the other.

The resulting control sequences are evaluated using Control Efficiency by basic
control vector (Eq. (15)) and Control Efficiency by response vector (Eq. (16)). The
relevant Definitions are given below.

Definition 1. Control Efficiency by basic control vector (CE},) — The ratio of the multi-
stage to the single-stage controls:

CEj, = ||u0+u1'”f"'”""um—l”’oikfm_l’ (15)
Ug
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Fig. 1. Distribution of the norm of the control variable u; (a) and the norm of the response
variable x; (b) at horizon m. Legend: the trend line is indicated by a dotted line; the optimal
control trajectory is indicated by a solid line.

where vector o || is the
basic single-stage control vector, and vector |[ug +uj + - - - + u,,—1|| is an evaluated
multi-stage vector.

Definition 2. Control Efficiency by response vector (CE,) — The control-response ratio
of the multi-stage controls:

CE, — lap +uy + - - + w1 ||
Ixo + X1 + -+ - + Xpl

,0<k <m, (16)

where vector |lug 4+ u; + --- 4+ u,—1] is the respective response vector, and vector
IXo + X1 + - - - + X, || is an evaluated control vector.

As shown in Fig. 2, CE, tends to unity, which means that the sequence
of multi-stage control vectors approaches the optimal single-stage control vec-
tor as the number of control stages increases. In this case, the control-reaction
rate tends to CE, for single-stage controls of the model under consideration,

CE, = 1/,/||uk_1 1/ lxell — 1/\/5.00355 = 0, 447055.

Trajectories of changes in the states of the controlled system over different horizons
according to the proposed algorithm are given in Fig. 3.

4 Evaluation of the Results

The ODGA was assessed according to several dimensions and evaluation criteria.

4.1 Runtime

On one core of an Intel Pentium 2 CPU, the 4417U 2.3 GHz, the runtime is typically in
the range of a few several microseconds up to a few milliseconds for matrices of up to
n=10%
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Fig. 2. Control Efficiency by basic control vector and response vector at control steps m.
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Fig. 3. Trajectories of changes in states x| depending on the control horizon m.

4.2 Tractability

The computational process boils down to a solution a SLE with a positive definite
matrix that has a unique solution. After solving the SLE, the dual and initial variables
are determined as a result of one sequence of calculations. Computing a positive definite
matrix requires O (mn3) computational costs. Solving the SLE using Powell method has
a complexity of O(n?).

4.3 Robustness of Results

The robustness of results is based on the correctness of the mathematical statement of
the problem, a symmetric positive-definite matrix of the SLE, and a one-off sequence of
computations.

4.4 Limitations

Since stability and complete controllability of the control system are not required, the
number of steps cannot be large. The number of steps is comparable to the number of
nodes in the adjacency matrix for n ~ 102,



268 A. Tselykh et al.

4.5 Quality of Results

The symmetric positive definite matrix of the SLE is defined by a recurrent sequence of
calculations that maintains its symmetry. This ensures minimal accumulation of floating-
point rounding errors. The coincidence rate of the multi-stage control trajectory with the
single-stage control trajectory is in the range of 0.982863-0.999861.

5 Discussion and Conclusions

We have introduced an off-data approach to solve the finite-horizon LQ problem for a
time-invariant discrete-time system with a graph dynamics matrix. This approach attains
the control sequence that minimizes a quadratic cost function in vector input and vector
output.

The input vector is generated by the algorithm from [8] in the form of the principal
eigenvector components of the dynamics matrix, which is the adjacency matrix of the
directed graph. This graph represents the cognitive causal model of the real-world system.
The validity of the generated data was established in [8, 12].

A numerical experiment showed that the algorithm can be used to design a control
trajectory to change the state of the controlled system to transfer it to a given direction
of development. The direction of development is expressed by the conditional principal
eigenvector of the graph CM.

An important difference from the standard discrete control problem is that the control
model is interpreted in such a way that the change in the state of variables under the
influence of control actions transmitted through the dynamics matrix is estimated.

An important advantage of the proposed approach is that the discrete control tra-
jectory effectively follows the direction of the conditional principal eigenvector of the
dynamics matrix with a fixed endpoint with an accuracy of 10-6 and a total devia-
tion along the trajectory of no more than 1.714%. For the systems under consideration,
sufficient conditions are obtained in the form of the maximum principle (Theorem 1).
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Abstract. This paper presents the structure of a program complex for diagnosing
electrical systems (ES), specifically electrical equipment (EE) under conditions of
heterogeneous data based on the principle of integrated modular technology. This
complex is developed to prevent ES from premature failure, as well as to identify
the methods and ways to solve them in real time. The principle of building such
a complex is realized by implementation of the developed methods and models
for decision support using methods and technologies of artificial intelligence. An
important feature of realization and application of the program complex is the abil-
ity to function (training) and perform diagnostics of ES technical state in real time
mode under conditions of incomplete and fuzzy information. Scientific novelty of
the result is the building of a simplified complex that represents all the requirements
from regulatory documentation, equipment passports, which combine interrelated
cognitive, non-parmetric, fuzzy models in combination with methods for measur-
ing the state of the equipment under conditions of uncertain initial data presented
in the form of verbal descriptions, intervals of acceptable measurements and fuzzy
triangular, trapezoidal numbers. When diagnosing ES, the complex will create a
database and knowledge base of models for proper functioning of systems and
equipment with subsequent recognition of faulty states and their classification, as
well as provide recommendations to prevent their failure. The proposed program
complex can be part of intelligent decision support systems for diagnostics of any
ES and EE, as well as be used separately. It provides increasing informativeness
of decision-making situations, reliability of conclusions about the technical state
of ES and EE under conditions of incomplete and fuzzy information, as well as
reducing the time to assess the ES state and make decisions about its condition.
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1 Introduction

The problem of providing ES fail-safety and operability at any industrial facilities is an
essential condition for maintaining a high level of safety of facilities. A wide range of
approaches and methods for solving this problem causes the lack of unification (“combi-
nation”, “complex”) [1-3]. First, obtaining diagnostic data (how and when are diagnostic
data obtained?).

Data can be presented in the form of heterogeneous data and be characterized by: a
variety of measurement scales; different types of data; different representation structure
(statistical, fuzzy, expert data, images, etc.); different degrees of reliability, completeness
and accuracy of data measured in different scales and units [4—6]. Secondly, managing
the redundancy of parameters affecting the ES technical state; thirdly, choosing a relevant
method for assessing the ES state. The solution of the unification problem will allow to
build a unified program complex for assessing the ES technical state when diagnosing
in order to solve the problem of maintaining its serviceability.

This paper proposes a program complex for ES diagnostics under conditions of
heterogeneous data built on the principle of integrated modular technology.

2 Problem Statement and Structure of the Program Complex

Assume we have a set of different parameters (X;, i = 1, h, h — total number of param-
eters) affecting the technical state of ES or EE. The parameters values can be presented
in the form of verbal description, statistical or fuzzy data, color images, graphs and
photos. The task is to assess the technical state of ES and EE followed by providing
recommendations to prevent their failure.

To solve this problem, a structure of the program complex consisting of six modules
is proposed, the core of which are database (DB) and knowledge base (KB) (Fig. 1).

The database is uploaded with data coming from the equipment and duty personnel;
it contains: archive of retrospective data (daily files indicating the time to which they
relate), real-time measurement data, normative documentation, GOSTs [7], passport
data for equipment, color images (thermograms), as well as restrictions for EE various
parameter values. As a result, all the EE data obtained are located in a single location.

The values of parameters from sensors are stored in Excel (*.xls) format; thermo-
grams have extension.bmt, size 640 x 480 pixels.

The knowledge base contains experts’ knowledge, as well as fuzzy and fuzzy-
functional cognitive models, fuzzy and mixed production rules. The following modules
are highlighted here:

1) data/knowledge import module. This module is built to transfer data in Excel (*.xlsx)
format, thermograms, knowledge in the form of production rules for their further
processing. Thermograms were obtained using a Testo 875-1i thermal imager, tem-
perature sensitivity (NETD) < 0.05 °C at 30 °C, operating temperature from —15 to
—40 °C.

2) data/knowledge processing module. This module allows to convert raw data (“dirty
data”) into a format that is suitable to assess the states of ES, EE and personnel using
various mathematical methods [8]. The module also allows one to edit (add, delete)
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information in the database and knowledge base, and to check the knowledge base
for structural errors [9, 10].

The scientific novelty of the data/knowledge processing module is in the proposed
algorithms for classifying parameters according to the nature and degree of their influence
on equipment using a knowledge base containing production rules about the type of
parameter (main, additional, auxiliary), a database (data on equipment failure, data from
devices and sensors) based on the formalization of weights of importance of the values
of term-sets of parameters.

Mathematical apparatus module

Methods of buildin; /uzz) triangular Methods of EE fault recognition using
nimbors convolutional neural networks (CNNJ

Method of assessing degree
of int i

Method of EE diagnostics based on mixed
production rules and weighted fuzzy rules

:
using statistical methods

uzzy logic system

’ Method u&panmu/ux wlutmn using ‘ ’ Impulse modeling method ‘

Parameter estimation method using fuzzy

Classification method using assignment
cognitive model training procedure

of term- set importance weight to a value

Data/knowledge processing module Technical Condition
Assessment Module

Filtering of noise Classification Assessment of EE

parameter values of parameter values technical condition
l N l
Search

Classification
of parameters [ y!
by importance

for deviations Prediction of
of parameter values parameter values
from the norms

Data/knowledge
import module

Data/knowledge
export module

Visualization module

User interface

Table
representation

’ Graphs ‘

Fig. 1. Structure of the program complex for ES and EE diagnostics.

3) module of the mathematical apparatus. This module allows to solve the tasks of
data/knowledge processing, as well as to assess ES and EE technical states using
statistical methods, as well as artificial intelligence technologies.

For example, the concept of “Method of EE fault recognition using convolutional
neural networks” (CNN) is to determine the limit or abnormal temperatures of EE by
recognising thermograms obtained using a thermal imaging device; black-and-white
graphs that describe changes in the values of various parameters over time based on



Development of a Program Complex for Diagnostics 273

data from sensors; and simple color photographs. Graphs based on the values of the EE
parameters are used in case thermograms/color photographs are not available or are of
poor quality.

The conversion of a color photograph into a black-and-white one is done using
Niblack’s method [11], where the threshold value for a point with coordinates (m, n) is
calculated using the following formula:

tim,n) = u(m,n) + k - o(m, n),

where |L(m, n) — mean; ¢ (m, n) — root-mean-square deviation in the local area of the
considered image point; k — value that determines which part of the object boundary is
needed to be taken as the object.

The use of CNN for temperature recognition can reduce the number of non-planned
failures by providing advance notification of damage and possible equipment failures.
The network outputs the number of the class to which the current state of the EE refers:
class 1 — operable EE; class 2 — operable EE with minor deviations. Depending on the
class, a list of measures aimed at preventing EE failure is given.

For example, the concept of “Fuzzy triangular number building method” is to convert
the current crisp values of EE parameters from devices into fuzzy triangular numbers
using the fuzzy triangular number building algorithm [12].

The need to represent the current crisp values of parameters in fuzzy triangular
numbers is due to the fact that any data coming from devices during diagnostics is
inaccurate because of various errors. This is related to violations of diagnostics (human
factor); to the inaccuracy of the device which must undergo regular verification; to the
filtering of external “noise”.

Calculation of the left boundary of the parameter x,,, le gl = Xmg — 81, where 81 =
1 — maximum allowed deviation for the left boundary, assigned by experts on experience
basis and chosen from the range (1, 2, 3), assuming that 1— minimum deviation of the
value from the experimental data, 3 — maximum possible deviation.

Calculation of the right boundary of the parameter x,,g, x;g3 = Xpg + &2, where
82 = 2 — maximum allowed deviation for the right boundary, assigned by experts on
experience basis, chosen from the range (2, 3, 4), assuming that 2 — minimum deviation
of the value from experimental data, 4 — maximum possible deviation. In addition, the
condition §; < &, must be fulfilled, where x,,¢ — current value of the parameter at a
certain moment of observation (x,,; — result of the m-th observation for g-th parameter,
I=1,2,...,m, ..., t,t —number of observation; x; = {x1, X2, X3,....Xg,...Xp}, i = 1,h,
h — number of parameters), each of which is defined by a value at a certain moment of
observation.

As a result of calculations, the value of the parameter x,,¢ is represented as a fuzzy
triangular number: x,,, = [x;kng1 ;X 227 x:;g3], where x:;gl, x;’;lgz, X o3~ minimum,
current and maximum values of the parameter x,,¢. The use of triangular fuzzy numbers
will provide a sufficiently accurate formalization of boundaries for possible changes in
parameter values.

4) data/knowledge export module is built for their conversion into Excel (*.xlsx) format
or text format and their transfer.
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5) visualization module presents the results obtained in text format, in the form of tables
or graphs.

6) user Interface is presented in the form of main windows (input of initial data and
output of results) of the program complex.

The scientific novelty of the mathematical apparatus module is in the proposed
modified methods necessary for assessing the state of the electronic equipment taking
into account the values of the most important parameters characterizing the technical
condition of the electronic equipment.

3 Results of the Program Complex

The results of the study were obtained when diagnosing the asynchronous motor
ANP63A4V1.

To search for deviations of parameter values from the norms, a program system (PS)
written in the object-oriented programming language C# was used.

Figure 2 shows the interfaces of raw data input (the personnel chooses the type and
model of equipment, as well as the type of parameter to be diagnosed based on their
knowledge and experience) [13].

Note that the personnel chooses the parameter to be checked for deviations from the
set of all additional parameters affecting the induction motor (harmonic oscillations are
selected as an example).

Figure 3 shows the results of the search for deviations of harmonic oscillation values
where the red color highlights the outputs of harmonic oscillation values beyond the
limit interval which are involved in the analysis of the causes of their occurrence.

Based on the results obtained, the following measures needed to reduce the influence
of harmonic oscillations can be recommended: 1) installation of soft starters/frequency
converters (according to the manufacturer’s agreement); 2) installation of filter compen-
sating device; 3) installation of smoothing filter.

Next, the technical state of the engine (in general) was assessed. Figure 4 shows the
screen form of input information “Adding parameters and their values”.

After all variables have been added to the knowledge base, the personnel proceed
with the addition of rules. This is followed by checking the knowledge base for structural
errors. If contradictory rules are detected, the PS excludes the rule that has the lowest
weight. In case of detection of contradictory rules with the same weight, it is up to the
personnel to choose the rule to be excluded from the knowledge base.

The result of diagnostics is presented in Fig. 5. The upper box displays the rules with
conditions corresponding to the input diagnosed parameters. Next, the staff selects the
triggered rule, and according to this rule the fuzzy inference is performed in the lower
window. All information about equipment diagnostics is recorded in the database and
displayed in the Diagnostics Log tab. The default method is the maximum method (the
maximum value of the membership function is accepted), since it is the simplest way to
perform the defuzzification procedure.

After further diagnostics, EE faults were identified using CNN, since the personnel
had thermograms (640x480 image size) for this equipment.
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Fig. 2. Interfaces of raw data input: a) System startup window; b) Window of analysis of the
selected parameters.
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Fig. 3. Output interface of the results of the search for deviations of harmonic oscillations values.

The TensorFlow library of the Python programming language was used for CNN
development. As a quality criterion of CNN, the accuracy amounted to 96.2% was
chosen which means that the EE is operable but with minor deviations.
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Fig. 4. Screen form “Adding parameters and their values”.

List of triggered rules:
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209 217 231 %%

Result: Serviceability of TC EE: 85%
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No major repairs required.

Save Clear
results field

Fig. 5. Screen form “Diagnosis result”.

The CNN accuracy graph is presented in Fig. 6 (the abscissa axis OX shows the
number of iterations and the ordinate axis OY shows the accuracy).

Having analyzed the thermograms, the increased temperature on the asynchronous
motor housing was observed, which is characteristic of winding overheating. In this
regard, the following measures were recommended (Fig. 7):

1) analysis of the zero sequence voltage asymmetry coefficient;
2) analysis of the reverse sequence voltage asymmetry coefficient;
3) analysis of voltage asymmetry.

The “Results” button exports the measures obtained to a text document in *.doc
format. The results of the studies showed that the asynchronous motor AUP63A4V1 is
in serviceable condition, but with minor deviations that were identified when processing
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FCD; 3. Analyze voltage asymmetry.

3) installation of an anti-aliasing filter.

Results

Fig. 7. Screen form “Recommended measures”.

data and during the very assessment of the equipment state. Therefore, recommended
measures are needed to identify the causes of deviations and eliminate them.

4 Conclusion

This paper proposes the structure of the developed program complex for diagnosing ES
and EE under conditions of heterogeneous data which is based on a certain sequence of
tasks to be solved and applied models, intellectual methods, approaches. The complex
is based on interrelated methods and models that are used in a certain sequence, which
provides the greatest objectivity, complexity and purposefulness of the results obtained
under conditions of incomplete and unclear information.

This complex provides preventing premature failure of ES and ES, increasing the
informativeness of decision-making situations and reliability of conclusions about the
technical state of equipment under conditions of incomplete and fuzzy information, as
well as reducing the time spent on diagnostics by 2 times.
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Abstract. The case-based reasoning (CBR) method has proved to be one of the
most effective in intelligent decision support systems for the operation of complex
objects. CBR assumes the presence of a situational knowledge base (SKB), which
stores descriptions ever existed or potentially possible problematic situations and
those solutions that are recommended in these situations. When operating complex
technological facilities, in order to identify situations, it is necessary to take into
account large amounts of data of various types that come from various sources.
This makes it difficult to use metrics to assess the similarity of situations. The
article proposes to use the approach used in large language and multimodal neural
network models to compare and select from SKB situations. A neural network
that converts input vectors into embeddings is trained on examples of similar
and dissimilar situations in such a way as to best separate the embeddings of
dissimilar situations and converge similar situations. This approach can be used to
store situations in vector databases (VDB) with built—in search mechanisms. This
paper presents the results of a study of the architecture of a neural network, where
the input module performs the task of forming embeddings, and the output module
performs the task of comparing them with by calculating the similarity score for
the final selection. It allows the use of a neural network both independently and
in conjunction with a vector database, when the task of preliminary localization
of a subset of relevant situations is assigned to the VDB tools.

Keywords: case-based reasoning - decision support system - contrastive
learning - representation of situation - situation retrieving

1 Introduction

The event of potentially dangerous or other problematic situations which can lead to
significant losses are possible when operating complex technological objects. The tasks
of decision-making are particular relevance in those cases.

The development and implementation of intelligent decision support systems (IDSS)
makes it possible to take timely measures to eliminate them, taking into account all
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existing conditions and the context of the development of the situation at a complex
facility [1, 2]. One of the most effective methods for IDSS working in real time is
the case-based reasoning method [3-6]. It allows to quickly proposing a solution in a
difficult situation by selecting it from the previously known and stored in the situational
knowledge base (SKB), which is also called the case base.

The SKB stores descriptions of practical or potentially possible problem situations
and the solutions that are recommended in these situations. Thus, the SKB is a set of
<Situation, Solution> pairs organized in some way. If a current problem situation arises,
itis compared with those in the SKB. According to a given similarity criterion, the most
similar situation is retrieved, and the solution that is paired with it is applied. If there is
no situation in the SKB that meets the specified similarity conditions, one or more of the
closest analogues is selected. Those analogues can serve as a basis for the operational
development of a new solution. In this case, after an appropriate expert assessment, the
new solution, together with its situations, can replenish the case base.

To implement CBR in the operation of complex technological facilities, a compre-
hensive description of the situation is necessary, which should take into account the state
of the components of a complex facility, adjacent systems, the external environment and
the operational environment, as well as the state of the connections between them. In
this case, the solution may be a set of measures, action programs addressed to different
participants (operational personnel, support services, managers, etc.). In these condi-
tions, the tasks of developing formal representations of situations on complex objects,
methods and models for their comparison and selection become particularly relevant. A
common approach to representing a situation as a point in some parametric space, fol-
lowed by estimating the distances between points in this space, faces difficulties caused
by alarge number of these parameters and their diversity. To overcome these difficulties,
researchers introduce the concept of local metrics with their subsequent aggregation [7,
81.

However, this does not eliminate the difficulties of constructing models for aggregat-
ing local similarity metrics for final situation selection, which is even more complicated
in conditions of variability in the relative importance of local similarity estimates in
various situations.

The task of this study is to develop a method for selecting situations in the SKB
based on neural network models that are trained on examples of similar and dissimilar
situations. The approach of contrast learning and the use of embeddings is taken as a
basis. It implies representing external objects in the internal, hidden space of a neural
network, where similar objects (situations) are grouped and not similar are spread. This
approach is used, in particular, in modern multimodal neural network models [9].

At the beginning of the article a description of method developed by the authors for
representing the situation on an object in the form of a vector, the task of retrieving a
situation from the SKB is formulated. Next, the neural network model architecture of
situation retrieving is presented, the dataset used in the experiment is described, and the
achieved quality metrics are given.
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2 Methods and Materials

In work [10] proposed a model of a complex technological object (CTO) in the form of
a set of Elements Oj, each of which is described by a vector Xj. Any relatively isolated
component of a complex object, its operational environment or the external environment,
as well as the connections between them, which must be taken into account when making
decisions, can be as an element of the CTO. In the simple case, vector X is a set of
quantitative parameters that are categorized for use in a neural network. In more complex
cases, vector Xj is a vector in the state space. It indicated in which of the possible states
(classes of status) this element is located (for example, the “Serviceable - Faulty” state).
To form such vectors, state classifiers are used, which can be both rule-based classifiers
and classifiers based on neural networks [10].

At the same time, the vector is a representation of the complex situation at a complex
technological facility

Sit = Concat(Xj|i = [1 : N]),

where the entry [1:N] means that the index i goes through all values from 1 to N; Concat
(.) is the concatenation of vectors; Sit € R *P| D — the total dimension of the vector
obtained as a result of concatenation.

When selecting situations from the situational knowledge base, the task of choosing
according to the criterion is solved

Sim (Sit, Sit;|z = [1 : z]) — max, (D)

where Sim is some indicator of similarity between situations; Z is the number of records
in the SKB or in a previously allocated segment of the knowledge base.

Based on the results of this task, one Sit* or top-K situations {Sit*} are retrieved
with the highest Sim value.

Due to the heterogeneity, possibly high level of autonomy and independence of CTO
elements, Sim calculation becomes a problem when Sim is a vector selection criterion:

Sim(Sit, Sit,) = (Simy, Sim, . .., Simy, .. .),

where Simy are local similarity metrics between CTO elements or their agglomerations,
which in general can be calculated in various ways.

In practice, the choice in the presence of a vector criterion requires separate work to
establish priorities between local metrics in order to eliminate multicriteriality. This task
is carried out with the involvement of experts, which is time-consuming and resource-
intensive. In addition, the relative importance of a local assessment of similarity may
vary depending on the general context of the situation.

An alternative approach for assessing the similarity of objects is implemented in
modern neural network models, in particular, multimodal networks. Here we use the idea
of transferring input vectors into a hidden space and forming internal representations
of these vectors in this space using embeddings. The coefficients of the matrices of
transformations of the input vector into the internal embedding are selected during
training so that the necessary properties and relationships between the input vectors are
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most manifested in this new space. In particular, with contrast training, by introducing
a loss function that takes into account the distance between vectors, such a result is
achieved in order to bring similar vectors (belonging to the same class) together in a
new space and separate dissimilar vectors (belonging to another class) as far as possible
[11]. An illustration of the result of such a transformation is shown in Fig. 1.

OA A
O A ATA

> L
»

Fig. 1. Tllustration of the transfer function operation into the hidden space of a neural network.
On the left are vectors of objects of two classes in the original space. On the right are vectors of
the same objects (embeddings) in the hidden space. Circles are vectors representing one class,
triangles are vectors representing another class.

Taking into account this approach, the task of selection in situational knowledge
bases is supplemented by another stage, at which the representation of the situation in
the form of a Sit is transferred to a hidden space using a pre-trained neural network
model fyw, which is called an embedder:

E = fw(Sit, W1, L1),

where W1 is the set of weights of the neural network model defined during training;

E € R X4 4 _ the dimension of the embedding vector, d < D;

L1 — the loss function minimized during training.

The fw model is a fully connected feed-forward neural network, the number of
layers, the number of neurons per layer, activation functions and loss function are
hyperparameters that are selected experimentally.

At the next stage, the obtained embeddings of the current situation and the situa-
tion from the SKB are compared. For this an additional module of the neural network
(retrieving module) can be used, which performs the follow transformation:

Sim(Sit, Sit,) = fw(E, E,, W2, L2),

where E, — embedding of z-situation from SKB, W2 — weights of neural network into
retrieving module, L2 — loss function.
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3 Results

The approach described above is implemented in the preparation of a neural network
model for comparing and retrieving situations specified by vectors (Fig. 2). The values
of the hyperparameters of the model were selected during the experiments according
to the quality metrics described below. The neural network model was prepared and
implemented using the Keras library in Python.

x_input

v

x1_train = x_input[range(0, 73)].values x2_train = x_input[range(73, 146)].values

] ]

x1_train x2_train
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, S —
Dense, Dense,
73 neurons, "relu” 73 neurons, "swish"
v v

Dense, ‘

! Dense,
146 neurons, "swish"

146 neurons, "relu”

| |
| |
[ Dense, ‘ Dense, ‘
| |

73 neurons, "relu” 73 neurons, "swish"
v v
Dense, I ‘ Dense,
\ 36 neurons, "swish" 36 neurons, "relu”
e e I ,,,,,,,,,,,,,,,,,,,,,,,,,,,,, I ,,,,,,,,,,,,,,,
model_out1 model_out2
L J
v
concatenated = euclidean_distance([model_out1, model_out2])
‘ Dense,
1 neurons, "custom_sigmoid”
merged_model.compi ='binary_cro py', optimizer="RMSprop’, metrics=['accuracy’]) ‘

v

merged_model.fit([x1_train, x2_train], y_train, validation_data=([x1_val, x2_val], y_val), batch_size=10, epochs=10,) J

Fig. 2. The architecture of neural network model for comparing and retrieving situations

In this architecture, the first M layers are the embedder module, the final layer is
the retrieval module. In the model shown in Fig. 2, M = 4. These are fully connected
layers through which the vectors of two comparable situations pass separately. At the
output, the Euclidean distance is estimated between the obtained embedding vectors of
the situation with a dimension of 36 positions, the value of which is transferred to the
output layer with the activation function “custom_sigmoid”. The model gives similarity
estimates in the range from O to 1, where 1 is the maximum similarity.

The input situations are represented by vectors of dimension 73 positions. In this
case, this is due to the dimensionality of the representation of the situation in the training
dataset. When this dimension is changed, the number of embedder layers and the number
of neurons in them are defined experimentally based on the quality metrics of the model.
The model of choice here is the last layer with one working neuron and the activation
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function “custom_sigmoid”, the graph of which is configured for a stronger separation
between the results of Sim calculation.

Contrast learning is implemented by selecting pairs of similar and dissimilar situa-
tions (positive and negative examples) and using the function of calculating the distances
between the embedding vectors of situations. During training, the loss function in the
form of binary cross entropy [12] and the Accuracy metric are minimized. This is due
to the fact that, in the training mode, the model on the dataset with the labels “similar/
dissimilar” learns to solve the binary classification problem. However, in the inference
mode, we are interested in the result in the form of some quantitative assessment, which
will allow us to rank and select situations. To test this possibility of the model, a separate
validation (verification) dataset with labels in the form of a quantitative assessment of
similarity is formed in experiments. In this case, it will not be the numbers at the output
of the trained model and in the dataset that will be compared, but the ranked sequences
of situations — those obtained by the model and which are based on this dataset.

The training data-set contains pairs of situation in kind of vectors combination <Sit;,
Sitj> with similarity labels Y € {0,1}. An example of a vector combination is shown
below:

0,0,0,1,0,1,0,0,1,0,0,0,1,0,0,1,0,0,0,1,0,0,0,1,0,0,1,0,0,0,1,0,0,1,0,0,0,1,0,0,1,0,0,0,

1,0,0,1,0,0,1,0,0,1,0,0,0,0,0,0,1,0,0,1,0.,0,1,0,0,0,1,0,0,0,1,0,0,0,1,0,0,0,0,0,1,1,0,1,0,0,

0,0,0,1,0,1,0,0,0,0,1,0,0,0,1,0,1,0,0,0,1,0,0,1,0,0,0,1,0,0,1,0,0,1,0,0,1,0,0,0,0,0,0,1,0,0,
1,0,0,1,0,0,0,1,0,0,1

Here, the first 73 positions are a description of the first Sit; situation, the next 73
positions are a description of the second Sit; situation, the last position is the similarity
label Y of these two situations (for the training set O or 1, i.e. dissimilar/similar).

The data-set contains 150 examples of situations, which appears on smart-farm,
which taken as complex technological object. The smart-farm has elements which are
described various data: sensors, microclimate parameter, nutrition containing, lighting
parameters and condition of plants. The smart-farm and approach of forming of situation
vector are considered more detail in article [13]. The training data-set include 5 subsets,
each of them is imitation of knowledge base where the one situation compares with 30
other situations with various similarity (from low to high similarity).

The trained model estimated with validation data-set {<Sit, Sitj;, Yvj> | i = [I:
Nv]}, where label Yv € [0, 1] has obtained by expert assessment. An example of a
vector combination is shown below:

0,0,1,0,0,1,0,0,1,0,0,0,1,0,0,0,0,1,0,0,1,1,0,0,0,0,0,1,0,0,1,0,0,1,0,0,0,1,0,0,1,0,0,0,

1,0,0,1,0,1,0,0,0,1,0,0,0,0,1,0,0,0,0,0,1,0,0,1,0,0,1,0,0,0,1,0,0,0,0,1,0,1,0,0,0,1,0,0,0,1,

0,0,1,0,1,0,0,0,0,0,1,0,0,1,0,0,1,0,0,0,1,0,0,1,0,0,0,1,0.,0,1,0,1,0,0,0,1,0,0,0,0,1,0,0,0,0,
0,1,0,0,1,0,0,1,0,0,0.884

Here, the first 73 positions are a description of the first Sit situation, the next 73
positions are a description of the second Sit; situation, the last position is the similarity
label Yv of these two situations (for the validation date set Yv € [0, 1]).

The validation data-set contain 60 situation pairs. It include 4 subsets, each of them
is imitation of knowledge base where the one situation compares with 15 other situations
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with various similarity (from low to high similarity). Due to this it was made possible
to compare for each input Sit a subset of Sitj, which is ranked by down Yv on condition
Yv > T (threshold for similarity assessment).

The assessment of trained model efficiency has a next approach. The sequences
ranked pairs by down similarity were made for each subset from validation data-set.

The first sequence contains pairs with calculated similarity using obtained neural
network model. The second sequence contains pairs with similarity based on Yv labels.
The third sequence contains pairs with similarity calculated with weighted sum model,
where similarity calculated with aggregations of local similarity metrics. The weights
coefficients of local similarity metrics were set by an expert and not changed.

The following metrics were used when comparing the results:

— a metric for evaluating the correctness of ranking k situations of the best in terms
of magnitude [14]. A value of 98% has been achieved for the neural network model
(based on nDCG@k);

— a metric for evaluating the accuracy of the definition of the Accuracy class [15]. In
the case under consideration, the class of pairs of situations “similar/dissimilar” with
a threshold of Sim > 0.5, a value of 100% has been reached for the neural network
model.

The experiments have shown that in conditions of a small sample size (150 pairs of
situations), the model shows high accuracy in assessing the similarity of situations to
the verification data.

It is worth noting that when selecting situations from the database, it is not enough
to evaluate the “similar/dissimilar” class. It is more important to evaluate the ability of
the model to make the correct selection and ranking of the best options (situations and
solutions), which corresponds to the practice of human-machine decision-making [16].

As a result of the mathematical model, collisions arose, i.e. 4 situations were repre-
sented by the same similarity values, while the neural network model was able to rank
them, while the similarity ranks coincided with the expert’s choice.

4 Discussion and Conclusion

The experiments have shown that in conditions of a small training sample size, the model
shows high accuracy in assessing the similarity of situations from the validation data.

The relevance of ranking increases with the complexity of the object (an increase
in the number of elements), when the risk of collisions increases, i.e. cases when the
difference of situations in one attribute or local metrics can be compensated by their
similarity in other attributes.

One of the important features of the conducted research was the use of a training
and validation data-sets with different labels. In the training set, only belonging to the
“similar/dissimilar” class of two situations is established, in the test set — the degree of
similarity.

Unlike the earlier work of the authors [13], where a data set with labels was used
to train the model - expert assessments of the similarity of situations, in this study a
new modification of the model is proposed, which is trained on a data set with labels
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“similar/dissimilar”. At the same time, in the inference mode, the model shows high
abilities to rank situations by similarity, which is confirmed by an assessment on a test
dataset.

This approach allows you to significantly reduce the cost of creating training data sets.
In addition, the division into embedder and output models proposed in this paper opens
up additional possibilities for configuring the model taking into account the specifics
of the subject area and the applied tasks being solved. It becomes possible to create a
library of pre-trained embedders that will use their data sets to adjust to different aspects
of the similarity of input situations. For example, it may be a similarity in individual
components of situations or a similarity taking into account some additional context.

Practical Significance

The conducted research allows us to conclude that neural network models are applicable
for selecting situations from the situational knowledge base based on an assessment
of their similarity. A machine learning approach is implemented that does not require
complex mathematical or logical models using expert knowledge. At the same time, at
the stage of forming a training dataset, large labor costs are not required to assess the
degree of similarity of each situation.

A further research plan in this direction involves the creation of a framework for
CBR with the possibility of integration with modern vector databases [17]. It will allow
organizing two-stage case retrieving for decision support in high volume of situational
knowledge base.
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Many large manufacturing enterprise use PLM systems [1] to manage the product
lifecycle. PLM systems are used to control data flows in production, including
such tasks as storing, integrating, and maintaining data in each information
subsystem within the complex. The enterprise data bus plays a key role in this
[2]. Each complex of systems with a data bus has its own implementation features
[3]. However, the common feature of data bus-based integration is the use of
rule-based interaction. The analysts perform the following tasks to configure
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Abstract. The production tasks often contains the integration of a
product lifecycle management (PLM) systems and a third-party infor-
mation systems (IS). This system may not be part of the PLM complex,
but provides information support for managing production processes.
An analyst is currently responsible for carrying out the integration. He
must form a structural and process models of the integrated information
system to make interaction rules with the system. During the operation
process, besides the analyst, there is an operator involved, who performs
maintaining the relevance of the integrated information system data and
the entire complex, and a decision maker, who performs managing the
integrated information system, namely maintaining its operational state.
An approach is to reduce the load both on the analyst, who configures
the interaction and display of data, and on the operator, who is involved
in ensuring the relevance of data structures, and on the decision-maker,
who is involved in making important decisions related to risks in produc-
tion. The novelty is in using data-based management by forming a data
meta-model of the integrated information system based on the analysis
of its storage; mapping of the data of PLM systems and the integrated
information system on the enterprise through the use of a rule base for
the behavior of the integrated information system. This allow to reduce
in a 67% the workload of the decision maker.
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the interaction between subsystems: building a model of the information system
behavior, identifying key features, forming system behavior rules.

This work considers the approach to forming interactions between systems
and the approach to managing PLM subsystems. There is often a need to inte-
grate a PLM system with an external information system (integrable IS) that is
not part of the PLM complex. But these IS are involved in tasks related to sup-
porting information for managing production processes. Integrating of the two
systems perform analyst or decision-maker (DM). The analyst must create struc-
tural and process models of the integrable information systems and the create
interaction rules with the system are formed. The analyst’s (DM) tasks include
managing the integrable IS, ensuring the data is up to date, and maintaining
the system’s operational state.

PLM % % IS
DM IS analysys,

Operator Analytics i

[__ base process detection, |
input and output
Interation rules for data definition

servicebus = [fE----mmemmmmmmmmmeeoon

I | Analysis and customize
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( .......................
Return done

Get data from service bus

»
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Fig. 1. The process of organizing interaction and maintaining a system

One of tasks the operator is the interaction configuration between the inte-
grable IS and the entire PLM complex. The amount of work required by the
operator for setting up interaction, data display, and maintaining the system’s
operational state is considerable. The role of the operator in this process is shown
in Fig. 1.

The analyst must consider changes in the data structure of the integrable IS.
The operator monitors potential risks associated with ensuring the data matches
the PLM complex. The DM makes decisions regarding minimizing possible risks.
An approach is proposed that helps reduce the workload on both the analyst
responsible for setting up interaction and data display and the operator involved
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in ensuring the data structure’s timeliness, and the DM making crucial decisions
related to potential risks in production.

The novelty is in using data-based management by forming a data meta-
model of the integrated information system based on the analysis of its storage;
mapping of the data of PLM systems and the integrated information system on
the enterprise through the use of a rule base for the behavior of the integrated
information system.

The primary advantage of this approach is the ability to form exchange rules
not only based on the metadata of information systems, but also based on inter-
action logs during information exchange.

2 Overview of Existing Methods and Approaches
to Management

Currently, approaches to managing production information systems are discussed
in the following sources: [5-10]. Sources [5,6,8] suggest using an integrated IS
model. These approaches directly depend on the accuracy and completeness of
the model, with the model being formulated either by an analyst [5,8] or auto-
matically [6], which does not always guarantee the adequacy and accuracy of
the model. Source [5] presents classical control based on the model of processes
and data in the information system, where the role of the analyst is significant.
Source [6] suggests using a framework for model formation. Despite the fact
that the model formation process occurs automatically, the controlling compo-
nent still depends on the accuracy and completeness of the model. Source [7]
proposes using a training sample and unsupervised machine learning. However,
depending on the completeness and quality of the data sample, the model of the
integrated IS being formed may lead to misinterpretation of the results of con-
trol mechanisms forecasting, especially if the data contains errors or is heavily
noisy. In source [8], a digital twins approach is proposed. Despite the advan-
tages of this approach overall, in the context of the set task, namely integration
of information systems, data representation, and reducing the workload of ana-
lysts, operators, and managers, the digital twins approach requires additional
qualitative analysis and building a model of the information system, leading to
an increased workload on the analyst.

In source [9], an approach to human-in-the-loop management is described.
The main idea of this approach is complete control of the control system behavior
by a human and boils down to supervised machine learning. This approach is the
safest in terms of preventing production-related risks, but it is more complex and
requires the involvement of managers at all stages of the control system lifecycle,
from forming the training sample to monitoring the control system behavior.
Therefore, a data-driven control approach is proposed [10]. It is assumed to
reduce the workload of the analyst and operator by integrating and partially
managing the tasks of the production information system with the developed
control system. The data-driven control approach implies:

1. a technique to model-based design of controllers [5];
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2. data representation in the integration of PLM systems and the integrated IS
of the enterprise by using the rules base of the behavior of the integrated IS;
3. reducing the risks of transitioning to a failure state and maintaining the
system in a working state without the involvement of managers in this process.

3 Overview of Existing Approaches to Rule Base
Formation

To solve the problem, it is proposed to use a production rule-based model. Clas-
sical fuzzy systems are based on the Mamdani approach [11]. In such systems,
there are 2 modules for converting regular data into fuzzy data. The fuzzification
module establishes a correspondence between real values of input data and fuzzy
values, based on the membership function. On the other hand, the defuzzifica-
tion module establishes a correspondence between fuzzy values and real values
of output data of the subject area. Fuzzy rule bases (systems based on fuzzy
rules) are based on the principle of converting crisp values into fuzzy values. In
this case, rules represent a set of linguistic terms, and output data is associated
with them; for example, a rule may have multiple input data and only a certain
value of the output parameter. There are several variants of classical systems
based on fuzzy rules:

1. Mamdani-type fuzzy rules system [12]. Each rule variable represents a value
from a set of linguistic terms, for example. If X; is a variable represented by a
set {l1,l2,13}, then in the rule variable X; can be represented as {l1,l2}. The
variable can belong to a set of linguistic terms in the rule. This helps reduce
the number of rules to avoid increasing the size of the rule base. Thus, a rule
can look like: z1 = {l11,l12} Aza = {las} A cco Ay = {ln1, 2} —y =Y.

2. Approximate systems based on Mamdani fuzzy rules [13]. Such systems
include several elements of term sets, which can reduce the interpretability of
the output. Systems can achieve greater accuracy at the cost of losing inter-
pretability. Each rule has its own fuzzy set instead of using linguistic terms.
This approach generates semantically free rules and has more expressiveness
due to the use of various fuzzy sets in each rule. It can take different numbers
of rules depending on the complexity of the problem. As for the drawbacks,
such systems suffer from a loss of interpretability and may overfit training
data, performing poorly on unseen data.

