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Abstract—The article is devoted to the development and application of system-dynamic mod-
els for managing the process of liquidation of emergency situations at oil-refining and chemical
enterprises. A complex of heterogeneous system-dynamic models has been developed, allowing
enterprise management according to a criterion that minimizes the deviation of relevant indi-
cators of safe functioning from the values recommended by the decision-maker. A formulation
of the problem of managing the process of liquidation of emergency situations is presented,
and a comprehensive methodology is proposed, including the construction of cause-and-effect
graphs, regression analysis of functional dependencies, numerical solution of a system of non-
linear differential equations, as well as a procedure for correcting the system-dynamic model.
The complex of models makes it possible to take into account key safety indicators, external
factors, and nonlinear effects, ensuring high accuracy of forecasting and risk analysis. The ob-
tained results can be used in the development of control systems for the process of liquidation
of consequences of emergency situations at oil-refining and chemical enterprises of the country,
as well as in training systems for facility-level units of the Ministry of Emergency Situations.

Keywords: oil-refining enterprises, chemical enterprises, system dynamics, control systems,
chemically hazardous substances, critical situations, nonlinear differential equations, training
systems

DOI: 10.7868/51608303226050015

1. INTRODUCTION

At present, in connection with the development of new technologies and the complication of
production processes, the issues of increasing the safety of the functioning of oil-refining enterprises
are becoming one of the priority tasks. Accidents at such enterprises can lead to serious conse-
quences for human health, the environment, and the economy, which makes the issues of increasing
the level of industrial safety of oil refineries highly relevant (see Fig. 1).

Industrial safety at oil-refining enterprises is the most important aspect determining the sus-
tainability of production, the prevention of accidents, and the reduction of the economic and envi-
ronmental consequences of possible incidents. In recent decades, various researchers have studied
methods for assessing and managing risks at such enterprises, applying both traditional statistical
methods and modern approaches, including machine learning and intelligent data analysis. The
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388 REZCHIKOV et al.

Fig. 1. State of the Achinsk oil refinery after the fire [1].

analysis of the existing literature makes it possible to identify several main directions of research
in the field of the safety of oil-refining enterprises, including quantitative risk assessment, modeling
of emergency situations, forecasting of equipment failures, and analysis of historical accident data.

One of the effective methods of risk assessment is Fault Tree Analysis (FTA), which is used
to analyze possible scenarios of equipment failures and their consequences. In [2], the application
of the Fuzzy Fault Tree Analysis (FFTA) method for assessing the risks of fires and explosions
in oil storage tanks is considered. The authors note that traditional methods of quantitative risk
analysis assume the availability of accurate data on the probability of failure of various elements
of the system; however, in practice, such data may be incomplete or inaccurate due to insufficient
statistical information. In this work, a combined methodology is proposed that combines traditional
fault tree analysis with fuzzy set theory, which makes it possible to take uncertainties into account
when assessing the probability of accidents.

Historical analysis of accidents also plays an important role in the development of methods
for preventing incidents. In [3], a detailed analysis of 44 accidents at the oil refinery in Skikda
(Algeria) over the period from 2002 to 2013 was carried out. The authors considered various
incidents, including fires, explosions, and leaks of toxic substances, and identified the key factors
contributing to the occurrence of accidents. On the basis of the data analysis, it was established
that a significant part of the accidents was caused by equipment failures resulting from outdated
infrastructure and insufficient maintenance.

Another important aspect of ensuring safety at petrochemical enterprises is the analysis of fire
and explosion risks. In [4], methods for assessing and modeling risks associated with fires and
explosions at petrochemical facilities are considered. The study uses a comprehensive approach,
including the HAZID methodology for hazard identification, Dow’s Fire & Explosion Index (Dow’s
F&EI) for quantitative risk assessment, as well as software-based modeling of emergency situations
using the Process Hazard Analysis Software Tool (PHAST).

Forecasting equipment failures is another important area of research in the field of industrial
safety. In [5], a methodology for predicting pipeline failures based on machine learning methods is
proposed. The authors use three models—a multilayer perceptron neural network (MLP), a radial
basis function neural network (RBF), and multinomial logistic regression (MNL)—for the analysis
of historical data on pipeline damage.

Modern technologies for processing textual information are also finding application in the field
of industrial safety. In [6], a system for automated risk analysis of oil refineries based on natu-

ral language processing (NLP) and the Bidirectional Encoder Representations from Transformers
(BERT) model is proposed.
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Equipment reliability management and maintenance planning also play an important role in
ensuring industrial safety. In [7], a Risk-Based Inspection and Maintenance (RBI&M) methodology
is presented, including six stages: identification of the scope of application, functional analysis, risk
assessment, quantitative expression of risk, planning of measures, and implementation of works.

Special attention is paid to the study of the domino effect—the escalation of emergency situations
due to a primary incident. In [8], a detailed analysis of methods for assessing the domino effect at
industrial facilities over the past 30 years was carried out.

Thus, modern studies in the field of industrial safety demonstrate a wide range of methods for
risk assessment and management, from classical probabilistic models to intelligent data analysis.
The integrated application of these approaches makes it possible to significantly increase the safety
of oil-refining enterprises by reducing the probability of emergency situations and mitigating their
consequences.