3. Classification systems based on fuzzy rules [14]. A classification system based
on fuzzy rules is a system that uses fuzzy rules as a means of learning. In
classical systems based on Mamdani fuzzy rules, input data is matched with
a single-dimensional output, but in this case, input data is matched with
one of the class labels. The rule structure looks as follows: x1 = l1; A 29 =
log N o Ny =1y — y=c.

There are variants of non-classical systems based on fuzzy rules:

1. Hierarchical fuzzy systems [15] consist of several low-dimensional fuzzy sys-
tems arranged hierarchically. Rules in hierarchical fuzzy systems are grouped
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into modules according to their roles in the system. Each module calculates a
partial solution, which is then passed to modules of the next level. Although
each module is a fuzzy system, it generates a significantly smaller number of
rules than a flat fuzzy system. Despite the widespread use of hierarchical rule
bases when working with big data, there are a number of drawbacks to such
systems. The article [16] provides examples of generating a hierarchical fuzzy
rule-based model. The article [17] provides examples of optimizing cascading
hierarchical fuzzy systems using neural networks, but because the proposed
method involves all input variables, the advantage of reducing the number of
rules is lost.

2. Neuro-fuzzy systems [18] are a merge of systems based on fuzzy rules with
artificial neural networks. The main idea of these systems is the ability to
make decisions based on given rules and to learn by using neural systems.
The rule base is flat (one-dimensional, unlike hierarchical fuzzy systems),
which increases the size of the rule base but simplifies the process of training
the neural network during system operation. Neuro-fuzzy systems consist of
two modules, the first one is responsible for tuning and structuring the rule
condition, and the second one is responsible for forming the consequence.
Based on existing rules, the neural network adjusts the rule condition and
partially calculates the membership function corresponding to the fuzzy input
data. In the second stage, the consequence of the rule is calculated from the
fuzzy set of consequences to precise output values.

3. Evolutionary fuzzy systems [19]. Genetic algorithms are used to form the
rule base. The difference of this type of fuzzy rule bases is that they are self-
learning and self-optimizing. Implementation of this approach is done in two
stages:

— in the first stage, a genetic algorithm (GA) is used to find candidates of
fuzzy rules in the knowledge base;

— in the second stage, GA is used for the knowledge base optimization
procedure to exclude the worst rules that have little impact on achieving
the final solution.

D
IEE ‘ | data base |
model

[Antecede ‘\\L ~— ‘Consequent

[ [ b
Input data N abstract level L5l key level create abstract output generaie Output
create level search output data

Fig. 2. Structure of the hybrid base with fuzzy logical inference

To solve the research problem in data organization, it was decided to combine
the hierarchical fuzzy rule base and neuro-fuzzy rule base approaches with a
result based on Mamdani fuzzy rules, using an evolutionary algorithm approach
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for rule formation based on changes in the metamodel. Thus, the rule base will
be structured as shown in Fig. 2.

According to the diagram, the knowledge base consists of several levels of
conditions taking into account possible changes in the metamodel and in the
database of the integrated information system, and several levels of consequences
forming a clear logical inference based on the linguistic representation of rules
in the rule base.

4 Model of the Knowledge Base of Behavior
of the Integrated Information System

According to Fig. 2, the rule base will be represented as a hierarchical structure
with two levels of rules. Previously, the authors obtained a structural model of
the metadata M of the integrated IS [20]. Thus, the first level will be represented
as rules consisting of linguistic terms and will depend on changes in the meta-
model. The second level of rules will be dynamically formed based on the results
obtained at the first level.

Let INP = {INP,,INP;,...INP,},z € N be the set of linguistic terms
representing the input data of the metadata model M, and OUT = {OUTy, ...,
OUT,},w € N be the set of linguistic terms representing the key processes of
the metadata model M. Hence, the rule describing the first level will have a
set-theoretic representation as follows:

P(INP) — {INPOYT:} OUT,, (1)

where OUTy is a linguistic term reflecting a specific key process of the metadata
model M, and {INPCUT:} is a set of linguistic terms reflecting the input data
for a specific key process of the metadata model M.

Let’s represent {INPPUT:} as X and OUT, as Y. Table1 shows the input
data for the second-level rule, which will be used to generate the final values of
the integrated IS behavior.

Table 1. Tabular representation of the input data for the second level rule

X1 X2/.. Xm|Y
vl s Lol |yt

2 1 2 2
V1 (Vg |...Un Y

n |, n n
vy (U2 |...Un Y

The columns 1-4 represent the input data values for the key processes of the
information system, and column 5 represents the values that are the system’s
reaction to the input data values.
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To form second-level rules of controlling the integrated IS, let’s define the
following functionality:
p(X,V) =Y, (2)

where V. = {{vi,...,v} }, {v}, .., 03}, ..., {o},...,v"}} - the input values of m
parameters X = {x},k=[l,m],m e Nyne N,Y = {y'},i =[l,n],n € N -n
states of the integrated IS.

The system state 3* is determined by the vector of input values {vi,...,v? }.
To form a rule for controlling the system to transition to a state (issuing control
actions) y', it is necessary to include a comparison of the parameter vector X
with the values {vi,...,v¢ } in the rule’s antecedent as shown in Eq. 3.

pi(Xv {’Uir“’vfn}) _>yi- (3)

During the operation of the integrated IS, there may be situations where
different input parameter values lead to the same state y®. In this case, they
should be grouped, explicitly specifying the same output state.

To account for uncertainty in input values, fuzzy membership functions of
triangular form g(y*)(2?) [11] will be used. This function of input parameter
values z* inherent in system state ¢ allows for logical inference even when the
input value vector contains values that do not precisely match the values used
in the rule antecedents.

5 Algorithm for Generating Output Data Based
on a Hierarchical Rule Base

The generated rule base contains two levels: abstract, based on metadata of infor-

mation systems, and actual, reflecting the processes of comparing the attributes
of objects exchanged between information systems.

abstract level

Meta generate abstract|  rulebase  (NPOUTS} OUTS PO V11, ey Vi) >y
model level rule base T T ' ‘
search in abstract generate key logic inference Y
level rule base level rule base by Mamdani
(T \ J
transfer to terms —|NP
7
data ‘ _I t Output
base generate ou .
7

Fig. 3. Decision making algorithm

At the first level of the rule, antecedents and consequent contain the names
of objects (entities) exchanged between information systems. The second level
describes the rules for matching attributes based on the business logic of the
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exchange. The fuzzy approach allows us to obtain a solution for cases where the
attribute values in the antecedents do not have an exact comparison with the
original data, i.e. allows you to determine the state of the system by the value of
the membership function. Figure 3 shows the decision-making algorithm using a
hierarchical fuzzy rule base with fuzzy logical inference based on the Mamdani
approach [11].

First, on the basis of the metamodel, the first level of the rule base is formed
(generate abstract level rule base), which will not change until changes occur in
the metamodel of the integrated IS itself.

DB/db dump,
dblogtie | IND1
ZEPEICdeEEST" InD2 Inputs - Metamodel SPSAT

Key inputs
|
fle = InD3 Optimal inputs -
MFAC m

candidates

- candidates
log files ’

(candidates&&log files)||log files

Fig. 4. Source data for metamodel and decision making algorithm

The algorithm presented in Fig. 3 consists of the following steps:

— Input data, represented as key-value data tuples from data storage of IS (e.g.
inpl = 7) of different types (integer, string, date, and boolean variables), are
transformed into linguistic terms represented as INP = {INPy,...,INP,},
z € N, Fig. 4, for detail see [22].

— Using the first level rule base (abstract level rule base) and the trans-
formed input data (INP), a logical inference is performed, represented as
{{INPOYT:} OUT,},s € N.

— The result of the first level rule execution ({INPOUT:} OUT,), the original
input data (key-value data tuples such as inpl = 7) of different types, and the
data base of the integrated IS participate in the dynamic formation of second-
level rules (generate key level rule base), whose mathematical representation
is given in Eq. 3.

— Through fuzzy logical inference (logic inference by Mamdani) based on the
Mamdani approach, the result of rule execution (y?) is obtained based on the
second-level rule base.

— In the final stage (generate out), suitable output data are formed as key-value
data tuples (outl = 7) of different types (integer, string, date, and boolean
variables). The final stage uses the data base of the integrated IS and the
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result of rule execution (y?) based on the second-level rule base as input
data. The output contains the names of target entities (tables for insertion
into integrated information systems) and identifiers for matching records in
databases.

Thus, the decision-making process is based on a hierarchical fuzzy rule base with
fuzzy logical inference.

6 Illustrative Example of a Hierarchical Rule Base

As an example, let’s consider the rule base obtained based on the information
system designed for processing requests, faveo service desk [21]. The data meta-
model described in [22] is shown in Fig. 5.

kb_article_relationship| | settings_system team_assign_agent| tickets_thread ticket
created_at status created_at reply_rating rating
updated_at api_enable updated_at rating_count rating_reply
created_at is_internal flags
updated_at created_at ip_address
—/ updated_at lock_by
lock_at
isoverdue
reopened
kb_category kb_article teams sla_plan ed
description name status status html
status description assign_alert transient is_deleted
parent status created_at ticket_overdue closed
created_at type updated_at created_at is_transfered
updated_at publish_time ticket_priority updated_at transfere_at
created_at ority_Urgenc i reopened_at
Jated at !)I'IOI’I y._ gency ticket_status due_date
- = Is_public mode closed_at
created_at flags last_message_at
updated_at sort last_response_at
help_topic email_user approval
status created_at follow_up
type updated_at created_at
auto_response updated_at
created_at
updated_at

Fig. 5. Metamodel of the Faveo information system

Based on the metamodel, a first-level rule base is built, as shown in Fig. 6.
The first level contains linguistic terms that reflect the dependency of key pro-
cesses on input data. The input data has been transformed into a linguistic
description beforehand. When comparing the Figs.5 and 6, differences can be
seen between the names of the input entities for the metamodel and the input
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data presented as linguistic terms in the rule condition. This is because the input
data is transformed before forming the first-level rule base. When following the
link of one of the rules presented in Fig. 6, a second-level rule base is dynamically
formed. Figure 7 shows an example of a second-level rule base for the key process
ticket_thread, shown in Fig. 5. The conditions of the rules contain key parame-
ters with integer values. In the process of fuzzy logical inference, a search for a
suitable rule is carried out using the membership function, as a result of which
user-friendly data corresponding to the state of the key process with the given
input data are generated. An example of the output result is presented in Table 2.
With the given input data, CS generated a result that reflects the state of the
key process of the faveo service desk information system. This output confirms
the feasibility of applying the proposed approach. The generated result reflects
real data when working with the faveo service desk ticketing system. Obtaining
the result does not depend on the launch of the integrated information system
itself. It is an advantage when displaying data and the parallel operation of the
integrated information system with the PLM complex.

IF

INP = {'kb_article', 'kb_category'}

THEN OUT = {'kb_article'. 'kb_category'}, 'kb_articlerelationship’
IF

INP = {'timezone', 'time_format', ‘date_format', 'date_time_format'}
THEN OUT = {'timezone', 'time_format', 'date_format', 'date_time_format'}, ‘settings_system’
IF

INP = {'teams', ‘'users'}

THEN OUT = {'teams', ‘users'}, 'team_assign_agent’

IF

INP = {'tickets', 'users', ' ticket_source'}

THEN OUT = {'tickets', ‘'users', 'ticket_source'}, 'ticket_thread’

Fig. 6. Base of rules of the first level of the Faveo information system

IF IF

ticket_id=14 AND user_id=1 AND source=NULL ticket_id=15 AND user_id=1 AND source=NULL
THEN id=23; ticket_id=14 AND user_id=1 AND source=NULL
IF ticket_id=13 AND user_id=1 AND source=NULL
ticket_id=15 AND user_id=1 AND source=NULL ticket_id=12 AND user_id=1 AND source=NULL
THEN id=24; ticket_id=11 AND user_id=1 AND source=NULL
IF ticket_id=1@ AND user_id=1 AND source=NULL
ticket_id=8 AND user_id=1 AND source=NULL ticket_id=9 AND user_id=1 AND source=NULL
THEN id=32; THEN id=31;

Fig. 7. Base of rules of the second level of the Faveo information system for the key
process ticket_thread

7 Control System of the Control Complex

The proposed approach involves using a control system to reduce the time and
effort of the operator involved in the control process. The control system (CS)
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Table 2. Result of rule 31

id 31body Ticket have been deleted by Lily Kamaletdinova
ticket_id|9 created_at |2023-11-29 14:27
user_id updated_at [2023-11-29 14:27
format |0 reply_rating |0

©

—_

source is_internal |1
title ip_address
poster rating_count

is a software tool that implements the proposed management approach based
on data [20]. Control involves configuration and data exchange, in this case,
through the use of the metamodel of the integrated inforamtion system (IS) and
a hierarchical rule base with fuzzy logic inference. The control system acts as an
adapter to facilitate the interaction of the integrated IS with the PLM software
complex.

PLM % Control [S
>
! Request for a metamode! i

5 R—_

Return metamodel
. ‘ DD Metamodel creation
- Interaction rules for service bus

L oLoIC )RR
Return done 3
E:D Custormize Web API
I
!

Get data from the service bus

o
b D Forming the results

alt [is results found = true)

alt i =

(ffc cata can be used inthe PLM =M1 SenddataforPLm ____
i
[glke] Message for DM |

Change data in the PLM e data cannot ba applied”

[elst ¢« Message for DM
Change data in the PLM "Results not found"

Fig. 8. Interaction and maintaining the system in a state of operability

Figure 8 shows the process of organizing the management of an information
system with the involvement of a control system. Figures1 and 8 demonstrate
that the control process does not include the role of the analyst and the operator.
The CS performs these functions. Also, there are several conditions in both cases:

1. The possible reaction of the integrated IS to input data exists;

2. The influence of the received reaction on the state of the PLM system (the
possibility of adding data to the complex without errors and risks to the entire
production complex).
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It can be seen that the main task of the CS is to adjust the data of the overall
PLM complex without interacting with the integrated information system. There
were 9 scenarios where the DM was involved. After implementing the subsystem,
the number of scenarios reduced to 3. The overall percentage of scenarios in which
a person should be involved in working with the system without the CS is 85%
1, while the total number of scenarios when working with the CS is 18%, 8.
The main task, in the case of using the CS, is to react to errors in generating
results from the integrated IS. This allow to reduce in a 67% the workload of
the decision maker.

8 Conclusion

The article presents a data-driven management approach applied to production
processes. The approach involves using the data metamodel of an information
system and a hierarchical rule base for the behavior of the information system
with fuzzy logic inference. The described results confirming the feasibility of
using this approach for data-driven control. The using its for management and
interaction of information systems allow to reduce labor. The approach are rele-
vant in many production facilities of the Russian Federation, including industrial
enterprises in the Ulyanovsk region.
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Abstract. This study proposes using modern data mining technologies to create a
decision support system for an expert scientific commission of a higher educational
institution. The methodology for calculating standard values of scientometric indi-
cators is examined. An attempt is being made to create a self-organizing system
in the teaching staff, striving to avoid both excessive workload and a decrease in
the quality of the educational process. Using the method of cluster data analysis,
it is proposed to divide the teaching staff into “workload” groups according to the
similarity of the following characteristics: position held, the amount of teaching
and methodological workload, the degree of influence on the process of generat-
ing scientific ideas (co-authorship significance). It is proposed to establish its own
normative intervals of scientometric indicators for each selected cluster, allowing
the achievements of the majority of participants in the study group to be considered
successful.

Keywords: scientometric indicators - scientific productivity - digital
transformation - data mining - self-organization - performance-based contract -
automated system for managing the educational process of the university

1 Introduction

The evaluation of the university teaching staff performance is a critical component of
the higher education system in many countries [1-3]. In the USA, Europe, Israel, Spain
and India, student ratings and teacher evaluations based on learning outcomes are most
widespread. However, studies have shown contradictory results of this type of assess-
ment and incentive methods [4, 5]. In 2021, in Beijing, the Chinese People’s Political
Consultative Council raised the issue of modernizing the existing system for evaluating
university teachers. In the same year, the Ministry of Science and Higher Education
of the Russian Federation developed new methodological recommendations within the
framework of the policy of effective contracts for higher educational institutions, aimed
at correcting the situation of artificially inflating the importance of publication activity
over other forms of teaching activity [6]. The integration of scientific research and the
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educational process at the university level implies the existence of a direct relation-
ship between the growth of a university’s scientific achievements and the quality of its
graduates’ training [7]. This effect is possible only with a balanced connection between
teaching and research [8]. It is necessary to avoid excessive workload for teachers caused
by excessive requirements for the number of publications and an increase in classroom
hours [9]. The use of the latest achievements in the field of artificial intelligence, includ-
ing data mining [10], and the creation on its basis of new decision support systems in the
field of higher education management [11-13] will allow us to get closer to achieving a
balance between pedagogical, methodological and research work of teachers.

An analysis of the current state of research in the field of creating intelligent decision
support systems in the field of education has revealed a wide range of opportunities for
applying approaches and methods of data mining: from assessing the current state of
educational programs and predicting possible scenarios for the digital development of
educational institutions [14, 15] to determining the level of professionalism of teaching
staff [16].

This study attempts to considers the teaching staff as a self-organizing system capable
of regulating its standard indicators of publication activity and generating their realisti-
cally achievable values, based on the current situation for the reporting period in each
individual educational institution [11, 17].

The relevance of the given research work lies in the need to develop methods that
make it possible to optimally calculate the standard values of indicators of teaching work,
in order to prevent excessive workload of teachers and, as a consequence, a decrease
in the quality of education at the university. The methodology under consideration uses
modern advances in the field of data mining and is proposed as a decision support tool
in matters of monitoring and stimulating the publication activity of teachers.

2 Methodology for Managing the Employees’ Publication Activity
from the Standpoint of Self-Organization

This study is a continuation of research into the mechanisms of self-regulation of employ-
ees’ publishing activity by influencing the system of two opposing forces — motivating
and restraining [11, 17]. The first is aimed at meeting management requirements and
is designed to stimulate performance growth. The second should prevent unnecessary
tension in the system, which threatens teachers’ “burnout” and a decrease in the quality
of student education.

As arestraining force, a methodology for calculating standard intervals for indicators
of teachers’ publication activity is proposed, which will not be encouraged by additional
payments, but will not be the reason for penalties from management. The values of
standard intervals (valid in the next reporting period) are calculated based on the results
that the main part of the staff managed to achieve over the past period. Employees who
differ significantly in their performance will be considered by the system as some kind
of “mutation” or outliers. The definition of such outliers and the methodology for their
classification are elements of a stimulating force aimed at increasing the publication
activity of teachers [11].
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Monitoring of teachers’ publication activity is carried out through cluster analysis
of educational and scientific analytics data.
The previously proposed methodology requires a number of improvements:

— itisnecessary first to divide the teaching staff into “workload” groups, according to the
similarity of the following characteristics: the amount of teaching and methodological
load, position held and average daily earnings for the reporting period. This will allow
to take into account the workload of employees. It should be noted that the inclusion of
such indicator as average daily earnings in the calculations will allow us to indirectly
assess the teacher’s workload with additional types of work (administrative position,
supervision, carrying out assignments, etc.), for which the teacher receives additional
payments;

— for each identified “workload” group, it is necessary to calculate its own specified
intervals of publication activity;

— identifying teachers who fall into the “outlier” category should be conducted by
repeated clustering in previously identified “workload” groups based on indicators
of publication activity: the personal share of article authors and the degree of their
co-authorship “significance” in the generation of scientific ideas [12];

— data on teachers falling into the “outlier” category should be sent for consideration
by an expert scientific commission of the university to confirm the outlier class, by
assessing the results of these employees’ scientific research in accordance with the
principles of DORA [18], and making a final decision on the amount of rewards or
penalties.

3 Data Preprocessing and Clustering

Data Preprocessing. The initial data for the study were obtained from the educational
analytics subsystem of the electronic information educational environment of one of the
universities in the Rostov region. Due to the heterogeneity and varying scale of the data,
their preliminary processing was required, including procedures for coding categori-
cal variables and normalizing numerical values. In order to simplify calculations and
visualize the results, a representative sample (n = 235) was formed from 600 teachers
of the university under study, including 13 assistants, 25 senior teachers, 160 associate
professors and 37 professors. A time period equal to one academic year was chosen as
the calculation period.

Each row of the source data table contains a vector of characteristics (P) about an
individual teacher: the employee’s identification number (id), his position (d), average
daily earnings for the reporting period (s), share of the rate (ds), the number of hours
of classroom workload (¢), as well as a number of indicators characterizing publication
activity (PS) and methodological work (PM).

Let’s present information about teachers in the form of a matrix A, ,;, where a;q
is a personal indicator of the employee’s professional activity for the reporting period
(id el,n, pE P), where P = {d, s, ds,t, PM, PS}, PM — types of methodological
work (Table 1, column m), PS = {kSW, kR, kPt, SW, R, Pt, wSW, wR, wPt}.

Among the indicators of publication activity (p € PS), the following ones were taken
into account:
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— total (for the reporting period) number of patents (kPt) and articles (kSW and kR)
published in reputable scientific publications, indexed in the Scopus/WoS and RSCI
databases (the core of the RSCI);

— cumulative author’s share in the specified scientific works (Pt, SW, R);

— a number of calculated indicators: co-authorship “significance” of the listed works
(wPt, wSW, wR).

The estimated indicators of employees, reflecting the “weight” (significance) of
co-authorship when publishing scientific works, are calculated as follows:
did, SW aid, Pt did R

) aid,WPt = ) aid,WR = )
Aid kSW Aid kPt Adid kR

Aid wSW =

where ajq wpt, Qia.wsw, Gia.wr — “weight” of co-authorship in obtaining patents and
publishing scientific works published in reputable scientific journals indexed in the
Scopus/WoS and RSCI databases (the core of the RSCI), respectively;
aid.pi» Aid SW» did g — the total authorship share of the teacher in scientific works;
Qid kPt» Qid kSW > Gid kr — the number of relevant scientific works of the employee.

Table 1. Complexity coefficients of developing various types of methodological work

Type of methodological work (1) Development complexity factor (k)

Updating of the academic course working program, the | 0,3
fund of assessment tools and practice programs

Examination of working programs of disciplines, the 0,5
fund of assessment tools and practice programs

Preparation of reviews for textbooks, teaching aids,
methodological recommendations, etc

Development of working programs of disciplines, the 1
fund of assessment tools and practice programs

Publication of methodological recommendations

Publishing textbooks and lecture texts

Publishing textbooks

Online course development 5

The indicator of the teacher’s total methodological workload is calculated using the
following formula:

aid M = Z (aid,m‘km)v

mePM

where a4 ,,, 1S a cumulative authorial share in methodological developments of a certain
type (m), expressed in the number of printed sheets or the number of presentation slides;

ki, 1s a complexity coefficient of development, reflecting the time spent on perform-
ing a given type of methodological work (see Table 1). The value of the coefficient is
established by expert means.
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In order to be able to compare the vector characteristics of teachers when calculat-
ing the degree of similarity between employees when clustering a community, linear
normalization of the data was performed.

Cluster Analysis of the Degree of the Teaching Staff ‘“Workload”. To illustrate the
proposed methodology, an algorithm and a program in Python using libraries for data
mining and visualization were developed. The code can be found at https://github.com/
ID50/Support-system.

The t-SNE visualization method [19] was used to assess the spatial decomposition
of elements in the studied set. Reducing the dimension of vectors-characteristics of A, «;
matrix objects from /-dimensional space to two-dimensional space allowed us to make
a decision to divide the sample under study into three clusters (Q¢, g € 0, 2) (Fig. 1).

t-SNE 2D Perp=45
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Fig. 1. Clustering according to the degree of “load” of the teaching staff (t-SNE)

Clustering was carried out using the K-means method according to the similarity
of the following “workload” characteristics: the volume of teaching (a;s ;) and total
methodological (a;z p) load of a teacher, a position held (a;s 4) and average daily
earnings for the reporting period (a;4 5) (Fig. 2).

The zero cluster (Q°) included teachers with high teaching and low methodological
loads. The first cluster (Q') consisted of employees who were mainly engaged not so
much in teaching activities as in administrative work, who had high earnings with little
auditory and methodological workload. The second cluster (Q?) included teachers with
a high methodological and teaching load.

Determination of the Boundaries of Normative Intervals. To calculate the bound-
aries of normative intervals for indicators of publication activity, it is proposed to use
Tukey’s internal boundaries method [11], which makes it possible to set the lower (LL,)
and upper (UL,,) boundaries of the interval so that it includes the values achieved during
the reporting period by the majority of the studied “workload” group.
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Fig. 2. Clustering according to the degree of “load” of the teaching staff (K-means)

Table 2 presents the calculated normative intervals of normalized indicators of publi-

cation activity for three “load” clusters, obtained during a numerical experiment carried
out using the model.

Table 2. Normative intervals of normalized business activity indicators

LLysw | ULysw | LLyr | ULywg | LLypr | ULyps | LLsw | ULsw | LLg | ULg | LLp; | ULp;
0° | -0.38 |0.38 -04 1085 |0 0 -0.12 {0.12 |0 0.16 | O 0
0! 0.14 0.47 0.13 [0.67 |0 0 -0.5 [0.87 |-0.35]0.79 |0 0
0?10 0 -0.39 |0.61 |0 0 0 0 0 0.09 |0 0

Based on the obtained values of normative intervals, the values of normalized
personal indicators of publication activity were standardized:

—1 forajyp, < LLp,
Xidp =140 for LL, < a;jqp < ULy,
ajq p for ajg p > ULy.

where, x;4 , is a standardized personal indicator of an employee’s publication activ-

ity (id € 1,n, p € PS), that is considered either unfulfilled (x4, = —1), fulfilled
(xia,p = 0), or exceeded (xiq,, € (0; 1]).
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4 Results of Cluster Analysis and Classification of Outliers

To identify teachers whose performance significantly differs from the majority of
employees in the community under study, each of the “workload” groups was re-clustered
according to the similarity of the monitored signs of publication activity. The DBSCAN
nearest neighbors method was chosen as a clustering method, which made it possible
to identify a number of employees who fell into the “outlier” category in each cluster
(Fig. 3). To visualize the obtained results, the dimension of the vectors of characteristics
of teachers’ publication activity was reduced to three dimensions using the PCA method.

Let’s introduce the concept of the final indicator of an employee’s publication activity,
SumlIDj4, the value of which will be equal to the sum of his personal standardized
indicators in the specified direction for the reporting period:

SumIDiq = Y Xigp. id € T,n.
pePS

Indicators of employees who fell into the “outlier” category

Fig. 3. Definition of “outliers” based on the values of publication activity indicators

To develop further recommendations, we classify “outliers” by comparing the values
of the final indicators of publication activity of employees who fall into the “outlier” cate-
gory with the values of the same indicators for typical representatives of their “workload”
clusters.

Let us denote that an object belongs to typical representatives of the cluster by the
abbreviation fr (typical representative), and to “outliers” by the abbreviation er (extreme
representative).

ID™1 is a set of identification numbers of employees who are typical representatives
of their “workload” cluster Q4, ¢ € 0, 2.

ID®"1 is a set of identification numbers of employees who fall into the “outlier”
category in their “workload” cluster Q7, g € 0, 2.

SumlID;;*1 is the final indicator of publication activity of an employee
id (id € ID"7) who falls into the “outlier” category in his “workload” cluster.
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Fiq is a class of an employee id (id € ID"9) who falls into the “outlier” category:

0 , a“outlier” is undescriptive
F, =41 , acandidate for reward
—1 , acandidate for penalty

Let’s calculate the maximum and minimum values of the final publication activity
of typical representatives of the cluster q(q €0, 2):

1)
SumIDmax4 = max SumID.;’q, q€0,2,
ideID4 !

SumIDmin™4 = min (SumIDt-r’q), q€0,2,
ideID'r4 id

where SumlID;;1 is the final indicator of the publication activity of an employee id who
is a typical representative of his “workload” cluster.
Below is a fragment of the outlier classification algorithm (Fig. 4).

SumID{]? > TRUE

SumIDmax*™4

FALSE SumID;|"? <
SumIDmin'™1

The university's expert
committee on the evaluation of
scientific research

Fig. 4. Fragment of the “outlier” classification algorithm

Table 3 presents the values of the initial data of employees who fell into the “out-
lier” category. The obtained results confirmed the expected expert assessment of the
publication activity of employees.

The subject of further research is the selection of the optimal amount of reward and
penalties for employees who fall into the “outlier” category, the goal of which will be
to achieve a balance between the pedagogical, methodological and research work of
teachers.
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Table 3. A fragment of the values table of the initial data of employees who fell into the category

“outlier”
id |d| wSW | wR |kSW | SW |kR| R |Pt|F
6 | 1] o0 1 0 0 1 1 oo
95 | 3] o0 1 0 0 | 2] 2 ]o]o
12213] 033 | 1 1 033 1 1 oo
0° 1313025 | 1 1 025 1 1 oo
140 | 3] 033 | 1 1 033 1 1 oo
177 13| o 0.5 0 0 |13]62]0]1
113 3] 05 1 1 05|21 2 |o]|1
135 (3] 016 | 0 1 (o016 0| 0 |0]-1
209 | 4| 0.29 6 |178] 0| 0 |0]-1
145 3] 058 [075] 3 |1.75] 4| 3 | 0] 1
o' 157 | 3| 025 1 025 1 1 o1
160 | 3] 039 | 037 | 8 |3.15]|15(558]| 0| 1
207 | 4 | 0.17 1 |0.17 3 o1
215 (4] 03 | 09 1 03 |6 |55 |01
219 14| 05 | 06 1 05 | 11|68 |01
58 3] 0 |067]| 0 0 | 2]133]0]0
0 [169]3] 0 Jors]| o 0 |2]15]0]0
2284 0 |058] 0 0 |6 |35]0]0
5 Conclusions

The following proposals were made in the study:

to apply clustering of data on scientific and pedagogical activities according to the
degree of teachers’ “workload”;

to calculate standard intervals of publication activity separately for each of the selected
“workload” groups;

to introduce an indicator reflecting the “weight” (significance) of co-authorship, tak-
ing into account the degree of personal influence on the process of generating scientific
ideas;

to determine whether an employee falls into the “outlier” category by re-clustering
in previously identified “workload” groups;

the final decision on the amount of incentives or penalties for teachers who fall into the
“outlier” category should be made by the university’s expert scientific commission in
accordance with the principles of DORA, based on an assessment of the significance
of the applicants’ scientific research;

to recommend rewarding teachers whose publication activity indicators fall into
the “useful outlier” category, without canceling existing incentive payments for the
publication of scientific works.
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Based on Data Mining technologies, a methodology for monitoring and classifying
“outliers” has been developed with the aim of integrating this methodology into the
decision support system of the university’s expert scientific commission in assessing the
publication activity of employees.

Future research plans include:

— numerical determination of the similarity between the characteristics of the studied
groups based on the measure of correspondence of the variation of the resulting char-
acteristic from one (when studying paired dependencies) or several (multiple) factor
characteristics. Since these categories are fuzzy and, as a rule, poorly formalized,
to solve this problem it is assumed to determine membership functions based on
statistical indicators and involve the apparatus of fuzzy logic;

— expanding the range of input parameters for assessing the activities of scientific
and teaching workers and, accordingly, the application and comparative analysis of
various clustering methods in the context of the task;

— analysis and improvement of methods for taking into account expert opinions to deter-
mine the “weights” (significance) of various performance indicators of the groups
under study.
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Abstract. Fuzzy situational control allows to identify current fuzzy situations in
conditions of incomplete information about the state and operation of an object.
The multi-stage diagnosis and treatment process involves a huge number of situ-
ations. Various transient states of an object (human body) represent its temporal
extent. Situational control can and should be used at different stages of the med-
ical and technological process. It involves identifying fuzzy risk situations that
can affect the development of a pathology, diagnosing the developed disease, as
well as analyzing data from monitoring systems to detect pre-critical conditions
and providing guidelines for object (human) exposure to transform a dangerous
situation into a new, more favorable one. This paper examines an approach to
designing a situational management system for the medical and technical pro-
cess. We present a variant of the patient’s clinical pathway in a traditional setting
and under conditions where a complex medical and technological process system
potentially operates.

Keywords: situational control - medical-and-technological process - fuzzy sets -
complex system - monitoring of pre-critical states

1 Introduction

The process of diagnosis and treatment is multi-stage. The starting points may be a
polyclinic or an ambulance. The next stage may be an examination and treatment in a
specialized clinical diagnostic center or hospital.

In medical systems, it is important to ensure consistent personalized control over the
diagnostic and treatment process, including monitoring the occurrence of complications
and other pre-critical conditions. Integrating artificial intelligence (Al) into healthcare
holds great potential for improving disease diagnosis, treatment selection, and clini-
cal laboratory testing. Al offers increased accuracy, reduced costs, and time savings
while minimizing human errors. It can revolutionize personalized medicine, enhance
population health management [1]. Medical-and-technological process (MTP) can be
considered from the standpoint of the situational control (SP), which is a field of artificial
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intelligence. On the operational level, care delivery should consider logistic challenges,
data management, and algorithmic stewardship [24].

A human body is a complex self-organizing system. In response to various internal
changes (biological component) and external influences (environmental component),
rapid or slow changes occur manifesting themselves either as various situations within
the normal range of reaction or in the form of pathological processes. However, in
decision making practice one inevitably has to deal with various difficulties caused by
uncertainty, such as incomplete or unreliable information, and the presence of a factor
of randomness of changes. At the same time, the safety of the planned methods for
observation and treatment should be considered (taking into account side effects and
comorbidity).

As a rule, decisions on how to influence a system (human body) are taken in con-
ditions of partial uncertainty and not always considering sufficient information on the
observed pathological process. This is due to the level of examination of the patient,
individual characteristics of the human body, and the presence of concomitant chronic
diseases. Fuzzy, uncertain, underdetermined, and ambiguous data [19] create serious
problems for decision making in clinical practice.

A control system with parametric uncertainty [25] can correspond to high variability
of body parameters. Subordinate control is used in multi-loop systems when there is
parametric uncertainty in the object. This allows us to achieve the desired level of control,
both for the system as a whole and for each individual loop [21]. This is important in terms
of controlling the interconnected systems of the body. Quasi-invariant control is possible
when not only the parameters of the control function are unknown, but also the parameters
of the controlled object itself, in conditions of a priori parametric uncertainty and in case
of external influence [10]. In medicine, this occurs in various situations, for example,
with a labile form of arterial hypertension, during periods of abrupt changes in solar
activity. The recognition of various pathological situations and the treatment process
that ensures regression of the disease are the most important problems in medicine. An
intelligent control system can play a significant role in solving this problem.

2 The Problem of Control in Clinical Medicine

The problem of controlling the diagnostic and treatment process cannot be solved on
the basis of the traditional theory of automatic control. This obliges us to turn to non-
traditional control objects characterized by such properties as uniqueness, difficulty to
formalize control criteria, lack of optimality, incomplete description, and the presence of
“free will” of the decision maker, since the final decision remains with the physician, who
is responsible for decisions at each stage of the diagnostic and treatment process. In this
regard, the theory of situational control is of particular interest [17, 18, 22]. It includes
situation modeling, situation recognition, and situational reasoning. A specific feature
of situational control is the ability to describe in a uniform way situations that develop
at the control object, to predict the state of the object in time under the influence of
controlled and uncontrollable factors, as well as to ensure the presence of the optimizing
object control.
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The standard control procedure cannot be applied to weakly structured objects. In
medicine, outwardly similar diseases can have different etiologies and, accordingly, dif-
ferent mechanisms of disease development, and therefore, different treatment regimens
are used. These regimens consider possible side effects of drugs. It is also necessary to
consider the possibility of not only a smooth course of the disease, but sudden changes
in the patient’s state. In addition, it should be noted that medical-and-technological sys-
tems are especially characterized by incomplete descriptions. It is influenced by several
factors, including a lack of medical history for patients in a coma and incomplete exam-
inations, among others. The dynamism of a living system is determined by the evolution
of the human body during the life of a person and during the course of pathological
processes. Situational control assumes the possibility of using various methods of artifi-
cial intelligence, in particular multi-agent systems, semantic networks, self-organizing
or dynamic adaptive systems, as well as sensor networks, with the simultaneous role of
the human factor [11].

In the process of life activity, changes occur in the structure, parameters, and modes
of functioning of the body. Ethnic and individual characteristics condition different reac-
tions to the influence of external factors, which are stochastic or deterministic in nature.
At different stages of the pathological process, unexpected situations may arise. The ana-
logue should be a complex technical system (CTS), characterized by multi-component,
many quantitative and qualitative parameters, nonlinear relations, incomplete informa-
tion, various influences of internal and external factors, risks of dangerous situations,
and the catastrophic nature of their consequences. Peculiarities of CTS control help to
justify the feasibility of applying fuzzy situational approach that allows to consider the
specifics of compositional modeling and various situational control strategies, depending
on the prevailing conditions and requirements [7]. The method of fuzzy situational con-
trol over CTS based on compositional hybrid models consists in the use of a pre-built
fuzzy situational control network (setting fuzzy situational features, fuzzy situations,
control decisions, control transitions) to identify current situations, search and select
sequences of control decisions when transferring CTS into goal situations. Neuro-fuzzy
cognitive temporal models make it possible to consider the mutual influence of concepts
with different time lags relative to each other [6].

Incompleteness and uncertainty of data, complexity of formalizing criteria for the
effectiveness of “control” over the body (prevention and treatment) complicate the choice
and implementation of appropriate strategies for achieving the goal function (maintaining
health and performance), which should be reviewed and optimized in accordance with
the level of health, monitoring the transition states of the body in the interval norm —
pre-disease — various stages of the disease [13].

3 Principles of Situational Control over the Diagnostic
and Treatment Process

The physician is in the human health control loop. Accordingly, we formulate the
following definitions.

Definition 1. We will call the current situation at the control object (the process of
diagnosing and/or treating a specific person) the totality of all available information on
the control object and its functioning at a given point in time.
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Definition 2. We will call a prognostic situation a set of possible trajectories of the
pathological process including complications (deviations in the functioning of various
body systems) that are a consequence of negative disease development or a by-product
of the use of drugs.

Definition 3. We will call a complete situation a set that includes the current situation,
knowledge about the state of the system (body) at a given point in time, and knowledge
about control methods (theoretically possible preventive and therapeutic effects) that
should be given to the user (physician) in the form of possible solutions. Thus, if a
situation Q; has developed at the control object, and the state of the system and the
technological control scheme determined by S; allow the use of influence Uy (provided
that the methods applied are safe for a particular patient, taking into account his/her
condition), then it is used, and the current situation Q; is proposed to be transformed
into a new situation Q; using logical transformation rules.

4 The Problem of Fuzziness and Uncertainty in the Control
of Medical-and-Technological Process

In medicine, data received from a physician is subjective-objective or unclear. The results
of auscultation depend on what and how the physician hears; descriptions of the results
of instrumental studies are determined by the resolution of the equipment (potential
underdetermination) and the physician’s experience (subjective aspect). The fuzziness
of the object of cognition in medical practice reflects the fuzziness in the world. For
example, the transition from one color to another is reflected in the evaluation of a
patient’s complexion, which can be pale, paleish or pale pink. The assessment of over-
all health, including tension in regulatory systems and pre-illness is characterized by
continuous changes, which are measured by doctors, who do not always use the same
terms or attributes. Similarity and distance measures between membership values and
between fuzzy sets are considered in many works [8, 16]. In [4, 5] the authors propose
a new class of fuzzy set similarity measures, taking into account the proximity of mem-
bership values to the boundary values of 0 and 1. These similarity measures take values
in [0;1] and generalize the crisp weak equality relation of fuzzy sets. The closeness of
the membership values of elements of fuzzy sets to 1 or 0 can indicate the reliability with
which an element of a fuzzy set “possesses” or “does not possess” the property mod-
eled by the fuzzy set. In this case, the similarity between two membership values may
depend not only on the difference between them, but also on their proximity to 1 or 0.
The author presents the method of building a contrast similarity measure using a bipolar
function symmetric with respect to 0.5. The method of building contrast co-symmetric
dissimilarity functions using bipolar transformations [3] of membership values is based
on the concept of the contrast intensification operation introduced by Zadeh [27] that
makes the membership functions more contrast transforming them in the directions to
the borders 0 and 1 of the interval [0;1] of membership values.
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Another important but underestimated factor in the measured characteristics is con-
ditioned by the possible deviations of the original values from the true ones. The error
may be a consequence of inaccurate registration, the use of unreliable measurement
techniques, or instruments with different levels of measurement accuracy (for exam-
ple, medical gadgets). In medicine, this may also be due to the position of the person’s
body during the examination (for example, measuring blood pressure). To overcome this
effect, it is proposed to use the probability distribution of feature values [15]. Numer-
ical values have a measurement error that determines the range of values of a random
variable and the corresponding probabilities of occurrence of these values, which can
be represented by the distribution density function of the feature. Using information
about possible deviations of feature values, we can build a distribution on a set of solu-
tions. In this case, it will be necessary to integrate a module for preprocessing numerical
characteristics into the control system. This will improve the reliability of the solutions
proposed.

5 Control of the Medical-and-Technological Process

Control of the medical-and-technological process, including examination, diagnosis,
and treatment, is complicated by the non-equilibrium state of various parameters of a
patient’s body. The features of control in such a situation are as follows:

— control aims to achieve the immediate goal (a subgoal of the overall goal situation)
based on an analysis of monitored parameters and a subjective-objective assessment
of features, taking into account safety conditions for the patient determined by the
risk level of examination and treatment methods;

— overcoming uncertainty in data on the body’s condition by considering and analyzing
secondary parameters;

— operational aggregate intelligence analysis of changes in parameters obtained from
cyber-physical systems and discrete information from other sources;

— identification of changes in health status as a quantized quasi-continuous process with
fuzzy transitions;

— modification of control at each stage of the medical and technological process includes
clarification of prognosis of the course of disease, selection of methods of additional
examination and treatment;

— planning of actions (examinations, manipulations, methods of therapeutic and surgical
treatment) based on possible trajectories of decision-making in the control system;

— selection of a sequence of control decisions to transition to a goal situation depends
on the identified transition points in the body (and its individual systems) from one
stage to another, and on the control strategy — the adaptation of control to changes in
the structure and parameters of the object (system and external factors) during system
functioning [14].



Fuzzy Situational Control 317

From the above, there is an interrelated task of compositional hybrid modeling and
fuzzy situational control of the TS. [7] proposes a decomposition of the CTS into a
set of components, in which it is necessary to: (a) determine the types of component
models for analysis and modeling of system components, (b) select a set of component
models to build a compositional hybrid model based on the results of comparing groups
of requirements for component models in terms of the system components, (c) configure
and change the types of component models in a way to ensure the required modeling
accuracy both for an individual component of the system and for the system as a whole.

We will consider this in application to a complex medical-and-technological process
system (MTPS). To build a compositional hybrid model of a specific system, we form
a library of corresponding component models. For example, to create a compositional
hybrid model of a patient’s admission to a hospital, it will include a set of component
models, their types and varieties, which are presented in Table 1.

Table 1. Component models for building the compositional hybrid model “Admission to the
hospital”.

CMTPS components Component model type
Examination of a patient in the emergency room Fuzzy logic model
ECG examination Neural network model
Laboratory tests Fuzzy logic model
Conclusion on referral to one of the specialized departments Fuzzy logic model

Compositional hybrid models should be formed similarly for other levels of the
MTPS. Periodically used models include: (1) examination in a specialized hospital
department, including a preliminary diagnosis and the prescription of tests; (2) cumu-
lative analysis of examination results; (3) differential diagnosis, identification of con-
comitant diseases, (4) choice of treatment; (5) final diagnosis. During the patient’s stay
in hospital, the MTP situational control system should include various models for: (a)
prescribing measures, (b) controlling data from monitoring cyber-physical systems to
identify pre-critical and critical conditions and providing guidelines on their elimination,
(c) providing guidelines on selection and correction of therapy or surgical interventions,
considering possible or developing complications.

Combining component models according to their interrelations creates a composi-
tional hybrid model of the MTPS. The method of fuzzy situational control allows to
identify the current fuzzy situation, take into account the specifics of compositional
modeling and various control strategies depending on the current situation in conditions
of incomplete information on the state and functioning of the object.



318 B. A. Kobrinskii

The experience and knowledge of experts is used in building a fuzzy intelligent
control system for MTP. Fuzzy logical inference based on fuzzy rules is a generalization
of traditional deductive inference (modus ponens rule). The lack of completeness of
deduction can be compensated for by abductive hypothesizing [26]. The author draws
attention to the fact that the peculiarity of the formalization of knowledge and logical
calculus for their processing provide a flexible combination of abduction and deduction
demonstrated on the tasks of searching for objects in conflict environments, technical,
and medical diagnostics.

An important feature of typical situations is that the parameters of their state can be
fixed in advance in the form of a set of decision options, matching them with a certain
set of features or an identification vector that defines the situation at the point of the
decision in a certain process. However, in medicine, one should take into account the
polymorphism of features associated with the age-related dynamics of the pathological
process, individual characteristics of a particular body, modification conditioned by the
presence of other (concomitant) diseases and various external influences. It is necessary
to consider the role of individual characteristics of the data obtained in the process of
multiparameter monitoring from cyber-physical systems for controlling the body’s vital
functions [9, 23]. In this sense, MTPS is similar to CTS.

The method of fuzzy situational control of MTP based on compositional hybrid
models should provide:

— identification of the current fuzzy situation;

— determination of the goal situation, the setting of a strategy, and the search for routes
(sequences of control decisions) to achieve the desired goal situation depending on
the chosen strategy.

— setting control decisions, control transitions.

— adaptation of a fuzzy situational network to changes in the compositional hybrid
model.

The main role in MTPS belongs to the concept of a situation as a set of feature values
that describe the state of a control object at some point in time. All possible states of
the control object are described by a set of typical situations, each of them is a set of
linguistic and numerical values of signs. Since a fuzzy situational network is a fuzzy
oriented weighted transition graph over reference fuzzy situations, it is possible, using
a limited set of situations, to analyze different states of the system and generate control
strategies that can transfer it from the current state to the goal state. A set of control
decisions that make it possible to transfer a system from one state to another (from
one situation to another) is a control strategy in the form of a sequence of transitions
between fuzzy situations within a fuzzy situational network. Considering the tree of
control actions for a hierarchical system, we determine transitions from a certain top
of the hierarchy, to which the typical situation turned out to be the closest, to possible
reference situations of the next level of the hierarchy.

The application of control action transfers the control object to the goal situation.
Fuzzy situational control of MTP is carried out under the following conditions:

— aset of fuzzy situational features that describe the states of the MTP;
— aset of fuzzy control decisions;
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— a set of control transitions between fuzzy situations;
— aset of routes, including subsets of routes between various identified current and goal
fuzzy situations.

The complexity of situational control in medicine is determined by the poly-
variability of the dynamic pathological process, which manifests itself in the form of
different scenarios. The fundamental difference between MTPS and CTS is due to signif-
icant fuzziness, underdetermination and incompleteness of data at the decision-making
stages.

6 Fragment of the System of Situational Control over a Patient’s
Clinical Pathway

Healthcare pathways define the sequence of performing clinical activities as patients
move through a treatment process, and they are critical for maintaining quality of care
[12]. A clinical pathway was used as a tool in various clinical situations including
in emergency, elective surgery, and pre-post-surgery, as well as in common clinical
cases. Healthcare professionals should be engaged in active collaboration during the
implementation of a clinical care pathway [2].

In continuation, we will study an example of a clinical pathway without the use of
MTPS. The patient is admitted to the hospital in the emergency room with a referral
diagnosis of “paroxysmal atrial fibrillation.” A medical examination is carried out with-
out functional (instrumental) studies, i.e. without the cooperation of a therapist and a
functional diagnostics specialist. No preconditions for the need for emergency medical
interventions are found. The patient is sent for planned treatment to a specialized cardi-
ology department. Upon admission to the cardiology department, a severe attack of atrial
fibrillation occurs. The patient is urgently transported to the intensive care unit (ICU).
In this department, he/she is being treated until the end of the acute phase of atrial fibril-
lation. Then, he/she is transferred to the cardiology department. The basic treatment is
prescribed. The tests are carried out: ECG, ultrasound (to identify heart defects that may
contribute to the occurrence of atrial fibrillation), biochemical tests. Consultations with
medical specialists are conducted. Selection of ongoing patient-oriented drug therapy is
made.

The question arises. Could another scenario have been used in this case? What
pathway could the MTPS build for this patient in the hospital?

Let us consider a decomposition based on subgoals and the corresponding require-
ments which can be represented by a set of features.

The main goal when a patient with atrial fibrillation is admitted to the hospital is
to select adequate treatment. Subgoals at the emergency room level are to assess the
patient’s condition and select a specialized department for his/her treatment. In this
regard, we will consider the decomposition of complete situations into components.
Thus, the “State of the Cardiovascular System” component should be highlighted in
the MTPS, which includes such features as external view, shortness of breath, pulse
rate, ECG data. According to the characteristics of the features in this component, the
MTPS should produce a local decision on the department for treatment of the patient.
However, due to the intersection of classes (two or more types of different departments),
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the task of choosing one or another solution from among those possible for a given
situation arises. To make such a choice, it is necessary to complete special procedures
to extrapolate the consequences of making a particular decision. With their help, based
on knowledge about the control object and its functioning, the system should evaluate
the potential results of the selected option and compare the resulting forecasts (on the
one hand, efficiency, on the other, economic feasibility). If there are unclear signs of
atrial fibrillation (arrhythmia on the ECG and the patient’s appearance), it is necessary
to implement the first subgoal, which is to assess the patient’s condition (choice between
a moderate and severe condition). Next, the dilemma (second subgoal) is to choose a
conservative (in the cardiology department) or interventional (in the intensive care unit)
medical care tactics. Those swinging scales at MTPS had to tip in favor of the ICU.
The reason for this decision is one more indicator — patient’s safety, i.e. minimizing the
threat to the patient’s life due to assessment of the condition as pre-critical in relation to
an attack of atrial fibrillation.

The comparison of fuzzy situations can be carried out based on one of the following
approaches [20]: (a) reducing a multi-criteria estimation problem to a single criteria
one based on aggregation using various convolutions (additive, multiplicative, maximin,
minimax, etc.); (b) according to one or more priority features (the other features are
considered as additional). Often, the second approach in medicine is more productive
due to the presence of relevant, additional, and secondary features.

In the architecture of a situational system for controlling a complex diagnostic and
treatment process, it is necessary to harmonize various components corresponding to
groups of business processes at different stages of clinical pathways. This is determined
by the presence of a number of bifurcations and trajectories of the patient’s movement
in accordance with his/her current condition. Regular assessment (re-evaluation) of the
condition determines the provision of the next decision and the sequence of movement
along clinical pathways. Figure 1 shows a fragment of the situational control system for
medical care at the emergency room stage.

Most of the information received is unclear, which leads to ambiguity in assessments
of the situation. Logical inference in a system of fuzzy situations is based on a single-ball
or multi-ball procedure for determining the maximum degree of similarity of the current
fuzzy situation with situations accepted as reference ones, in accordance with which
decisions or diagnostic conclusions are made.

The situational control system for a patient’s complete clinical pathway (from admis-
sion to discharge from the hospital) includes a number of blocks that exchange the final
data. The decisions made at each previous stage determine the transition to the next stage
of the patient’s clinical pathway.

Several levels (stages) of situational control must function as an ensemble with the
transfer of control.
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Fig. 1. Fragment of the system of situational control over a patient’s clinical pathway (Emergency
room block)

7 Conclusion

The method of fuzzy situational control of complex technical systems and, accordingly,
of complex medical-and-technological process systems allows to use the specific fea-
tures of compositional modeling and various situational control strategies depending
on the prevailing conditions and requirements. It also ensures an organic combination
of compositional modeling and fuzzy situational control processes. The application of
fuzzy situational control to form a control action based on information about the current
situation is extremely relevant in technology and medicine when critical situations and
pre-critical conditions occur.

The considered approach to a complex system of medical-and-technological process
in its diagnostic and therapeutic aspects from the position of situational control allows
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us to largely solve the problem of fuzziness in making control decisions in clinical
medicine.

The ensemble concept of building a situational control system for a medical-and-
technological process will improve efficiency in a complex, branched, weakly structured
medical subject area characterized by fuzziness, uncertainty and underdetermined data
and situations.

Disclosure of Interests. The authors have no competing interests to declare that are relevant to
the content of this article.
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Abstract. Path planning is crucial for various robots, including manip-
ulators, that autonomously perform non-repetitive tasks in obstacle-
rich environments. In this paper we focus on path planning for an n-
DoF (degrees of freedom) manipulator, i.e. the one that consists of n links
and n joints. We evaluate and compare head-to-head two approaches that
are the most commonly used to solve this problem: search-based plan-
ning in the discretized configuration space and sampling-based planning
in the continuous space. We evaluate the planners in challenging obstacle-
rich scenes while varying the dimensionality of the configuration space
(the number of joints/links). The memory consumption, quality of the
resultant paths, runtime are tracked. Our evaluation reveals that, despite
the common belief, search-based methods can outperform the sampling-
based ones for 3-DoF and even 4-DoF manipulators, however for higher
dimensional spaces (5-DoF and more) sampling methods are, indeed,
more preferable.

Keywords: path planning - trajectory planning - manipulator - A* -
RRT - heuristic search - sample-based planning

1 Introduction

Traditionally, robotic manipulators have been used in manufacturing where they
typically have to perform a specific task repeatedly and there is no need to adapt
when interacting with the environment. On the other hand, recently manipu-
lators are being placed on mobile robots that are intended to autonomously
perform complex tasks in obstacle-rich environments, e.g. sorting parcels, clean-
ing furniture, etc. Thus, path planning for manipulators becomes necessary. To
this end, a variety of path finding methods have been developed and applied
to manipulation planning. They can be roughly divided into the following four
groups: search-based planning [1,2], sample-based planning [3,4], methods that
cast a planning problem as an optimisation problem [5,6], learning-based meth-
ods [7,8].
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Fig. 1. Two examples of the path planning problem involving a 4-DoF manipulator
(i.e. the one comprised of the 4 joints and 4 links). Intermediate manipulator states
forming the paths are shown. Each path is shown as color gradient from red (initial
state) to blue (goal state). From left to right: RRT on Scene 1, A* on Scene 1, RRT
on Scene 2, A* on Scene 2.

Search-based planners systematically search the discretized configuration
space to find a solution. They provide strong theoretical guarantees, e.g. they
can guarantee (if certain heuristic functions are used) that the constructed solu-
tions are optimal. On the other hand, these guarantees are only given with the
respect to the imposed discretization. Moreover, as the dimensionality of the
space increases, the number of possible states in the search graph grows expo-
nentially and becomes a computational bottleneck. Sampling methods, on the
other hand, do not require discretization and can operate directly in continu-
ous space. These methods perform well in high-dimensional spaces, such as the
configuration space of a manipulator, because they rely on sampling rather than
systematic exploration of the search space. On the other hand, these methods
can only provide probabilistic guarantees, e.g. they can guarantee to find a solu-
tion when the number of samples tends to infinity. Moreover, their solutions can
vary significantly from one run to the other for the same problem instance due
to their stochastic nature.

Optimization-based planning methods form desired paths by minimizing a
cost function that encapsulates various factors such as distance to obstacles,
torque requirements, constraint costs, and so on. These planners are fast and
provide high quality solutions. On the other hand, they often require the analyt-
ical representation of the scene (i.e., the obstacles should be somehow encoded
as equations) as well as the initial guess to be optimized, i.e., the initial path
from start to goal. If the latter is a direct interpolation from start to goal that
goes through the obstacles, the optimization process may converge slowly and
may often stuck in local minima.

Recently, there has been a growing interest in learning-based, data-driven
approaches to manipulation planning. Such methods can perform well when the
tasks they solve are similar to those used in the training phase, but in general
their ability to generalize well is not guaranteed. Similarly, they struggle to
provide any kind of theoretical guarantees (even in a probabilistic sense).

Arguably, the most dominant methods nowadays when it comes to the path
planning for manipulators are still search-based and sampling-based planners.
However, there is almost no works (to our knowledge) dedicated to head-to-
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head empirical evaluation and comparison of these methods. Our works aims at
filling this gap. We compare the basic search-based and sampling-based methods,
i.e. A* (A-star) and RRT (Rapidly exploring random tree), for a manipulator
with an increasing number of joints (dimensionality of the configuration space)
and numerically measure their strengths and weaknesses in different scenarios.
Our analysis shows that in simple scenarios where the manipulator does not
need to move away from the target and then avoid obstacles (which is true for
many manipulation tasks), A* can compete with and even outperform RRT in
planning time. However, in complex scenarios where the manipulator must first
move away from the goal in order to reach it, RRT becomes more preferable.

2 Related Work

Search-Based Methods. A widely used method for robot path planning is to rep-
resent the multidimensional space of robot configurations as a weighted graph
G = (S, E,w), where S is the set of possible robot configurations, E is the set of
edges representing the transitions between these configurations, and the weight
w of each edge represents the cost of a transition. Heuristic search-based meth-
ods can find least cost optimal paths in discrete state graphs, but one of the
key characteristics of heuristic search methods is their ability to balance explo-
ration and exploitation. Numerous modifications of A*, tailored to increase the
efficiency of the algorithm, are typically used for manipulator path planning.
These include Anytime A* [1,2], which weights heuristics and then improves
the resulting solution, Multiheuristic A* [9], which uses multiple heuristics, A*-
connect [10], which is a bidirectional search, and many other variations of the
algorithm. An important aspect is the heuristic function, which is usually cho-
sen in the end-effector workspace and can take into account the orientation of
the robot arm, the distance to obstacles, or task constraints [1,2,11]. Another
important aspect is the number of search successors, which can be varied at
each step to improve the performance of the algorithm [12,13]. These techniques
make heuristic search effective in manipulation tasks, including dynamic envi-
ronments [11] and multiple robot arms [14].

Sampling-Based Methods. Two of the most popular sampling-based methods
for path planning are the Probabilistic Roadmap (PRM) [15] and the Rapidly-
exploring Random Tree (RRT) [3]. RRT has undergone a number of modifica-
tions to improve its performance: RRT-Connect [4] grows a tree of start and
end points, RRT* [16] represents a significant advance in solving optimal path
planning problems in high-dimensional spaces. Since then, several improvements
have been made, including removing nodes that do not improve the solution [17],
applying heuristics for more informative sampling [18], fixing the number of
nodes for efficient memory usage [19], and using techniques like BIT* (Batch
Informed Trees) with RRT* to find optimal paths in narrow passages [20].
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3 Problem Statement

Let W C R? be the workspace of a manipulator consisting of n joints, the first
of which is fixed at the origin. The last joint of a manipulator ends with an
end-effector, EE. The workspace contains arbitrary obstacles.

The manipulator configuration is defined as q = {q1, ..., ¢» }, where ¢; is the
rotation angle of the i-th joint with respect to the previous one. Let Cfpee € R™
be the space of feasible configurations, i.e. such that the manipulator does not
collide with the obstacles. The initial configuration in Cy,.. is denoted as q.

A goal position in W is given, Pyoal = (Zgoal; Ygoal)s to which the end-effector
should be moved with a threshold of dx,. Additionally, the absolute orientation
of the last joint Og0a1 and the corresponding possible error dy are also given

The problem now is to find a path (see Fig. 1) of the form @ = {q, }}=¥, s.t.
(8) [ EE(dx) — Proallz < deys (b) 100 (atzc) — ol < 305 () s +Hay, — ) €
Ciree Vi € [1,K) Vt € [0,1]. Here EE(qg) denotes the position of the end-
effector in the K-th configuration, 0,(qy) denotes the absolute angle of the
n-th joint in the K-th configuration. Condition (c) states that the path must be
collision-free.

To evaluate the quality of the constructed path the following cost objectives
can be used: the path length in the configuration space, ZZK:? qu‘+1 - qi||27
and the path length in the Cartesian space traveled by the end-effector,

o HEE(qi_H) EE(q; H2 Here || - ||2 stands for the Euclidean norm.

4 Methods

Search-based planning with A* is conducted by systematically iteratively explor-
ing a graph of states, where each state represents a possible configuration in the
search space. Search algorithms are resolution-complete and strongly depend on
this resolution, which we will refer to as A. A* maintains a search tree, namely
a set of open and closed nodes. At the beginning of the search, a start state is
added to the open set and then search iterations are performed. At each itera-
tion, the algorithm selects the state from the open set with the lowest combined
cost estimate (typically the sum of the cost of reaching the state from the start
state and a heuristic estimate of the cost of reaching the goal from the state).
This state is moved from the open list to the closed list, and its neighbours are
added to the open list if they have not yet been explored or if a new path to
them proves to be more efficient. The algorithm continues iterating until the
final state is reached or until the open list is empty, meaning that there is no
path to the goal. Once the goal is reached, the algorithm reconstructs the path
by traversing from the goal to the initial state via links to parent states.

The heuristic function for the problem at hand can be constructed in several
ways. The most straightforward one is to obtain a solution to the inverse kine-
matic problem satisfying a given point in the Cartesian space and the orientation
of the last link, q,,, and introduce the heuristics and path cost as the Euclidean
distance between states in configuration space: geont(q,d’) = |[la — d'||2,
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heont(@) = ||d — Qgoall|2- However, this approach is known to perform poorly
in practice, due to the kinematic redundancy and infinite amount of the inverse
kinematics solutions. Thus, the cost function and the heuristic may be defined
as the Euclidean distance between the end-effector point and the start/goal
states in the Cartesian space: costcat(q,q’) = |[|EFE(q) — EE(Q)||2, heart(q) =
[|EE(q) — Pgoall|2- However, in our problem formulation, this heuristic is not the
best choice because it does not contain information about the orientation of the
last link. Developing the ideas presented in [1], we introduce an original heuristic
function of the form: h(q) = wihcart(q) + w2|0(q) — Ogoat| /(B + hcart(q))- Here,
the first component is responsible for the manipulator arm reaching the target
point, the second component is responsible for reaching the target point with
a given orientation of the last joint. In our work we divide the angular part by
the coordinate part, which allows to take the orientation of the last link more
into account when manipulator is approaching the target. The coefficient § pre-
vents division by zero, the weights (wy,ws) are determined empirically and they
weight the heuristics for more efficient search. We also propose to move only one
joint of manipulator per iteration during path finding. This reduces the search
for variants and increases the computational efficiency of the algorithm.

Sampling-based methods operate in continuous configuration space and do not
require discretization. At each iteration a random configuration is selected from
C. Then, from the existing state tree, the closest one to the sampled point is
selected. Next, the manipulator is moved in the direction of the sample with some
A step and if there were no collisions while moving manipulator, the resulting
state is added to the tree. We also implemented the GOALBIAS [21] method-
ology, i.e. at each iteration with probability p, the goal configuration is used
instead of a random sample, and then the tree branch continues until an obsta-
cle is encountered or the goal is reached.

Since the target in the considered problem is given by the coordinates in the
workspace and the orientation of the last link, the inverse kinematic problem
is solved using the triangulation method [22] to implement GOALBIAS. There
is infinite amount of inverse kinematics solutions for the redundant high-DoF
manipulator. The target configuration for GOALBIAS was chosen by sampling
from the obtained equally distributed set of goal configurations, that we get by
solving inverse kinematics.

5 Experimental Setup

Datasets and Scenes. For the numerical experiments, four scenes of 5 by 5 m were
used. The manipulator base is fixed in the centre of each scene and the obstacles
are represented as convex polygons. The sum of the lengths of all joints is fixed
at 2m, with the number of joints n varying during the experiment. The width
of a joint is 0.2m. The operating range of each joint is [—170°,170°]. Scene 1
is a two-dimensional projection of the workspace of a manipulator standing on
a platform that has to move objects from cupboard shelves to a table. Scene 2
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contains a large number of small obstacles and can be represented as a top view
of the manipulator lying on the table. Scene 3 presents many large obstacles and
a narrow manipulator workspace, and scene 4 is semi-empty with large obstacles
and wide passages. For each scene, 100 random instances were generated per
each numbers of degrees of freedom, from two to eight. Totally 2800 instances
were considered.

= trajectory = trajectory

= goal = goal

~100 [ 160 ~100 0 100
o .

(a) W, Scene 1 (b) C, Scene 1 (c) W, Scene 2 (d) C, Scene 1
(e) W, Scene 3 (f) C, Scene 3 (g) W, Scene 4 (h) C, Scene 4

Fig. 2. 4 scenes used in evaluation with their workspaces, W, and configuration spaces,
C (the latter is presented for 2 DoF manipulator). The color bar indicates the number
of nodes in the search tree of A* (the more closer the color of the target is to the red
— the harder this instance is to A*).

Figure 2 shows the scenes with the distribution of tasks on them, as well as
a representation of the configuration space of the two-link manipulator on these
scenes. Different goal states are shown as colored circles with color encoding the
hardness of the instance for search-based planner (i.e. for A*): the closer the
color is to red, the more states need to be searched. As can be seen the most
difficult tests for A* are those in which the manipulator has to turn largely
and avoid obstacles. Noteworthy that for RRT, the most difficult tests were
those with narrow passages, which is consistent with the sampling nature of the
configuration space exploration.

Technical Details. Each test was repeated 1 time for the heuristic search
algorithm (since it is deterministic) and 20 times for the sampling planner.
The parameters of the heuristic algorithm have the following values: A =
6°, (w1,wz) = (10,10) or (100,10), depending on whether the angle between
the vector from the end-effector position in the initial configuration to the end-
effector position in the final configuration and the orientation vector of the last
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link in the final configuration (vector connecting the goal point with the second-
to-last joint of the manipulator) is greater or less than 90°. The parameters of
the RRT algorithm are A = 6° for maximum step size and p, = 0.1 for GOAL-
BIAS. The limit of the maximum number of nodes was chosen to be 3 million.
Geometric collision checking was implemented via the hyperplane separation
theorem, which allows us to determine whether polygons intersect or not. For
this purpose we used the assumption of convexity of obstacles. Both planners
were implemented in C++, using the same data structures, used one thread and
were run on a four-core Intel Core i5-1135G7 @ 2.40 GHz.

Table 1. Results of the empirical evaluation of A* and RRT on 4 scenes (see Fig.2)
w.r.t. increasing the number of DoF's. ‘sr’ stands for success rate, ‘pl’ — for path length.
The latter is measured both in the configuration space (in degrees) and in the workspace
(in meters).

ndof = 2
A* RRT

ndof = 3
A* RRT

ndof = 4
A* RRT

ndof = 5
A* RRT

ndof = 6
A* RRT

ndof =7
A* RRT

ndof = 8
A* RRT
351",%100 100 100 100 100 100 100 98 98 95 94 98 89 96

Zpl, ° |150 103 285 136 414 182 489 187 524 197 552 201 634 225
(%pl,mO.GS 1.33 0.76 1.34 1.47 2.25 1.42 2.57 1.13 2.53 0.98 2.63 1.33 2.47
=
o
2
S

sr, %(100 100 100 100 100 100 100 100 74 99 69 99 64 98

pl, ° |544 250 669 343 789 404 821 399 806 457 805 442 974 446
»2pl, m{1.952.96 1.60 3.20 1.55 3.13 1.80 3.08 1.38 3.31 1.49 3.27 1.56 3.30
sr, %(100 100 100 100 100 100 100 100 100 98 93 98 93 100
Zpl ° 312 195 512 246 591 303 683 360 777 336 746 372 791 368
wpl, m1.381.94 1.812.13 1.29 2.08 1.26 2.61 1.712.63 1.40 2.57 1.22 2.68
sr, %(100 100 100 100 100 100 100 100 98 100 95 100 90 99
pl, ° [305 163 515 243 569 237 707 292 810 273 733 301 807 336
w2 pl, m|{1.20 2.03 1.81 2.88 1.552.96 1.69 2.68 2.322.49 1.402.45 1.33 2.88

6 Results

Table 1 shows the amount of solved tests and the average path lengths in config-
uration and workspace for by A* and RRT. As the number of links increases, the
configuration path length, which is defined as the Euclidean distance between
the consecutive configurations in the plan, increases. For RRT planner, the con-
figuration lengths turns out to be shorter than those of the A*. However the
workspace path length turns to be shorter for A*. This is due to the fact that
the heuristic and cost function is chosen in the end-effector workspace, i.e. A*
minimises the path travelled by the end-effector, while the other links of the
manipulator adjust to this path. It is also worth noting that in order to make
A* run faster, we weighted the heuristics and thus the path is suboptimal. The
percentage of completed tests for all planers is 100% when the dimensionality of
a configuration space does not exceed 5. When the number of dimensions gets
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larger (6, 7, 8) the success rate for both planners drops. For A* the drop is more
pronounceable, especially for Scene 2, where the success rate of A* gets to 64%
for 8 DoFs. RRT, which does not suffer from the curse of dimensionality, shows
better success rate — more than 95% in all cases.

Figure 3 shows the boxplots of the number of states considered in the search
tree and execution time for the compared algorithm. For RRT, the time also
contains the time for solving the inverse kinematic problem, but it is estimated
to take not more than 5% of the total time. The results of A* are marked in
orange, RRT in blue. For A*, there is an exponential increase in runtime with
increasing space dimensionality, so for n = 7,8 the search in most complicated
tests failed and exceeded the nodes in the search tree limit 3 - 10° (see Table 1).
For this reason, the value of nodes and runtime for these DoF was underestimated
because only a group of light tests were solved. Nevertheless, we have plotted
them on the graph. The computational efficiency of RRT also decreases with
increasing space dimensionality, but not as critically as that of A*. Note that for
small n (e.g., n = 2) A* is preferable because it is better at traversing narrow
passages in configuration space. In Scenes 3 and 4, A* even overtakes RRT as
these scenes are half-empty and light. However, Scene 2 is the most illustrative.
It most fully reveals the essence of A* when it encounters an obstacle, when
the manipulator has to make a turn in one direction, moving away from the
target, and requires a huge number of nodes in the search tree that makes search
infeasible in multidimensional spaces.
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Fig. 3. Results of a comparative analysis of the A* and RRT algorithms.
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7 Conclusion

Experimental findings unveiled distinct advantages and drawbacks associated
with A* and RRT algorithms in the context of manipulator planning. A* demon-
strates proficiency in scenarios featuring constrained passageways and exhibits
enhanced speed when applied to manipulators characterized by a limited num-
ber of joints. However, its computational efficiency diminishes significantly when
confronted with manipulators possessing a substantial number of degrees of free-
dom. Consequently, A* algorithm is deemed more suitable for manipulators with
fewer joints, particularly those prone to encountering bottlenecks induced by
obstacles during operation.

Conversely, Rapidly-exploring Random Trees (RRT) exhibit commendable
performance in the realm of manipulators equipped with a multitude of joints,
particularly with six or more degrees of freedom. Yet, the reliance on random
selection hinders RRT’s efficacy in addressing challenges posed by narrow pas-
sageways. RRT is most aptly applied to manipulators characterized by a high
number of degrees of freedom, provided the workspace and configuration space
do not impose excessively narrow constraints.

For further exploration, the source code used in our evaluation and more
detailed results can be accessed in the following GitHub repository: https://
github.com /kaizer-nurik /manipulator_planning_simple.
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Abstract. Modern decision-maker typically uses several Al-based tools to obtain
more information about the problem at hand and to evaluate possible solutions,
besides, decision support in complex dynamic environment typically requires
knowledge of several experts, therefore, collaboration between them. These trends
naturally merge in human-Al collaborative systems, providing the means of collab-
oration of heterogeneous participants. However, collaborative human-Al decision
support is connected with many challenges, both theoretical and technological.
This paper addresses the technological side of the problem by presenting a plat-
form for human-Al collaborative decision support systems. The platform provides
a set of mechanisms and interfaces, simplifying the development of such systems:
team formation and collaboration features, interfaces to define, deploy and manage
Al agents, and a set of structured representations facilitating interaction between
human experts and Al agents. Possible application of the platform is discussed on
a use case in road safety analysis.

Keywords: Collaborative Decision Support Systems - Human-AlI Interaction -
Ontology - Neuro-Symbolic Al - Explainable Al - Service Ecosystem

1 Introduction

There are two prominent motives in modern decision support systems. The first one
is connected with the increasing role of information processing and Al-powered tools.
Modern decision-maker typically uses several such tools to obtain more information
about the problem at hand and to evaluate possible solutions. The second one is related to
collaborative nature of any complex activity (e.g., making important decision in dynamic
environment). Typically, knowledge and expertise are scattered among several experts
and to make an informed decision one has to collect this knowledge. The second motive
is exacerbated with the dynamics and complexity of modern business and governmental
systems — social and business environment often sets non-typical problems for which
there are no established collectives, and the decision-maker has to access internal or
even external expert pools (e.g., in the form of crowdsourcing).

This paper connects these two motives, addressing the problem of decision support by
dynamic collectives, consisting of human experts and Al-agents. In particular, the paper
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proposes the architecture of a platform, allowing to create domain-specific collaborative
decision support systems (CDSSs). The platform provides a set of mechanisms and
interfaces, simplifying the development of CDSSs and making it even code-free (in some
cases). In particular, the platform provides team formation and collaboration features,
interfaces to define, deploy and manage Al agents, and a set of structured representations
facilitating interaction between human experts and Al agents. It materializes concepts,
processes and mechanisms proposed in our earlier works to enable joint decision-making
in mixed collectives consisting of both human experts and Al agents. Distinguishing
features of the proposed approach:

— Ontological representation of the information about the problem [1]. This radically
simplifies interactions between heterogeneous team members, eliminating the neces-
sity for Al agents to process natural language. Ontological modelling can be complex
and laborious, however, many ontologies have already been developed and can be
reused.

— Interaction models and interfaces supporting reliable Al e.g. embedding explanations
and provenance records to the information pieces [2].

— Collaboration support in the form of configurable team formation algorithms and
interaction monitoring [3]. The latter can be used to identify non-productive situations
in the collective work and recommend actions to resolve them.

The rest of the paper is structured as follows. Section 2 briefly characterize classes
of applications for supporting collaboration, with an emphasis on human-AlI collabo-
ration. Section 3 presents the conceptual approach to support human-Al collaboration
implemented in the platform. Main architectural decisions are described in Sect. 4 and
an illustrative example in Sect. 5.

2 Related Work

One can identify several lines of related work. The first one is research on crowd-based
computational environments, allowing to unify human and computational resources. The
second is the support of collaboration. Finally, the third is human-AlI interaction. In this
section, we briefly characterize relevant results from these lines of research.

Computational environments leveraging the resources of loosely connected people
interacting via Internet usually are discussed in the scope of crowdsourcing or crowd
computing. In most crowdsourcing systems participants individually perform relatively
simple tasks, playing a role of a “computing device” [4] following a predefined work-
flow. At the same time, it has been shown that for complex problems pre-programmed
workflows are too limited (e.g., [5]), therefore, the potential of crowdsourcing for com-
plex work is tightly connected with the mechanisms of dynamic team formation, work-
flow adaptation. Applying crowd computing to complex problems requires workflow
flexibility and the ability of participants to influence it [6-8].

Problems closely related to the problem of collective decision-making (including
human-machine teams) are also present in many publications in the area of computer-
supported collaborative work (e.g., [9, 10]). The problem of supporting the collaboration
processes and increasing their efficiency has received much attention both in the scope of
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decision and management science in general and in the scope of group decision support
systems. From the organization perspective, increasing the efficiency of the collaboration
processes is usually done with a help of a dedicated person —facilitator [11]. However, the
shortage of facilitation expertise is a limiting factor, especially in the case of large-scale
collective intelligence systems, based on free participation (e.g., crowd-based) [12]. To
overcome this limitation, two methodological and technological branches of research
emerged: collaboration engineering [13] and automated facilitation [12, 14, 15]. The
proposed platform supports collective action (similarly to [12]) but it does so based on
the ontology-based group state representation, rather than some ad hoc encodings (as in
[12, 14]).

There are also many papers examining scenarios of collaboration between Al agents
and human experts for decision support [16-24]. As a result of the analysis of this
research line, five types of interactions were identified [17, 25]: informing (initiated by
the AI agent), request to the Al agent (initiated by a person), response (response of the
Al agent to a person to his request without explanation), explanation (an Al agent’s
response to a human’s request, accompanied by explanations) and human training of the
Al agent.

3 Conceptual Approach

The core of the proposed platform and DSSs based on it is the interaction between the
decision maker (DM) and a team composed of human experts and Al agents (Fig. 1). The
DM formulates the problem situation, and the team consisting of both humans (experts)
and Al agents (software components usually implementing some intellectual information
processing functions and capable of participating in collaborative task execution) is
assembled to explore possible solutions (and evaluate them). The DM may participate
in the formation and coordination of the team’s work. The team, in turn, dynamically
forms around the problem situation. Essential characteristics of the team include the
team organization model (chain of command) and methods of task distribution and
responsibility allocation [26].

Working on a problem situation involves decomposing it into solving specific tasks
and integrating their results. The main types of such tasks are identified, for example, in
the work by [27]: recognition, prediction, decision, and action. These types can be used,
in particular, in describing Al agents to facilitate automated task allocation.

A specific team to support decision-making by the Decision Maker (DM) is formed
according to the selected team organization model comprising experts and Al agents,
each characterized by a set of capabilities for solving various tasks. The team character-
istics (organization model, task allocation, and responsibility distribution) determine its
composition and rules of participant interaction. These characteristics are used both in
the formation process (e.g., participant selection, role definition) and communicated to
the participants as norms and rules of engagement, which can be informal or supported
by functionalities of the collaborative work environment. Participation in the team is
typically characterized by a role, defined as a set of duties for solving specific tasks and
responsibility for the outcomes.

The key underlying processes that facilitate working on a problem include infor-
mation and knowledge exchange (which reduces the overall uncertainty of the problem
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Fig. 1. Conceptual model of a collaborative human-Al decision support system

situation), learning, understood as the transmission of norms, teachings, and skills, as
well as achieving consensus among team members. The specific mechanisms for imple-
menting these processes determine the final design of the collaborative decision-making
system.

The proposed scheme of the collaborative decision-making system is based on rep-
resenting the problem situation (and other decision-relevant information) using an ontol-
ogy. It is practical to use multiple ontologies that reveal various aspects of the problem:
the terminology and regularities of the subject area, the structure of the decision-making
task itself, argumentation logic, and so on. These aspects can be integrated into a single
ontology in a problem-oriented manner using the framework of multi-aspect ontologies
[1].

The information presented in this way about the problem is contained in an ontology-
driven smart space [28] (storing a set of statements in ontology terms and providing con-
venient access and notification mechanisms), accessible to both Al agents and experts.
The advantage of an ontology-driven representation is that the information becomes
accessible to both humans (directly or through a specialized interface) and Al agents,
which can utilize the SPARQL language capabilities to extract relevant statements from
the description of the current problem state.

While the platform itself defines several service ontologies (e.g., to structure decision
support of argumentation processes), it does not define any domain or application ontol-
ogy —these ontologies are defined at the level of a concrete decision support system, built
using the platform. Basically, selecting one or several application ontologies and linking
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them to the platform’s service ontologies using the apparatus of multi-aspect ontologies
are the main activities performed to build a DSS based on the proposed platform.

Interaction among the members of the decision-making support team occurs
indirectly through modifications to the content of the intelligent space.

In the context of the problems discussed in this paper, Al agents play the central role
in the proposed platform. In terms of information processing, two categories of such
agents can be distinguished. Agents in the first group transform symbolic information
based on knowledge; that is, both the input and output of these agents are symbolic
information (expressed as a set of statements in the domain ontology). Agents in the
second group, on the other hand, convert “raw” data into symbolic information. These
agents take as input images, video or audio data, or simply numerical observations,
and output statements based on the domain ontology. Various technologies, including
Artificial Neural Networks (ANNS), are currently used to organize such agents, enabling
the mapping of this “raw” data to one of the concepts. These agents can leverage elements
of neuro-symbolic intelligence, using neural network paradigm to interpret data in a
symbolic (conceptual) system, which is crucial for subsequent communication.

One of the essential aspects of collaborative decision support is traceability. That is,
the ability to track the source for each statement (concerning the list of alternatives or their
assessments) that are formulated during joint work on a task. This capability plays a key
role, for example, in the formation and use of trust mechanisms that significantly reduce
verification overhead. In the proposed conceptual model, traceability is achieved through
two mechanisms. Firstly, all changes in the presentation of the problem are supplied with
metadata in accordance with the PROV-O ontology [29], which allows us to describe
the sources of information (system participant who provided the information, reasons),
secondly, agents in addition to the result of the work itself can also add an explanation as
to why exactly this result was obtained (for agents that transform symbolic information,
this is a chain of logical inference, and for agents that transform “raw” data into symbolic
data, this is one or another type of ontology-oriented explanation).

4 Architecture

This section characterizes key points of the platform architecture, including typical user
roles, scenarios, components and their interaction.

4.1 Use Case View

There are three categories of users: End User (decision-maker, DM), Participant
(expert), and Agent Developer. The End User turns to the System with a certain task,
the solution of which requires the joint efforts of a human-machine team. The partici-
pant takes actions that contribute to solving the problem. The agent developer publishes
agents that, using the mechanisms of the environment, can also take part in solving the
problem. Each of the categories in the use case view is represented by an actor of the
same name.

The two roles End User (DM) and Participant (expert) share a significant number
of precedents that ensure the actual interaction within the team. A use case specific to
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the End User is the creation of a problem, which includes the creation of an initial text
description of the problem that requires the use of human-machine collective Al, as
well as additional parameters (time constraints, compensation policy (if applicable), and
others). As a result of executing this precedent, 1) a new problem is registered in the
system and a workspace is created for it, 2) invitations are sent to participants whose
involvement in solving the task may be promising.