Many researchers and engineers are engaged in developing innovative solutions to reduce risks
and increase the reliability of production processes. The developed systems and methods, including
control and diagnostic means, undergo thorough testing and demonstrate high efficiency in practice.

Nevertheless, despite many years of research and the achieved results, the existing models and
methods do not always make it possible to take into account the complex system of interrelations
between internal and external factors affecting the safety of processes, which may negatively affect
their reliability. This circumstance makes the application of the mathematical apparatus of system
dynamics expedient for increasing the safety of the functioning of oil-refining enterprises.

System dynamics is a method of computer modeling and analysis of complex systems that makes
it possible to study their behavior over time under the influence of various factors. This approach is
based on the use of differential equations and feedback loops to describe the interrelations between
the elements of the system.

Historically, system dynamics was developed by J. Forrester and his colleagues in the middle of
the twentieth century for the analysis of industrial and social systems [9)].

At present, it is applied in various fields, including production, emergency management, health-
care, analysis of natural disasters, and many others. In production, it is used for process optimiza-
tion, increasing the efficiency of equipment operation, and resource management, which makes it
possible to minimize costs and predict possible failures.

In the field of emergency management, system dynamics helps to model the development of
events, assess the consequences of technogenic disasters, and develop effective response plans, which
significantly increases the level of safety. In healthcare, it finds application in diagnostics, treatment
planning, and resource management, as well as in combating epidemics, where models predict the
spread of infections and assess the effectiveness of preventive measures.

In addition, system dynamics is actively used for the analysis and management of the conse-
quences of natural disasters, such as floods, making it possible to develop strategies for minimizing
damage and restoring infrastructure. This approach is indispensable in situations where it is nec-
essary to take into account many interrelated factors and predict the development of complex
systems.

As shown in [10], this approach makes it possible to take into account nonlinear interactions,
feedback loops, and time delays that are characteristic of industrial systems. The authors carried
out an analysis of 63 studies in which system dynamics was applied to assess external factors,
organizational impacts, and internal causes of accidents.

In the case of the oil-refining industry, a classical example is the analysis of the Bhopal accident,
where system dynamics was used to construct models describing the influence of the human factor,
technical failures, and organizational decisions on the safety of the functioning of the Union Carbide
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chemical enterprise [11]. The work considered cause-and-effect relationships between key variables
affecting the safety of functioning, such as equipment failure, operator errors, and insufficient
maintenance.

In [12], the main shortcomings of traditional methods are emphasized, including their limitations
in modeling nonlinear processes and time delays. The authors analyze the application of system
dynamics in the context of risk analysis for the oil-refining industry. They also highlight the
need to integrate this methodology into the decision-making process, which makes it possible to
better predict emergency situations and increase resilience to critical situations in the process
of functioning of an oil-refining enterprise. This study presents a model of the actions of the
population in the event of an accident at a chemically hazardous facility, taking into account the
level of awareness of the enterprise personnel.

In [13], a system-dynamic model used in the system for managing the process of informing the
population under emergency situations at oil-refining enterprises is presented. The authors devel-
oped a stock-and-flow model that analyses the influence of the frequency of message distribution
and the quality of information on people’s behavior during chemical accidents.

This article is devoted to the development of new system-dynamic models intended for use in
managing the process of liquidation of emergency situations at oil-refining enterprises. These models
make it possible to comprehensively assess possible risk factors that may lead to disruption of the
normal course of technological processes, to take timely necessary measures to prevent emergency
situations, and to reduce the damage from their occurrence.

2. STATEMENT OF THE PROBLEM

Develop mathematical models and methods for managing the process of liquidation of emergency
situations at an oil-refining enterprise according to an efficiency criterion that makes it possible,
over the time interval ¢ € [to; tx], to determine control actions in the form of an action plan p(t) € P
and to minimize, under admissible values of environmental disturbances R(t) € R, the objective

function
tn

2((0) = | )

toZl

(K7 = Ki(t, R(t), p(t)))* i dt — min (1)

n

subject to the constraints:

- fl (tv Kl(t)v s 7Kn(t)7 R(t),p(t)) )

~
I
—_
S
—~
"]
~—

dt
K;(ty) = Kjp, i=1,n,
t>0, K;>0, t=1n,
KM < Kt p(t) < K™, i=Tn (3)

and boundary conditions:

F°(K,K',p)=0, F/(K,K'p)=0, i=1k, j=1L1k.

Here, K;(t,p(t)), i = 1,n, and K} are the relevant indicators of the efficiency of liquidation of
a critical situation and their values recommended by the decision-maker, respectively; ; is the
weight coefficient of the ith indicator; K™" and K™® are the minimum and maximum values of
the efficiency indicator of liquidation of the emergency situation.

Develop mathematical models and algorithms for forecasting, over the time interval [to;tn],
changes in the relevant indicators of the efficiency of liquidation of the emergency situation
K;i(t,p(t)), i = 1,n, for the purpose of determining such time instants ¢; € [to; tn], j = 1, m, when
they go beyond the values K recommended by the decision-maker.
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3. MATHEMATICAL MODEL

To solve problems (1)—(3), it is expedient to use the system-dynamic approach and the method
of system dynamics [5, 9, 12, 13, 16-19]. Within the framework of this approach, a complex of
interconnected mathematical models has been developed, the construction of which involves the
implementation of the following stages:

1. Selection of the input variables of the model affecting the safety of the functioning of oil-
refining and chemical enterprises in accordance with [14, 15].

2. Development of a cause-and-effect graph between the system variables and external influences.

3. Construction of a system of system-dynamics equations in the general form, the solution
of which will make it possible to forecast the values of the variables related to the safety of the
functioning of an oil-refining enterprise over various time intervals.

4. Determination of functional dependencies between the model variables using the apparatus
of regression analysis.

5. Solution of the system of nonlinear differential equations by a numerical method.

6. If necessary, correction of the mathematical model in order to achieve the required accuracy
of calculations.

Selection of Input Variables. The assessment of the safety of the functioning of oil-refining and
chemical enterprises is determined in accordance with the requirements of the Federal Law “On
the Protection of Population and Territories from Natural and Man-Made Emergencies” [14] and
GOST R 22.1.10-2002 “Safety in Emergencies. Monitoring of Chemically Hazardous Objects” [15]
(see Fig. 2).

¢~ ~ Evaporation time of chemically hazardous
Ki |substances in the accident area from the earth's |
~_ surface

A
Pl N

7 ) Time to eliminate the consequences of an accident ]
e W J at a chemically hazardous facility |
[

N
K. \‘The area of contamination as a result of the |

3 £
/ accident

»~~ Time of approach of primary and/or secondary
A Ki/‘ cloud to populated areas THE LEVEL OF THE
e FINANCING SYSTEM OF
1" THE CITY'S MINISTRY OF
EMERGENCY SITUATIONS

e K.; ", Losses from primary cloud, people ‘
R4

THE DEGREE OF
R2 - ECONOMIC
DEVELOPMENT OF THE
CITY

7
-» | Kg | Losses from secondary cloud, people ‘

N 7 }‘»7'\1 Number of people receiving outpatient care ‘
B 4

External
factors

*l.’ /'-(;' Number of people hospitalized and in intensive \‘
| ) care, people )

THE PRESENCE OF
= PROFITE IN THE
ENTERPRISE

= e~ o (. R
- T e ™ R y K.,\‘\ Number of damaged equipment, units |
AL s & 4

4

N. THE SHARE OF MODERN
i R4 - EQUIPMENT IN THE
i ENTERPRISE

7 1 The number of volumes of solutions for |

| K‘/‘” disinfecting the area

"\"‘/ . The number of forces and means required to carry |
‘\K B.‘mn emergency rescue operations |
< )

T \/ K, 11\; Efficiency of the warning system, %
<

N
4 Ky3) Number of people in the affected area

Do _4

“d \/KD'\ Number of rescuers in the affected area
-

\"/"K\‘,‘ Development of the Ministry of Emergency |
| 15 Situations system )

Fig. 2. Input variables of the model.
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Fig. 3. Cause-and-effect graph.

Cause-and-Effect Graph between System Variables and External Influences. The cause-and-
effect graph was constructed according to the methodology developed in [16, 21, 25] (see Fig. 3).

Construction of the System of System-Dynamics Equations in the General Form. Below is a
part of the system of differential equations (4), describing the change of the variables K;(t,p(t)),
i = 1,n, over time, taking into account the positive and negative relationships existing between
them and the influence of external factors:

PO (1000 £2Ks (40 Fo Ko 1),
dlii(t) = fa(K5(t)) f5 (K7 (1)) fo (Ks(t)) f7 (Ko (t)) fs (Kas(t))
— fo(K10(1)) fro(K11 (1)),
(4)
chll;;(t) = fao(K11(t)) fso(K12(1)) f51 (K13(t)) x Ry(t) + Ra(t),
chlli(t) = f52(Ka(t)) f53(K3(t)) f5a(K13(t)) f55(K14(t)) x Ry(t) + Ra(t)

Determination of Functional Dependencies between the Model Variables. To solve system (4),
it is necessary to establish the dependencies between the model variables f1, fa, ..., f55 using regres-
sion analysis, expert assessments, or the corresponding regulatory and reference documentation.
When the developed models are used as part of training systems, these dependencies may also be
specified at the stage of describing the scenario of the emerging critical situation.
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In the article, the dependencies are approximated mainly by linear functions or second-degree
polynomials possessing sufficient flexibility for modeling.

In the article, the dependencies are approximated mainly by linear functions or second-degree
polynomials possessing sufficient flexibility for modeling nonlinear effects that are often present in
complex systems. In addition, such polynomials can be well interpreted from the point of view of
physical meaning, which makes them a convenient tool for analysis and presentation of results.