A workspace is understood as a set of interface elements and related functions aimed
at displaying the status of a specific problem and supplementing it with new information.

Use cases specific to the Participant (expert) are filling out the participant’s profile
and working with received invitations to join in solving problems. The participant profile
combines information both reported by the user and summarizing the experience of his
participation in solving problems and is used to select participants when sending out
invitations. The main parameter of the profile, which the Participant can adjust, is the
description of the existing competencies (both in natural language and in connection
with the ontology of competencies).

The main use cases available to the Agent Developer role are creating an agent,
uploading a new version, browsing information about agents, and managing agent state.
Creating an agent involves specifying the characteristics of the agent created by the
developer — activation conditions, conditions of use, program code. If necessary, the
developer can upload a new version of the agent. At the same time, if the agent was
a member of some teams, then they continue to work with the old version, and when
the agent joins new teams, the new version is used. Agent state management includes
activating and suspending an agent. An active agent can join teams, a suspended agent
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cannot. Finally, browsing information about agents allows the developer to obtain quan-
titative and qualitative (ratings, reviews) information about the agent’s participation in
solving problems.

4.2 Component View

The execution of system components occurs on three computing nodes: a web server, a
database server, and a user device (Fig. 2).

The web server hosts not only the component that provides the delivery of web
application pages (Web Application), but also all components related to managing the
smart space (Smart Space Platform), executing agents (Agent Manager, Agent Execu-
tion Environment), team formation component, pattern recommendation component,
natural language translation component (NLTC), as well as infrastructure for deferred
task execution.

The database server hosts the DBMS, under which the web application database
itself runs.

Finally, interaction with the client occurs through a browser (Web browser), launched
on the user’s device and providing a computing environment for executing code associ-
ated with the design and logic of behavior of some interface elements (not requiring a
reload of the entire page).

Team formation component provides a set of algorithms to build new teams and
extend existing ones. It maintains a set of primitives like competency, role, historical
performance, and particular DSS created on the platform can set up team formation
policy using these primitives and pre-defined policies, or even implement a new policy
tailored to the problem domain.

Natural language translation component (NLTC) plays an important role of parsing
and transforming textual discussions to structured representation. In particular, it identi-
fies roles of particular messages and information pieces (if it is an alternative description,
evaluation, etc.) and their interdependencies (supporting statements, contradicting state-
ments). Resulting structural representation is interactively verified and then can be used
by agents, obviating the need for each agent to parse textual stream.

Pattern recommendation component analyzes current discussion situation (its struc-
tured representation) and leveraging collaboration engineering knowledge and machine
learning model identifies non-productive situations and proposes ways to improve them

[3].

5 Use Case

The scenario is devoted to the developing recommendations aimed at the prevention
of accidents at sections of traffic accident concentrations. A section of traffic accident
concentration is a section of highway not exceeding 1000 m outside a locality, 200 m
in a locality or at a road intersection where three accidents and more of one type or five
accidents and more, regardless of their type, have occurred during 12 months, as a result
of which people were killed or injured.
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Collaboration behind the scenario supposes that partnerships between humans and
software agents are in preference to automation [18]. The decision maker initiates the
collaboration providing the information necessary to start the collaboration to groups of
agents and human experts. The agents start interacting to provide recommendations. If
they manage to do this then the experts receive these recommendations with explanations
of why the agents offer them. The experts can agree with the list of the recommendations,
agree on some recommendations or decline the recommendations of the agents. If the
experts reach some agreement, they deliver the agreed recommendations to the decision
maker. If the agents are not able to provide any recommendations then the experts and the
agents interact to develop such recommendations jointly. The experts revise the jointly
developed recommendations and if they are satisfied with them then the experts deliver
the recommendations to the decision maker. Based on the recommendations received
from the expert group, the decision maker prepares a conclusion on the recommended
measures. If the groups of agents and experts cannot propose any recommendations then
the expert group informs the decision maker about this and provides explanations of the
fail.

In the scenario, the collaborative team involves a human decision maker, 3 software
agents, and 3 human experts.

The group of the software agents includes:

— Accident analyst — an agent that provides information about the traffic accident
concentration sections occurred at the specific administrative area and analyses the
accident reporting cards;

— Signs analyst — an agent that provides information about the road signs installed at
the traffic accident concentration sections;

— Recommender — an Al agent that provides recommendations.

The group of the experts comprises:

— Decision maker;

— FRA — arepresentative of the Federal Road Agency;

— Municipal administration — a representative of the Administration;
— Police inspector — a representative of the traffic police department.

The scenario is executed as part of the regular inspection aimed at the release and
prevention of accidents at the sections of traffic accident concentrations.
The input data for the scenario are as follows:

— The location of the accident concentration section;

— The accident reporting cards that fix the information about accidents occurred at the
accident concentration section;

— The information about the road signs installed at the accident concentration sections.

The scenario supports the following sequence of events:

1. The decision maker sends to the agents of the agent group and to leaders of the appro-
priate organizations messages with the date and time of the inspection, inspection
period, accident concentration to be considered and the reference to the collaborative
service.
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2. Interactions in the agent group. Accident analyst reports the statistics of accident
types, Sign analyst provides information about relevant signs and Recommender
uses the Guidelines to make recommendations.

3. Interactions in the expert group. Evaluate the recommendations. Possibly specify
solutions to test with the help of agents.

4. Interactions of the agents and experts. Test and verify the proposed solutions.

. Recommendations of the expert group.

6. The conclusion of the decision maker coincides with the recommendations received
from the expert group.

|91

The implementation of the presented scenario is carried out using the proposed
platform for human-AlI collaborative decision support. This platform supports the task
creation, the selection of participants to solve the problem, according to the required
competencies, and tracking the progress of the problem solving process. Participants
can be both people and agents interacting with the platform via the REST API.

HMCI m

Accident cluster No. 148

N

Last activity

Isername Toxt Message Type Name Trmestamp

Task Relation Linked task Deastine Acugree

Fig. 3. Platform UI. Problem information page.

To work with tasks, the platform provides a web interface (Fig. 3) through which
users can view the general list of tasks, track notifications about invitations to a new
task or about new events in tasks for which the user is already an executor. For each
task, a detailed description is available, estimated deadlines for its completion, required
competencies, possible remuneration for performers and a breakdown into subtasks. If
there are subtasks, their dependency graph and timeline with the deadlines for completing
the subtasks are displayed. Discussion of tasks and subtasks is carried out through a
built-in messenger in which users can exchange their solutions and comment on them,
developing a joint solution to the problem. The discussion also involves agents selected
according to the functions they perform, similar to competencies for people.

In accordance with the scenario under consideration, when a location of road acci-
dents concentration is detected, the decision maker creates a task in which he or she
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describes the coordinates of the place and the list of road accidents, and also specifies a
list of competencies related to obtaining detailed information on road accidents and the
corresponding section of the road network, generating recommendations and assessment
the effect of the proposed recommendations. In accordance with the required competen-
cies, software and human agents are selected to collect data and generate recommenda-
tions, as well as experts to discuss recommendations. Subtasks are formed, interaction
is carried out between groups of participants and the decision maker is provided with a
list of possible solutions with justification. In this case, access to agents is carried out
in the general message flow through direct access to the agent in accordance with its
functions with request parameters. At this point, the task is considered solved and, if
there is a reward, it is paid to all participants.

6 Conclusion

The paper proposes a platform to mitigate the development of collaborative decision
support systems based on the interaction between human experts and Al. The platform
provides a set of mechanisms and interfaces, simplifying the development of CDSSs:
team formation and collaboration support, interfaces to define, deploy and manage Al
agents, and a set of structured representations facilitating interaction between human
experts and Al agents.

Distinguishing features of the proposed approach are ontological representation of
the information about the problem, interaction models and interfaces supporting reliable
Al, collaboration support in the form of configurable team formation algorithms and
interaction monitoring.

The paper also shows an example of a collaborative scenario that can be implemented
using the proposed platform, which illustrates viability of the proposed approach and
implemented set of mechanisms.

The proposed platform can be used to organize collaborative decision support in
variety of domains, mostly characterized by dynamics and complexity.

It should be noted, that primary goal during the platform design and development was
to satisfy some principal requirements, e.g., interoperability of the heterogeoeous col-
lectives’ members, mutual understanding, planning flexibility, etc. The resulting archi-
tecture satisfies these requirements, providing a unique combination of features for
human-AlI collaboration, however, not much attention was paid to temporal efficiency
of the implementation. Therefore, future work is mostly related to two directions: first,
using the platform for decision support in various scenarios and problem domains and
collecting user feedback as well as objective success metrics, second, detecting and
improving “bottlenecks” of the implementation.
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Abstract. The solution to the problem of constructing the velocity field of a
moving object in computer (machine) vision systems using monocular methods
for determining the proper motion of a video camera is considered. The estimation
of optical flow parameters is obtained on the basis of minimization of the integrand
expression of the energy functional (by Horn-Schunck) with the introduction of
a regularizing component by Tikhonov. Unlike the traditional procedure for min-
imizing the energy functional, which requires information about the optical flow
values for the entire scanning area and a large amount of computational costs,
the proposed method requires optical flow values determined only at a specific
point in the image area. The solution is obtained in a simple analytical form,
easily implemented from a computational point of view in on-board computers.
A numerical experiment was carried out to illustrate the possibility of effective
practical application of the proposed approach.

Keywords: optical flow - computer (machine) vision systems - velocity field

1 Introduction

One of the most important tasks solved by computer (machine) vision systems (CVS)
when processing and analyzing images is constructing a velocity field of a moving object.
Such a task is extremely demanded in robotics when determining the angular orienta-
tion and spatial position of autonomous robots, in space research, in electrodynamics
problems, in the study of complex mechanical systems, etc. [1-9].

To date, several methods have been developed to determine the velocity field (optical
flow) using CVS, among which the most effective are monocular methods for determin-
ing the self-motion of a video camera [1-18]. In turn, among these methods there are
methods based on search and comparison of the so-called “special” points, and methods
using algorithms for calculating dense optical flow. The methods using algorithms for
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calculating dense optical flow, in contrast to the methods of “special” points, have a
number of important advantages, such as performance on low-textured scenes (where it
is difficult to find “special” points) and the ability to obtain a detailed relief of the object
without additional actions. By dense optical flow (hereinafter simply “optical flow”)
we understand its classical definition as an image of the apparent movement of objects,
surfaces or edges of the scene, resulting from the movement of the observer (in par-
ticular, the camera) relative to the scene. Or, formalizing this definition for subsequent
conclusions: if Ip(x,y) is the first frame of the video (a function of intensity from the
coordinate of a point on the image), and /1(x,y) is the second frame containing the same
points, only shifted (intensity is preserved, the edges of the image are not considered),
then the vector field V(x,y) = (u(x,y),v(x,y)): I1(x,y) = lo(x + u,y 4+ v) V(x,y) is the
optical flow (“dense” means its existence at all points of the image). The main feature
of the components u(x,y), v(x,y) of the vector field V(x,y) (hereinafter referred to as
“optical flow parameters”) is the presence of an analytical dependence on the linear and
angular velocities of the object, calculated from these parameters, in this connection, the
problem of estimating them with high accuracy, and, in conditions of inevitable video
recording interference, is one of the main ones in the theory and practice of technical
vision.

2 Formulation of the Problem

The initial equation for determining the optical flow parameters u(x,y), v(x,y) is the
so-called basic equation of optical flow [10-15]:

al al al 0 1

8t+M8x+v8y_ ’ M
where u, v are the velocity components of the brightness pattern respectively in the direc-
tions x and y, taken at the scanning point P; o ()e;}y ) I (g;cy’l) Ja (;ny 0 _ partial derivatives
of the brightness function of the observed surface, which are estimated directly from the
image.

Equation (1) contains two unknown variables u, v and, therefore, cannot be uniquely
resolved. The most commonly used solution to this situation is the use of various restric-
tions imposed on the optical flow. For example, the use of gradient constraints from
neighboring pixels, assuming that they have the same 2D-velocity, which in this case is
found by minimizing constraint errors (in particular, when minimizing quadratic errors —
using the least squares method); the use of phase correlation of individual image pixels,
various assumptions about the dynamics of image brightness, etc. [10-16].

Thus, the method described in [12] uses the assumption of the same displacement of
all points of the neighborhood under consideration and the approximation of the signal
of the neighborhood of each pixel by a quadratic form, the parameters of which are found
using the weighted least squares method (the weighting function is usually chosen to be
Gaussian).

An alternative method is the Lucas-Kanade iterative differential method, based on
two assumptions: constancy of brightness along the motion trajectories and equal dis-
placement of neighboring pixels (as a result of which the velocity field is found only
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for a certain neighborhood of the pixel by minimizing the objective functional using the
least squares method). This method performs well at small displacements, but results in
sparse optical flow [11]. But perhaps the most commonly used method for calculating
optical flow is the Horn-Schunk algorithm [10], based on the assumption that the optical
flow is smooth throughout the entire image (no sudden change in velocities) [14, 15].
The optical flow estimate is calculated based on the so-called energy functional

— 8_1 2 2 2
E@,v) = [ (o +VI| ) +r(Vaul® + |VvP)dxdy, @)

D

u
1%

where D is the domain of existence of the variables x,y, V is the Hamilton operator, \ is
the regularization parameter,

minimized either using discrete approximations to the integral and derivatives, or
based on the corresponding Euler-Lagrange equations under boundary conditions with
reflection [10].

The advantage of this method is the formation of a dense optical flow, the
disadvantage is sensitivity to noise, as well as the need to set boundary conditions.

But the main disadvantage of the above traditional methods is low computational
efficiency. Even when using high-performance optimization algorithms, the computa-
tional cost are often unrealizable for on-board computers, making real-time optical flow
estimation difficult. This circumstance initiated the development of a separate direction
in the field of developing methods for calculating optical flow, exploring the possibility
of their implementation in real time. Currently, the main results here have been obtained
either on the basis of additional software and hardware processing of optical flow [3,
13, 14], or using neural networks and deep learning algorithms [4, 5, 17, 18]. Both of
these approaches have obvious disadvantages - the complexity of the hardware of the
information-measuring complex of a moving object and the need for preliminary train-
ing of the neural network, which, in turn, requires significant time and computational
costs.

In this regard, we will further consider one of the possible approaches to determining
the parameters of the optical flow, which provides, in comparison with existing meth-
ods, a significantly lower volume of computational costs while maintaining the dense
structure of the optical flow.

3 The Solution of the Problem

Analysis of functional (2), the minimization of which in terms of the parameters of the
optical flow ensures its dense structure, shows that all the integrands included in it are
non-negative definite. This, in turn, allows us to move, when searching for optimal values
of optical flow parameters, from minimizing integral (2), which requires information
about the values of optical flow for the entire domain D, to minimizing the integrand
(g—i + VI : )2, determined only in a specific point (x,y) of domain D. In this case, in

contrast to functional (2), we choose the regularizing addition according to Tikhonov
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T
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according to the L? norm: o , where o is the regularization parameter. In this case,
vl |v

the optical flow estimate can be calculated from the criterion minimization condition:
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Differentiating (3) with respect to the vector and equating it to 0, we have:
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Bringing the resulting vector equation to the form
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we obtain a system of linear equations for the desired vector |u v|”
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solving which, we finally have:
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The advantage of the obtained solution over the one proposed in [10] is the possibility
of directly determining the parameters of the optical flow at a specific point on the
image plane without involving the values of the optical flow at other points of the plane.
Moreover, substituting the found solution (4), obtained under the assumption of noisy
optical flow I(x,y,t), into the original optical flow Eq. (1), leads to the appearance of a
discrepancy equal to o, which makes it possible to determine the physical meaning of the
regularization parameter o, as a quantity the level of general disturbance of the optical
flow (more precisely, its gradients). This, in turn, allows for a more targeted and efficient
determination of the value o, based on the known (or estimated) level of interference,
in contrast to the choice of parameter \ in functional (2) (in known works varying from
0.5 to 100).

To evaluate the effectiveness of using the proposed approach, consider a numerical
example.
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4 Example

Spatio-temporal modeling of the optical flow /(x,y,t) was carried out in the coordinate
grid {x:[0;5], y:[0;5]} with a step of 0.5 on the time interval [0;500] s with a step of 0.1 s
according to the expression

I(x,y,t) =0.25exp[—(x — 2.5)2 - - 2.5)2](cost+ 1) (Im). 5
and using a random field measurement as noise, described as:
S(x,y,t) = (cosxcosysint + 1) W;, (6)

where W; is a Gaussian sequence with zero mean and variance D = (6-1073)2 (Im)2.

The error in determining the optical flow parameters u,v was assessed at three points
of the coordinate grid {x;, y;}: {4,2},{3,3},{2,3}, with the selected regularization param-
eter a = 0.0035 with comparing the values u,v, obtained by substituting into Eq. (4) the
true values of the optical flow, determined by expression (5), with the values u,v, obtained
by substituting into Eq. (4) the values of the optical flow, with noisy interference (6).

Graphs of errors in estimating parameters u,v for each selected point of the image
plane are shown in Figs. 1, 2, 3,4, 5 and 6.
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Fig. 1. Graph of errors in estimating parameter u at coordinates {4,2}.

The mean values of the estimation errors over the entire simulation interval were in
percent of the entire range of variation of the true u,v values:

for coordinates {4,2} u — 3%, v —4,3%,

for coordinates {3,3} u — 1,8%, v — 1,6%,
for coordinates {2,3} u — 1,6%, v — 0,4%.
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Fig. 2. Graph of errors in estimating parameter v at coordinates {4,2}.
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Fig. 3. Graph of errors in estimating parameter u at coordinates {3,3}.
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Fig. 4. Graph of errors in estimating parameter v at coordinates {3,3}.
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Fig. 5. Graph of errors in estimating parameter u at coordinates {2,3}.
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Fig. 6. Graph of errors in estimating parameter v at coordinates {2,3}.

5 Conclusion

The presented results of the numerical experiment allow us to conclude, firstly, about
the possibility of highly accurate determination of the parameters of the optical flow
(velocity field) using the proposed algorithm, and secondly, about its computational
efficiency, due to the significantly lower amount of computational costs compared to
traditional methods (and while maintaining the dense structure of the optical flow), as
well as the need to have information about the values of the optical flow only at a specific
point in the image, and not the entire scanned image area.

Moreover, a comparative analysis of the proposed algorithm, implemented in a real-
time numerical experiment, with methods for searching and comparing “special” points,
requiring the implementation of complex multi-stage algorithms [19-22], also showed
its advantage from a computational point of view.

Such advantage features of the approach under consideration provide the possibility
of its successful practical application in CVS of robotic complexes for both general
technical and special purposes.

The work was carried out in accordance with state assignment no. 1023080200012-
3-2.34.
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Abstract. Cutting tools of milling machines are prone to failure, and
it’s essential to predict their remaining useful life to ensure cost-effective
maintenance in the manufacturing industry. Recent studies have shown
that deep learning techniques can effectively predict the remaining use-
ful life. However, training a deep learning model on a small dataset can
be challenging. Moreover, generating a sufficient training dataset that
includes failure samples is even more complex. Therefore, this paper
proposes an exponential degradation-based technique for predicting the
remaining life of cutting tools due to a small dataset. The proposed
method has five main steps: data processing, feature extraction, feature
selection, and feature fusion to construct health indicators. Finally, using
these health indicators, an exponential degradation model can estimate
the remaining life. A case study of the proposed approach is demon-
strated on a recently published cutting tools dataset. The experimental
results show that the exponential model does not require large-size data
to predict remaining life.

Keywords: Predictive Maintenance + Exponential Degradation
Model - Remaining Useful Life (RUL) - Deep Learning Techniques

1 Introduction

The cutting tool is vital in manufacturing as it directly interacts with the work-
piece [14]. Cutting tools must withstand mechanical, thermal, and chemical wear
during regular use [12]. Unfortunately, cutting tool flank tend to wear out over
time due to continuous use in machining processes. Tool flank wear is the most
critical type of wear in machining-flank wear results from friction between the
workpiece surface and the flank of the tool. This wear and degradation can have
a significant impact on the quality and accuracy of the final product [4][14]. To
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ensure the reliability of the manufacturing system and the quality of the work-
piece, it is crucial to replace cutting tools on time before they fail. Predicting
the tool’s remaining useful life (RUL) is essential for making informed decisions
about when to replace it. Doing so not only maximizes tool life but also helps
to reduce machining costs and improve quality [13].

There are two methods for predicting the RUL of tools: degradation models
and data-driven models [14]. The latter employs machine learning to identify
the degradation process patterns and provide highly accurate predictions. How-
ever, data-driven models necessitate sizable, consistent data samples, which can
prove challenging due to cost and variability. Model-based methods use mathe-
matical or physical models to estimate machine degradation and predict cutting
tools’ RUL [14]. They incorporate expert knowledge and measured information,
making them more effective than data-driven methods in the case of small-sized
datasets [14] [2].

The exponential model is a widely used model-based method for predicting
RUL and health management. Gebraeel, who employed a Bayesian approach
to update the model parameters using collected data, can be credited to its
inception [5]. Over time, various adaptations and implementations of this model
have been documented, including a refinement by Gebraeel, which integrates
multiple historical degradation signals obtained through condition monitoring
to update the model parameters.

Zhang et al., [16] proposed a hybrid RUL model by combining the expo-
nential model and particle filter for lithium-ion batteries. The model achieved
better prediction accuracy and convergence. Li et al., [9] proposed an improved
exponential model to predict the RUL of bearings by overcoming two shortcom-
ings: first, predicting time selection and random errors of a stochastic process.
Similarly, Wang et al. [15] solved the first predicting time by using Kurtosis
and RMS of bearing signals and utilised the exponential model to predict RUL.
Kong et al., [8] also introduced an exponential degradation model for bearing
RULs. Bhavsar et al., [3] used exponential degradation model for FEMTO bear-
ings problem by extracting statistical time domain features. However, Liu et al.,
[10] used an exponential degradation model with a Bayesian update mechanism
and expectation-maximization for power plant machinery. Therefore, data-driven
models overfit and need to improve in predicting RULs. As an alternative solu-
tion, the exponential degradation model is proven effective in predicting RUL
on a small-scale dataset. Apart from these, various deep learning [11] [6] models
are also utilized in the literature for RUL prediction.

This paper uses an exponential degradation model to predict the RUL of
the milling machine’s cutting tools. The dataset used in this paper is a small-
scale dataset with several sensor data representing the degradation behaviour of
cutting tools. To identify the degradation pattern, we conducted feature engi-
neering, feature extraction, feature selection, feature smoothing, feature fusion,
and health indicator construction. We extracted time-domain features from each
sensor data set to determine failure trajectories and performed the Man-Kendall
test to select optimal features by screening monotonicity values. The exponential
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Fig. 1. Overview of RUL prediction model

degradation model is then fitted to the health indicators to define the parameters
and predict RULs. Experimental outcomes show exponential models’ effective-
ness in predicting RULs on small datasets. In Sect. 2, we have discussed the steps
in processing and feature engineering the dataset to establish a single health indi-
cator for each tool. Section 3 briefly presents the description of the dataset, and
Sect. 4 describes the experimental outcomes for predicting RULs. Finally, Sect. 5
concludes this paper.

Table 1. Time domain features and corresponding mathematical expressions

Features Expression Features Expression
N N (& 2
Mean w= M Standard deviation|o = \/Z" i (t”) ~)
2
Variance 0'2 = W Root mean square rms = W

x> S @) —p)?

3
(\/ ~ A 1(2(%)—#)2)

Vo 28 w(tn)?

Maximum value Maxz(z(t,)) Skewness

% 227:1 (x(tn) _H)4

Kurtosis +|Shape factor O
( ¥ ZL(z(tn)—W) N n=t
Crest factor \/% Margin factor maz|z(ty)] .
N n=1 n 1 N
(N Zn:l |z<tn)|)

2 Methodology

A model based on exponential degradation can predict RUL with less data. It
uses current historical data of equipment operation, making it suitable for drilling
bits with limited failure samples. The process of RUL prediction is depicted in
Fig. 1. In this section, we discussed about the RUL prediction steps for CNC
machine’s drilling bit.
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2.1 Feature Extraction

The feature extraction step decomposes raw data into a feature space relevant
to the system degradation condition. Features can be extracted from both the
time and frequency domain. Time-domain features visually display a machine’s
state information by plotting the signal waveform against time, comprising both
dimensional and dimensionless parameters. For cutting tool flank wear, various
time-domain features can be extracted. We have extracted 10-time domain fea-
tures in this work, as mentioned in Table 2 [7]. The mean and peak-to-peak values
describe signal amplitude and energy over time, while the variance, skewness,
and kurtosis factors serve as signal dispersion indicators.

2.2 Feature Selection

We used the monotonicity trend to select optimal features from extracted time
domain features. A suitable condition indicator exhibits a monotonic trend as
a system approaches failure. We used the Mann-Kendall test for monotonicity
screening [1]. It determines consistent upward or downward monotonic trends
in a variable over time, which may not be linear.The MK test assumes Hy (null
hypothesis) is true and requires convincing evidence to reject Hy and accept H,
(alternate hypothesis). Hy states no monotonic trend, while H, says there is.
The MK test wroks as follows:

1. Ordering the data samples sequentially over time (z1, 2, ...,2n;n = 1,2,3..)
2. Calculate the sign of all @ differences x; — x;1 > j.

3. Use sgn(x; —x;) function to indicate the values 1, 0, —1 based on step 2, i.e.,

1, ifr; —x; > 0.
sgn(zi—z;)={0, ifr; —x; =0.
-1 ifz; —x; <0

4. Calculate the following expression:

S:Z?:ll E;-Lﬂdrl sgn(z;—xy)

5. Calculate the variance of S using following expression:
VAR(S)=15[n(n—1)(2n4+5)—=39 _, t,(tp—1)(2t,+5)]

where g is the number of tied groups, ¢, is the number of observations in the
pth group.
6. Calculate MK test statistic (decrease) with time.

vam S >0
ZMKr=40 ifSZO
S+l ifS <0

VAR(S)

We can choose the features based on the MK test z statistic where a positive
(negative) value of Zj/x indicates that the data tend to increase (decrease) time.
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2.3 Feature Fusion and Health Indicator Construction

It isn’t easy to use all the selected features from the MK test to predict the
RUL of machines. Therefore, we must fuse the selected features to construct a
single health indicator. Principal Component Analysis (PCA) as a dimensionality
reduction technique can be a candidate for fusing the selected features. PCA uses
orthogonal transformations to identify the correlated variables and convert them
into uncorrelated ones. We can choose the principal component with the highest
variance as the health indicator to represent the degradation behaviour of the
drilling bit (Fig. 3).

KKKKKKKKKKK

Fig. 2. Extracted time domain features from Tooll, Tool2 and Tool3 for the feature
torque axis in y direction

2.4 Exponential Degradation Model

The exponential degradation model is a probabilistic model that is ideal for small
scale dataset. Let H(t) denotes the health indicator fused from multiple features
from previous step. It represent the continuous stochastic degradation process
of the drilling bit. We can observe the degradation behaviour at some discrete
points in time, such as t1, t2, - tn. Therefore, we can model the degradation
health indicator at time ti, I = 1,2, .... as follows:

H(t;) = ¢+ o Btitet—%)
= ¢ + fePtielc(t)= %)

where ¢ is a known constant, 6 is log normal random variable, § is a normal
random variable and €(¢;) is random error term with a normal distribution of
mean 0 and variance o2. Assuming, 6, 3 and €(¢;) are mutually independent,
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we can show that E[ef(“)*é] = 1. Therefore, E[H(t;)|0, 3] = ¢ + 0e(Bt). The
logarithm of the exponential degradation model can be expressed as:

2

S;=S(t;)=In(H(t;)—¢) = Inf + Bt; + €(t;) — %

=0 + Bt; + €(ts)

where 6 = Inf — "72 The posterior distribution of 6" and f is estimated using
the bayesian process after logarithmic degradation features accumulated at a
certain time are gathered. Lets consider that we observed Sy, So,...Sk at times
t1,ta,..t;, then the conditional joint density function for estimating 6" and £ can
be expressed as,

’
k (L; =6 —pt;)?
)k X e~ i=1( 257 )

! 1
f(31752a--5k|9 7ﬁ) = (W

At each time step t the distribution of 0 and 0 is updated based on the
observations of S;.

Health Indicator

0 100 200 300 400 500 600
Tool contact time

Fig. 3. PCA based health indicator

2.5 RUL Prediction

The Remaining Useful Life (RUL) of a cutting tool is the length of time from
the current moment until the end of its useful lifespan. Mathematically, it is
expressed as lp = tgor — tk, where tgor represents the End Of Life (EOL),
ti represents the current time, and [ represents the RUL at tx. In this study,
the RUL is defined as the time remaining before the HI of the machine crosses
a failure threshold. The failure threshold can be determined based on domain
knowledge. In this paper, the RUL is expressed as follows:

e = inf(l: H(l+tg) > A)

where inf(.) represents the inferior limit of a variable; H(I + t;) is the HI at
|+t with [ > 0 and ) is the failure threshold.
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Table 2. Monotonicity scores for the time domain features of MK test results

Features/Tools meanjstd |var |rms |max skew kurt |sf |cf |mf [Avg
pcdx |Tooll9.79 [22.11|22.3522.11/22.87/11.88|16.16/11.25|16.89|18.05/17.35
Tool24.74 |24.9025.04/24.90/24.46|9.77 119.67|4.42 |18.37/23.28/17.96
Tool3/7.56 |26.2826.58/26.29/25.38/8.00 110.37|13.03|2.80 |24.95/17.12
pced_y |Tooll|6.52 |20.01120.01/19.96/0.00 21.0020.81/6.32 119.96/20.02|15.46
To012/0.89 [19.7919.79/19.82/0.00 |21.4421.06/1.04 {19.82/19.79(14.34
Tool3|7.38 [14.13/14.13/14.24/0.00 |17.14/16.23|7.24 |14.24/14.13|11.89
ta_x Tool1121.70(23.04/23.32/21.83/0.00 {20.74/20.10(14.95|21.20/21.75/18.86
T0012|23.19|24.6925.01/23.35/0.00 22.01/20.57|15.12(22.29(23.10(19.93
To0l13|24.15|26.49 26.92/24.43|0.00 22.58/21.16/9.48 [23.01/24.38|20.26
23.4526.21

21.62/24.63

16.15[20.09

ta_z Tool18.99 |21.1621.288.59 |0.00 |23.6823.61/19.22/8.62 |20.77/15.59
To0012|16.40|21.88/22.00/16.24/0.00 |19.59/19.24/21.99/16.25(21.42(17.50
Tool3/11.30(24.8525.01/10.78/0.00 |25.41/24.40(21.68|10.83/24.28/17.85
tpx Too0l11/0.07 10.04 0.39 |0.06 |0.07 |0.49 0.38 |0.44 6.45 |1.17 0.96
Tool2/0.06 |0.05 0.40 0.06 |0.07 |{2.97 3.04 |0.44 |6.40 |1.15 |1.46
Tool3/0.01 |0.01 0.30 |0.01 |0.02 |4.07 4.07 |0.19 |6.84 0.85 [1.64
tpy Tool1/1.60 |3.18 |3.18 [1.94 |8.54 |2.80 |10.31|3.04 |2.56 |3.09 |4.02
Tool2/5.51 |13.23/13.23/3.46 |16.40/0.76 |11.50(13.26|3.11 [12.57/9.30
Tool3/7.21 [11.96/11.96/0.89 |8.48 |0.25 9.62 |11.82(3.82 [9.92 |7.59
tpz Tooll|7.00 [8.78 [8.78 6.99 |0.00 |8.56 |8.48 |7.28 [7.00 [8.76 |7.16
Tool2|7.23 9.65 [9.65 7.49 |0.00 |7.32 |7.34 |6.36 (7.49 9.65 |7.22
Tool3/8.74 19.45 9.46 |8.80 |0.00 [9.98 9.96 |8.29 [8.80 9.45 8.29
ts To0l11{22.00|22.64/22.75/22.10/0.00 21.95/22.07/12.08/21.85(22.28(18.97
To0012|24.37|23.82/23.97/24.35|0.00 22.22|22.65(23.0223.91|23.27|21.16
Tool3125.70(15.13/15.37|25.25/0.00 {10.41/12.65(8.30 |24.74/14.64/15.22

ta_y

3 Dataset

The dataset comprises 6418 individual sample files in .h5 format (HDF5). These
samples were taken from nine tools worn out from an unused state (VB = 0 pm)
to their end of life (VB = 150 pum). The number of experimental runs (sample
files) varies for each tool. Wear was quantified by the width of the flank wear or
the uniform flank wear VB according to ISO 8688-2. VB was measured with a
digital microscope from Keyence (model VHX600DSO, 1/1.8 CCD sensor, 1600
x 1200 pixels, 100x magnification). Additionally, the sample files themselves
contain the corresponding labels (wear value). Each sample file represents a single
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shoulder milling operation and includes the corresponding milling operation time
series data. T'wo groups of time series data are recorded— machine tool controlling
data and dynamo-meter data. Machine controlling data group contains position
control deviation axis (x and y), tool position (x, y and z axis), torque spindle,
and torque axis (x, y, and z) features. In contrast, the dynamo-meter data group
contains force data on the x, y, and z-axes. In this paper, we considered the
machine tool controlling data for exponential degradation model based RUL
prediction problems.

4 Experiments and Results

The sample files for each milling operation of the dataset are in HDF5 format.
Therefore, the HDF5 files first need to be converted into suitable workable files.
We have used the Python hbpy library to convert the HDF5 files to CSV files.
In this work, we have only considered three tools (tooll, tool2, and tool3) from
machine 1 to conduct this case study. Tooll and tool2 contains 609 milling
operation data files and Tool3 has 638 CSV files to represent its degradation
trend. Each CSV file comprises of 2207 data samples.

The converted CSV files are unsuitable for training an exponential degra-
dation model for RUL prediction. Features must be extracted from each CSV
file to realize the degradation pattern and predict the remaining life. In this
work, we extracted 10-time domain features (mentioned in Table 1) from a CSV
file to learn the degradation behaviour of cutting tools. Figure 2 illustrates the
extracted 10 time domain features from three tools of machine 1. From the figure,
it is evident that some features (mean, kurtosis, cf, and mf) are monotonically
decreasing while some (std, variance, rms, sf) are monotonically increasing. How-
ever, max_val is not showing any increasing or decreasing pattern. Therefore, the
features with increasing or decreasing pattern shows the degradation patterns of
the tools.

Not all the machine control deviation features equally represent the failure
propagation of the machine tools. Therefore, the most significant feature needs
to be selected. Also, the ten-time domain features from the most considerable
machine control deviation feature are not equally important in predicting the
RUL of the tools. Thus, based on the MK test, we have selected the most critical
time domain features that reflect the degradation behaviour (either monotoni-
cally increasing or decreasing) of the tools and the most crucial feature of the
machine control deviation feature is selected by averaging the monotonicity score
of the time domain extracted features. Table 2 shows the monotonicity score for
each time domain feature of all the machine control deviation features from tools
1, 2 and 3. We can see that the monotonicity score of max value is 0 for almost all
the machine control deviation features, as this feature has no monotonic trend
(Fig.2). The average column shows that the feature ta_y has the highest mono-
tonicity score for all the tools compared to other machine features. Therefore,
we selected ta_y and the time domain features with monotonicity scores higher
than 23 from ta_y to predict the RUL of the tools.
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In the next phase of our study, we utilized PCA (Principal Component Anal-
ysis) to merge the selected features and create a singular health indicator rep-
resenting our tools’ failure propagation. We chose the first principal component
as the health indicator, as it retains the maximum variance of the merged fea-
tures. We used an exponential degradation model to fit the health indicator and
forecast the tools’ Remaining Useful Life (RUL). The RUL calculation begins
once the degradation is detected. We match the time evolution of the HI trend
using the exponential degradation model to predict the time before it reaches
the threshold, indicating a failure. The parameters of this model are determined
using the HI values. To do this, we used the health indicators of tools 1 and 2 as
historical data to determine the exponential degradation model parameter and
predict the RUL of tool 3. Similarly, we used the health indicators of tools 2
and 3 to find the model parameters and predict the RUL of tool 1. Finally, we
used the health indicators of tools 1 and 3 to predict the RUL of tool 2. Table 3
shows the exponential degradation model parameters of two tools at a time to
determine the model parameters and predict the RUL of the third tool.

The exponential model can identify significant slope compared to HI trend
and estimate RUL based on original priors. Figure4 shows that the proposed
approach predicts new HI values after detecting the degradation threshold.
Using the updated window of HI values, the model’s parameters are calcu-
lated, and the slope of the model is updated to reflect the evolving changes
in the HI. The process is repeated until the predicted value reaches the FT.
The error between the predicted RUL and the ground truth is quantified using

0 00 0 300 4
Run (number of miling operations) Run (number of miling operations) Run (number of milling operations)

Fig. 4. Predicted RUL with confidence interval for tooll, 2 and 3

Table 3. Parameters for Exponential model of different tools

Parameters |Tool 2 & 3|Tool 1 & 3|Tool 1 & 2

Theta 0.3037 0.4381 0.4757
ThetaVariance/0.0028 0.0592 0.0361
Beta 0.0036 0.0032 0.0032

BetaVariance [2.81E-09 (3.52E-07 |4.18E-07
Rho 1 -1 -1
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RMSE score (\/% >r RULg — RUL,,). The RMSE for tooll, tool2, tool3 are
103.9395,105.375,216.4651 respectively.

5 Conclusion

In this work, we conducted a case study to predict the remaining life of milling
machine drilling bits using an exponential degradation model. The exponential
model is an alternate solution to deep learning-based models for RUL prediction
in small-scale datasets. We extracted time-domain features from each drilling
bit sensor data to identify the degradation pattern and used the MK test to
select the most significant sensor. The monotonicity score of the MK test is also
used to choose the time-domain extracted features from the selected sensor data.
Finally, we used PCA to fuse the selected time-domain features to construct a
single health indicator for training an exponential degradation model. Tools 1
and 2 are used to determine the parameters of the exponential model to predict
the RUL of tool 3. Similarly, the health indicator is used to fit the degradation
model to predict the RUL of Tool One and Tool Two. The experimental results
show that the exponential model can capture the degradation trend and predict
RULs for small-size datasets.
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Abstract. Most computer systems check user identity only at the initial login
session. Continuous authentication uses data collected while using the system to
check for user’s identity for all session’s length. This paper describes a method for
authenticating user continuously using their eye movement biometrics. The new
dataset was created based on data from laptop webcam, 40 features were extracted
for each user. We used Siamese network to calculate the similarities of eye move-
ment biometrics between 2 users for the task of continuous authentication. We
achieved accuracy of 79.68% on video viewing task, 74.25% on slideshow task
and 69.37% on reading task. Using a webcam as opposed to eye trackers allows
to apply non-stop authentication without having any unique devices. Currently
webcam-based eyetrackers are primarily used for behavioral analytics. However,
existing Information Security studies only use this type of data for initial login
(e.g., password or PIN input). Even though the achieved accuracy has some room
for improvement, the suggested approach can be used as a secondary factor to
help with protection against spoofing attacks.

Keywords: machine learning - neural networks - classification - eye movement
biometrics

1 Introduction

User authentication is critical for computer systems. Currently, the most popular
approaches to authentication are knowledge-based authentication (passwords) and
possession-based authentication (e.g., smart cards). However, these factors can be easily
stolen, lost, or forgotten [1]. To solve these problems, various approaches are used [2,
3], for example, biometrics [4]. Yet, the user is authenticated only at the initial login and
is not authenticated again until they exit the system. To reduce the chances of an intruder
performing any actions on the device, continuous authentication is used. Continuous
authentication means that the user’s identity is being checked during the entire work
session and not only at the initial login. Eye movement biometrics is rarely used for
continuous authentication. Meanwhile it is behavioral biometrics, which makes it not as
discriminative as physical biometrics, but harder to be spoofed [5].

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024
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2 Related Works

Continuous authentication can be divided into two types: based on behavioral biometrics
and physical biometrics [6]. Eye movement biometrics is based on behavioral traits since
it is not the appearance of the eye that is analyzed but the properties of its movement
(e.g., speed, acceleration, etc.). Systems that use eye movement biometrics to check
user’s identity can be used both for daily computer work and for more sophisticated
devices, such as virtual reality helmets [7-10].

In [11] Eberz S. et al. used an eye-tracking device called RED500 with a frequency
of 500 Hz. 22 people (11 men and 11 women) participated in the experiment. During the
data collection, the researchers obtained a timestamp, pupil coordinates and diameter. If
the pupil diameter of at least one eye was not obtained, the measurement was removed.
With support vector machines (SVM) the authors were able to obtain an EER ranging
from 1.88% to 7.57%.