Solution of the System of Nonlinear Differential Equations. System (5), obtained after substitut-

ing into (4) the dependencies f1, fa, ..., f55 determined at the previous stage of model development,
is solved.
dK4(t
dlt( ) _ —(0.14K%) — 0.86K 10 + 1.54)(0.6 K7, — 1.64K1; + 1.87)
x(0.03K3, — 0.03K14 + 0.92),
dKo(t
dzt( ) _ (—0.53K3 4+ 0.34K3 + 0.75)(—5.75 K2 + 3.98 K7 + 2.36)

x(—7.8TKZ + 8K14 + 0.45)(—=3.17KZ + 5.01 K9 — 1.2)

X (—14.03K3%; + 25.61K13 — 10.89)(—4.77K%, — 9.69K19 — 5.5)
x(6.47TK? —12.68K11 + 6.81)(—0.41K%, + 0.47K14 + 0.64)
x(13.28K{5 — 27.1K15 + 14.41)(0.1R; (t) + 2)

X (0.2Ry(t) 4+ 2.5)(2sin R3(t) + ¢)(4R4(t) + 4),

dK3(t
3(t) _ (18.06 K7 — 35.01K + 17.45)(22.81 K% — 39.91K15 + 17.94)
X(O.lRl (t) + 2) + (2 sin Rg(t) + (p) + (4R4(t) + 4), (5)
dK3(t
%() = (—1.34K2 + 2.13K5 4 0.07)(—0.02K% — 0.06 K3 4 0.94)
x (0.2R2(t) + 2.5),
dK14(t
Cll:( ) _ (—12.24K%, + 21.08K1;, — 8.38)(—=3.5K7% + 5.21 K15 — 1.23)
x(3.21K7; — 5.21 K13 + 2.67)(0.1R; (t) + 2)(0.2Ry(t) + 2.5),
dK5(t
%() = (0.67K3 — 1.42K5 + 1.6)(0.41 K% — 0.4K3 + 1)

x(5.63K%; — 10.37K13 + 5.67)
x(0.03K2, — 0.05K14 + 0.93)(0.1R; (t) + 2)(0.2Ra(t) + 2.5).
14

The initial conditions used to solve the system of nonlinear differential equations are given in
Table 1.

Table 1. Initial conditions
Ki|Ky| Kz | Ky |Ks|Kg| Ky | Kg | Ko | Kio | K11 | K12 | K13 | K14 | K15
1 1 (043091 1 1 1094{0.94]0.65]|0.71]0.73]0.48|0.85|0.53|0.84
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Fig. 4. Change in the normalised model variables over the machine time interval [0; 0.6] of the training system.
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Fig. 5. Comparison of statistical and calculated data for the characteristic K11(t).

Figure 4 shows the graph of the normalized model variables K;(t,p(t)), i = 1,n, obtained as a
result of solving system (5).

To assess the model error, Fig. 5 presents a comparison of calculated data characterizing the
change in the normalized variable K1 (t) over the machine time interval [0; 1.2] with statistical data
obtained from the analysis of materials on the investigation of the explosion at the Texas City oil
refinery [26].

From Fig. 5 it follows that the maximum deviation of K1 (¢) from the statistical data is 11.98%.
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4. CORRECTION OF THE SYSTEM-DYNAMICS MODEL

The necessity of periodic correction of the system-dynamics model is explained by the following
considerations.

Modern oil-refining and chemical enterprises are complex large-scale systems of high dimension-
ality, the functioning processes of which depend on many hundreds and thousands of parameters,
many of which are qualitative in nature.

The development of a complete mathematical model characterizing the efficiency of the func-
tioning of an oil refinery or a chemical enterprise is hardly possible due to the high dimensionality
of the problem being solved. Moreover, such a model will have low accuracy due to the systematic
accumulation of errors in determining all its numerous input variables, and the modeling error will
only increase over time.

From the above, it follows that almost any mathematical model of a complex system becomes
less accurate over time without periodic correction.

Below, an algorithm for correcting a system-dynamics mathematical model is presented, used in
solving the problem of managing the liquidation of consequences of critical situations at oil-refining
and chemical enterprises.

The algorithm makes it possible to maintain the error of the mathematical model at a specified
level so that it does not affect the reliability of conclusions and recommendations formed for the
decision-maker. The algorithm is based on the assumption that the accuracy of forecasting the
behavior of a complex large-scale system can often be increased by reducing the forecasting interval.

Verification of the validity of this assumption should be carried out at the stage of adapting the
developed mathematical support to the specific features of functioning within the control system
of a particular enterprise.

At this stage, it is also necessary to determine the periodicity with which it is economically
feasible and organizationally and technically possible to carry out correction of the mathematical
model.

If the duration of the selected forecasting interval does not allow the required accuracy of math-
ematical modeling to be ensured, then the developed correction algorithm cannot be used at this
oil refinery or chemical enterprise.

The presence of significant inertia in many complex large-scale systems makes it possible to
conclude that the algorithm for correcting the system-dynamics model may be effective for many
enterprises.

The experience of implementing the procedure for correcting system-dynamics models of large-
scale systems allows one to conclude that for many oil refineries and chemical enterprises the
modeling error can be maintained at a level not exceeding 10% when the forecasting interval is
reduced to 12-14 months of real time, which is acceptable when solving problems (1)—(3) as part
of a training complex.

Algorithm.

Step 1. Select an action plan p;(t) € {P(t)} implemented during the liquidation of consequences
of critical situations at oil-refining and chemical enterprises.

Step 2. Select relevant disturbances that must be taken into account when solving problems (1)
(3)-

Step 3. Determine functions approximating the change of the selected disturbances over a unit
time interval of machine time.

Step 4. Construct a system-dynamics model (1) in the general form.
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Step 5. Determine the internal functions of the model by approximating them with low-degree
polynomials fl, f2, ey f55.

Step 6. Present the mathematical model in a form suitable for numerical calculations by substi-
tuting f1, fa,..., f55 into the mathematical model (4).

Step 7. Based on statistical information, construct dependencies Ki(t,p(t))smt, i = 1,15, char-
acterizing the change of the characteristics K;(t,p(t)), i« = 1,15 over the time interval used in
modeling within the training system.

Step 8. Solve system (5) and determine the calculated values of the characteristics K;(t,p(t)),
i =T,15.

Step 9. Set the value of the counter of characteristics K;(¢,p(t)), ¢ = 1,15 equal to one, i.e. i = 1.

Step 10. Compare the calculated value of the characteristic K;(¢,p(t)) with the value
K;(t,p(t))5%" obtained from statistical analysis.

Step 11. If the condition
V€ [tos t] [Ki(t (1) — Ki(t, p(t))| < 0.1 K;(t,p(t)
is satisfied, i.e. if the modulus of the difference between the compared characteristics exceeds 10%,
initiate the correction procedure by proceeding to the next step. Otherwise, proceed to Step 15.
Step 12. Determine the value of the correction coefficient
Ki(t,p(t))5*

for the characteristic K;(t,p(t)) as the value by which the calculated value of the characteristic
K;(t,p(t)) must be multiplied in order to obtain the value of this characteristic derived from sta-
tistical analysis K;(t, p(t))Stat.

K (Kq(t,p(t)) =

Step 13. Modify the cause-and-effect graph Gpgg, the degrees, or the coefficients of the polyno-
mials f1, f2,..., f55 in such a way that the condition

vt ftostn] | Kt p(t)™™ — Ki(t,p(1))] < 0.1 Ky (¢, p(®))

is satisfied.

Step 14. Generate a message for the decision-maker on the completion of the correction operation
of the main characteristic K;(¢, p(t)) and record in the database the value of the correction coefficient
Kot (Ki(t, p(t))).-

Step 15. Increase the value of the counter of characteristics by one, i.e. assign i = ¢ + 1.
Step 16. If the condition ¢ < 15 holds, proceed to Step 9.

Step 17. Generate a message for the decision-maker on the completion of the correction operation
of all characteristics K;(t,p(t)), ¢« = 1,15, and record in the database the values of the correction
coefficients of these characteristics K (K;(t,p(t))), ¢ = 1,15.

Step 18. Replace the mathematical model used before correction with a model having modified
cause-and-effect relationships and coefficients of the polynomials f1, fo,.. ., fs55.

End of the algorithm.

An example of correcting the model variable K2 over the machine time interval [0;1, 3] of the
training system is shown in Fig. 6.

AUTOMATION AND REMOTE CONTROL Vol. 87 No.5 2026



MODELS FOR MANAGING THE ELIMINATION OF CONSEQUENCES 397
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Fig. 6. Correction of the model variable K75 over the machine time interval [0; 1.3] of the training system.

In accordance with the developed algorithm for correcting the mathematical model, correction
is performed if the discrepancy between the modeling results and the statistical data exceeds 10%.
Based on the data in Fig. 6, it can be concluded that over the machine time interval [0;1, 3] the
model correction was performed only once at the time instant ¢ = 0.5.

5. MODEL EXAMPLE

Let us consider an example of using the developed models as part of a training system intended
for acquiring and improving skills in managing the processes of liquidation of consequences of
critical situations at oil-refining and chemical enterprises.

Problem Statement. Suppose that accidents have occurred at an oil refinery in a large city
and at a nearby chemical plant as a result of an external impact. In the training system of the
facility-level unit of the Ministry of Emergency Situations, it is required to verify the feasibility
of three plans for localization and liquidation of the resulting emergency situation (LLES) and to
select the one that will minimize the objective function (1) subject to constraints (2) and (3).

Description of the Accident and Its Consequences. On March 23, 2005, a cloud of hydrocarbon
vapors ignited and exploded at the isomerization unit of an oil refinery in Texas City (see Fig. 7). As
a result, 15 workers were killed, 180 were injured, and the plant suffered severe damage amounting
to $322 million in 2024 prices. Taking into account compensation of $2.1 billion, repair costs,
production downtime, and fines, this explosion became the most costly accident at an oil refinery
in the world.

Solution of the Problem. When performing model calculations, the system of differential equa-
tions (5), the initial conditions given in Table 1, and the dependencies between the model variables
f1, fa, ..., fs5 determined based on the results of investigations of the largest oil refinery accident in
Texas City, USA, as well as a number of accidents at domestic and foreign oil-refining and chemical
enterprises [2, 4, 8, 26], were used.
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Fig. 7. Consequences of the explosion at the oil refinery in Texas City.