In [12] Eberz S. et al. used the device SMI RED500 with a frequency of 500 Hz.
10 people (6 men and 4 women) took part in the experiment. With SVM, the authors
were able to achieve an EER of 1-10%. The quality of classification depended on the
frequency of the eye tracking device; the best results were obtained at 500 Hz, while
results with frequencies of 250, 100, and 50 Hz were worse.

In [13] Sluganovic L. et al. used the SMI RED 500 eye-tracking device. 30 people
(23 men and 7 women) participated in the experiment. The authors were able to achieve
an EER of 6.3% with SVMs with the Radial Basis Function kernel.

In [14] Kinnunen T. et al. used an eye tracking device Tobii X120, with a frequency
of 120 Hz. 17 people participated in the experiment. A universal background model
(UBM) was used for the classification, with an EER ranging from 28.7% to 47.1%.

In order to perform authentication, it is necessary to create a model of user behavior
when working on daily tasks. Since in this paper the eye movement biometrics is used,
the task must cause the person to look at different points on the screen. This requirement
comes from the fact that the human eye is not focused on one point when interacting
with the computer.

Concentrating one’s gaze on a colored point on a monotonous background, for
instance, a red point on a white background, and then shifting that point’s position
is an example of such task [11, 13, 15-19].

Another popular task is text reading [11, 12, 15, 19-21]. When working on a com-
puter, users often read various documents, and continuous authentication can potentially
reduce the likelihood of unauthorized access to classified data. The more complicated
variant of this task would be a web-browsing simulation [11, 12, 21, 22].

Another category of tasks is photo and video viewing [20, 21]. When choosing
images, the brightness of the pictures should be taken into account, as it directly affects
the width of the pupil (at dim light, the pupils expand, and at bright light, they narrow).
Sometimes monochrome images are used in studies to avoid the influence of colors on
user behavior when collecting data. To complicate the task, in addition to a slideshow,
the task of viewing a picture and subsequently performing an action can be used. For
example, answering to the question (whether the molecules in the picture match [23],
do you know this person [24], etc.).
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When choosing a video, these parameters should also be taken into account, but a
wide range of video clips, from movie trailers and documentaries [12, 14, 19] to driving
records from the driver’s perspective [25], are generally suitable. Since the video can
have subtitles, it is also possible to add a text-reading task to the video viewing task.

It is proved that eye movement biometrics may be successfully used for continuous
authentication. In most of the discussed work eye tracking devices are used. In this
research paper the usage of webcam instead of eye tracker is proposed. The data obtained
with web-cam may be not as precise [26] because some eye movement characteristics
can’t be collected without eye trackers. This will result worse accuracy but it doesn’t
require any special devices. This makes the proposed technology more accessible for
general consumer.

3 Material and Methods

3.1 Data Collection

Eye trackers can be divided into multiple categories based on the data collection tool used,
such as infrared or cameras, as well as the method used to retrieve the view data, which
can be either remote or head-mounted [27]. Examples of the use of devices embedded
in glasses are described in [18, 28].

However, the requirement to have such a device significantly limits the availability
of continuous authentication. In this regard, there are some tools that help to obtain data
about the user’s gaze with a webcam.

GazePointer [29] is a program that allows users to control the cursor with their gaze.
Figure 1 shows how the GazePointer works. The data was collected as follows: with
GazePointer the data about user’s approximate gaze point is obtained, then the cursor
control is turned on, then the data about cursor position and timestamp is collected in
selected CSV file. Users were asked to refrain from using the mouse in order to obtain
trustworthy data, as doing so will contaminate the output. Only GazePointer will control
the cursor. An independent program for data collection written in the C# programming
language was created.

When the data collection starts, the column headers are added to the selected file:
the user’s ID, date and time, X, Y, and Unix time. Following the start of the timer, the
recording is done at the assigned interval of 16 ms as follows. Data about the loca-
tion of the cursor is obtained by Windows’ Cursor.Position() function, date and time
are obtained using the DateTime.Now.ToString() function, Unix time is obtained with
ToUnixTimeMilliseconds() function.

The experiment required the participation of at least six people in order for the dataset
to be sufficiently complete: three men with green, brown, and blue eyes and three women
with green, brown, and blue eyes. Ultimately, four males and five females participated
in the study.

In order to collect data, participants who wore glasses or contact lenses had to take
them off. Due to interference from flashes and other sources, these instruments may
make it more difficult to accurately determine gaze direction. Each participant who
wore contacts or glasses on a daily basis attested to their ability to perform tasks without
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Fig. 1. GazePointer work process

difficulty when not wearing them. The user’s image was captured using a built-in HP
Wide Vision Camera with a resolution of 1 MP (720p) with 30 frames per second
framerate.

As aresult, after calibrating the GazePointer on the user, they were asked to perform
three tasks: reading an excerpt from Lewis Carroll’s poem “The Hunting of the Snark™
(translated to Russian by Denis V. Gerdev) for one and a half minutes; watching the
slideshow for one minute and 35 s with photo switching every 5 s (the examples of
photos from slideshow are presented in Fig. 2); and watching a video on Vsause’s
YouTube channel for 7 min and 13 s (video resolution: 720p; it also included Russian
subtitles).

The obtained data was preprocessed — some records where X and Y coordinates are
the same with the previous record but are different from the next record were deleted.
These records were created due to difference in the camera framerate and cursor collec-
tion data rate. This method allows us to retain data where user didn’t move cursor, but
delete fake records. These fake records created parts without movement, while in reality
the user did change their gaze point on screen, so the data preprocessing is a necessary
step before starting feature extraction.

3.2 Feature Extraction

Feature extraction is the process of highlighting the distinctive behavioral traits that users
possess when carrying out a certain task. Since the data was collected with a cursor, it
makes sense to consider the characteristics used to classify users with similar input data:
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Fig. 2. Slideshow photos examples

a timestamp and X and Y coordinates. These include physical characteristics that can
be calculated using distance and time (e.g., velocity, acceleration, jerk).

In the study [30], Fierrez-Aguilar et al. classified users by signature. Some of the
features from their work could be applied to this study, as moving the pen around the
graphic tablet also gathers timestamp and coordinates.

The features related to working with the graphic tablet rather than to the movement
of the point in the plane (the total length of the signature, the number of pen-up events,
etc.) were removed.

In Table 1, the final feature list is presented, the th feature was calculated with the
same method as any other direction change histogram, other features numbers match
with [30].

Feature 36 uses the acquisition range parameter. Through experiments, it was found
that the working area varies from coordinates (0;0) to (1535;863), so these numbers were
used for calculations.

It should be noted that in certain cases, you might need to divide by zero in order to
use the formula to get the values of certain features (like features 14, 20, 21, 23, 26, 29,
and 45). This issue primarily relates to features 14, 20, 21, and 23, as events when there
was no movement on one of the coordinates happen far more frequently than events
when there was no movement at all on both coordinates. Since the features must be
expressed numerically, it was decided to replace O (in case of attempted division by it)
with a very small number. This method allows to obtain results that reflect the distinctive
flashes of values and at the same time get rid of infinities.
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Table 1. Selected features list

f. Feature Description f. Feature Description

3 Number of changes in the velocity direction of | 45 Arms/Amax
x and y axes

4 Average jerk, j 51 direction histogram so

5 standard deviation of ay 56 | direction histogram s5

6 standard deviation of vy, 57 | direction histogram s3

8 Number of local maxima in x 58 Ty <0)/Ty

9 standard deviation of ay 59 T(vy > 0)/Ty

10 standard deviation of vy 60 T(vy <0)/Ty

11 Jrms 61 direction histogram sg

12 | Number of local maxima in y 63 direction histogram sg

14 | v/vy, max 66 | direction histogram s4

20 (Twv)/(Ymax — Ymin) 73 direction histogram s7

21 | (TwV)/(*max — Xmin) 76 | jx, max

23 | V/vy, max 80 |j,

26 V/Vmax 83 Jy» max

29 Vrms/Vmax 85 Jmax

33 The number of times the speed on X axis 93 direction change histogram c;
equaled zero

34 | direction histogram ¢, 95 | direction change histogram c4

36 (*max — Xmin)/ Xaquisition range 96 j y

40 Ty > 0)/Ty 97 direction change histogram c3

44 | The number of times the speed on Y axis fh direction change histogram c
equaled zero

4 Results

The Siamese networks were trained to calculate similarities between 2 users data sam-
ples. For every sample the time windows with sizes of 1 s and 5 s were used. The gap
for 1 s was 1 s, for 5 s the gap of 5 s and 2 s were used. The experiments were conducted
for every task, resulting in 9 datasets for training and testing. For dataset creation the
pairs of same user windows and different users windows were collected, 10000 samples
each.

Every subnetwork had 2 layers, 40 neurons in each. This structure allowed to trans-
form feature vectors for comparison by Siamese network. For an activation function
ReLU was used, the distance was calculated with Euclidian distance. Automatic learn-
ing rate changing and the early stopping on plateau functions were used as well. The

train and test data were splitted with 3:1 ratio.
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The comparison of results is presented in table 2.

Table 2. Comparison results

Task Window size, seconds Gap size, seconds Accuracy
Reading 1 1 0.68777
Reading 5 5 0.69369
Reading 5 2 0.69319
Slideshow 1 1 0.67782
Slideshow 5 5 0.69076
Slideshow 5 2 0.74251
Video 1 1 0.69050
Video 5 5 0.69127
Video 5 2 0.79681

These results show that the quality and size of input data matter a lot. With video
viewing task (the length of which was almost 5 times longer than other tasks) the accuracy
most of the time is higher (with the same widow and gap sizes). Also, the wider window
and thinner gap cause better accuracy, this is proved with every task considered in this

paper.

5 Conclusion

In this paper we used Siamese network to calculate the similarities of eye movement bio-
metrics between 2 users for the task of continuous authentication. We achieved accuracy
of 79.68% on video viewing task, 74.25% on slideshow task and 69.37% on reading task.
While these results are not as good as some from related works, all data collection was
conducted with web-camera instead of eye trackers, which makes the proposed system
more accessible for general consumer.

In the future the results of this study may be improved by adding more users to
the dataset and making the data collection time for each task longer. It’s planned to add
users that wear glasses and contact lenses to make the technology more applicable in real
world. Also, the eye movement biometrics can be combined with some other behavioral
and physical biometrics (e.g., face or mouse dynamics), which can make the system
more robust. It’s planned to add users that wear glasses and contact lenses to make the
technology more applicable in real world.
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Abstract. As data becomes increasingly valuable, the importance of
data privacy also grows. Governments and legislators worldwide have
established regulations to safeguard users’ “Right to Be Forgotten”,
which allows users to request the deletion of their data from training
datasets. However, merely deleting the data is insufficient, as models may
retain implicit information or knowledge about the users’ data acquired
during training. Therefore, it is crucial to enable models to specifically
forget targeted data information. In Federated Learning, where multiple
participants and incremental training are involved, existing centralized
machine unlearning methods are not directly applicable. In this paper,
we propose a federated unlearning method based on projected conflict
gradient ascent that removes the impact of class data from the trained
global model. Since the unlearning process conflicts with the gradient
of the original training task, we project the conflicting unlearning gra-
dient onto the gradient of the final training round in the target client
model, thereby avoiding interference with model performance. Addition-
ally, post-processing approach are proposed to mitigate catastrophic for-
getting while maintaining overall model performance. The experimental
results demonstrate that our method obtains a performance compara-
ble to federated retraining from scratch in accomplishing the unlearning
task, with significantly reduced execution time.

Keywords: Data Privacy - Federated Learning - Federated
Unlearning - Gradient Conflict - Gradient Ascent

1 Introduction

In contemporary machine learning applications, high-quality training data is
crucial for the accuracy and effectiveness of models. However, due to intense
competition and increasingly stringent privacy and security concerns in most
industries, data is often stored in a distributed manner. Therefore, federated
learning (FL), an emerging and promising distributed machine learning frame-
work. It allows multiple devices to jointly train models without directly accessing
sensitive raw data, thus effectively reducing the risk of user privacy leakage.
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In FL, data distributions often change over time and usage scenarios. To
ensure that the model can effectively adapt to new data distributions and envi-
ronmental conditions, specific classes of data may need to be eliminated from
the trained model. Furthermore, under legal frameworks such as the European
Union’s General Data Protection Regulation [10], users have the right to remove
specific classes of data, making the implementation of class unlearning in fed-
erated learning an indispensable requirement. Effective unlearning methods can
remove specific classes of data (called target classes) from a trained model with-
out sacrificing model performance. This protects the privacy of user data [11] and
ensures model performance in the face of changing data and legal requirements.

It is a complex task to remove specific classes of data from a trained fl model.
Currently, the best unlearning method is to retrain the model using the remain-
ing dataset, thus completely unlearning the contribution of target data. However,
retrain can incur prohibitive storage and computation costs. Additionally, data
deletion may significantly reduce model accuracy, a phenomenon known as catas-
trophic forgetting. Therefore, the key question is how to find an valid method
to erase the effect of target data while maintaining the model’s utility.

To address this problem, we propose an update algorithm based on gradient
ascent, following the Projected Conflict Gradient method [14]. First, we perform
reverse learning on the target data, aiming to effectively forget the effects of
this data in the model. Next, we update the model parameters by projecting the
gradient generated by the target client in the final round of training onto the
gradient generated by gradient ascent. During this process, we add a regulariza-
tion term to ensure that the knowledge of the remaining classes is maximally
retained. After completing the unlearning operation, we further perform post-
processing. By using the unlearned local model as initialization, the server and
the remaining clients perform several rounds of federated learning to obtain an
unlearned global model. The main contributions of this paper are as follows:

1. We propose a novel federated unlearning method called FedPCGA, based
on the concept of Projected Conflict Gradient, which effectively forgets the
effects of specified class data from the trained global model.

2. To effectively mitigate catastrophic forgetting, we introduce a regularization
term in the projected gradient update process. This limits the excessive ascent
of the projected gradient, avoiding drastic changes in model parameters and
thus maintaining the overall performance of the model.

3. The server and the remaining clients need to perform at most two rounds
of federated learning to obtain an unlearned global model. Our experiments
prove that the unlearning method realizes performance comparable to the
gold standard of retraining from scratch, while being highly efficient in terms
of communication costs.

2 Related Work

Originally introduced by Cao et al. [3], the concept of machine unlearning aims
to make the unlearned model no longer contain information about the data that
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needs to be deleted. However, this method is only applicable to learning algo-
rithms that can be translated into the form of summation. Bourtoule et al. [1]
proposed a general SISA unlearning framework, the core idea of which is to train
a sub-model for each slice. However, this approach is costly because it requires
a large amount of storage space. Subsequently, there have been several stud-
ies exploring more efficient and practical approaches to machine unlearning, for
example, k-means clustering [4], random forest [2], and variational Bayesian [9].
These machine forgetting methods are not directly applicable to federal forget-
ting. This is because the training process of FL is more complicated and random,
making unlearning more challenging than traditional centralized training.

In a similar setting, Wang et al. [12] proposed a pruning-based class unlearn-
ing algorithm. This method calculates the TF-IDF scores of channels, allowing
the federated learning model to selectively “forget” the contributions of specific
classes. However, incorrect pruning choices can negatively impact model perfor-
mance. Unlike these works, Liu et al. [7] and Wu et al. [13] proposed federated
unlearning methods capable of unlearning the contribution of a client on the
global federated learning model. However, both of these methods require the
server to store client updates. Some studies [5,6,15] have similarly explored how
to remove client contributions. Additionally, Liu et al. [8] proposed a Rapid
Retraining method that significantly improves model update speed by utiliz-
ing a low-cost Hessian matrix approximation method, reducing computational
resource consumption. Nonetheless, this method still requires a considerable time
and frequent communication for retraining.

3 Preliminaries

3.1 Federated Learning

The typical architecture of FL, FedAvg, can be described as follows: there
is a server and K clients that jointly train a global model without disclos-
ing their original private data. Each client K holds a local training dataset
Dy = {x;,yi}i*,, where ny is the number of samples in Dy. The server selects
a proportion m (m < K) of all clients to participate in the FL and distributes
the initialized global model wqy to these participating clients. Each client uses
its local data to train the model and generate an optimized local model w}.
Finally, the server aggregates all uploaded local models through weighted aver-
aging to update the global model wyy1. Specifically, the update formula is:
Wiy = Zke K %wf, where w; denotes the global model after the t-th itera-

2t js the proportion of each client’s

tion, w¥ is the local model of client k, and o

dataset size.
3.2 Class Unlearning

Let U = {uy,...,u;} be the classification space mapped from the data space,
and the trained full global model w* is gotten through the learning algorithm
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A. To unlearn the u;-th class, we execute the unlearning algorithm U/, making
its effect as if the data Dy for the u;-th class had never been seen. We measure
the probability distribution of the unlearned model U/ (A(D), Dy, w*) to make it
consistent with the probability distribution of the model A(D\D f) obtained by
learning the remaining dataset:

D[A(D\ Dy)] = PUU(A(D), Dy, w*)] (1)

where D \ Dy defines the dataset without the target class u;. ®[-] denotes the
output probability distribution.

4 Method

4.1 Federated Unlearning Setup

In this paper, we mainly consider a scenario where most users need to forget

category data from the model to protect user privacy. In the data setup for FL,

the training dataset was equally divided among 100 clients, with just 10% of

the clients participating in every round of training. The unlearning operation

was demonstrated using 10 target clients and 1 target class as an example. The
wT

overall procedure is depicted in Fig. 1.
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Fig. 1. Class-level unlearning in federated learning.

4.2 Projected Conflict Gradient Ascent

In this section, we propose a new federated unlearning framework, FedPCGA,
to effectively address the issue of class-level unlearning in federated learning
settings. First, our approach performs local unlearning operations on the clients
containing the classes to be deleted, and then uploads these unlearned local
models to the server. Next, several rounds of federated learning are performed
by the server and the clients, thus preserving and enhancing the model’s ability
to classify other classes.
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Update Direction: In the optimization process, due to the differing optimiza-
tion objectives of the learning process and the forgetting process, the directions
of the unlearning gradients and learning gradients may conflict. The learning
gradient direction and the unlearning gradient direction might be opposite or
negatively correlated, leading to gradient conflicts and subsequent model perfor-
mance degradation. To address this issue, we adjust the gradient directions to
mitigate such conflicts, thereby improving the fidelity of the unlearning process.

The specific steps are as follows: First, define the gradient generated by the
target client during the final round of gradient updates as g;. Then, perform
stochastic gradient ascent on the target data at the target client to obtain the
gradient g;. Next, we calculate the cosine similarity to check for conflicts between
g; and g;. If the cosine similarity is negative, it indicates a gradient conflict. At
this point, we use the projection gradient to update g;, adjusting it according
to the formula

95" 9i 2)
i 177

This adjustment effectively decreases the negative impact of unlearning on
model’s performance, making the model to maintain classification accuracy for
the remaining classes while unlearning the specified class.

g5 =395 —

Update Restriction: When the target client performs projected gradient
ascent, excessive forgetting of previously learned information often occurs. This
is particularly problematic in unlearning, as excessive forgetting can signifi-
cantly degrade model performance on retained datasets. Therefore, in addition
to adjusting conflicting gradients, we introduce a regularization term to control
the distance between the unlearned model w? and the global model w?, thereby
reducing the risk of overfitting during the unlearning process. During each local
training session, we test the target data. When the accuracy of the target data
reaches 0, we early stop the projection gradient ascent process. By introduc-
ing the regularization term and early stopping mechanism, we ensure that the
model can effectively forget specific categories without interfering with overall
performance. This new loss

_ A .
Lu(wy) = —Lee(wy) + 5 illwy, — w')? (3)

is named the unlearning loss, where A is the constraint strength and L..(-) is
the cross-entropy loss.

Post Processing: To improve the unlearned model’s performance on the
retained class data, the server and the clients train several rounds of federated
learning on the retained class using the unlearned model w?. Our experimental
results show that the model w?, requires at most two rounds of federated learn-
ing (far less time than training from scratch) to achieve the same accuracy as
retrain.
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We propose the FedPCGA algorithm, as illustrated in Algorithm 1. In Lines
1 to 9, the clients removes the contribution of the class data. Each client has a
dataset Dy that it requests to forget and a global model. By executing projected
conflict gradient ascent and applying early stopping, the clients obtain a local
unlearning model that effectively forgets the specified class data. Lines 10 to 21
detail the post-processing phase, where clients and the server continue federated
learning training. Specifically, in Lines 17 to 21, the clients trains on the retained
class data, while in Lines 10 to 16, the server uses an aggregation rule to obtain
the final unlearned model.

Algorithm 1 : FedPCGA

Require: local target dataset Dy of client ¢; unlearning rate 7, ; learning rate n; batch
size B; number of unlearning epochs F,; number of epochs F; number of commu-
nication rounds T'; the gradient g;; the trained global model w?.

Ensure: the unlearned model wl.

Local Unlearning at Client i:

1: Initialize unlearning model as w «— w
2: for each local e =1 to F, epoch do
3: g; < VLi(w;Dy) according to Eq. (3)

4 if g; - g <0 then

5 Set g; = g; — {2z 9i

6: W — W — Nugj

7

8

9:

T

if Ace(w;Dy) =0 then
Set w;' «+ w and return w;' to server
return w;'
Post processing (Server executes):
10: Initialize w° «— w
11: for t =0,...,7 — 1 do

12: Send w'™! to clients i;

13: for each client ¢ in parallel do
14: w! « LocalTraining(i, w*™")
15 w' e3>, E"I’nwf

16: return wf

LocalTraining (i, w'™'):

17: w —w'!

18: for each local epoch e =1 to E do
19: for batch b in B do

20: w — w —NVL;(w;b)

21: return w
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5 Experiments

5.1 Experimental Setup

Datasets: To evaluate our proposed method, we used the first class in each
dataset as an example. The experiments are performed on three representative
public datasets: MNIST, Fashion-MNIST, and CIFARI10.

MNIST: It is composed of 70,000 handwritten digital images in 28 x 28 gray
scale, organized into 10 classes, 60,000 train images and 10,000 test images;

Fashion-MNIST: It contains 70,000 images, including 60,000 train images
and 10,000 test images. 28 x 28 pixels per image, categorized into 10 classes;

CIFAR-10: It includes 50,000 train images and 10,000 test images, and each
image is 32 X 32 in size and is categorized into 10 classes.

Models: We used two neural network architectures in our experiments:

CNN: This architecture has two 5 x 5 convolutional layers and fully con-
nected layers with 1024, 384, and 192 neurons, respectively;

MLP: It is a fully connected neural network structure with one hidden layer,
containing 64 neurons.

Baselin: We selected the retraining federated unlearning algorithm as our base-
line. This method utilizes non-target data for retraining, which is an algorithm
that precisely forgets the target data.

Evaluation Metrics: We first evaluated our unlearning method using three
performance metrics: efficacy (measuring the impact of the data to be deleted),
fidelity (measuring performance on the test dataset), and efficiency (measuring
convergence and communication rounds compared to retraining from scratch).
Secondly, we explicitly examined the unlearning effect through test cases. Finally,
we conducted unlearning experiments and analysis on different numbers of
classes.

5.2 Evaluation Results

Efficient Unlearning. Tablel demonstrates the unlearning results of Fed-
PCGA and the baseline Retrain on IID datasets and different model structures.
Dy represents the data of the first class in the test dataset, used to verify if the
model has forgotten that class. The results reveal that FedPCGA can effectively
forget information about the target class. This can be illustrated by the fact that
the classification accuracy of FedPCGA on the target dataset is close to 0%.

Fidelity Evaluation. We evaluate the fidelity of our unlearning method by
calculating the accuracy of the unlearned model on the test dataset. It should
be noted that the test dataset contains the target class, which leads to a decrease
in model accuracy compared to the original accuracy, as the model is unable to
recognize the target data. The accuracy on the test dataset indicates whether
the unlearned model can maintain good performance on the retained data.
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Table 1. Accuracy results after federated unlearning.

Dataset Models|FedAvg |Retrain FedPCGA
Dtest Df Dtest Df Dtest Df
MNIST CNN [97.04/98.88/87.76/0.0/87.76/0.92

MLP [91.35/97.76/81.40 |0.082.61/0.0
Fashion-MNIST|/CNN |77.21/81.40/72.02 0.0(72.52|0.0
MLP [79.39/87.70/75.79/0.0/70.99 0.0
CIFAR10 CNN |72.64(78.80/66.56 0.0/66.84/0.80
MLP |47.45/53.60/43.74/0.0/43.32 |0.40

In Table 1, we present the accuracy on the test dataset for our method and the
Retrain method. We observe that FedPCGA achieves accuracy consistent with
Retrain, demonstrating that our method achieves high fidelity in unlearning.

Convergence Analysis. To evaluate the efficiency of our method, we compared
FedPCGA with Retrain on the MNIST, Fashion-MNIST, and CIFAR10 datasets.
As shown in Fig. 2 and Fig. 3, the FedPCGA algorithm demonstrates faster and
more stable convergence. Specifically, FedPCGA achieves high accuracy with
fewer communication rounds, even surpassing the accuracy of retrain. In the first
two rounds of communication, the accuracy of FedPCGA tends to stabilize and
remains at a high level. However, the accuracy of the Retrain method continues
to increase but has not yet reached the same level.

Communication Rounds. In Fig.2 and Fig. 3, we observed that FedPCGA
can maintain high accuracy even without any post-processing. In subsequent
training, FedPCGA requires up to two rounds of training to achieve high-
precision recovery, whereas the Retrain method requires five or more rounds
of training to achieve a similar level of accuracy. This result indicates that Fed-
PCGA can effectively forget the target class while also recovering model perfor-
mance with minimal communication rounds.

Accuracy
Accuracy
Accuracy

40 —e— Retrain Acc 40/ —e— Retrain Acc 40 —e— Retrain Acc
—— Retrain Target-data Acc —+— Retrain Target-data Acc —+— Retrain Target-data Acc
20| FedPCGA Acc 20, FedPCGA Acc 20 FedPCGA Acc
FedPCGA Target-data Acc FedPCGA Target-data Acc FedPCGA Target-data Acc
! 3 5 O 2 5 4 5 6 7 s 1o o 20

3 T 3 6 7 8 5 10 s
Communication Rounds Communication Rounds Communication Rounds

(a) MNIST (b) Fashion-MNIST (c) CIFAR10

Fig. 2. Convergence curves of FedPCGA and Retrain with CNN on different datasets,
showing fidelity (ACC) and efficacy (Target-data ACC).
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—e— Retrain Acc
80| —+— Retrain Target-data Acc
FedPCGA Acc
60| FedPCGA Target-data Acc

Accuracy
Accuracy
Accuracy

40, —e— Retrain Acc 40| —e— Retrain Acc
—+— Retrain Target-data Acc —4+— Retrain Target-data Acc
20 FedPCGA Acc 20| FedPCGA Acc
FedPCGA Target-data Acc FedPCGA Target-data Acc
o 2 E] a 5 2 5 4 5 6 7 8 9 1o ) 5 10 15 20
Communication Rounds Communication Rounds Communication Rounds
(a) MNIST (b) Fashion-MNIST (c) CIFAR10

Fig. 3. Convergence curves of FedPCGA and Retrain with MLP on different datasets,
showing fidelity (ACC) and efficacy (Target-data ACC).

Unlearning Test. To visually observe the unlearning effect on class 0, we
plotted histograms of the model’s outputs, as shown in Fig. 4. In the figure, the
output labels are marked with a star. The first column shows the original images,
the second column shows the model’s results before unlearning class 0, and the
third column shows the results after unlearning. We randomly selected digits 0
and 3 from the MNIST dataset for testing. After the unlearning process, the
model made errors in recognizing digit 0 while still correctly recognized digit
3. This result demonstrates that the model has successfully lost its ability to
distinguish the target category.
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Fig. 4. Histograms of model outputs before and after unlearning class 0.

Multi-class Removal. We conducted unlearning experiments by selecting mul-
tiple classes from the dataset, attempting to forget 2, 3, and 5 classes. Figure 5
presents the accuracy results after unlearning multiple classes and compares
them with the results of retrain. The left chart represents the CNN model, while
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the right chart represents the MLP model. The data indicate that as the num-
ber of forgotten classes increases, the model’s accuracy decreases. However, the
FedPCGA unlearning method still maintains accuracy close to that of retrain.
Our proposed method can simultaneously unlearn multiple classes rather than
removing one class at a time, further demonstrating its effectiveness in class
unlearning.
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i == Fashion-MNIST Retrain Acc \ == Fashion-MNIST Retrain Acc
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Classes Classes

Fig. 5. Accuracy results after unlearning multiple classes.

6 Conclusion

In this paper, we propose a federated unlearning algorithm that successfully elim-
inates the impact of specific classes on the trained global model. Specifically, we
customize an algorithm based on the gradient conflict between unlearning and
learning, executing a projected conflict gradient ascent process on the target data
to effectively remove the memory of this data from the model. To further enhance
model utility, we incorporate regularization techniques and early stopping meth-
ods into the unlearning update strategy. These techniques help mitigate the neg-
ative effects of the unlearning process, ensuring that the model maintains high
overall performance while unlearning a specific class. Additionally, our experi-
ments demonstrate that FedPCGA not only effectively and efficiently achieves
the unlearning of the target class but also avoids the high computational costs
and time overhead associated with retraining.
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Abstract. Porous frame structures are vital in various engineering applications
such as scaffolding and tissue engineering. Analyzing and synthesizing images
of such structures plays a crucial role in understanding their properties and opti-
mizing their design. Through the incorporation of computer vision techniques and
machine learning algorithms, we propose a modern approach to generate synthetic
images of porous frame structures with high granularity. Subsequently, employing
state-of-the-art image analysis techniques, we expound the intricate characteristics
and properties of these structures, facilitating a comprehensive understanding of
their behavior and functionality. Our findings not only contribute to the advance-
ment of porous material design but also underscore the efficacy of machine learn-
ing in constructing complex structural patterns, thereby paving the way for novel
applications in diverse domains.

Keywords: Image Synthesis - Image Analysis - Machine Learning - Computer
Vision - Porous Frame Structure

1 Introduction

Porous frame structures are intricate arrangements of interconnected beams, rods, or
other structural elements that leave void spaces within the framework. These struc-
tures are commonly found in various natural and synthetic materials, including foams,
sponges, geological formations like rocks, and even biological tissues like bones [1, 2].

The synthesis and analysis of porous frame structures has paramount importance
in various scientific and industrial applications, including materials science, medicines,
filtration, and catalysis [3-5]. The ability to generate and accurately analyze images
of these structures is crucial for understanding their properties and optimizing their
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performance. This work explores advanced techniques for image generation and analy-
sis, focusing on segmentation and the subsequent calculation of key properties such as
porosity, pore size distribution, specific surface area, connectivity, and tortuosity.

Porous materials are characterized by their complex and heterogeneous structures,
which present significant challenges for image analysis [6]. Accurate segmentation of
pores is essential to obtain reliable data for further property analysis. However, the
variability in pore sizes, shapes, and connectivity patterns makes segmentation a complex
task. Traditional methods often fall short in handling this complexity, necessitating the
development and application of advanced machine learning techniques [7, 8].

By leveraging these methods, it becomes possible to achieve precise segmentation
and comprehensive property analysis, providing valuable insights into the structural and
functional characteristics of porous materials.

The progress in this field holds substantial value, as it enables the detailed char-
acterization and optimization of porous materials for various applications. Improved
segmentation and analysis techniques can lead to a better understanding and control
of material properties, facilitating the design of more efficient and effective materials.
This study aims to address the complexities associated with the segmentation and anal-
ysis of porous frame structures, presenting innovative machine learning approaches to
overcome these challenges and advance the study of these crucial materials.

2 Image Generation

In the field of materials science, the ability to accurately generate and analyze images of
porous frame structures is crucial for advancing understanding of materials properties
and behaviors [9]. This section focuses on the use of methods to synthesize images
of these structures, specifically through the implementation of a Python-based ellipse
generation script based on mathematical formulas. This approach leverages the flexibility
and efficiency of ellipse-based models to represent the intricate and variable porous
spaces within frame structures.
We will use the following representation for image generation:

N
f=al JEL+pI (1)

i=1

In Eq. (1) a and B — determines the contrast of the image, in the image I (k,[) = 1,
the images of ellipses El; are defined as follows:

, Wkmae—(=bps)® 4 (k—apei—(=bs)® .
9 l Bl — 9

k—apci+(—b)si)* k—aj)ci—(1=bi)s)?
0, « a)cAz( s~ 4 (€ a)cBg( )8i)

i i

Eli(k,1) =

> 1,
N

(U El,-) (k, 1) = max El;(k, I).
i=1 !

Equation (1) will be used as the basic one, where the natural number N is the
number of pores and contrasts o and p satisfy constraints: o > 0, > 0, a + < 1.
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The expression of contrast « = &n,B = (1 — &)7 is in terms of two independent random
variables £ and v, which are evenly distributed over the interval [0, 1]. The center of
the ellipse (a;, b;) is evenly distributed on the points of the image grid. The orientation
parameters (c, s) satisfy the following constraints: —1 < ¢ < 1, 2+ =1 We
assume that ¢ is a uniform random variable in the interval [—1, 1], s = 31 — ¢2,
PG=1)=P@0=-1)=3.

The generator uses a standard metric: p(M (i, ), R(k, 1)) = \/(k -2+ —j)2.
Metric includes parameters and independent random variables A and B. Two generators
were used to generate them. The first generator uses an exponential distribution law
with parameters A1 and \;. Picking Parameters should be relied on the average values:
EA=;L EB =

The second generator uses - distributions: A = A + (A — A),B = B+ (B — B)

=)

where A, B — the smallest and A, B — the largest values for parameters A and B,
random variables £ and 1 are independent with B-distribution laws:

fex) = mxa‘_l(l —0P 1 xe0,1], a1 > 0,8 > 0;

— 1 =11 _ P21
fnx) = Blo, Bz)x 1—-x) ,xe€[0,1],a2 > 0,82 > 0,
where B(a, f) — beta function. Parameters o and p require additional configuration.

To generate an image, it is necessary to generate contrast, the required number of
ellipsoids and calculate the image using the Eq. (1). By adjusting parameters stated in
Table 1, the script can simulate a wide variety of pore structures with different sizes
and spatial distributions, closely mimicking the physical characteristics observed in
real-world samples.

Table 1. Generation script parameters with description and range/constraints.

Parameter Description Range/Constraints

Contrast (o, B) Determines the contrast of the a>0,>0,a+p<1
generated images

Center (a, b) Center of each ellipse distributed | Even distribution across image
across the image grid points

Orientation (c, s) Orientation parameters foreach | —1<c¢ <1, A+st=1
ellipse

Random Variable A Generated using an exponential | E[A] = 1/
distribution

Random Variable B Generated using an exponential | E[B] = 1/\p
distribution

(continued)
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Table 1. (continued)

Parameter Description Range/Constraints
Number of Pores (N) Total number of ellipses (pores) | Natural number
generated in the image
Ellipse Definition Formula defining each ellipse in | Use of max function across
the image ellipses

Random Variables (§, ) | Independent random variables Even distribution over [0, 1]
for contrast and ellipse
parameters

Fig. 1. Porous frame structure images generated by the software implementation.

Generated images using a software implementation with various parameters and
morphological operations demonstrated on Fig. 1.

Synthesized dataset serves not only as a tool for visual representation but also forms
the basis for further computational analysis and machine learning models training.

3 Image Analysis

Machine learning models are employed to analyze generated images, aiming to identify
patterns and features that are critical for predicting material performance [10]. The
model can learn from a set of labeled images, enhancing its ability to generalize from
synthetic to real experimental data. This methodology not only improves the accuracy of
material characterization but also significantly reduces the time and resources required
for experimental data collection and analysis.

The use of porous frame structure image generation combined with machine learning
analysis, represents a powerful toolset for deeper understanding of material properties.
By training on synthetic images that accurately represent the characteristics of real
porous structures, the machine learning models can effectively identify key features
such as pores, sizes, shapes, and connectivity. This allows for precise predictions of
material performance and optimization of material designs.
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Synthetic images usage for training offers the advantage of a controlled environment
where the variability of pore structures can be systematically adjusted. This helps in
developing models that are not only accurate but also adaptable to variations in real-world
data. The ability to automatically analyze new images and predict material properties
greatly enhances efficiency and opens new possibilities for innovative applications in
fields like tissue engineering, filtration, and catalysis.

3.1 Pores Segmentation

Pores segmentation is fundamental for the detailed analysis of porous materials. Accurate
segmentation enables the precise quantification and characterization of porous frame
structures, providing insights into their structural and functional properties [11].
However, pore segmentation is a complex task due to the intricate and heteroge-
neous nature of pore geometries. The variability in pore sizes, shapes, and connectivity
patterns necessitates the use of advanced image processing techniques to achieve reli-
able and accurate results. Consequently, developing robust segmentation methods is a
fundamental step toward advancing the study and application of porous materials.

Outline Selection

The selection of contours in the image refers to convolution-type operations, and to use
a discrete two-dimensional Fourier transform using the fast Cooley-Tukey algorithm,
the image is considered as a two-dimensional torus. The operation of convolution of an
image f with a filter g with a pulse scattering function g (i, j) can be represented as a
sum:

w w

@+ =YY gl Dfi—k,j—D.

—Ww —w

Canny filter kernels are obtained because of discrete differentiation with respect
to the corresponding Gaussian kernel variables. Differentiation by the Gaussian kernel
variable x leads to the kernel:

-2 2 Ty 2
Gx(l’]) = C(CXP(—I _]:] > —exp<_(ll%>>

The kernel Gy (i, j) is calculated the same way. Convolution with these kernels allows
to calculate a black gradient for each point in the image and use it to determine the contour.
As a result, the image is smoothed by the Gaussian kernel, which leads to interference
suppression and reduces the error in calculating the blackness gradient. The larger filter
size w — the less interference remains on the image and the border will be smoothed even
more. The search for a compromise is the subject of numerous studies.

A different approach to solving the problem is by formulating it as finding the
minimum of convex functional we need to calculate: (g xf)(0, 0) = (g, fg), where f is
a noise-free image, an ideal image, and f, is the projection of the image onto the filter
g. At the same time, we can use a noisy image: f = f + on, where is n — white noise. It
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is applicable to use another core for calculating (§ *f) 0,0) = ((3.f;) + o (8. ng)).
where assumed that the filter g and g match. The task of choosing a core g is as follows:

n%ine, P<glg§|(§ —8.fp) +o(g.ng)| < 0) > a, 2

where 6 is the error of calculating the derivative.

We transform the task described by (2) under the assumption that the random variable
and the noise are distributed according to a normal distribution law. It follows from
normality that: 0 =pg —g +od~! (#)g, where ®~!(x) — the inverse of the Laplace
function.

By dividing the functionality into B > 0 as a result we get the task:

rrgn(g —g+2g), 3)

which must be solved to find the optimal kernel. It is important that this approach can
be used to synthesize an optimal filter with correlated interference. To do this, we need
to solve the task:

mgin(? — & +MCg. 8)), 4)

o1 (142)
where C is the covariance matrix, A = .
Results of outline selection and thresholding segmentation presented on Fig. 2.

L

o)

Fig. 2. Pores segmentation with outline selection and thresholding.

Ellipse Fitting
Next, we will use the following ellipse equation:

ax —m)? 4+ 2b(x —m)(y —n) + c(y —n)> = 1, (5)

where a, b, ¢, m, n— are the parameters satisfying the inequalities: a > 0, ac — b2 > 0.
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We have a contour at our disposal to calculate the parameters and the following
characteristic property of the ellipse. For a family of parallel lines intersecting a contour,
the centers of the segments connecting the points on the contour lie on a straight line.
Consider two families of parallel lines intersecting an ellipse. Horizontal section points

xf+xl-’ . . . y;’+yl‘.1 .
5+, yi | and vertical section points | x;, = they are grouped around straight

lines y = kjx + by and y = kpx + by. The point of intersection of these lines (m, n) is
the center of the ellipse. For the other parameters of the ellipse, the equalities are valid:

1
a=—kib,c=——b.
ko

The Hough transform was used to calculate the parameters of the lines. The least
squares method was used to estimate the remaining parameter:

N 2
mbin;<1 + b(/q(xi —m)? 4+ 2(x;i — m)(yi — n) + é(yi - n)Z)) .

The family of points (x;, y;) is localized relative to straight lines. Figure 3 illustrates
the outcomes of the Ellipse fitting applied to porous frame structure images.

Original Image

Ellipse Fitting

Fig. 3. Ellipse fitting segmentation performance across porous frame structures.