In the model example for plans p;—ps, a number of model dependencies f1, fo,..., fs5 are ap-
proximated by second-degree polynomials:

fo1(Ks5) = —0.144K2 + 0.108 K5 + 0.98,
f22(Kg) = —0.158 KZ + 0.128 K¢ + 0.97, ©)
fo3(Ki3) = —1.85K% — 3.39K13 + 2.52,
foa(K15) = —1.54K% + 3.19K5 — 0.65.

To assess the approximation accuracy, the dependencies f7(Kg) and f12(K15) obtained by cal-
culation are compared with statistical data.

In Fig. 8 and Fig. 9, the red line represents the approximation curve obtained on the basis of the
polynomial model, while the black line shows real statistical data. The comparison results indicate
a good agreement between the considered curves.

Substituting f1, fo,..., f55 into the system of equations (5), we solve this system numerically
under the given initial conditions (Table 1). Substituting the obtained results into (1) in the form
of dependencies K;(t,p(t)), i = 1,15, we calculate the value of the objective function Z(p;(t)) cor-
responding to plan p;(¢). The values of the objective function Z(p2(t)) and Z(ps3(t)), corresponding
to plans pa(t) and p3(t), are determined in a similar way (Table 2).

Table 2. Results of solving the problem.

Plans for liquidation of consequences of critical situations | p1(t) | p2(t) | ps(t)
Value of the objective function 1.356 | 1.678 | 1.935
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=== Dependence of the variable K7 on K =—e = Polynomial:
101 = based on statistics J7(K5(1)) = 0.98 +0.108K5 — ().144K52

093 +

0,92 +

Number of people recelving outpatient care (K7)

0,91
0,431 0,483 0,517 0,638 0,69 0,724 0,793 0,828 0,914 0,948 11
Primary cloud losses (K5)

Fig. 8. Dependence of the number of people who received outpatient care (variable K7) on losses caused by
the primary cloud Ks.

== Dependence of the variable K; on K5 =e = Polynomial:
1,01 T based on statistics F(Ks(1) =0.98 +0.108Ks — 0.144K2

0,99 T
0,98 T
0,97 +
0,96 +

0,95 T+

0,94
0,93 +

0,92 +

0,91

1 0,948 0,914 0,828 0,793 0,724 0,69 0,638 0,517 0,483 0,431
Primary cloud losses (K)

Number of people recelving outpatient care (K;)

Fig. 9. Dependence of the number of people who received outpatient care (indicator K7) on the development
level of the emergency service system Kis.

The calculations performed show that the solution of problems (1)—(3) is the plan p;(¢).

6. INFORMATION-LOGICAL SCHEME FOR SOLVING THE PROBLEM

The procedure for solving problems (1)—(3) over time intervals [minimum possible; month],
[quarter; year] is presented in Fig. 10 in the form of an information—logical scheme (ILS). The
scheme characterizes the main stages of minimizing damage during the liquidation of consequences
of critical situations at oil-refining and chemical enterprises, the production processes of which
are associated with the production, storage, and processing of toxic and potentially hazardous
substances.

The following designations are used in Fig. 10: 1—technological equipment for preparing raw
materials at the oil refinery; 2—equipment for primary processing of raw materials at the oil refin-
ery; 3—equipment for secondary processing of raw materials at the oil refinery; 4—equipment for
hydrotreating at the oil refinery; 5—mixing of components of finished products; 6—local automa-
tion devices; 7—recording information in the database (DB) and knowledge base (KB); 8—expert
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Fig. 10. Information—logical scheme for solving the problem in the system of the facility-level unit of the
Ministry of Emergency Situations deployed at the enterprise [23-25].

assessment of the hazard of the emerging situation; 9—emergency situation; 10—recording infor-
mation on the normal production situation in the shift dispatchers log on an electronic medium;
11—determination of measures to eliminate the normal situation; 12—collection of information on
the emergency situation; 13—identification of the emergency situation; 14—for the emergency sit-
uation, plans for localization and liquidation (LLES) have been developed; 15—verification of the
plans for feasibility; 16—preparation of the LLES plan; 17—is the plan feasible?; 18—mnotification
of the feasibility of plan p;; 19—management of plan execution p;; 20—informing the manage-
ment decision-maker about the impossibility of executing plan p;; 21—recording in the database
the results of plan execution p;; 22—correction of plan p;; 23—is the corrected plan p; feasible?;
24—recording in the database information on the implemented plan p;; 25—selection from the
enterprise database of information on the release of toxic substances as a result of the accident;
26—expert assessment of the severity of the emergency situation [12, 13]; 27—determination of the
mass of the toxic substance released into the atmosphere in the primary and secondary cloud; 28—
determination of the concentration of the toxic substance in the affected area; 29—determination
of the rise height of the toxic substance; 30—determination of the dispersion zone of the toxic
substance; 31—determination of the duration of the atmospheric release; 32—determination of
damage from increased morbidity of the population; 33—determination of damage to agriculture;
34—determination of damage from changes in the natural environment; 35—determination of dam-
age due to deterioration in the quality of life; 36—determination of damage to the enterprise; 37—
assessment of personnel performance efficiency; 38—informing the enterprise management and the

AUTOMATION AND REMOTE CONTROL Vol. 87 No.5 2026



MODELS FOR MANAGING THE ELIMINATION OF CONSEQUENCES 401

emergency service of the facility-level unit about the calculated values of damage and personnel
performance efficiency; 39—recording in the enterprise database information on the magnitude of
damage caused by the atmospheric release of a toxic substance; 40—is correction of the LLES
required?; 41—modification of the LLES; 42—approval of new LLES by the enterprise manage-
ment; 43—training of personnel in actions for localization and liquidation of accidents using the
training system; 45-49—recommendations for reducing losses specified in items 32-36 of the ILS;
LLES—plan for localization and liquidation of emergency situations.

It follows from Fig. 10 that the problem of managing the liquidation of consequences of critical
situations at oil-refining and chemical enterprises is solved over two time intervals of different
duration: [minimum possible; month], [quarter; year].

During the solution of the problem at the first time interval, the degree of hazard of the emerging
critical situation that led to atmospheric releases of pollutants is determined. The maximum size of
the contamination zone by toxic or potentially hazardous substances is determined, and measures
are taken to limit it and evacuate personnel. The feasibility of existing plans for localization and
liquidation of emergency situations is assessed, and, if necessary, they are corrected. Information
about the incident is communicated to the enterprise management and the emergency service of
the facility-level unit and is also entered into the enterprise database. If necessary, the information
is transmitted to the unified state system for prevention and liquidation of emergency situations.

At the second time interval, the damage caused by atmospheric emissions of pollutants is as-
sessed; the corresponding information is entered into the database of the information system, trans-
mitted to the enterprise management, and, in agreement with it, communicated to all interested
external organizations.

7. CONCLUSION

The developed complex of system-dynamics models constitutes a tool for analysis, forecasting,
and control under emergency situations, intended for use as part of information-control and training
systems of oil-refining and chemical enterprises. The mathematical model, taking into account
a significant number of relevant feedback relationships between the system variables, as well as
external disturbing factors, makes it possible to comprehensively assess the safety of technological
processes and to minimize damage during the liquidation of consequences of critical situations at
oil-refining and chemical enterprises.

The use of the apparatus of regression analysis for forming functional dependencies between
the internal variables of the model makes it possible to take nonlinear effects into account and to
increase the accuracy of calculations. Second-degree polynomials used for data approximation made
it possible to obtain the required level of calculation accuracy, while the numerical solution of the
system of nonlinear differential equations provided reliable modeling results. Real statistical data
served as the basis for the calculations, and their use made it possible to confirm the correspondence
between the results of model calculations and statistical information.

The development of an original algorithm for correcting the system-dynamics model and for
operational decision-making when variables deviate from permissible values allowed the required
modeling error of approximately 10% to be ensured.

A comparison of modeling results with actual data obtained at various industrial enterprises [3]
confirmed the reliability and the required level of accuracy of mathematical modeling. The results
of the conducted research may serve as a basis for the further improvement of safety-management
systems and risk minimization at enterprises of the oil-refining industry.
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Abstract—Forecasting methodologies are widely applied in the analysis of socio-economic sys-
tems. Employing robust forecasting techniques enables organizations to anticipate future de-
velopments, optimize resource allocation, and mitigate potential risks. In the energy sector,
accurate forecasting of supply and demand is essential for maintaining grid stability, reducing
operational costs, and enhancing reliability. This study aims to assess the effectiveness of sta-
tistical and neural network modeling methods in forecasting macroeconomic indicators within
the energy sector of the Russian Federation.
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1. INTRODUCTION

Amid significant transformations in the energy sector and increasing emphasis on sustainable
development, examining the challenges of forecasting the energy balance is essential. The energy
balance represents the interdependence between production capacity and consumption within the
energy system. FEffective analysis of energy balance fluctuations requires consideration of a com-
prehensive range of economic, environmental, and technical factors.

The energy balance encompasses more than energy production and consumption. It also requires
consideration of both renewable and non-renewable resource utilization, seasonal fluctuations in
demand, and the influence of industrial and other economic sectors. These factors are essential for
a comprehensive analysis.

The relevance of the chosen topic is dictated by the need to overcome the general economic
problem of electricity shortage.

The article has the following structure. Section 2 describes the collection and processing of data
for making a forecast. Section 3 contains an analysis of forecasting methods. Section 4 presents
the results of the ensemble forecast. The final results are presented in Section 5.

2. DATA COLLECTION AND PROCESSING FOR FORECASTING

In order to obtain up-to-date data, annual macro-economic reports for the period 2005-2020
from the Unified Interdepartmental Information and Statistical System of the Russian Federation
(UIISS) were studied [1, 2]. The data summary sheets had different formats, encoding, and indicator
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names. Hence, manual transposition was performed, the data were reduced to a common format,
and the names of the indicators were unified.