Computer Vision Model Application

For porous frame structure segmentation using Convolutional Neural Networks (CNNs),
leveraging the U-Net [12] architecture is proposed due to its proven efficacy in capturing
both low-level and high-level features crucial for precise image segmentation. The U-
Net architecture consists of a contracting path and an expanding path. The contracting
path includes convolutional layers and max-pooling operations that perform downsam-
pling to capture context and reduce spatial dimensions. Conversely, the expanding path
employs up-convolutions for upsampling, aiming to reconstruct the image resolution
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while maintaining the learned features. This architecture is further enhanced by incor-
porating skip connections that are crucial as they effectively preserve spatial information,
which significantly improves the accuracy of the segmentation.

The training methodology for the U-Net model involved thorough preparation of
datasets, incorporating both synthetic images with predefined pore structures and real
microscopy images. This comprehensive dataset preparation is critical as it allows the
model to learn from a wide variety of examples, thereby enhancing its generalization
capabilities. The datasets undergo meticulous preprocessing steps, including normal-
ization to standardize the pixel values and data augmentation techniques to artificially
increase the diversity of the training data. This increases the variability and robustness of
the model. During training, appropriate loss functions, specifically binary cross-entropy
and Dice loss functions, were utilized to optimize the model’s performance. These loss
functions help in measuring the accuracy of the predicted segmentations against the
ground truth. The training process was closely monitored using evaluation metrics such
as Intersection over Union (IoU) and Dice coefficient.

Hyperparameter tuning played a crucial role in optimizing the performance of the U-
Net model. Key hyperparameters such as the learning rate, batch size, number of epochs,
and the architecture of the network including the number of layers, filter sizes, and the
use of dropout for regularization were fine-tuned through extensive experimentation and
cross-validation to achieve the best performance. The learning rate controls how much
to change the model in response to the estimated error each time the model weights are
updated. Selecting an optimal learning rate is crucial for balancing between convergence
speed and stability. Batch size, which determines the number of training samples used in
one iteration, was carefully chosen to ensure efficient computation while maintaining the
robustness of the training process. The number of epochs, which indicates the number of
complete passes through the training dataset, was selected based on the point at which
the model’s performance on the validation set stopped improving, thereby avoiding
overfitting.

Post-training, the predictions made by the model were subjected to additional post-
processing steps to further refine the segmentation outcomes. This post-processing is
essential to ensure that the segmentations are accurate and applicable in practical sce-
narios that require high precision, such as biomedical image analysis, where precise
segmentation of images is crucial for tasks like disease diagnosis and treatment plan-
ning. The post-processing involved techniques such as morphological operations to clean
up the segmented images, smoothing filters to reduce noise, and thresholding to ensure
that the segmented areas accurately represented the porous structures.

Figure 4 illustrates the outcomes of the best fitted U-Net model applied to porous
frame structure images.

3.2 Properties Analysis

Key properties of porous frame structures were calculated to understand their charac-
teristics and performance. These properties included porosity, pore size distribution,
specific surface area, connectivity and tortuosity, each providing valuable insights into
the structural and functional aspects of the pores.
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Fig. 4. U-Net segmentation performance across porous frame structures.

Porosity was calculated as the ratio of the pore area to the total area of the image,
offering a fundamental measure of void space within the structure. Analyzing pore
size distribution involved using “region props” to extract the areas of individual pores,
which were then plotted to visualize their frequency and distribution. Specific surface
area, calculated from the perimeters of the pores, provided an important metric for
understanding the surface available for reactions or interactions, normalized by the total
area of the image. Connectivity of the pore structure was assessed by determining the
number of connected components within the binary image, highlighting the extent to
which the pores formed a continuous network. Figure 5 demonstrates properties analysis
for porous frame structures.

Image 1 Pore Size Distribution

image 1 Original Image Image 1 Connectivity {Labeled Components) ¢,

Porosity: 0.56
Specific Surface Area: 0.14

Connectivity: 653
connected pores

Image 2 Original Image

Image 2 Connectivity {Labeled Components)

Connectivity: 544 o g

2 c Wc0 6000 8000 10000
Specific Surface Area: 0.07 connected pores I'ore Size (oixels)

Fig. 5. Porous frame structures properties analysis.

These analyses provided an evaluation of the geometric and topological properties
of the pore structures. By accurately quantifying these properties, the study contributed
to a deeper understanding of porous frame structures. The methods and metrics used in
this analysis form a robust framework for further research and practical applications in
evaluating and optimizing porous materials.
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4 Computational Comparison

For segmentation accuracy testing, Intersection over Union (IoU) and the Dice Coef-
ficient are picked. IoU measures the overlap between the predicted segmentation and
the actual segmentation by calculating the ratio of their intersection over their union. It
is a critical metric for evaluating segmentation performance because it provides a clear
indication of how well the predicted segmentation aligns with the true segmentation.
The Dice coefficient, on the other hand, measures the similarity between the predicted
and actual segmentations by doubling the area of overlap and dividing it by the total
number of pixels in both segmentations. This metric is particularly useful for evaluating
the accuracy of pixel-level predictions, making it ideal for tasks that require precise
segmentation such as biomedical image analysis.

Together, these metrics provide a comprehensive evaluation of segmentation
performance, ensuring accuracy and reliability.

Segmentation methods were compared on a test dataset of 500 synthesized images
and 50 real images. The synthetic images were generated using algorithm described
in image generation section, which allows for the adjustment of various parameters
to represent a wide range of porous frame structures. By tuning parameters such as
pore size, shape, distribution, and contrast, a diverse set of synthetic images were cre-
ated that mimic the complexity and variability of real porous materials. For the real
images, we sourced data from multiple origins to ensure a rich and varied dataset. This
included images of scaffolds, which were acquired through extensive web crawling to
collect publicly available images of porous structures used in biomedical applications.
Additionally, we utilized high-resolution images obtained from transmission electron
microscopy (TEM) and scanning transmission electron microscopy (STEM) analyses of
metal-organic frameworks (MOFs). These techniques provide detailed visualizations of
the pore structures at the microscopic level, capturing the intricate details essential for
accurate segmentation.

The combination of synthetic and real datasets allows for a thorough evaluation of
the segmentation methods. The synthetic dataset, with its controlled variability, helps in
understanding the model’s performance under different conditions, while the real dataset
ensures that the model is applicable to practical scenarios. This dual approach not only
tests the robustness of the segmentation methods but also validates their effectiveness
in real-world applications. By comparing segmentation results on these datasets, we
can comprehensively assess the accuracy and reliability of the methods. The results of
these comparisons are summarized in Table 2, showcasing the performance of different
segmentation methods on both synthetic and real images. This evaluation highlights the
strengths and weaknesses of each method, providing insights into their suitability for
various applications in material science and biomedical imaging.

While U-Net demonstrated the highest accuracy on both synthesized and real images,
its performance dropped by approximately 3-4% when applied to real images. The
model’s sensitivity to variations in real-world data accounts for this decrease.

Outline selection with thresholding showed a more significant drop of 7-8% in
accuracy for real images. The method relies on specific threshold values, which can be
less robust to variations and noise present in real images.
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Table 2. Methods computational comparison on real and generated images.

Method IoU gen |IoUreal |Abs.Diff |Dice gen |Dicereal |Abs.Diff
U-Net 91.2% 87.8% 3.4% 93.1% 89.5% 3.6%
Outline selection with | 81.4% 74.2% 7.2% 83.2% 75.7% 7.5%
thresholding

Ellipse Fitting 63.7% 58.1% 5.6% 65.5% 59.6% 5.9%

Although Ellipse Fitting performed the least accurately overall, it experienced a
moderate drop less than 6% in accuracy for real images. The technique is particularly
sensitive to irregular pore shapes, which are more prevalent in real images.

Overall, segmentation methods achieved higher accuracy on generated images. In
contrast, real porous images exhibited additional complexity for segmentation algo-
rithms due to factors such as natural irregularities in pore shapes, variations in lighting,
resolution and noise. That led to a drop in accuracy across all methods, where U-Net
proved to be the most accurate.

5 Conclusion

In this study, we synthesized and analyzed porous frame structure images using machine
learning methods.

For pores segmentation both synthetic and real images were used to train and eval-
uate different segmentation approaches, including Outline selection with thresholding,
Ellipse fitting, and U-Net, ensuring a comprehensive performance assessment. To mea-
sure segmentation accuracy, Intersection over Union and the Dice Coefficient were
employed. These metrics provided clear indications of the overlap and accuracy of
the predicted segmentations. The synthetic images played a crucial role in training the
U-Net, enabling it to learn complex patterns and enhance its segmentation performance.

The results demonstrated the strengths of each approach. Outline selection with
thresholding effectively highlighted edges, while Ellipse fitting provided robust geomet-
ric approximations. However, the U-Net method showed superior performance across
all image styles, achieving higher accuracy and reliability in segmenting porous frame
structures.

By utilizing segmented pore images, key properties of porous frame structures,
including porosity, pore size distribution, specific surface area, connectivity, and tor-
tuosity, were calculated to understand their structural and functional characteristics.
Porosity and specific surface area were fundamental measures of void space and sur-
face availability, while connectivity and tortuosity provided insights into the network
formation and complexity of pore paths. These analyses offered a comprehensive eval-
uation of the pore structures, essential for applications in materials science, filtration,
and catalysis.

This study underscores the effectiveness of using synthetic images for training
advanced machine learning models, paving the way for further research in image syn-
thesis and analysis. By achieving high segmentation accuracy and reliability through
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the U-Net model, the aim of developing robust computer vision methods for studying
porous frame structures has been met. This success demonstrates the potential of our
approach in reducing the time and resources required for experimental data collection
and analysis, and in providing valuable insights into the properties and functionalities
of porous materials. The methodologies and findings presented in this study lay a strong
foundation for future advancements in the synthesis and analysis of porous structures,
highlighting the practical applications and scientific contributions of integrating machine
learning with materials science.

Funding. The project was supported by the Russian Science Foundation under grant No. 23-21-
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Abstract. In the article the flow regimes types of oil well production are con-
sidered. The oil well production flow regime determining problem in real time
relevance is substantiated. An overview of the neural networks for solving the
problem is provided. An ensemble method based on neural networks is proposed.
The application of this method in an oil field is shown. Real time data, received
from multiphase flowmeter, installed on the oil well, is the basis for the considered
problem solution.

Keywords: data mining - neural networks - support vector machine - domain
constraints - oil production

1 Introduction

Artificial intelligence techniques are increasingly used in various fields, assisting in
data management, process optimization, and solving complex computational challenges
[1]. Among Data Mining methods like neural networks and decision trees, speed is a
critical factor. While traditional methods offer wide applicability, they may not fully
utilize data structure knowledge, limiting their effectiveness. However, incorporating
domain-specific insights can enhance method efficiency or substitute complex methods
with simpler, equally accurate ones [2, 3].

2 Neural Network Architectures

2.1 Perceptron (PNN)

In 1958, F. Rosenblatt invents the single-layer perceptron [4, 5], based on the McCulloch-
Pitts neuron, developed in 1943 [6], and demonstrates its ability to solve classification
problems. At the output, the perceptron produces a result y based on several real input
objects x by forming a linear combination using the weights w, adding a bias b, and then
passing the result through a nonlinear activation function ¢:

n
y= ¢(Z wix; + b) =g x+b)

i=1
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The perceptron can be effective in the following cases:

e Linearly separable tasks. When data can be easily separated by a line or plane;
Simple dependencies. If there is a clear and uncomplicated relationship between input
and output data;

Small amounts of data. For small datasets where the perceptron can learn quickly;
Simple models. In situations where a simple model is required for rapid prototyping
or preliminary data analysis.

Rosenblatt’s perceptron demonstrates the highest efficiency in classification tasks
characterized by linear separability of data, due to its fast adaptive potential and ability
to provide high accuracy under appropriate conditions. This is especially important in
our research, as we strive to apply this algorithm to solve specific classification problems
where data can be divided linearly, which allows us to expect high results and confirm the
theoretical foundations of the effectiveness of Rosenblatt’s perceptron in real conditions.

2.2 Multilayer Neural Networks (MLNN)

A MLNN is a form of artificial neural network made up of at least three layers of
processing elements or neurons. Typically, these layers are organized into an input layer,
one or several hidden layers, and an output layer. As a crucial asset in the toolkit of
machine learning professionals, multilayer neural networks enable the representation of
intricate patterns and associations within datasets. An example of this type of network
is one that includes just a single hidden layer (SLNN).

There are three types of layers in a neural network: an input layer that receives
a vector x; output layer, responsible for outputting the result after processing by the
network; and one or more hidden layers in between. It is important to note that the input
layer x is not involved in performing arithmetic operations; its task is only to transfer
the vector to the next layer and provide its information connection.

In general, this architecture is quite flexible and universal for solving most problems
of classical data mining.

2.3 Convolutional Neural Networks (CNN)

CNN, developed by Yann LeCun in 1988, are a unique type of artificial neural networks
focused on highly efficient pattern detection [7]. CNNs are particularly useful for work-
ing with images and videos, using convolution techniques using kernels to extract key
features, including edges and textures. These filters slide over the surface of the input
image using a convolution operation, allowing the model to analyze the data at differ-
ent levels of detail. After passing through the convolution stage, the data is processed
through aggregation layers (pooling), which reduce the amount of information, and then
through fully connected layers, where the process of classifying or identifying objects
is carried out.

CNNs are mainly used for text processing and computer vision image analysis.
However, the computational complexity of the convolutional layer is high relative to the
linear layer.
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2.4 Recurrent Neural Networks (RNN)

RNNs come in many different types, architectures, and components. The main problem
with RNNs is the need to process each time point separately, which requires creating
a new layer of neurons for each time point. This leads to significant computational
costs. Multilayer structures often suffer from computational stability problems because
weights can quickly increase or decrease to zero. Limiting calculations to a fixed time
interval may result in models not being able to effectively capture long-term trends.
Various methods explore ways to improve the model’s ability to remember the past and
control the processes of remembering and forgetting (LSTM [8], GRU [9], etc.).
Recurrent neural networks are a very important architecture that is used in various
fields, mainly in text processing and time series analysis. However, there is a problem
that they are computationally complex. This is an important limitation for this work.

2.5 Restricted Boltzmann Machine (RBM)

RBM was first created in 1986 by Paul Smolensky and was named Harmonium [10].
However, it only became widely known after Hinton developed high-speed learning
algorithms in the mid-2000s. RBM is a model designed to analyze the probability distri-
bution inherent in the training dataset, leveraging this understanding to predict outcomes
for new data inputs. It consists of an input layer and one or more hidden layers.

One of the key advantages of RBMs is their ability to learn unsupervised, although
in some contexts they can use a supervised learning approach. The deep characteristics
of the data that become visible during training form the so-called hidden layer in the
structure of the machine.

The Restricted Boltzmann Machine (RBM) has advantages in modeling probability
distributions, learning without the need for error back propagation, and flexibility in
data processing, which makes them useful in various fields, including recommendation
systems and natural language processing. However, despite these advantages, RBMs face
a number of disadvantages, such as the complexity of interpreting results, sensitivity to
hyperparameters, and limited ability to model complex dependencies, which may make
their application difficult in some scenarios.

3 The FSNN Method Development

The operation of neural networks involves complex computations, resulting in significant
computational expenses [11, 12]. In this context, it is proposed to introduce restrictions,
such as functional separability of domain classes, to create neural networks with a single
hidden layer, which helps to improve classification accuracy [11].

Classes are functionally separated if for each class there is a functional relationship
between its output parameters and a set of input parameters, which ensures continuity
and monotony of the function over a given range of input data. This property is important
for the application of the UAT, which states that any continuous function defined on a
limited closed interval can be accurately approximated using a single hidden perceptron
layer, thereby confirming the possibility of using neural networks to solve a wide range
of problems [11].
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The proposed property of functional separability allows for solving the classifica-
tion problem through a neural network with one hidden layer and a sigmoid activation
function, leveraging the UAT capability to approximate any continuous function in a
compact domain [11]. With functional separability, several values of y1*,..., yn* can
exist for one value of x* (Fig. 1).

Fig. 1. Functionally separable classes example

In this case, the classification problem solution should be divided into nregions R1,...
Rn, in each of which a section of the usual functional dependence between variables will
be represented (Fig. 2). Thus, by simplifying the obtained mathematical descriptions of
neural networks, we obtain a linear combination with summed weight coefficients. This
is a mathematical description of a neural network with one hidden layer and a sigmoidal
activation function.

Fig. 2. Example of dividing into regions Ry, ..., Ry, in which classes are separated by monotone
functions
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4 FSNN Approach Application. The Classification Problem of Qil
and Gas Flow Regimes

Our research focuses on a specific application of physical processes—specifically, the
oil extraction process. Oil production is a complex process that requires careful consid-
eration of the use of various components during the operation of oil wells. The key point
here is the need to monitor the consumption of these components in real time.

One of the main problems in this area is the significant number of wells in one group,
which can reach dozens. Each well has unique characteristics, including its properties,
parameters and equipment used. This highlights the importance of individualizing the
management approach for each well.

In the context of the physical process of oil production, there are complex functional
relationships between input (independent variables) and output (dependent variables)
parameters. These connections are continuous and play a key role in optimizing the
mining process. The use of mathematical models and algorithms to analyze these rela-
tionships allows us to develop effective strategies for managing resources and increasing
well productivity [13].

It should be noted that the computing equipment used in oil fields should ensure
stable operation of the system at temperatures from —40 to 485 °C. In this regard, its
cost increases significantly with an increase in the computing power of industrial com-
puters used. Therefore, the task of reducing computational costs and using the simplest
intelligent models that ensure the resulting solution high quality becomes very urgent.

Thus, the integration of modern methods of data analysis and modeling into the oil
production management process can significantly increase its efficiency and environ-
mental safety. In our case, the mode classes satisfy the conditions of CFS and FSNN,
therefore, the flow mode classes have the property of functional separability for the
classification problem and, accordingly, the solution can be found using the generated
neural network with one hidden layer [13].

The final neural network with all parameters is shown in Fig. 3.

After training, the neural network turned out to be not only surprisingly accurate, but
also extremely effective in performing tasks, demonstrating high data processing speed
without significant resource expenditure. Its simplicity of architecture made it possible to
avoid retraining, while maintaining high adaptability to new data. This model highlights
the importance of balancing complexity and efficiency in the development of artificial
intelligence.

The solution process involves real-time monitoring and calculation of flow param-
eters, employing a pre-trained decision support system that utilizes both FSNN and
convolutional neural networks to classify flow regimes, with results validated by a mod-
ified FS-SVM support vector machine before being presented to the user through a voting
mechanism.

As part of the study, using various architectures and activation functions, a compre-
hensive analysis of the generated data set was carried out, where for the DO subset the best
results were achieved using SLNN, and for the D subset using CNN (see Table 1), while
the results obtained turned out to be stable when changing the ratio of training and testing
data sets. The application of the previously considered neural network architectures to
solve this problem is given in the article [11].
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Fig. 3. Neural network with one hidden layer for solving the classification problem of oil and gas
flow regime

In classification, neural networks have demonstrated outstanding performance due
to their ability to perform deep learning and process unstructured data. They are able to
automatically detect hidden patterns and patterns in data, allowing them to effectively
classify objects with high accuracy. This ability to adapt and improve their predictions
with increasing amounts of training data makes neural networks an ideal choice for a wide
range of classification problems. The performance results of the various architectures
considered are shown in Table 1.

The developed algorithms successfully cope with the assigned tasks, ensuring high
accuracy and efficiency of operations.
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Table 1. Neural networks test results.

Neural Network
Architecture

The training and test sets
ratio, % / %

Testing accuracy (%)

F1 measure (%)

Single Layer NN, SLNN | 90/10 (37800/4200) 99.56 99.30
(dataset Do) 80/20 (33600/8400) 99.38 99.05
70/30 (29400/12600) | 99.38 99.05
60/40 (25200/16800) | 99.43 99.12
Single Layer NN, SLNN | 90/10(39150/4350) 93.73 93.44
(dataset D) 80/20(3480/8700) 93.96 93.68
70/30(30450/13050) 92.62 92.22
60/40(26100/17400) 92.95 92.58
Convolutional NN, 90/10(39150/4350) 99.97 99.98
CNN (dataset D) 80/20(3480/8700) 99.02 99.02
70/30(30450/13050) 99.88 99.88
60/40(26100/17400) 99.80 99.79

5 Conclusion

As part of this work, the following results were achieved:

e A definition of “functional separability” of classes was formulated, which was later
used to limit the subject area. This made it possible to apply the developed FSNN

algorithm;

e The FSNN algorithm has been developed. An ensemble FSNN algorithm is proposed
using a CNN-based voting system. The research was supported by RSF (project No.

24-11-00285);

e The proposed solution fully meets the requirements of mathematical validity and
limitations in the form of complexity of the neural network architecture.

Acknowledgments. The work was supported out with financial support from the Russian Science
Foundation (project 24-11-00285), https://rscf.ru/project/24-11-00285/.
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Abstract. The processes of signal spreading in rings of asynchronous threshold
elements are considered. An element can be in an active or passive state: if its
potential exceeds a threshold, it is active. A chain is a network of elements N ...,
Ny, in which the only output N; is connected to the only input N;y. The ring
is obtained from the circuit by connecting the output N, to the input N1. The
conditions are given under which the ring, after applying an external signal, turns
into a system of two-phase oscillators.

Keywords: threshold element - ring of elements - signal spreading -
reverberation

1 Introduction

In works [1, 2], the propagation of signals in circuits of homogeneous (having the same
parameters) threshold elements was considered. Three cases are possible: 1) the signal,
passing through the circuit, maintains its duration; 2) the duration of the signal decreases,
and in a sufficiently long circuit the signal fades, i.e. will not reach the last element; 3)
the duration of the signal increases. This paper studies the propagation of signals in
networks with a cyclic structure, i.e. having the form of a ring: a circuit in which the
output of the last element is connected to the input of the first element. Since the ring
case uses concepts and results for a chain, we repeat them here.

2 Basic Definitions. Signal Spreading Through a Chain

An asynchronous threshold element N; is an element whose state y;(¢) is determined
by the value of its potential U;(¢), varying in the interval U;o < U;(¢) < Ujmax, and the
threshold P;, lying in the same interval:

Lif Ui(t) = Pi;
yi(t) = .
0 otherwise.
In the active state (y;(t) = 1), element N; generates a power signal d;. Other param-
eters of the element are the weights w;; of the inputs (i - element number, j - input
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number) and two endogenous rates of potential change (vioen for the passive state and
vilen for the active state), independent of external influences. An element is called reac-
tive if both endogenous velocities are negative. It is activated only in the presence of
sufficiently strong external influences; in their absence, its potential tends to Ujp. The
element is called asynchronous because the passage of the signal through it is signif-
icantly affected by switching on and off transient processes, which can create serious
problems in asynchronous circuitry [3].

A homogeneous asynchronous chain of reactive elements N1,..., N, is a network
in which 1) the output N; is connected to a single input N1, i =1, ..., n — 1; 2) input
N1 and output N, are external to the chain; 3) the values of the parameters U;g, Ujmax,
vioen, vilen, d; are the same for any element; therefore the index i is omitted. An example
of a table specifying the chain parameters is given in Table 1. Ny — external excitation
source.

Table 1. Example of element parameters

P Umax Uo v, vl D w
Ny 1.3
Ni 0.4 0.8 0 0.8 0.5 1.3 1.0

The input action (signal) is supplied to input N . A signal passes through an element
if, some time after the signal arrives, the element is activated and generates an output
signal. The signal arrives at the N; if N is active; as a result, the potential N; begins to
change at a rate v;, defined as follows:

vi(t) = si(t) + vgn = wdy;.1(t) + vgn, if the element is passive, and v;(t) = s5;(¢) +
vi = wdyi1(t) + vl if the element is active, where wdy; 1(t) is the exogenous speed
determined by the power d of the signal and the weight w of the input N;. The rate sign
indicates the direction of change (increase or decrease) of the potential. Obviously, for
the signal to pass through the element, the condition s;(¢) > |v2n|. is necessary.

Events in the chain are the moments of change in the state of any element, as well as
the moments of reaching Ug and Unmax. They are represented by points on a continuous
time scale, dividing the scale into time-steps. The boundaries of time-steps are numbered
with natural numbers 0, 1,... And are called discrete moments of time. Time-step ¢ is a
half-interval [¢, t 4+ 1); its duration is denoted by t(z).

In the absence of an external signal, the chain elements have potential Uy. When a
signal of sufficient duration is applied, element N1 goes into the active state and generates
an output signal, starting the process of signal propagation through the chain. In this case,
three cases are possible, described in the introduction. In [2], conditions were formulated
under which one or another of the three cases occurs (see Table 2 below).

Figure 1 [1] shows a timing diagram of the functioning of a certain chain. Bold
lines indicate periods of element activity. The signal no longer passes through the third
element: the duration of activity of N, is not enough for N3 to turn on. Vertical lines cor-
respond to the boundaries of time-steps. Events may coincide: for example, the switching
on of N coincides with the beginning of the growth of potential N».



412 O. P. Kuznetsov

Let us consider the structure of the functioning process of the ;. The on-off cycle of
N;, which begins with the supply of an input signal, will be called complete if it consists
of 5 phases (see the graph for Ny in Fig. 1): 1) charging (potential growth from Uy to
P, 2) potential growth from P to Upayx; 3) the potential remains at the point Up,y; 4)
discharge (decreasing potential from U,y to P); 5) potential drop to Ug. Let us denote
the durations of these phases by q1;, 92i, 3i, q4i» qsi, where i = 1, ..., n —element number.
Phases 1 and 2 are said to be complete in a given cycle if they are followed by phases
2 and 3, respectively; phases 4 and 5 are complete if they are preceded by phases 3 and
4, respectively. Without loss of generality, we assume that the power dg of the external
signal is equal to d. In any case, starting from the output of the first element, the power
signal d will propagate through the circuit. Therefore, if dy # d, the results obtained
are valid for a circuit where N is an external source and the circuit starts from element
N>. Further, Qg is the duration of the external signal; Q; is the duration of activity of
N; and its output signal, ; is the moment of the beginning of phase j of element N;, t;;
is the moment of U; falling to Ug. For an external signal, o9 = O is the moment of its
beginning, #z¢ is the moment of its end. Some events coincide: for example, 7,0 = #41.

External signal

/

0

Fig. 1. Timing diagram of signal propagation through a chain of 3 elements.
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The signal is called long if Q; > g1 + q2, short if g1 < Q; < q1 + g2, insufficient if
Q; < q1. With a long signal, the element reaches Upyax and thus phase 3; with a short
signal, the element is activated, but does not have time to reach phase 3; if the signal
is insufficient, the element potential does not reach the threshold, the element is not
activated and does not generate a signal.

Table 2. Signal propagation along the circuit at various ratios g1 and g4.

Signal Type 1: g1 = g4 Type 2: g1 < g4 Type 3: g1 > g4

Long Passes with preservation | Passes with increasing Shortens; does not pass
of duration with a chain length n < z1
duration

Short Shortens; does not There is a point of
pass with a chain equilibrium:
length n < z3 1. The equilibrium signal

passes with the
preservation of
duration;

2. asignal shorter than
the equilibrium one
does not pass with

a chain length n < z2;

3. asignal longer than
the equilibrium one
passes with increasing
duration

Insufficient | Does not pass through the
first element

The main results of signal propagation through the chain are contained in Table 2 [2].
The equilibrium point mentioned in it is such a value £* < ¢, that an external signal of
duration £* < ¢, (equilibrium) passes through the chain without changing the duration.

3 Signal Propagation in the Ring. Duration Preservation Case

A homogeneous ring of reactive elements Ny,..., N, is a network obtained from a
homogeneous chain by connecting the output of the last element to the input of the first
element. Therefore, when analyzing signal propagation along the ring, the properties
of the chain and, accordingly, the definitions and results of the previous section will be
used.

In this section we will look at the basic case:

Case 1: the signal is long and g; = ¢4, i.e. the duration of Qg in the first cycle is
preserved.

For this case, we prove the following statement.



414 O. P. Kuznetsov

Lemma. Let g; = g4. Then, if any element of the ring is active during the segment [z,
t’], the duration of which exceeds ngqi, i.e.

t > t+nq, (1)

then all elements of the ring are active at any moment ¢” > ¢’.

Let some element N;, | < i < n, be active on the interval [, ¢’], and £’ — ¢ > nq;.
Then element N; + 1 is active on the interval [t 4+ g1, t’ 4+ g1], element Ny is active
on the interval [t + 2q1, ¢’ + 2q1].,..., element NV, is active on the interval r + (n —i)q,
t’+ (n—1i)q1l,..., element N, | is active on the interval [t + ngy, t" + nqg;]. From (1) it
follows that 1) a signal of duration ¢’ — t comes from N;.; to the input N;, when N1 is
still active, and, therefore, will be active for the duration ¢’ — #; 2) on the interval [t +
nqi, t’] all elements of the ring are active. Repeating this reasoning for moment ¢’ and
subsequent moments separated from each other at a distance ¢’ — f, we obtain that all
elements of the ring will be active at any moment ¢” > ¢’.

For case 1, 4 options are possible, differing in the duration Qg of the input signal.

1.1 nq1 < Qo. 2)

This means that either the number of ring elements is small, or the duration of the
external signal is quite long.

Since the condition of the lemma is already satisfied for the external signal, thanks
to the preservation of the duration, it will also be satisfied for Nj. It follows that all
elements of the ring will be active indefinitely, starting from moment nq; .

1.2 Qo <ngq1 <Qo+qi. 3)

In this case, the external signal ends before the moment ng; of activation of N, but
the moment ng occurs before the moment Qg + g4 = Qo + g1, when the activity of Ny
should have ended. Therefore, the forefront of the signal from N, will catch N in phase
4, when it is still active, and, consequently, its activity will last at least until the moment
nq1 + Qo + g1 = (n + 1)g1 + Qo, and at this moment N will be in phase 3. Thus,
N1 will be active on the interval [g1, n + 1)q1 + Qol.,, i.e. the conditions of the lemma
for N are satisfied, and all elements of the ring will be active indefinitely, starting from
moment nqj.

1.3 ngy = Qo+ q1+qis, 4

where q5 is the duration of shortened phase 5 of element N . In this case, the forefront
of the signal from N,, will catch N in phase 5, when it is already turned off, but has not
yet reached Uy (see Fig. 2). Phase 1 for N1, starting the second cycle, will also be less
than full; let’s denote its duration by g11. The second time N is activated at the moment
Qo + g1+ q15 + q11.

N> activity in the first cycle begins at time 2¢g;. If the inequality 2¢g; + Qo > g1 +
Qo + q15 + g11 is true, which is equivalent

q1 > q15 +q11, )
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then the pause between two activities N1 is less than g1, and accordingly g4. Therefore,
the re-activation of N will begin when the activity of N> in the first cycle has not yet

ended, i.e. N1 will be active on the interval [g1 + Qo + ¢q15 + q11, Qo + q1 + q15 + q11
+ Qo], which after transformations looks like this:

[91 + Qo + q15 + q11, Qo + ng1 + qu1]- (6)

Then N, will be continuously active on the interval [2q1, Qo + (n + 1)q1 + q111,
the duration of which is

Qo+ (n+ Dg1 +q11 — 291 = Qo+ (n— Dg1 +q11, @)

which, taking into account (4), is obviously greater than nq;. Thus, the conditions of the
lemma are satisfied for N, and therefore, starting from the moment g¢; + Qo + ¢15 +
q11 (the beginning of the interval (6)), all elements of the ring will be active indefinitely.

Umax I: \\ /
N, I.
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1
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1
1
1
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Fig. 2. Case 1.3a

If instead of (5) it is true

q1 < q15 +q11, ®)

then the behavior of the ring depends on the specific relationships between the number
n of elements in the ring, the duration of the external signal Q¢ and the parameters of
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the ring elements. To obtain these relations, we denote the value of the potential U; at
the moment g5 by x1 and express ¢q1, q15, g11 in terms of x; and the parameters of the
ring elements. We get

=L ©)
~owd — o,
P —x
15 = = x1 = P — q15VY,|, (10)
i
P —x
=1 11
q wd — 0, an

Representing equality (4) in the form (n — 1)g1 = Qo + ¢q15 and substituting the
right-hand sides (9) and (10) into it, we obtain

Pn—1) — X1
7 0+ 12
wd — V9, =00+ | (12)
Inequality (8) after similar substitutions and transformations takes the form
P < (P— )cl)| (13)
Besides,
0 <x; <P. (14)

Relations (4), (12) — (14) and the general conditions of case 1 (the signal is long
and g1 = q4) determine the possible values of n and Qg for case 1.3 and the behavior
of the ring for different sets of these values. Let us illustrate with an example one of the
possible options.

Example. Let the parameters of the ring elements be given in Table 1, n = 4. Then
wd = 1.3; wd — Ivgnl = 0.5. From (4) we obtain 3-0.8 = Qg + ¢qi15 and g15 = 2.4 — Qy.
Using this expression for g5 in (10), we obtain x; = 0.8 Q¢ — 1.52. Substituting this
expression into (14) gives a pair of inequalities 0 < 0.8 Qg — 1.52 < 0.4. As a result, we
obtain the range of values Qy.

1.9 < 0y <24, 15)

for which case 1.3 occurs for given parameter values.

Let us now consider the behavior of the ring with these parameters and Qg = 2. Then
q15 =04, x; = 0,08, g11 = 0,64 and inequality (8) is satisfied. The second activity N
will occur at the moment t.12 = Qo + ¢q1 + q15 +q11 =2 + 0.8 + 0.4 + 0.64 =3.84
and will last at least until the moment 3.84 4+ 2 = 5.84.

The first cycle of N, activity consists of segments 2¢q1, Qo, g25 and ends at z.12. We
get the equation

te12 = 2q1 + Qo + gos,
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whence g5 =3.84—-1.6-2=0.24, x2 = 0.4 -0.24-0.8 = 0.208, ¢g21 = (0.4 —0.208)/0.5
= 0.384. Thus, the second activity of N, will occur at the moment #.02 = t.12 + q21 =
4.324 and will last at least until the moment 6.324.

N3 activity begins at time 3¢q1, and its duration is at least Qp. But 3¢1 + Qg = 2.4
+ 2 = 4.4 > t.9;. Therefore, at the moment 7.7, when N3 is still active, a new signal
from N, will arrive at its input, and, therefore, the activity of N3 will last at least on the
interval [3q1, .22 4+ Qol, the length of which significantly exceeds 4¢q;. Thus, for N3
the conditions of the lemma are satisfied, and, starting from the moment ¢.57 + Qo], all
elements of the ring will be active indefinitely.

1.4, ng1 = Qo+ q1 + g5+ gx. (16)

In this case, the forefront of the signal from N,, will arrive at input N1 when U1(ng1)
= Uy. This situation exactly repeats the situation of the first cycle, with the difference
that the role of the external signal for N is played by a signal from N, with the same
duration Qyp, and g, is the segment between the moment when the potential N reaches
U and the moment nq;. Therefore, the structure of the second cycle for N1 will coincide
with the structure of the first cycle, which is a sequence of segments [g1, Qo, g5, g,] and
will be repeated indefinitely.

Thus, a ring of asynchronous threshold elements turns into a system of two-phase
oscillators, where the duration of the period is equal to ng1, the duration of the unit phase
(activity phase) is equal to Qg, and the duration of the zero phase is equal to g5 + g +
q1 = nq1 — Qo, and for N the unit phase in the first cycle it starts at time g1, and for each
subsequent element it is shifted by g;. An illustration of this case is shown in Fig. 3.

Case 1.4 is known in biology as reverberation [4].

4 Signal Propagation in the Ring. Other Cases

In case 1, two types of behavior of the ring are possible: either an oscillatory process is
established in the ring (option 1.4), or ultimately the entire ring is excited and remains
so indefinitely. The transition to constant excitation can begin from any element of the
ring and occur both in the first cycle and in subsequent cycles.

The behavior of the ring for other cases is determined by similar cases for the chain
indicated in Table 2. If the parameters of the elements and the duration of the external
signal are such that when passing through the circuit of these elements the signal will be
shortened, then in the ring it will also be shortened, and ultimately the ring will become
completely passive. Depending on the number of elements in the ring and the duration
of the external signal, this can happen either in the first cycle or in subsequent ones. If
the signal in the circuit passes with increasing duration, then a ring of these elements
will ultimately become, as in cases 1.1-1.3 excited for an infinitely long time.
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Conclusion

The results obtained can be used in neurobiology both in the analysis of reverberation
processes [4] and linear propagation of signals in nervous systems [5, 6]. It is interesting
to note that the three possible stable states of the ring (constantly excited, constantly
passive and oscillatory) correspond to three modes of electrical activity of neurons -
Tonic, reactive and oscillatory (phasic) [7-10].
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Abstract. Machine Learning-based object detection and tracking are powerful
techniques employed in variety of applications. In some cases, the cameras’ point-
of-view is rather wide and detected objects are obscured by the perspective (it is
often the case in surveillance and technical vision use cases). This paper describes a
simple yet effective technique to deal with this problem. The core of the technique
is object detection on perspective transformed (warped) images. Such transfor-
mation allows to simplify the spatial structure of the image and, therefore, its
analysis. In some cases, after the proposed transform a detection problem can be
recast as unidimensional. The paper proposes several specialized metrics for mea-
suring the quality of unidimensional detection problem, as well as encompasses
several ways to leverage the simplified structure of the image during detection
model training. The proposed methods are illustrated by a practical application of
positioning wagons on a classification bowl of the sorting freight railway station.

Keywords: Computer Vision - Object Detection - Object Tracking - Image
Processing - Problem-Specific Metrics - Railway Objects Detection - Hump Yard
Intelligence

1 Introduction

Object detection and tracking using machine learning are widely used across various
fields. In some situations, cameras have a wide field of view, causing detected objects to
be partially obscured and distorted due to perspective; for example, it is a common issue
in surveillance, monitoring and technical vision scenarios. Inverse perspective transfor-
mation facilitates the simplification of an image’s spatial structure, thereby streamlining
its analysis. In certain applications, following this transformation, the detection task can
be converted into a unidimensional problem. Although widely used metrics for detection
tasks in most cases accurately reflect the typical objectives of using detection models,
they may be inefficient in the case of unidimensional settings. In addition, there are
scenarios where, although the images possess a specific structure that constrains where
the objects of interest can be located, the application itself might be more susceptible
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to certain types of errors while being more forgiving of others. One of the applications
where the need arises to use problem-specific metrics (and a motivating application for
this paper) is the detection of railway objects.

A key freight railway station of each country consists of hump yard and classification
bowl (Fig. 1) [1].

Arrival yard Hump Classification bowl Departure yard

Fig. 1. Railway freight station with hump yard

Hump yard provides breaking up of inbound trains staying at arrival yard into the cuts
of several cars, which are humped then into classification bowl and making up into new
outbound trains following to departure yard. Classification bowl consists of significant
number of sorting tracks (more than 40 tracks for a big station) with the total length of
40 km. To correctly automate the hump yard management, it is required to automate the
control over position of every rolling stock (car wagon or locomotive) on every track.

Almost all railway sensors allow to control the position on only one railway track and
must be placed into the rails. Because of this it is rather difficult to track the wagons in
classification bowl using the sensors placed directly onrails. In 2021, we’ve implemented
the computer vision complex for classification bowl control (entitled KZSP) [2, 3]. Its
profit is control over rolling stocks placed on multiple tracks. It detects the key objects
(objects of interest), which are railway rolling stocks, on the preliminary transformed
(warped) image (Fig. 2) obtained from camera. For the obtained image, warping is
utilized to eliminate the perspective errors and make the objects rectangular (which
is typical for object detection problems) not parallelogram. Resulting coordinates of
objects are mapped into the scheme of classification bowl (Fig. 3), which is a profit of
KZSP recently implemented by authors.

This paper refers to the problem of metrics choice for machine learning (ML) algo-
rithms applying for the warped image. We propose the unidimensional metrics, which
allow to correctly evaluate ML model, when the dimensions of images are not equivalent
(i.e. objects can be placed along the certain lines of images). We also propose modi-
fications to several popular loss functions in order to improve model training in these
situations. Authors believe that the result is prominent not only for the certain example
of railway rolling stock tracking problem, but also for other areas, where the vertical and
horizontal axes of an image differently affect on the detection result.

Section 2 describes the proposed metrics and its advantages with the conventional
ones (e.g., loU, mAP@). Section 3 proposes Loss Function optimization. The experi-
mental results with the real data are presented in Sect. 4. The conclusion and future work
are shown in Sect. 5.
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Fig. 3. Results of image detection algorithm mapped into classification bowl scheme (user
interface of KZSP)

2 Unidimensional Metrics for the Detection Problem

Widely used metrics for the detection problem (e.g., loU, mAP @) [4, 5] perfectly capture
typical goals of employing the detection models — when the object of interest may occur
in any part of an image, the end user wants that this object was correctly located (IoU
mostly corresponds to this goal) and was correctly recognized (mAP @ measures mostly
that). However, in some practical cases the images, on the one hand, may have certain
structure (limiting possible locations of the objects of interest), on the other hand, the
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application might be more sensitive to one errors and less sensitive to other. This situation
generally calls for adjusted metrics, more precisely aligned with the application goals.

A prominent example of such situation is a railroad scene of classification bowl after
warping. Such image contains several vertical regions, corresponding to the railroad
tracks, and rolling stock moves only inside the corresponding vertical region and along
its vertical axis. This gives certain structure to the images. Besides, the rolling stock
positioning problem is mostly focused on determining the position inside the respective
track, therefore, the error of the bounding polygon along the vertical axis becomes the
most interesting, and the accuracy along the horizontal axis should only be sufficient to
assign the bounding box to the correct track.

Areas of interest

Fig. 4. Example of decomposition of an image into several independent vertical areas of interest
(railroad tracks) on which objects of interest can be located.

This allows to recast the problem (at least, for the purpose of measuring success)
as a pseudo-unidimensional one, where each track can be perceived as a separate area
of interest, defining the (unidimensional) line along which objects of interest may be
located (and move). The goal is to detect the presence and estimate the position of the
objects of interest along that line (see Fig. 4).

In particular, there are two aspects of the problem that have to be adequately addressed
by the metrics:

1. Object of interest identification quality, i.e., how identified objects of interest cor-
respond to the real ones. In this paper, we assume that there is only one type of
object of interest (this assumption is driven by the application of KZSP), howeyver,
this approach can easily be generalized to the multi-class case.

2. Positioning error for the objects of interest. As it was already noted, positioning error
is important only in one dimension (along the area of interest, or the railroad track,
if speaking in the application terms).
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The first aspect can be captured by widely used metrics in information retrieval i.e.
Recall, Precision, and F1. However, to estimate these metrics one has to define what are
the true and false positives (as well as negatives). When the model output is binary, it is
straightforward, however, in the considered case of a pseudo-unidimensional detection,
the model output as well as ground truth are represented as segments. In this case,
positives can be formalized similarly to the widely used metrics in detection, based
on segment intersection. If the predicted segment significantly intersects one of the
ground truth segments, then it is considered a true positive, if not, it is considered a false
positive, all the ground truth segments not intersected with any of the predicted segments
are considered false negatives. To quantify the intersection significance one can adapt
the popular IoU metric to a one-dimensional case.

Let x, y be two segments, and /(.) and r(.) be left and right bounds of these segments
(segment start and end respectively), then:

Nip(x,y) = (max(I(x), [(y)), min(r(x), r(y)),

Uip(x,y) = (min(l(x), [(y)), max(r(x), r(y))),

Nip(x, y)

IoUip(x,y) = Un(y)’

Please, note, that in the particular case used for the illustration, segments are vertically
oriented, so we could also refer to their bounds as top and bottom rather than left and
right. We decided to use left and right as horizontal orientation seems to be more natural
for a unidimensional object. To obviate this confusion, one could also refer to the bounds
as minimal and maximal value along the dimension respectively.

Segment matching (to identify positives and negatives) is done using Algorithm 1.
Note, that the set returned by the Algorithm 1 is valid only in context of a certain threshold
0 — a greater value of this threshold corresponds to a more restrictive definition of true
positive (and it is expected that the number of true positives is non-increasing with the
0). Therefore, it is reasonable to refer to all these values in the context of a certain 6; we
will denote the number of true positives for the threshold value 6 as TP @6.

Algorithm 1. Segment matching

Input: Y — the set of true segments for the area of interest,
Y — the set of predicted segments for the area of interest,
6 — threshold for IoU;, (6 € [0.5;1.0]).

TP =0

forpevY:

forgeyY:
if loU,p(p,q) = 0:

TP :=TP U {(¢, p)}
Y =Y\ {p}
Y =Y\{q}

return TP
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Model detection metrics are defined in the following way:

>|rP@o(y.. v)
Recallip @6 = ,
Z,‘ |Yi|
Y TP@O(YZ», ?,-)
Precision|p @0 = .

> 1Yl
here summation is done along all the areas of interest.

Positioning quality is measured only for true positives and is defined based on the
boundary error for each correctly recognized segment:

PE@ =3 Y ;) =1+ |r») - rE)l-
i y&eTP@e(Y,-,IA/,-)

The proposed metrics are illustrated in Fig. 5. In the figure only one area of interest
is considered, there are two true segments (objects) and two predicted. However, the first
predicted segment doesn’t significantly intersect with any of the true segments, while
the second one does. This gives both Recall@0.5 and Precision@0.5 of 0.5. PE@0Q.5 is
calculated based on the only matching pair.

True Predicted
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Fig. 5. Illustration for the metrics calculation.
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3 Loss Function Adaptations for Unidimensional Detection
Problem

While the proposed metrics are well-aligned to the goals of object detection and are useful
for evaluating models, they cannot be directly used during optimization process (i.e.,
model training). In order to reduce the gap between problem-specific metrics proposed
in the previous section and the optimization objective we also propose adjustments to
typical loss functions widely used for detection. The rationale is that we can force the
model to account for the specifics of the situation during the training process, thus,
improving the problem-specific metrics. In particular, we consider loss functions used
by various generations of YOLO models. We decided to focus on YOLO (rather than
other detection architectures), because inference time is important in the motivating
application (wagon tracking) and YOLO architecture provides an appealing tradeoff
between inference time and detection quality.

Object detection using YOLO models and its various modifications has become
widespread in a number of applications [6, 7]. So, in [8], the problem of detecting
ships is considered and a method for improving YOLOVS is proposed, based on the
integration of LW-swin transformer [9] into it, which strengthens the representation
capability of the detection network. In [10], the problem of detecting cows is considered
and a modification of YOLOV7 is proposed to address the problem of low detection
accuracy caused by non-uniform cow distribution and large target scale changes. In
[11], the problem of animal detection is considered, a YOLO-based network is proposed,
into which the authors integrate DenseNet blocks and two proposed residual blocks for
effective extraction of spatial features. In [12], an improved object detection model based
on the YOLOVS model is proposed to improve the accuracy of detecting key components
of power transmission lines. Several papers address the problem of underwater detection
[13, 14] and suggest ways to improve YOLO for video object detection. In particular, a
loss function is proposed in [13], including regression and jitter losses.

The proposed adjustments to the loss function are based on the same observation as
the proposed metrics — for unidimensional detection problem positioning error along one
dimension is crucial, but along the other dimension it is irrelevant. However, when doing
unidimensional detection via postprocessing after the conventional 2D segmentation,
absolutely ignoring the other dimension will cause severe errors (the recognized boxes
are not “forced” to overlap with the training ones — only to be located on the same
vertical “level”). Therefore, errors along the both dimensions must contribute to the
loss, however, we can ensure that error on one dimension is more important than the
error along the other.
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3.1 MSE-Based Loss

Object detection loss is typically a complex function penalizing both misclassifications
and bounding box positioning errors. More precisely, it is typically a sum of several
components. In MSE-based object detection loss functions positioning errors are dealt
with by MSE components, penalizing bounding box center and geometry (width and
height) mismatch. For example, the loss function of the original YOLO model [15]
includes the following components:

LusE = heoord ), HDb’[ (i = %)> + (i = 37) ] heoord Y, Z il {(«/‘71— \/51)2 + (\/E— \/;)2}

Here, i iterates over image cells and j — over candidate bounding boxes in each cell,
multiplication by an indicator I, i " means that the loss penalizes bounding box coordinate
error if that predictor is “responsible” for the ground truth box (i.e. has the highest IOU
of any predictor in that grid cell).

A straightforward way of embedding the idea that one dimension is more important
than the other one in such loss function is by adding a weighting factor A € (0; 1) for
one of the dimensions:

Cirse = heoos 30,3157 [ (1= = 20) 200 = 50 + hcoora 3,3, W[ (= n(viwi - ﬁ)2 + A(//T, - @}

With A = 0.5 L, gives the same importance to the both dimensions, however,
one might still want to adjust A, because the total weight of the positioning error
becomes two times less than in the original version.

Note, though, that this loss is mostly used by early object detection models, e.g.
original YOLO model [15] and currently is mostly superseded by IoU-based losses.

3.2 IoU-Based Losses

Modern object detection models mostly use the IoU-based losses: GloU [16], CIoU [17],
EloU [18], etc. All these losses include the calculation of the IoU between the ground
truth box and the prediction; they differ by additional terms accounting for certain
unwanted situations. E.g. CloU (used in YOLOV8 [19]) is defined by the following
expression:

d2
Lcioyv =1—1o0U + res] + av.

In this case, relative importance of one dimension can be established by an additional
term:

*IoU = Lapou + )»[(y y) (h — 2)2]

Here, L.,y is the original loss, y and y are y-coordinates of the centers of the ground
truth bounding box and the predicted bounding box, & and % are the heights of the ground
truth bounding box and the predicted ones, and A > 0 is the weight of the additional
term.
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4 Experimental Evaluation

In this section, we compare two approaches to object detection on transformed images
obtained from KZSP cameras. The first approach is using standard 2D object detection
followed by post-processing, the second approach is cutting transformed images into
areas of interest followed by unidimensional detection.

To compare these approaches, we use a dataset collected from a sorting hump,
consisting of 6111 images of 720 x 1280. On each image there are several tracks
(typically 4 or 5), and on each track there may be zero or more carriages.

The dataset was split into train and test sets, consisting of 5020 and 1091 images
respectively. The split was done in such a way, that all images from one camera
(representing one point of view) were assigned either to train or to test subsets.

The first approach (YOLOvV8+ in the Table 1) is pre-trained (on COCO dataset)
YOLOV8 (small) trained with L3, ;. We used the following hyperparameters: A = 2;
300 epochs; patience is 50; batch size is 65; image size fed into the model is 640. An
SGD optimizer with a learning rate of 0.01 was used. YOLOVS was the last version of
this architecture at the time of writing. Note, that the architecture itself remains intact,
we only modified the loss function.

Model predictions were split into areas of interest and unidimensional metrics were
calculated for each area.

The second approach (UD in the Table 1) is the unidimensional detection network
of a custom architecture. This network receives only one area of interest as input and
outputs segments detected in this area.

Table 1. Detection Quality Comparison

Metric (@loU 1p = 0.5) YOLOvS8+ UD

Precision|p 0.9905 0.9079
Recallip 0.9932 0.9743
PEp 0.0071 0.0205

It can be seen from the Table 1, that unidimensional approach to learning turned out
to be significantly worse than the YOLOVS trained with the proposed L, ;. It can be
explained by several factors. First, cutting into the areas of interest reduces the context
available to the model, which makes it harder to analyze an image. Second, the UD
model was not pretrained on a large dataset as it leverages custom architecture and uses
very unusual input shape. Example of wagon detection using YOLOvVS8+ is shown in
Fig. 6.
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wagon 0.9&0“

Fig. 6. Example of wagon detection using YOLOv8+

5 Conclusion

The paper discusses a specific case of the object detection problem, when after cer-
tain image transformation (e.g., inverse perspective transformation), detection problem
can be decomposed into several unidimensional detection problems in non-overlapping
rectangular (vertically or horizontally aligned) areas of interest. A motivating example
of such situation is wagon tracking using cameras placed in classification bowl of the
railway freight station.

We have proposed a family of specialized metrics, taking into account the image
structure. The proposed metrics are well-aligned with the detection goals and are more
interpretable w.r.t. the problem than widely used universal detection metrics. We have
also proposed corrections for some popular loss functions used in object detection to
account for uneven importance of dimensions in the unidimensional detection.
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Abstract. In recent years, physically-informed neural networks
(PINNs) have emerged as a promising approach for solving partial differ-
ential equations (PDEs). However, vanilla PINNs encounter challenges
when dealing with PDEs exhibiting multi-scale, chaotic, or turbulent
behavior. In this study, we introduce an innovative method for improving
PINNs by modifying the loss function to enable the model to accurately
capture temporal causality during the training process. However, the
observed effect did not yield the desired outcome in numerical exper-
iments. Additionally, the quantity and spatial distribution of training
data in the training process of PINNs will directly impact the efficacy of
the model. Therefore, this study employs a projected gradient descent-
based adversarial attack approach to dynamically select the training
data, thereby bolstering the resilience of PINNs through fine-tuning the
model with adversarial samples. We integrate pre-training with adap-
tive sampling using adversarial attacks. Pre-training aims to reduce the
training time required for model training by breaking down a complex
problem into several simpler ones. Effective pre-training in a shorter time
frame can provide initial network parameter estimates and additional
supervised learning datasets for training across the entire time domain.

Keywords: PINNs - causality - adversarial attack - pre-training

1 Introduction

Physically informed neural networks (PINNs) have emerged as a promising
framework for integrating observational data and physical laws in science and
engineering [1,2]. In contrast to purely data-driven neural network learning,
PINNs incorporate physical information as a constraint in the loss function,
thereby facilitating the development of more generalized models with reduced
data requirements.

PINNs have demonstrated potential in solving partial differential equations
(PDEs). However, they struggle with PDEs whose solutions are highly nonlinear,
multi-scale, or exhibit chaotic behavior [3,4]. Over the past few years, numerous
approaches have been proposed to enhance the vanilla PINNs, aiming to increase
© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024
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the accuracy and robustness of these models. These enhancements include, but
are not limited to, optimization algorithms for adaptive training, algorithms for
adaptive selection of training data batches, novel network architectures, domain
decomposition methods, and innovative activation functions [5].

Despite these advancements, PINNs continue to face significant challenges
in addressing many practically relevant problems in science and engineering.
Understanding the limitations of PINNs in these contexts is crucial for further
improvement. This paper aims to tackle these challenges by proposing an adap-
tive sampling method based on adversarial attack, combined with other training
techniques, to enhance the accuracy of PINNs in solving time-evolution PDEs.

1.1 Related Works and Contributions

Although many achievements have been made using PINNs, vanilla PINNs face
significant difficulties when solving complex problems. To improve performance,
researchers have proposed various methods to enhance deep learning techniques,
one of which is the adaptive sampling of training points. In 2019, a study first
introduced a residual-based adaptive refinement (RAR) method to increase the
efficiency of PINNs [6]. RAR enhances the distribution of training points by
sampling more locations with large PDE residuals during training. Mao et al.
[7] proposed dividing the entire domain into several subregions and introduced
an adaptive sampling method (ASM) based on the residual average and solution
gradient of each subregion.

Different from RAR and ASM, Nabian et al. [8] employed importance sam-
pling to generate a set of training points based on a probability density function
proportional to the residual of the PDEs. This importance sampling approach
can be easily integrated into existing PINN frameworks and has proven to be
computationally efficient for transient diffusion problems. Another method from
the perspective of probability density is the Adaptive Sampling of Failure Infor-
mation (FI-PINN) method, which enhances model performance by placing more
collocation points in regions where the PDE residuals exceed a given tolerance
[9,10]. A similar idea is employed in [11], where the training point set is updated
by adding sampling points in areas with relatively large residuals to improve
model accuracy. Building on the concept of residual minimization, the DAS-
PINN method was proposed in [12]. This method uses the difference between
the induced density model and the residual-induced distribution to generate new
collocation points, further improving the accuracy of the approximate solution.

When the solutions of PDEs contain high-frequency or multi-scale features,
PINNSs may fail in training and produce incorrect predictions [13,14]. Mattey et
al. [15] demonstrated that the accuracy of PINNs is adversely affected by high
degrees of nonlinearity and high-order partial differential operators. Through
extreme neural tangent kernel training of PINNs, Wang et al. [16] discovered that
the convergence rates of different loss components varied significantly, preventing
the total training error from being minimized effectively. Wight et al. [17] found
that the performance of PINNs is closely related to the combination of loss
terms, introducing a non-adaptive weighting method and a temporal adaptation
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of the loss function. Li et al. .[18]proposed a dynamic weighting method called
dwPINN, which dynamically adjusts the weight of loss terms that are difficult
to train.

1.2 Organization

The rest of this paper is organized as follows. In Sect.2, we provide a brief
review of PINNs and introduce causal training for PINNs. In Sect. 3, we propose
an adversarial training scheme to improve PINNs by incorporating pre-training
methods. In Sect. 4, we conduct several numerical experiments to demonstrate
the effectiveness of our method. Finally, in Sect. 5, we offer conclusions for the
work.

2 PINNs

PINNs use deep neural networks as function approximators to directly solve
nonlinear problems. They leverage automatic differentiation techniques [21] to
differentiate the input coordinates and model parameters, thereby incorporating
physical laws into the neural network. When establishing physical information
neural network, we consider PDEs taking the form

u + N [u; A\ =0, €[0,T],2 € Q (1)

subject to the initial and boundary conditions
u(0,z) =g(x),z € (2)
Blu] =0,t€[0,T],z € 00 (3)

where N [-] is a linear or nonlinear differential operator with parameter, B[] is
a boundary operator corresponding to Dirichlet, Neumann, Robin, or periodic
boundary conditions, and uis the solution of the above PDEs.PINNs can approx-
imate the unknown solution w (¢, z) using a deep neural networkug (¢, z), where
0 represents all tunable parameters in the neural network. Subsequently, a phys-
ical information model can be trained by minimizing the following composite
loss function.

L(0) = NicLic (0) + XpeLoe (0) + AL (0) (4)
where
1 Nic i 9
Le(0)= 5 o (21,0) — g (a1 6
¢ i=1
Nbc
‘CbC( Nbc ; |B u9 xbc’ tbc)| (6)

2

O (0t 15) 4 N ] (1) (1)

L0) = Z
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When utilizing data-driven methods to solve PDEs, the total number of training
points is typically relatively small, usually ranging from hundreds to thousands.
The L-BFGS algorithm can be chosen to optimize the loss function, which is
a quasi-Newton optimization algorithm based on the full batch gradient [22].
Larger datasets can be handled using stochastic gradient descent and its cor-
responding variants. If the given PDE is well-solved and has a unique solution,
then a vanilla PINNs can achieve high prediction accuracy with a network struc-
ture of sufficient width and depth, along with an adequate number of training
points.

According to the work of Wang et al. [16], PINNs can violate physical causal-
ity. PDEs are usually time discretized by sequential algorithms, ensuring that
the solution at time ¢ is successfully solved before the approximate solution at
time ¢t + At¢. But this dependence on time is not present in the loss function of
most continuous-time PINNs. In fact, even before fitting the initial conditions,
PINNs prefer to approximate the PDE solution first at a later time instead of
in chronological order during gradient descent training, thus violating temporal
causality.

To address the inherent drawback of PINNs in satisfying the physical causal-
ity of equations when solving PDEs, one can be achieved by defining a weighted
residual loss as

Ny
Lo (6) = Nit S e (1,0 (8)

where the weight w; is defined as

i—1
w; = exp <—EZ£T (tk,9)> ,i=2,3,...,N; (9)
k=1

where ¢ is the causality parameter, which is manually adjusted to govern the
extent to which the weight w; influences the residual loss. It is important to note
that there is an inverse relationship between the weight w; and the residual loss
at preceding time steps. Consequently, £, (¢;,60) will not be minimized unless all
previous residuals {L, (tk,Q)};;:ll decrease to some small value such thatw; is
large enough.

3 Adaptive Sampling with Adversarial Attacks

3.1 Adversarial Attacks

Adversarial attacks can be categorized into two main types: white-box and black-
box attacks. Based on the attacker’s objectives, adversarial attacks can further be
classified into targeted and non-targeted attacks. Targeted attacks aim to force
the model to misclassify the input into a predetermined class, and non-targeted
attacks merely generate adversarial samples to deceive the neural network, pre-
venting it from accurately completing the task. For a regression problem that
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approximates a function r (z) € R with r (z;0) € R, targeted adversarial attack
is an optimization problem that

mgX£(T(JC+C;9)7T($+C)) (10)

stClle <€

where L(+,-) is a distance function of r (x4 (;0) and r (x4 {), and € is the
threshold of maximum allowable adversarial perturbation.

PGD. For the regression problem of (10), we extends the basic PGD attack as in
algorithm 1. In the random initialization step, an uniformly distributed random
variable U [—¢, €] is added to the original sample . Then the perturbed sample is
clipped back to the problem domain €2. In the projected gradient descent process,
as we are maximizing the residual, gradient ascent are applied. The model takes
a step of 7 to the direction of the loss gradient each time. The clip can restrict
the range of the perturbation to not exceed the previously agreed range.

Algorithm 1. PGD

Require: he original sample z, the problem domain €, the regression model r (z;8),
the target function r (x), the loss £ (-), the maximum perturbation threshold e,
number of iteration steps 7', and the step size of each iteration 7.
go—0
z—x+U[—¢,€]
x «— clipo (z)
fort=1:7T do
gz — % sign (Var (230))
go < CZip[fs,s] (90 + gac)
end for
T <— T+ go
x «— clipo (7)

3.2 Adversarial Attack-Based Sampling

The details of the adaptive sampling method based on adversarial attacks are

outlined in Algorithm 2. At initialization, Ny samples are generated using

LHS. Then at the iterationk, adversarial samples are calculated for all sam-
()] Vet () \ Mt . .

ples {ak } yeeny {akfm} , {al } generated in the previous m

n=1 n=1 n=1

Ni—1 Ng—m-—1 No
iterations and the initial Samples{s,(gb_)l} yeees {sfg"_)m_l} ,{sén)} .

n=1 n=1 n=1
These calculated adversarial samples serve as candidate samples. New samples
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are selected from the Ny highest residual candidate samples, where Ny, is the
number of samples in the k-th iteration. Revisiting the samples from the first
m iterations can expedite the convergence of samples to regions of high residual
error. And revisiting the initial sample can prevent the iteration from becom-
ing trapped in a local region. The model is subsequently retrained on the new
samples before the commencement of the next adversarial training iteration.

Algorithm 2. Adversarial Attack-based Sampling

Require: The model u (x;0), the residual r (x;0) of model, the number of training
iterations K, the number of sampling points in each iteration N, k = 0,...0, K,
the problem domain €2, the maximum perturbation threshold e, the number of
iteration steps 7', the step size of each iteration 7, and the number of revisiting
iterations m.

: (m o
1: Sample {50 through LHS
n=1

N
2: u(x;0) « train on {5(()")} ’
n=1
3: fork=1: K do
4: fori=(k—-1-m):(k—1)do
: (m) |V _ M) |y (e Ni

5: {aiﬂ}n:l — {PINN PGD (s Jr (2;0)],¢,n, T, Q)}nZI
6: end foJI:]_ N
7: {agn)} . {PINN - PGD (s(()"), |7 (x;0)|,e,n,T, Q)} ’

n=1 n=1

Ny
8: {s,&”)} i — {argmaxer (z;0)} y, , Vo € (Uf:kfm {a&")} U {a?})

9: u (z; ) + train on (Uf:(] sz(.n)}>
10: end for

3.3 Pre-training Strategy for PINNs

Following the original work of Guo et al. [23], we improve PINNs using the pre-
training strategy. The pre-training strategy is composed of the pre-training step
and the formal training step. In pre-training process, Eq. lis trained in the time
interval [0,T,] by using the vanilla PINNs method as the pretraining step. Dur-
ing formal training, the additional supervised learning points from pre-training
enhances the performance of PINNs. The pre-training step can also provide an
additional supervised learning component, which is crucial for enhancing the
performance of subsequent formal training.

4 Numerical Experiments

4.1 Kuramoto-Sivashinsky Equation

The Kuramoto-Sivashinsky equation exhibits a wealth of spatially and tempo-
rally nontrivial dynamical behavior including chaos, and has served as a model
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example in efforts to understand and predict the complex dynamical behavior
associated with a variety of physical systems. The equation takes the form

Ut + Qutly + Buzy + Ygrze =0 (11)
subject to periodic boundary conditions and an initial condition
u(0,2) = uo () (12)

We start with a relatively simple scenario by setting o = 5, 8 = 0.5, v = 0.005,
and a spatial domain [—1, 1]. The initial condition is given by uy = —sin (7z).
The goal of the model is to learn the solution of the equation up to time 7" = 1.
Figure 1(a) demonstrates that when unprocessed PINNs are utilized for time
fitting within the range of 0<t<1, the fit is suboptimal. Figure 1(b) depict the
model’s fit using a modified loss function for this equation. However, this fit does
not match the theoretical result and falls short even compared to the perfor-
mance of unprocessed PINNs. The primary reason is that the hyperparameter
in the weight w; formula requires manual adjustment. The choice of hyperparam-
eters, tailored to the specific equation, significantly influences the minimization
of loss. Based on the weight w configuration, w; can only be sufficiently large if
all previous residual losses decrease to a specified level. However, due to inherent
characteristics of the equation, the reduction in residual loss {L, (¢, 9)}2;11 at
a given time is sluggish, limiting the optimization of overall weight w. Conse-
quently, the efficacy of causal PINNs may not surpass that of vanilla PINNs.

ulx; theta) u(x; theta)

B 10 2
0.5 1 0.5 ‘
x 00 -- 0 x 00 - 0
- -
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1

u(x,t)
o
ulx, t)

(a) Effect of the vanilla PINNs (b) Effect of causal PINNs

Fig. 1. Fitting effect of PINNs on Kuramoto-Sivashinsky equations.

This approach to preserving physical causality in the network merely forces
the model to progressively minimize the loss function over time, without optimiz-
ing for the reduction of the equation’s residual loss. The issue that vanilla PINNs
fail to sufficiently minimize the residual loss when dealing with equations exhibit-
ing highly nonlinear or high-frequency solutions remains unresolved. This results
in difficulties when calculating the weight w. Specifically, when the residual loss
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is processed in a time-ordered manner, it may encounter challenges during the
minimization of loss £, (t;,0) at certain times, explaining why the experimental
outcome does not match the theoretical expectation.

4.2 Convection Equation with Large Convection Coefficient

In this case, we consider using the adaptive sampling method and pre-training
method to solve a spatially 1D convection equation:

ou ou
a-’- a —0,(3’],t) (S (0,271’) X (0,1]

u (x,0) = sin () (13)

w(0,t) =u (2m,t),t € (0,1]

The exact solution is u (z,t) = sin (x — (t), the vanilla PINN method fails to
learn the solution in the cases of relatively large convection coefficients 3 > 10.

In this example, convection coefficient 8 = 50, the PINNs model is a fully
connected neural network with eight hidden layers with 40 neurons each. The
number of boundary points is set to 800. The model was first trained on 3000
Latin hypercube sample points for 150,000 epoch using the Adam optimizer with
learning rate [, = 0.0001.

ulx) Julx; theta) — u(x)]
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Fig. 2. The exact solution and absolute error.

Figure 2(a) illustrates the accurate solution for the one-dimensional convec-
tion equation for § = 50 at t = 0.1. Figure 3(a) displays the performance of the
vanilla PINNs in fitting the data. The fit appears to be satisfactory at points
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Fig. 3. Fitting effect of PINNs on one-dimensional convection equations.
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Fig. 4. Adaptive sampling points.

t = 0.1 and ¢t = 0.2, but there is a significant discrepancy between the approx-
imated solution at point ¢t = 0.75 and the actual solution. The heat map of
variable u (z; 6) indicates that the fit deteriorates as the value of u (z) increases.

Based on this approach, the adversarial attack-based method is employed to
selectively determine the residual points as the training point set. Figure 4 illus-
trates the adaptive generation of residual points using the adversarial attack-
based method. By examining the absolute error plot in Fig.2(b), which depicts
the use of vanilla PINNs models for problem-solving, it becomes evident that the
adversarial attack concentrates on areas with substantial residual error and fail-
ure zones near the boundary points. Additionally, a comparison of the model’s
fitting effect in Fig.3(a) with the distribution of adaptive sampling reveals
that the model prioritizes areas with suboptimal fitting effects. Figure 4 further
demonstrates that adversarial examples enhance already well-trained intervals.
Figure 2(c) respectively display the absolute error and fitting effect of adap-
tive sampling points utilizing adversarial attacks. A comparison with vanilla
PINNs reveals that areas with significant residual error have been more effec-
tively addressed, and the fitting effect of u has also been enhanced. Figure 3(b)
and Fig. 2(d) depict the fitting effect following the integration of the pre-training
method, revealing that the modified model maintains satisfactory accuracy, even
when G = 50.



440 Y. Li et al.

4.3 Basic 1D Wave Equation

The governing PDE is
Ut — 4umx =0 (14)

The domain is @ x T' = [0, 1] x [0,1]. The boundary conditions are

u(0,t) =u(1,t) =0 (15)

The initial condition:
u(z,0) = sin (7x) + %sin (4mx) (16)
ut (2,0) =0 (17)

The analytical solution of this problem is
1
u (z,t) = sin (wx) cos (27t) + 3 sin (4mx) cos (87t) (18)

Vanilla PINNs are inadequate for solving the one-dimensional wave equation.
This chapter introduces a combination of adaptive sampling and pre-training
methods, based on adversarial attack, to address this issue. The experimental
setup involved a fully connected neural network with eight layers, each containing
40 neurons. Three pre-training intervals, (0,0.2], (0,0.6], and (0, 0.8], were cho-
sen. During the first training interval, Latin hypercube sampling was employed
to select 3000 training points, with each training round consisting of 200,000
iterations. Subsequently, the adaptive sampling method, grounded in adversar-
ial attack principles, was utilized to enhance the training on (0,0.2]. Once the
training efficacy was satisfactory, the same adaptive sampling technique was
employed to determine the training points for the subsequent interval, continu-
ing this process until all intervals had been trained.

ulx) |ulx; theta) — u(x)|
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(a) Effect of the vanilla PINNs (b) Effect of the modified PINNs
Fig. 5. The exact solution and absolute error.

In Fig.5(a), a heat map depicting the analytical solution of the one-
dimensional wave equation is presented. Figure6(a) illustrates the sampling
points chosen by the adaptive sampling technique, which is predicated on adver-
sarial attack. By examining the absolute error plot of the fitting effect in
Fig.5(b), one can discern that the training points are primarily located in regions
with significant errors. This allows the model to focus on areas where the train-
ing effect is suboptimal and enhance the training in these regions. Subsequently,
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Fig. 6. The modified PINNSs.

Fig.5(b) presents the improved fitting effect of the PINNs model, which has
been enhanced through a pre-training strategy combined with the adversarial
attack adaptive sampling method applied to the one-dimensional wave equa-
tion. A comparison with the analytical solution images in Fig. 5(a) reveals that
an excellent fitting effect has been attained.

5 Conclusion

In this study, we investigate the challenges faced by vanilla PINNs when pro-
cessing inter-evolution equations from a causality standpoint. We introduce the
architecture of a Causal Information Neural Network. During numerical experi-
ments, setting the causal parameter ¢ manually proved challenging, resulting in
suboptimal performance. Recognizing the significance of training point distribu-
tion on PINNSs’ efficacy, we propose an adaptive sampling technique grounded
in adversarial attacks. Experiments involving one-dimensional convection equa-
tions with substantial convection coefficients demonstrate that this adversarial
attack-based sampling approach enhances PINNs’ performance. Furthermore,
we present a pre-training strategy and integrate it with our adaptive sampling
method, yielding superior fitting outcomes in convection equation and fluctua-
tion experiments.
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Abstract. Traditional Reinforcement Learning (RL) methods often
require careful algorithm design, hyper-parameter tuning, and experi-
mentation to perform optimally across multiple tasks. Multi-task models,
however, offer increased efficiency, better generalization, and improved
resource utilization, which are crucial for robots performing diverse
autonomous tasks. On the other hand, single-task models often demon-
strate better results and more robust task-specific policies. In this paper,
we demonstrate the versatility of these models through experiments on
the Mobile Aloha robot, which has both manipulation and navigation
capabilities. The main idea behind our work is to demonstrate the use of
various types of RL algorithms (single and multi-task) for multi-control
robots (in our case, Mobile Aloha) which has not been explored much
in the past. We conclude the paper with comparative results of experi-
ments with state-of-the-art RL algorithms across different types of tasks
including navigation, manipulation, and a combination of both.

Keywords: Multi-Task Learning - Reinforcement Learning -
Autonomous Robots - Model-Based Control

1 Introduction

The Mobile Aloha robot, a new and promising platform, offers advanced capa-
bilities for complex multi-task control, making it a significant focus in the field of
robotics. It has both manipulation and navigation capabilities and has demon-
strated remarkable performance in challenging, real-world tasks. However, these
impressive results have predominantly been achieved through behavior-cloning
methods using Action Chunking with Transformers (ACT) [4] rather than con-
ventional RL approaches. Moreover, the study on the use of multi-task RL algo-
rithms for multi-control robots such as Mobile Aloha [4] is limited and has not
been explored much in the past.
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In this paper, we explore the usage of state-of-the-art RL methods to enhance
the versatility and efficiency of the Mobile Aloha robot. While modern RL algo-
rithms are pivotal in modeling the behavior of autonomous robots for single
tasks (like manipulation or navigation), their effectiveness often degrades when
extended to multi-task domains due to the complexities involved in designing
reward functions, task-specific hyper-parameter tuning, and experimental vali-
dation [14].

For our analysis, we compare a range of baseline models for single-task RL,
such as Soft Actor-Critic (SAC) [6] and Proximal Policy Optimization (PPO)
[16], against multi-task RL algorithms like Temporal Difference Model Predictive
Control 2 (TDMPC2) [9] and DreamerV3 [7]. In addition, we also consider two
more Temporal Difference (TD) based RL algorithms, namely, Fuzzy Q-Learning
(FQL) [1] and Dynamical Fuzzy Q-Learning (DFQL) [3] which are baseline RL
algorithms based on Temporal Difference (TD) learning and are a more advanced
implementation of Q-Learning [12]. Through a series of experiments conducted
on the Mobile Aloha robot, the results show that TDMPC2 stands out by manag-
ing multiple tasks without the need for extensive, task-specific hyper-parameter
tuning, unlike traditional Model-Based RL (MBRL) systems. This simplification
significantly reduces the overhead associated with task and domain switching.

wrist cameras  top camera O
\
~

battery pack &

Fig. 1. Mobile-Aloha Robot with teleoperation. It has 2 DOF (Degrees of Freedom)
for base (wheels) and 14 DOF for manipulators (7 for each). It also contains a LIDAR
sensor and two cameras mounted on both manipulators. Reference[4]

2 Related Works

There are multiple prior works which have tried to implement robust to hyper-
parameters RL algorithms which maintain their resilience across a variety of
architectures and variations in tasks and data, such as Double Q-learning [11],
Randomized Ensembled Double Q-Learning (RED-Q) [2], Stabilized Q-Value
Estimation under Augmentation (SVEA) [8]. MoDem-V2, as introduced by [15],
provides an example of the application of Model-Based Reinforcement Learning
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(MBRL) in real-world settings and highlights the importance of safety and effi-
ciency by incorporating exploration centering, agency transfer, and actor-critic
architecture which allow direct real-world usage without extensive task-specific
tuning.

Further work on these concepts has been explored by [13] at Google Robotics,
which focuses on using a large-scale multi-task learning system that aims to
reduce the cost of learning across multiple skills by enabling a shared learning
structure across diverse tasks. Yet the problems of data inefficiency, extrapo-
lation errors, scalability, and real-world application remain a challenge. At the
same time, methods like Action Chunking with Transformers (ACT) [17] have
been successfully implemented for multi-control robots like Mobile-Aloha before,
but they normally require extensive training data mainly through tele-operation.
Hence, the task of effectively using RL algorithms for the same is a novel one.

For the sake of comparison, we use the state-of-the-art baselines including
Soft Actor-Critic (SAC) [6], which is a model-free RL algorithm known for its
sample efficiency and is an off-policy algorithm similar to TDMPC2. We also
use Proximal Policy Optimization (PPO) [16], which is an on-policy algorithm
and can provide a neat contrast as compared to off-policy TDMPC2. The third
baseline we are using is DreamerV3 [7], which similar to TDMPC2 is a multi-
task model and can be used for direct comparison across various tasks using
Mobile Aloha. We also consider Fuzzy Q-Learning (FQL) [1] and Dynamical
Fuzzy Q-Learning (DFQL) [3] as Temporal Difference learning-based baseline
algorithms.

3 Preliminaries

We formulate the robotic tasks of Navigation, Manipulation, and Mobile Manip-
ulation within a unified Markov Decision Process (MDP) framework. This frame-
work is used to model decision-making scenarios where outcomes are partly ran-
dom and partly under the control of a decision maker. Each task is modeled as
follows:

— State Space (5): Represents all possible configurations and statuses of the
robot and its environment. This includes the robot’s spatial coordinates, ori-
entation, velocities, state of manipulative appendages (e.g., gripper open or
closed), and positions of relevant objects (e.g., obstacles, cubes).

— Action Space (A): Consists of all actions the robot can perform, including
navigation (e.g., linear and angular velocity), and manipulative actions (e.g.,
grasp, lift).

— Transition Dynamics (P): Defines the probabilities P(s'|s,a) that taking
action a in state s will lead to state s.

— Reward Function (R): A function R(s,a,s’) providing a scalar feedback
signal after transitioning from state s to state s’ due to action a.

— Terminal Conditions: Each task has conditions under which it is considered
complete. This includes reaching a target location, successful manipulation
of objects to designated states, and timestep constraints.
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The MDP is represented by the tuple (S, A, P, R,~), where ~ is the discount
factor. The goal in each task is to find a policy 7 : S — A that maximizes the
expected cumulative reward:

max E
s

[ee)
Z v R(sq, ar, 3t+1)‘| )
t=0

where s; is the state at time ¢, a; = 7(s;) is the action taken according to policy
m, and s;41 is the state resulting from action a;.

3.1 Mobile-Aloha Control Algorithm

Mobile Aloha is a low-cost mobile manipulation system developed for bi-manual
and whole-body tele-operation as shown in Fig. 1. It is designed to perform com-
plex, long-horizon tasks by leveraging imitation learning from human demon-
strations. The system includes onboard power and computation, and it supports
autonomous execution as well as tele-operation, for the base controls, we use
the unicycle model. The controller takes in desired linear and angular velocities
[u,w] as input and outputs the desired angular velocity of each wheel [0, 05].
To demonstrate the control of the robot’s base wheels, we will introduce the
following notation and a corresponding algorithm. Notations: Let v and w
denote the linear and angular velocities of the vehicle, respectively. The wheel
radius is 7, and L is the wheelbase. The maximum linear and angular velocities
are Upmar and wmee- The angular velocities of the left and right wheels are éL
and 6 Rr, With émw as the maximum wheel angular velocity.

Algorithm
1. Input Command:
command = {U} (1)
w
2. Limit Vehicle Speed:
—Umax lf v < ~—Umax; —Wmax lf w < *wmaxa
U = § Umax if v > Umax; » W = § Wmax if w> Wmax (2)
v otherwise w otherwise
3. Calculate Wheel Speeds:
. 2v — wlL . 20+ wlL
0p =——, Ogp=—— 3
L= T =T 3)
4. Limit Wheel Speeds:
_émax if 9L < _9max _émax if éR < _émax

éL = émax if éL > émax 3 éR = émax if éR > émax (4)
0, otherwise Or otherwise
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5. Return Control Effort (action) :

Effort = [GL} (5)
Or
For manipulator we use OperationalSpaceController from:
https://github.com/abr/abr_control, taking in target end-effector pose (position
and orientation) as input and outputs the joint effort (torque) required by each
joints.
min_effort; if u; < min_effort;
Effort; = < u; if min_effort; < u; < max_effort; (6)

max_effort; if u; > max_effort;,

where u; is the torque.

3.2 Simulation Environment

To evaluate the performance of the RL algorithms, we conducted our experiments
in a simulated environment using Mujoco and OpenAI Gym. The simulation uti-
lizes the Unified Robotics Description Format (URDF) model of Mobile Aloha
provided by AgileX Robotics available on their GitHub repository: https://
github.com/agilexrobotics/mobile_aloha_sim.

Note: For the sake of simplicity, we have used single arm manipulations and
state-based observations.

4 Experiments

4.1 Problem Formulation

Table 1. Experiments

Task Observation dimension|/Action dimension
Navigation 16 2
Manipulation (17 7
Pick-and-Place|26 9

The algorithms are evaluated on the basis of three tasks (as described in
Table 1) using the Mobile Aloha robot. The experiments were designed to test
the agent’s ability to perform both individual tasks and combined tasks. We
compared the performance of single-task state-of-the-art algorithms like SAC
and PPO with multi-task RL algorithms like TDMPC2 and DreamerV3 along
with comparisons with other TD-based RL algorithms like FQL and DFQL. The
following experiments were conducted:
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https://github.com/agilexrobotics/mobile_aloha_sim
https://github.com/agilexrobotics/mobile_aloha_sim

448 A. Narendra et al.

4.2 Experiment 1: Navigation

The robot must reach a designated target position within the environment. The
environment contains obstacles that the robot must avoid while navigating to the
target position as seen in Fig.2. The target position is specified by coordinates
within the simulation space. The reward function is defined as follows:

r¢ = —d¢ + Rgoal - I(Reached Target) — Rcon - I(Collision) (7)

where d; is the distance between robot and target, I is the Indicator Function.
Rgoa1 is a constant reward, give when the robot reaches the goal position and
Reon is the negative reward (subtracted) in case of collision of robot with an
obstacle.

Fig. 2. Navigation Task: The robot maneuvers around the obstacles (blue cube) to
reach the target position (table)

4.3 Experiment 2: Manipulation

The robot must pick up a target cube and lift it to a specified height. The
environment, as seen in Fig. 3, includes a target cube placed at a random position
within the robot’s reach. The reward function is defined as follows:

7t = —deube + Rpickup - [(Picked Up Cube)

8
+ Rheight - I(Lifted Cube to Certain Height), (8)

where —dcube is the distance of the cube from the target position, Rpickup is the
reward for picking up the cube,Rpeight is the reward for lifting the cube to a
certain height and I.

4.4 Experiment 3: Navigation and Manipulation

The robot must navigate to the target cube, pick it up and place it at a des-
ignated target position. The environment, Fig. 4, contains a target cube and a
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Fig. 3. Mobile Aloha Performing Static Pick-Up Manipulation Task with footage from
top-mounted camera (right)

target position. The robot must first navigate to the cube, pick it up and then
navigate to the target position to place the cube. The reward function is defined
as follows:

—Tcube + Rpickup - I(Picked Up Cube)

—Reon - I(Collision), if cube not picked up
—Ttarget + Rplace - 1(Placed Cube)

—Ron - I(Collision), if cube picked up

)

ry =

Here, all the variables correspond to those used in the reward functions for the
Manipulation and Navigation tasks.

Fig. 4. Manipulation+Navigation Task. Mobile Aloha picks up the cube (left), navi-
gates to the target table (middle) and places it on the target table (right)

5 Results

In our experiments, we compared the performance of multi-task TDMPC2
and DreamerV3 with single-task PPO and SAC, along with a comparison of
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Table 2. Hyperparameters for Different Algorithms

TDMPC2 DreamerV3 SAC

Hyperparameter [ValueHyperparameter Value Hyperparameter Value
Encoder dim 256 |Hidden size 384 |MLP Hidden size 1024
MLP dim 384 |Recurrent units (3072 |Seed steps 1000
Latent State dim|128 |Batch length 64 |MLP activation RELU
Encoder layers |2 Return lambda [0.95 |Momentum coeff. 0.99
Q-functions 2 Batch size 16  |Batch size 2
PPO FQL DFQL

Hyperparameter |ValueHyperparameter ValueHyperparameter Value
Hidden layers |2 Initial Q-value |0 Initial Q-value 0
Epochs 10  |Learning rate |0.1 |Learning rate 0.1
Clip range 0.2 |Discount factor 0.95 |Discount factor 0.95
GAE parameters|0.95 |Exploration rate/0.99 Exploration rate 0.99
Batch size 4096 Batch size 128 |Rule addition threshold|0.2

TDMPC2 with FQL and DFQL. Hyperparameters are defined as parameters
that govern the training of the RL algorithm (e.g. learning rate, discount fac-
tor, etc.). We used the default hyperparameters recommended by the TDMPC2
authors [9] with 1 million parameters for each task.

For the DreamerV3, we utilized the “S” model size configuration and hyper-
parameters recommend in their paper [7]. For SAC, we followed the TD-
MPC paper [10] in their decision to benchmark against the SAC implementa-
tion from https://github.com/denisyarats/pytorch_sac. For PPO, we employed
RayTune with RLlib to optimize the hyperparameters. The implementation
of FQL and DFQL is based on the reference [5] and the python based
code from https://github.com/seyedsacidmasoumzadeh /Fuzzy-Q-Learning. The
models were trained for 500k timesteps and then evaluated over 1M timesteps.

Note: Some of the main hyperparameters of the selected RL algorithms and
their values are mentioned in the Table 2. A complete list of hyperparameters
can be found in the papers specified above.

For simple Navigation task with low action dimension, all algorithms have
more or less optimal, as shown in Fig.5. Overall, TDMPC2 demonstrates more
consistent performance and outperforms the baselines, particularly in challeng-
ing tasks. This trend is evident in the TDMPC2 [9] paper, where TDMPC2 out-
performed SAC, DreamerV3, and vanilla TDMPC on high-complexity, difficult
tasks such as Dog Run, Humanoid Walk (DMControl), and Pick YCB (Man-
iSkill2). At the same time, both FQL and DFQL exhibited subpar performance
and failed to converge on any tasks.

To demonstrate the effectiveness of multi-task approach, we compare the
results of single-task TDMPC2 agent with multi-task TDMPC2 agent. The mod-
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Fig. 5. Experiment Results

els were trained on a dataset 2M transitions obtained from the replay buffers of
the three single-task agent as recommended in the original TDMPC2 paper|[9].
From Fig.5d. We can observe that initially the performance of both single and
multi-task agents is more-or-less the same but single-task agent performs slightly
better than the multi-task agent which might be attributed to the increasing
complexity of the tasks.

6 Conclusion and Limitations

6.1 Analysis and Discussion

While TDMPC2 showed promising performance across multiple tasks without
the need for task-specific tuning, the other algorithms also demonstrated distinct
strengths and weaknesses. PPO and SAC, although they required more specific
hyperparameter adjustments facilitated by tools like RayTune and RLlib, still
managed to perform optimally in tasks with lower action dimensions. Dream-
erV3, utilizing its “S” model size, displayed sub-optimal performance, particu-
larly in complex scenarios. On the other hand both FQL and DFQL showed sub-
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par performance which might be attributed to the fact that navigation, manip-
ulation, and mobile-manipulation tasks involve complex space and action state
hence FQL and DFQL, being simpler in their approach, often lack the sophisti-
cation required to handle high-dimensional, continuous state and action spaces
effectively.

However, each algorithm also exhibited specific limitations. For example,
TDMPC2, while robust in handling diverse tasks with a single hyperparameter
set, was noted for potential numerical instabilities in high-dimensional tasks.
PPO and SAC, although generally effective, often required extensive tuning to
reach optimal performance, particularly in complex tasks.

6.2 Conclusion

The comparative analysis across TDMPC2, PPO, SAC, and DreamerV3, as
well as FQL and DFQL, reveals that no single algorithm universally excels
in all aspects of multi-task learning for autonomous robots. Each algorithm
has its own strengths and trade-offs, suggesting a potential benefit in hybrid
approaches or further algorithmic development to mitigate their respective lim-
itations. TDMPC2, despite outperforming other baselines in a simulated envi-
ronment, has yet to be tested or implemented in real-world applications or on
actual robots.

Future research should focus on enhancing the scalability, stability, and effi-
ciency of these algorithms to better adapt to diverse and dynamical real-world
applications. Additionally, addressing the specific challenges of transitioning
from simulation to physical robots will be crucial for advancing the practical
deployment of these technologies in autonomous systems. Overall, our findings
underscore the importance of continued exploration and improvement of multiple
RL algorithms to fully leverage their potential in complex, multi-task environ-
ments.
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Abstract. Modern developments in automotive systems allow them to perform
new complex functions, leading to a situation where standardized functional safety
and security lifecycles are sometimes not able to meet their goals both in terms of
risk reduction and agility.

To address the issue, the authors suggest using a model to jointly represent the
safety and security of an automotive system. The model is based on a Bayesian
Network (BN). The activities performed in the safety and security lifecycles impact
both the structure and conditional probabilities of the BN. The network allows
assessment of safety and security properties by calculating the likelihood for the
relevant claims both during the development and after it. We demonstrate the
implementation of our approach with the example of an advanced driver assistance
system (ADAS).

Keywords: Automotive - Functional Safety - Cybersecurity - ISO 26262 -
ISO 21434 - Bayesian networks - Safety Analysis - Safety Assessment

1 Introduction

Modern developments in automotive systems allow them to perform new functions
besides the control of brakes and engines. ADAS gradually take over the role of the
driver, while V2X communications make the road a safer place. This increase in terms
of functionality necessarily challenges the required stack of engineering methods. This
research puts focus on probabilistic modelling with priority on SW.

1.1 Challenges in SW Development for Modern Automotive Systems

The engineering team must solve three problems: its principal problem of system design,
the process problem, and the certification problem.

1. The principal problem is the management of complexity itself, including the proper
choice of architecture, coding, and testing. The current paper does not consider this
problem explicitly.
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2. The process problem is related to two factors. The first factor is the uncertainty
faced by engineers during SW development. The second factor is the need for agility.
Direct application of safety standards is cumbersome and may not always justified by
the gains in system quality!. The literature related to this problem is quite extensive
(e.g. [1D.

3. The certification problem manifests after the development is finished. Currently,
most automotive certifications just check if the system and SW were developed
according to a process. Certification based on semi-formal proof (i.e. safety case)
is promoted by researchers (cf. [2—4]).

1.2 Problem Statement and Structure of This Paper

The previous section shows that there are many sources of uncertainty in automotive sys-
tem development. The proper tool to work with uncertainty is probabilistic calculations.
Two of the problems listed in Sect. 1.1, namely the process problem (2) and certifi-
cation (3) can be formulated into one research question: How to handle uncertainties
during and after the development phase to create provably safe and secure SW-defined
automotive system?

This paper’s answer to this question is: The uncertainties are best handled using a
probabilistic model (PM). The solution shall conform to the following properties:

1. There shall be a method to derive the PM from existing development artifact(s), and
this method shall require as small amount of effort as possible.
2. There shall be a method to analyze the PM for actionable results, at least the following:
a. Decisions guiding the design process.
b. Decisions on acceptability of the developed system in terms of its safety and
security
c. Decisions on acceptability of the safety case for assessment of safety and security
3. The PM shall integrate as many system properties as possible.
4. The PM shall be universal in terms of sources of information it can integrate.

2 Safety and Security Assurance and Probabilistic Models

2.1 Safety, Security, Assurance, Protection

Achieving quality attributes (e.g. safety, security etc.) can be a key factor for system’s
success on the market [5]. There are more than 100 quality attributes known [6]. In this
paper, we focus our attention on just two: safety and security.

1 One of the authors once took part in a “dry run” of ISO 26262-based processes in a well-
established Russian IT company. First, a SW unit (memory allocation manager) was imple-
mented according to established company process by a small development team. Then, the same
functionality was implemented by another (but equally able) team according to ISO 26262-
based processes. The second team required ca. 120% more effort to complete the work. Both
SW units later underwent fuzzing testing (fuzzing testing is not part of ISO 26262). There was
no significant difference in testing results. This exercise very much undermined the company
leaders’ belief in ISO 26262 as a tool to improve SW safety.
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Safety is a system property related to the absence of unreasonable risk, while risk
is understood as possible harm to people having some probability [7]. Cybersecurity is
a condition in which assets are sufficiently protected against threats [8]. Both refer to
some negative event (harm to people or assets) that shall be prevented to some degree
(reasonable risk, sufficient protection). Also, neither of two is directly measurable. The
only way to prove safety or security is to argue for them, so that the argument can be
accepted or refuted.

In this Chapter we will focus on safety arguments and safety cases. Everything that
is true about safety arguments is also true for security. In Sects. 3 and 4, where the
difference between safety and security becomes important, we introduce another word
to encompass both safety and security: protection.

2.2 Process-Based and Evidence-Based Approaches to Safety Case

Safety case is the argument that safety is achieved for items or elements and satisfied
by evidence compiled from work products of activities during development [7]. In the
framework of ISO 26262, the safety case is seen as an account of development, and its
goal is to show that all prescribed steps have been implemented. However, ISO 26262
is a process assurance-based safety standard.

Alternatively, there are product evidence-based safety standards, e.g. UK Defense
Standard 00-56 [9]. This standard does not prescribe any process for system development.
According to this standard, the development team prepares an argument to logically prove
that their work meets both the measurable requirements (functional and non-functional)
and the quality attributes such as safety and security. This approach is advantageous
regarding the process problem (see Sect. 1.1).

For the rest of this paper, we adopt the definition based on [9]: a safety case is
a structured argument, supported by a body of evidence, that provides a compelling,
comprehensible and valid case that a system is safe for a given application in a given
context.

Table 1. Lexicon of the Goal-Structured Notation (excerpt).

Letter ~ Graphical Name Definition [10] Modelled by (cf. [11])
code representation
G Goal Claim forming part of the Claim
argument.
C Context Contextual artifact: statement or Axiom
reference to the source of
information
J @ Justification Statement of rationale Axiom
St E Strategy Inference between a goal and its Inference rule
supporting goals or solutions
Sn Q Solution Reference to an evidence item Evidence
NA EEE— SupportedBy “Supported by” relation between Not modelled directly, encodes
elements. PM structure
NA _—> InContextOf Relation between a goal and a Not modelled directly, encodes

context element. PM structure
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2.3 Semi-formal Representations of Safety Cases

Several attempts have been made to formalize the representation of safety cases, the most
popular are Structured Assurance Case Metamodel (SACM) [12] by Object Modelling
Group (OMG) and Goal-Structured Notation (GSN) [10] by Safety-Critical Systems
Club (SCSC).

In this paper we will focus on GSN. The relevant part of the lexicon (i.e. signs that
can be used) is shown in Table 1. A safety case rendered in GSN is presented on Fig. 1.

Context 1 Goal 1
Identified hazards <l All identified hazards
are H1 and H2 are sufficiently mitigated

Strategy 1

Argument over all

identified hazards
Justification 1 Goal 2 Goal 3
1*10-6/h is the )<I"| Probability of H2 Hazard H1 has been
limit for H2 occuring is <1*10-6/h eliminated

Testing
results

verification
results

Fig. 1. A safety case fragment in GSN format (from [11])

2.4 Probabilistic Modelling of Safety Cases

In this section, we demonstrate a probabilistic model of a structured argument and show
how to use it for modeling a safety case in GSN. The description here follows the method
presented in [11].

The model is a tuple consisting of sets of statements M (Q, A, E, R), where Q is the
set combining all claims, A is the set of axioms, E is the set of evidence, and R is the set
of inference rules. A claim is a statement which we need to prove in the argument, e.g.
The system is safe. Claims can depend on other claims, evidence, and axioms. An axiom
is a statement which is always true within the range of the validity of the model, e.g.
Only hazards related to malfunctions of system components are analyzed. Any violation
of an axiom invalidates the model. Evidence is a statement which can be true or false
depending on the observation, e.g. A hazard analysis was carried out. We can check if
the mentioned work product was prepared or not.

Inference rule is a pair r = ({¢;, ¢2, ..., du}, @), Where {@;, ¢2, ..., §,} are called
premises and ¢ is a formula called conclusion. A formula puts a restriction on which
premises it can accommodate and informs how its result depends on the value of the
premises.

All the elements listed above are sources of uncertainty. Let us consider one claim ¢
that uses one inference rule r having n premises pj, p2, ..., Pn, in the contexts of axioms
A and evidence E:
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P(qlA.E) = P(q.r.p1.....palA,E) + P(q.7,p1.....Pu|lA. E) +--- + P(q, 7. p1, ..., PnlA E)
(1)
All members of the sum in (1) are non-negative. To obtain a pessimistic assessment,
we drop all members of the sum but the first:

P(qlA,E) = P(q.r,p1,...,PulAE) (2)

Considering premises to be independent from each other, we get:

P(qlA. E) = P(q.1.p1. ... pal P [ P(ilA. E) 3)

3 Probabilistic Modelling of a Protection Case

3.1 Forming a Protection Case by Combining Safety and Security

Our aim is to present a unified approach to non-measurable quality attributes. As a first
step, we introduced the attribute protection (see Sect. 2.1), which combines functional
safety (FS) and cybersecurity (CS). Both attributes have their own structured arguments
represented by the models M s and M ¢g respectively. To combine the arguments, we
need to calculate the union over their models.

For axioms (A), evidence (E) and inference rules (R) the union has the same meaning
as in set theory. However, it is different for claims (Q), as claims within different cases
may be contradictory. To solve this issue, we upgrade the model presented in [11] with
two more sets: the set of system properties S and set of allocations L. Allocation / is a
relation between a claim and a system property that it is related to:

leL:geQ-5s*es 4)

One claim can be allocated to at least one system property, i.e. S* is a non-empty
set. Now we can formally define rules to define the set Q" as union over claims ¢; and

q2:

L b Sf#S5=>0"=qUq
n+@lag =S>8 =185 =8 =S " q=p=q9q=0"=q (5
Sf=Si=S"q#n=0 =0

In plain words, if there are two non-equal claims related to the same set of system
properties, one needs to introduce a new non-empty set of claims Q* that supports the
new case. In the equation above Q/ is a new set of claims that put possible contradictions
in line with each other. Q/ shall be obtained analytically.

Now we update L with new non-empty set of allocations L

S1# S = L*={l; b}
S1 =8 =S8 :Vg* € Q* = I* 1 g* 5 S LF = I

(6)

I A
L+bhlgi:iq—Si,q:q > S =

In plain words, all claims retain their allocations, and the newly created claims from
/o, . . .
Q inherit allocations from their parents.
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3.2 Determination of the BN Structure

Now we need to transform the case model into the PM in the form Bayesian network
(BN). As the definition of the model was updated, we need to update (2):

P(g|A,E) > P(q,7,p1,....pnlAE,L,S) @)

Let us denote the right side of the inequality as Py, and analyze it:

Py =P(q,r,p1,..., PulAE.L,S)=P(q.r,p1,..., pnlA)P(r\A)l_LP(PiIA, E, L, S)P(L)P(S)
®)

First, we consider probabilities dependent on allocations. We assume for any part
x of the model Py (xIL) = Py(x). This is not to say that claim allocations are always
correct, but the belief in allocation is not separable from our belief in a claim.

Second, we consider dependencies on system properties. Claims do not depend on
real system properties, just on the evidence they expect (see Sect. 2.4). Therefore, we
may state that P(p;|A, E, S) = P(pi|A, E)P(S). The value P(S) denotes the belief that
the system property s; € S requested by the argument is achieved.

Below is the final form of (8). The BN is based on this equation.

Py = P(@, 7,01, PalA B) = P(q, 1, prs . pal PO [ Pila, X Psj)
©)

3.3 Determination of Conditional Probabilities

Each node of the BN contains the conditional probabilities table (CPT). CPTs are used
to calculate the probabilities of the outcomes related to the node depending on the
probabilities known for other nodes. Conditional probabilities (CPs) can be obtained
based on rules, assigned based on assessment, or learnt.

Rule-based assignment of probabilities usually results in the assignment of the
values of 0 or 1 or defining a full group of events (a group for which all CPs sum up to
1). For this work, we use rules described in [11].

Assessment-based assignment of probabilities brings less precise results but a
wider scope, which makes this method inevitable. A range of tools has been proposed:
majority voting, consent method for decision making [13] Kendall’s Coefficient of
Concordance (KCC) [14], but definitely the most popular method is the “Estimate —
Talk — Estimate” (ETE) method, also known as Delphi method, that relies on structured
approach to questioning a panel of experts [15].

3.4 Continuous Assessment of Protection Quality Attribute

The BN formed from the protection case represents a hypothesis connecting the system
properties with the quality attribute “protection”. After the hypothesis is formed, it can
be tested either during verification and validation or after the development.
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There are methods to learn both the structure and CPTs for BNs [16]. Here the
structure of the BN represents the structure of arguments because the goal is to see
how well reality corresponds to the model-based prediction. The measure for this is
likelihood, i.e. the probability that the observed values are obtained conditioned on the
parameters of the BN and the model structure [16]:

L=P(S|0,M) (10)

The likelihood can be used to estimate the parameters of the BN (Maximal Likeli-
hood Estimator, MLE) or to control how well the observations correspond to the model
prediction. A likelihood limit can be set, and models with likelihood beyond thus limit
can be dropped.

4 Use of BN Model in Engineering and Assessment Practice

4.1 ADAS System and the Protection Case

ADAS External Lights System is used to illustrate the concepts presented above. The
block diagram of the system is shown below.

The ELS is the single point of control for the headlights of the car. Lights power
control is a system part that activates or deactivates the physical switches controlling the
flow of energy into the lamps.

Request from
Internet

Remote lights control lllumination sensor
(" Infotainment system MQTT ()
Connectivity unit |—»| Lights status unit |—»| Lights power control (Headhghls

ADAS External Lighting System

( Vehicle CAN 0
Vehicle Request
speed from BCM

Fig. 2. ELS Block Diagram

We ignore the hardware and the middleware of the system, focusing just on the
application SW as shown on Fig. 2. Remote lights control (RLC) is a small radio device
placed within the car key. It allows the driver to turn on the headlights of the car remotely.
Illumination sensor (IS) is placed under the windshield. Connectivity unit (CU) ensures
connectivity with other systems. The infotainment system transmits the signals from a
cloud interface which can be used to turn vehicle lights ON or OFF using a smartphone
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app. Light Status unit (LSU) receives the signals from the illumination sensor and the
CU and decides if the lights must be switched ON or OFF. The Light power control
(LPC) implements the LSU decisions.

Table 2. Combining two GSN cases into one (excerpt)

Set | Safety Security Protection Comment
(0] G_FS_02. All G_CS_02. All relevant | G_P_02. All relevant The claims are
unit-level threats and attack threats and attack related to different
requirements are | vectors are identified | vectors are identified system properties
elicited G_P_04. All unit-level | (security and
requirements are safety):
elicited O*=qUq
G_FS_03. All G_CS_03. Mitigation | G_P_03. Mitigation of | Although
requirements are | of all relevant all relevant G_FS_03 and
satisfied vulnerabilities is vulnerabilities is G_P_05 have the

implemented implemented same wording,
G_P_05. All they are different
requirements are claims because
satisfied the requirements
in question and
the ways to prove
them are different
Q=0
L lrs: G_FS_02 lcs: G_CS_02 — Ip:G_P_04 —> The requirements
— Sn_FS_01 Sn_CS_01 Sn_P_01 for protection
shall take threats

into account

The protection case for ELS is combined from FS and CS cases as shown in
Sect. 3.1. Both cases share the top claim: “When the speed of the car is about 5 km/h,
the lights can be deactivated by the driver only”, because turning off lights in the dark at
high speed may cause harm. The cases are created based on generic safety and security
processes (not aligned with the standards).

Now we need to demonstrate the procedure for forming a protection case by com-
bining the GSN cases for safety and security. Sets Q and L, however, shall be unified
according to the rules outlined in Eqs. 5 and 6 respectively. Table 2 makes examples of
such unifications.

BN for the protection case is based on model described in Sect. 3.2. For simplicity,
we will only consider the part of the case related to CU and ignore all others. The BN
is shown in Fig. 3. The nodes of the BN are denoted according to the elements of the
GSN protection case, e.g. G_P_06 means our belief in the goal, i.e. the statement “Unit
implementation is correct”, and S_P_04 denotes our belief in the strategy, i.e. the fact
that “Validation according to applicable guidelines” is a good way to prove that goal.
Probabilistic variables linked to the end nodes of the BN denote our belief in quality of
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the relevant products, e.g. the value of Sn_P_13 shows how good the validation plan is,
with “1” meaning that it is very good, and “0” meaning that it completely misses the
point, and the value of C_P_07 is related to our belief in the quality of the “Company
SW validation guideline” in the same way.

Table 3. CPT corresponding to G_P_06

S_P_04 G_P_07 G_P_08 G_P_09 G_P_06 —-G_P_06

1 1 1 PG_P_06 1-PG_P_06
1 1 1 0 0 1

1 1 0 1 0 1

0 0 0 0 0 1

Table 3 shall have 2# = 16 rows. However, to satisfy inequality (2), we should set
the probability that the goal is achieved to zero for all lines where at least one of the
subgoals is not achieved. A wrong choice of strategy nullifies our belief in the goal as
well. Therefore, we only need to estimate one parameter: the probability that the goal is
satisfied when all impacting values are positive (Pg_p gs in Table 3). This CP does not
have to be equal to 1, but rather depends on the expert assessment or field evidence.

4.2 Protection Assessment Within Safety Lifecycle

We used a tool called UnBBayes” to model and analyze Bayesian networks. The BN
shown on Fig. 3 was modelled using the tool.

Checking the soundness of the model is our primary concern. The model is sound
if it behaves in the way the modelled process (safety engineering process) in our case
would behave given the same inputs.

All the model all “input” variables (i.e. variables that don’t have any incoming links,
just outgoing ones) are instantiated with two states: “Yes” and “No”. “Yes” means that
we believe in the statement behind the variable (see Sect. 4.2) and “No” means that we
do not believe in it. The need to instantiate two states instead of one comes from the
peculiarities of the tool. All other variables are instantiated with CPTs like the Table 3
above.

After that, we set probability of the state “Yes” for all axioms (that is, context
variables, denoted by letter “C” in Fig. 3) to 1. This corresponds to the notion that
we are quite sure of the quality of the process framework used to develop the system.
Logically, we had to set the probability of “No” to 0 (UnBBayes would check that
the full group probability is one, otherwise the calculation does not start, and an error
message is shown). For all other variables (solutions, denoted by “Sn” in Fig. 3) we
set the probability of “Yes” to O to demonstrate that initially we have no work products
ready.

2 https://unbbayes.sourceforge.net/.
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To model the progression of the safety process, we switched our belief in different
solutions (work products) one after the other. The order and the result are shown in

Table 4.

Checking the soundness of the model is our primary concern. The model is sound
if it behaves in the way the modelled process (safety engineering process) in our case

would behave given the same inputs. Table 4 shows that the BN is sound.

The impact of different engineering domains on the lifecycle is another problem
that is worth discussing. Can good SW engineering “mask” poor analysis? By analysis
we found out that all engineering domains are equally important. This is explained by

the form of the CPTs.
Table 4. BN soundness check
Process step | “Activated” Sn | G1 Top | G2. All | G3. G4. All G5 All
nodes claim threats | Mitigation requirement | requirement
known |implemented | elicited satisfied
Start - 0 0 0 0
Analysis 00, 01 1 0 1 0
finished
Coding 00,01,04,07 |0 1 0 1 0
finished
Verification | 00, 01, 04,07, |0 1 0 1 0
planned 10
Verification | 00, 01, 04,07, |0 1 1 1 0
finished 10, 13

(continued)
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Table 4. (continued)

Process step | “Activated” Sn | G1 Top | G2. All | G3. G4. All G5. All
nodes claim threats | Mitigation requirement | requirement

known |implemented | elicited satisfied

Validation | 00, 01, 04,07, |0 1 1 1 0

planned 10, 13,

Validation | 00, 01, 04,07, |0 1 1 1 0

finished 10,13, 14

Penetration | 00, 01, 04,07, |1 1 1 1 1

testing 10, 13, 14, 11

finished

5 Outcomes and Further Work

The paper states a problem of handling uncertainties in modern automotive development
(Sect. 1.2) and gives an overview on probabilistic modelling of assurance cases (Sect. 2).

The paper presents a formalized approach to combining assurance cases expressed
in goal-structured notation (GSN). To do this, an extended formal model of GSN safety
case is given (Sect. 3.1). The paper presents a method for obtaining probabilistic models
in form of Bayesian networks (BNs) from the assurance cases (Sects. 3.2-3.4). Finally,
the paper validates the probabilistic approach (Sect. 4.2) and shows some of the benefits
of the proposed representation of an assurance case (Sect. 4.2).

At the meantime, the following research tasks are under investigation. First, the BN
structure needs to be improved. Current model assumes that a work product can be
assessed with one value, which is clearly a simplification. Besides that, the approach
presented here is process-agnostic. It is equally applicable to V-model, agile or any
combination thereof. Introduction of the process model can be used to improve the
precision of the assessment.
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Abstract. Among probabilistic graphical models we can distinguish a
class of algebraic Bayesian networks defined over structurally smaller
objects — mathematical models of knowledge patterns (KPs). The KPs
themselves store closely related information about the subject domain,
which is formalised, in particular, as a set of quanta with scalar or inter-
val estimates of the probability of truth. When computational and time
resources are scarce, it can be useful to search for a canonical representa-
tion of the KP — moving from objects with interval estimates to the most
representative objects with scalar estimates. Previously, an algorithm for
finding an approximate canonical representation of a KP was proposed,
using a Monte Carlo method and looking for the average between a large
number of KPs with scalar estimates. This paper considers a refinement
of this algorithm by replacing the gamma distribution, which was used
to generate the scalar estimates, with an exponential distribution. As a
result, it was experimentally shown that the canonical representations of
KPs obtained in this case are generated 8 times more accurately.

Keywords: machine learning - probabilistic graphical models -
algebraic Bayesian networks - knowledge pattern - Monte Carlo
method - canonical representation - uniform sampling from a simplex

1 Introduction

Among machine learning models, we can distinguish a class of probabilistic
graphical models [1-3] that allow us to work with probability estimates. The
range of practical applications of probabilistic graphical models covers a wide
area, including their use in computer vision [4], assessment of environmental
impact on human health [5], industrial systems risk assessment [6,7], another
industrial systems diagnostics [8,9], video generation [10], study of chemical
reactions [11], medicine [12-14], genetics [15]. Besides, the class of probabilistic
graphical models includes the class of algebraic Bayesian networks (ABN) [16].
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ABNs are used to describe knowledge about a subject domain, which can be
represented as statements with truth probability estimates.

One of the empirical assumptions on which the theory of ABN relies is the
decomposability of knowledge, and hence of the statements to which they refer,
into separate, smaller parts — knowledge patterns (KPs), where the logical and
probabilistic relationship between statements is described as completely as pos-
sible. KPs can be mathematically rigorously formalised using various represen-
tations: a set of quanta or an ideal of conjuncts, where each element of the set
or ideal is matched with a scalar or interval estimate of the probability of truth.
The advantage of interval estimates over scalar estimates is a wider coverage
of the incompleteness of the information available in the network. However, the
operation of algorithms that consider networks with interval estimates is com-
putationally more complex and time consuming.

Accordingly, if there is a lack of time or a shortage of computational resources
and power, then working with ABN or a particular KP having scalar estimates
may be preferable to processing models with interval estimates. Thus, there may
be a need to switch from objects (ABN or KP) with interval estimates to objects
with scalar ones. For such a transition, in order to provide the result closest to the
result of processing objects with interval estimations, it is necessary to search
for such an object with scalar estimations, which would maximally preserve
the information contained in interval estimations. The latter is precisely what
formulates the search for a canonical representation, an ABN or a separate KP.

In an earlier paper [17], an approximate construction of the canonical rep-
resentation of the KP was described, where the Monte Carlo method was used.
Such a method involves finding the average between randomly generated KPs
with scalar estimates. However, as will be shown later in the current paper, the
generated KPs are not uniformly distributed, which gives a bias in the final
estimates of the canonical KP representation. Thus, the aim of this paper is to
improve the algorithm described in [17], which allows us to refine the construc-
tion of the canonical representation of the KP by uniform generation of KPs
with scalar estimates, as well as to experimentally confirm this refinement.

The theoretical significance of the paper consists in a more detailed descrip-
tion of the representation of KP as a convex polytope, which accompanies fur-
ther research on relations between ABN objects using interval and scalar esti-
mates. Practical significance of the work consists in refinement of the algorithm
of approximate generation of canonical representation of KP, leading to more
accurate results of processing of KP, using the construction of canonical repre-
sentation.

2 Problem Statement

In this section, the basic concepts and their properties used later in the paper,
as well as the algorithm for generating the canonical representation, will be
described in a concise but mathematically more rigorous format. The description
of the theoretical framework builds on earlier work on the theory of ABN [16,18].
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As partially mentioned above, algebraic Bayesian networks (ABN) are viewed
as global structures defined over a set (base) of mathematical models of knowl-
edge patterns formalising knowledge patterns viewed as sets of statements. Here-
inafter, for brevity, a mathematical model of a knowledge pattern will also be
denoted as a KP. Before giving a more rigorous definition of a KP, let us say that
a KP is considered over some alphabet — a set of atoms (atomic propositions)
to which the corresponding statements are mapped. For example, an alphabet
can be {xg,z1}. We will call the conjunction of all elements of the alphabet or
their negations a quantum, and a conjunct — the conjunction of a subset of
elements of the alphabet, including the empty one. Thus, given an alphabet, we
can define a KP as the set of all possible quanta or the ideal of conjuncts (the
set of all possible conjunctions) constructed over the given alphabet, where each
element of the set or ideal has a scalar or interval estimates of the probability
of truth. So, for example, for the alphabet {zg,z1} the set of quanta will be
the set {Z1Zo, Z120, x1T0, T120}, and the ideal — {e,zg, 21,2120}, Where ¢ —
is an empty conjunct. The probability of the propositional formula is based on
the probability proposed by Nilsson in 1986 [19]. It is also worth noting that
probability estimates are assigned holistically in the sense that all elements of
the KP are assigned either scalar or interval probability estimates.

The use of one or another mathematical representation of the KP is con-
ditioned by the requirements of a particular problem, and there are mutually
unambiguous matrix transitions between the representations. Thus, the prob-
ability estimates of the truth of the elements of the KP are subject to some
linear constraints depending on the chosen representation. In this paper we will
consider the representation using the set of quanta, which follows from the con-
venience of imposing restrictions on the estimates. Let us consider the case of
scalar estimates of quanta {q1,...,qn}:

;p(qi) =1,
p(g;) >0, Vi € {1,...,n},

where the estimate of the probability of truth of quantum ¢; is denoted as
p(ai)-

Let us turn to interval estimates. They are defined, for example, as p(g;) =
[0.1,0.3]. Such estimates simultancously consider all possible scalar estimates
enclosed in an interval. Assigning interval estimates to all quanta in the set, on
the other hand, specifies a set of distributions of scalar estimates, each of which
obeys the constraints (1).

Thus, a KP with interval estimates, represented as a set of quanta, can be
viewed as a convex polytope in n-dimensional space, where n — the number of
estimates and n = 2%, k — the cardinality of the alphabet over which the KP is
constructed. By KP we will hereafter also mean this convex polytope. Any point
inside this convex polytope is matched by the assignment of scalar estimates, so
given the constraints (1), the convex polytope will lie in the (n — 1)-dimensional
standard simplex [20]. The final constraints forming the polytope are given by

(1)
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interval estimates. An example of what such a polytope lying in a 2-dimensional
simplex might look like is shown in Fig.1. The light polyhedron in this figure
represents the 2-dimensional simplex, the dark one — the KP itself.

1.0 1.0

Fig.1. An example of what a KP with interval estimates lying in a 2-dimensional
simplex might look like.

It should be noted at once that in reality there could not be such a KP
depicted in Fig. 1, since the number of quanta and their estimates should be
equal to 2* for some k. However, the constraints specifying the dark polytope and
the constraints specifying the polytopes matched by KP with interval estimates
have a similar structure and this visualisation is easy to perceive, so we will use
it.

Speaking about the main algorithms that can be used with ABN or individual
KPs, we can single out the algorithms of apriori, aposteriori inference [21], as
well as the algorithm of consistency maintenance. The first algorithm allows
us to determine the truth probability estimates of any propositional formula
composed of atoms, the second — to model the incorporation of new information
into ABN or KP by determining new truth probability estimates, and the third
algorithm is aimed at detecting inconsistencies in the assigned estimates, as well
as at reconciling them. In the case of interval estimates, these algorithms require
solving linear programming problems, while in the case of scalar estimates —
perform simpler matrix operations. It has been shown that the operation of the
algorithms in the case of scalar estimates is orders of magnitude faster [22].

Therefore, if time or computational resources are scarce, a situation may
arise in which objects with scalar estimates are preferred, and thus a switch from
interval estimates to scalar estimates may be necessary. Finding scalar estimates
that represent interval estimates as completely as possible is the problem of
finding the canonical representation, which is defined as the centre of mass of the
convex polytope given by the KP. Relative to Fig. 1, the canonical representation
would be the centre of mass of the dark polytope.



470 A. Vyatkin and M. Abramov

Finally, let us consider an algorithm for approximate construction of the
canonical representation of KP [17], which we will further improve. The algo-
rithm is based on the Monte Carlo method. Let us briefly describe this algorithm:

1. First, some (100-1000) number of points lying in the KP is generated. Algo-
rithm for generating one point:
(a) A point is created where each coordinate is independently generated
according to the law of gamma-distribution, the density of which is as
follows

k—1 e/
fx(z) = {”” g © 20,

0, x <0,

where X — random variable, I'(k) — Euler’s gamma function, k and § —
distribution parameters. In the [17] algorithm, k and 6 were equal to 2.
(b) The coordinates of the resulting point are normalised by dividing by the
sum of the coordinates.
(c) If the obtained point is not in the KP, new coordinates are generated
(return to step 1.a).

2. A linear combination of the generated points is constructed, resulting in a
point whose coordinate value is the average of the corresponding coordinates
of the generated points. The constructed point — is the canonical represen-
tation of the KP.

3 Refinement of the Generation of the KP Canonical
Representation

The improvement of the approximate generation algorithm will rely on replacing
the distribution, which is used to generate the coordinates of new points. Let
us consider a drawback of the current algorithm: the original algorithm used
the gamma-distribution, but its application does not allow uniform generation
of points within the simplex, and hence within the KP.

In earlier work related to the study of probability distributions and not based
on ABN theory, it was shown that to generate points uniformly within a simplex
of any dimension, it is necessary to use the exponential distribution [23], where
the rate parameter can be any (the value of 1 was chosen for the experiment).
After using the exponential distribution, we need to continue with step 1.b and
normalise the coordinates.

Let us compare the use of the old and new distribution on a 2-dimensional
simplex example, the corresponding examples are shown in Fig.2 and Fig. 3.
In each case, 20000 points were generated and their coordinates were obtained
using the corresponding distribution followed by normalisation. It can be seen
that, indeed, using the exponential distribution gives a uniform distribution on
the simplex. When using the gamma distribution, the approximate value of the
canonical representation of the KP will be shifted towards the centre of mass of
the entire simplex.
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Pl ‘100 Ll a0
©) 1010 P\ ©) 1010 o9
Fig. 2. Generation of points with gamma Fig. 3. Generation of points with expo-
distribution. nential distribution.

4 Description of the Computational Experiment

In this section, we experimentally validate the refinement of the generation of
an approximate canonical representation of the KP [17], in whose algorithm the
gamma distribution was replaced by an exponential distribution.

All algorithms were implemented in the Python programming language. To
evaluate the accuracy of constructing the obtained approximate canonical rep-
resentations of KP, we used the algorithm for constructing the exact canonical
representation of KP [24], which calculates the exact value of the center of mass.
This algorithm can be applied to KPs constructed over an alphabet whose size
does not exceed 3. Thus, the comparison was performed over the KPs constructed
over alphabets of size between 1 and 3 atoms.

100 KPs were generated for each of the alphabet sizes, for a total of 300
KPs. To generate one approximate canonical representation, 100 point-scalar
KPs were generated; the KPs with interval estimates themselves were generated
using the algorithm described in [25].

To analyse the performance of the two versions of the algorithm, the running
times of the algorithms were compared, as well as the accuracy of constructing
the canonical representations. The accuracy was calculated using the RMSE
metric using the following formula:

n

> (Palqi) — pe(qi))?

RMSE = \| =2 ,
n

where p,(g;) and pe(g;) — i-th coordinates of the resulting canonical represen-
tations using the approximate and exact algorithms, respectively.

The experimental results are shown in Fig. 4 and Fig. 5. For convenience, the
running time of the algorithms is shown as the logarithm of time (sec.).

Thus, it can be seen that the algorithm using the exponential distribution
is more accurate in generating an approximate canonical representation — on
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Fig. 4. Accuracy of two versions of the Fig. 5. Running time of two versions of
approximate algorithm. the approximate algorithm.

average, the value of the RMSE metric is 8 times smaller. The running times of
the algorithms are, expectedly, practically no different.

It is worth noting a drawback of the algorithm mentioned in [17], which
was revealed during the computational experiment. The interval KP for which
a canonical representation is sought may have “narrow” estimates. By this
we mean that one or more intervals may have a relatively small length (e.g.,
[0.1,0.101]). Due to this small length, the coordinates of the generated points
may relatively rarely fall within the specified “narrow” interval, which increases
the running time of the algorithm. Thus, in further research, this drawback can
be addressed and the algorithm itself can be improved accordingly.

5 Conclusion

This paper describes a method of refinement of the algorithm for approximate
generation of the canonical representation of the KP using the Monte Carlo
method and considered in [17]. The refinement is performed by replacing the
gamma distribution by the exponential distribution, which is used to generate
scalar probability estimates. As a result of this replacement, the generated KPs
with scalar estimates become uniformly distributed within the KPs with interval
estimates. Thus, the approximate estimates of the probability of truth at the
resulting canonical representation of the KP (centre of mass of the KP with
interval estimates) become more accurate: an 8-fold refinement was shown in
the course of the experiment.

Future work may investigate the effect of canonical representation generation
errors on the accuracy of algorithms considered in ABN theory. In addition, the
proposed method allows us to expand the practical use of ABN, including the
study of social engineering attacks [26,27].
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