For the 2021-2022 data collection, annual summary statistical reports on the energy balance of
the Russian Federation were obtained from the official website of the Ministry of Energy [3]. Since
the data in these reports were based on the year-to-year relative change (percentage change) in
indicators, a consistent conversion of relative values to natural indicators (in million tons of reference
fuel) was carried out. At the next stage, an in-depth analysis of data sources was performed,
which proved the absence of freely available energy balance data for the Russian Federation in
the period 2023-2024. After receiving confirmation that the highest possible completeness of the
macroeconomic data is reached, the 2005-2020 and 2021-2022 data were combined and reduced to
a single format. As a result, a table of indicators has been formed, which contains data sorted by
date, type of energy, and consumption sector.

An array of data consisting of 29 blocks on 8 time series (sampled values) was obtained, where
each series had a length of 18 successive values. In this case, two values in each block are aggregators,
so that the total number of input data in the table can be defined as 4032 values. The fragments
of the input data are presented in Table 1.

Table 1. Fragment of the input data.

Ext

Supply "
PPy dimgd Demanc
& ” i = i 3
- 5
e TRE R HEAREEIP PR
- " 5 2 2| 8| @ 2| 2] 3] = b Bl 2| & B85 255
B 2 = = = = £ kd 1 z L s 5 B
i " = E 3 ] 2l = = | B Xl % & 8| 2 & L 2 E E 4ES
< = g H 2 I 2 B & £l =1 Bl ¥ = g | g gl = = 2| 5 5|2 s =
B £| & @ 81 2| 2| 2| 2[FRINE 3l ®| 8| 2 e 2| 2| Z| 5| 8| 5| 8|2E|€ |85 |
- 2| & 5 E 3 il S8 g szl B B 8 " | 2] & & E] | 2| 5 | %|®
. & a 14 = & = e T - = 5 Bl & = - E| W £ 2| = | B|E8| §|=| 2 g
& £E| E & g 5 # sl 2| =] & 8| & E S| o= 53| 2| 5| ®| &| B| E| s|S=| 2| ¥| 2
= g g g i E| 5| 2| p| B| 5 5| » =% | E| =| 2] £ | 5|2¢| 4 &
H - = E| | 2| 2| 2| E| =| &] ] 2| & g2 5| 4| | E| 3| B|z¢2
o : 2| g| =| 5| 2| 8] 2 HE B IE e 2| £ 8| 5|52
. Z H k 2| 3 E 5| § = 2| 5| %
z H B Bl = H 5| 2 213
8 = ]
01l gnd notural gas liguids 7543 00 3495 4048 07| 3703 333] 02| 05| 02 00| 00} 00| 00| CO 00| ©0| ¢oj 00| OD| 00| 0| 00 00
Gas 8560 114 57,1 6104| 3166 383 813 114 21| 30 s07 10f 03 00 a3 58 35 03] 151] 178 18| 03| OB !
Coa 3505 201 156.1 114 5] T6.0f JTEI 01 o3 at 0.3 28 21} en| 00 aa oo 03 00| os 186 9.0] 0.0 Q.0 18
Refined fuels ;_‘" 118 70 1688| 2500, 870| 966 212| 29| 0OS 65 1139 0S| op] 00| 01 13| o8| opf 35| 43| o6 o1 02 10
Comibust ble enargy wasts rDu 118 00 oo 228 58 BD‘: 01 LN 5 8,1 0,0 B3 a1| as| oo =1 12 8.2 0.0} o 55 oo| oo 00 a2
Electrical energy 472 11 sS4 4132 0s 0.0| 00| 0o 7.2] 493| 1148 GO| 05| 01| L7 92| 168| 18| 60| S58 12| 1LB| &3 48
Thermal energy 1729 00 00 1729 0.0] 00| 00| oo 44 58 670 63} 03] 01| 18 128] 201| 07 23z 90| 1s| 11 29 129
Renewahie sources 1.2 0.0| oo 1.2 0.0| DDJ 0o oe a,0| 0,0 0.0 0.0 DD. oo a0 ag ao 00 00| 5,0 oo
1886.8( 396 936,6) 136893 871 53].0! 1169] 155| 143| 91.2| 255.1 1513] 1 Dl 03| 45 147 3L3| 419| 17 3.3 [
i i ] 702 oo sses| 4133] o7| svwo| sap| 02| os| o2 oo oof ool onl as 06| 0ol oo L2 96 ool oo sl 0o
Gas 8274 99 2226| 6147 3188 385 82,7| 125 21| 292| s1.1 ip| 01 9O 59 35 o1 7 47| 578 2| @
Con 255.6| 215 1618 1153| 766 81 01 03] 01 0.3 29 oi] on| 00 00| 03| 0.0 29f 00 02| 10/ 00
Rafined fuels .r_} 1640 2530 877 98_-1-_ 218 29| 05 685 119 05} ool o0 ) 13 09| 00| 10 o 83 18] 00
b e B A Bl B A R [ R R B B B ok it B B
Combustible energy wasts ™~ s 00| oo 1.9 56 ool ol a1l ol 0.0| 8.0 22| oo 00 & 2 02 00| 22 @
Electrical energy 4231 11 51| 2130 10| ool 60| o0 72| s00| 1160 61 05| 01| L7 &7 104 171 18 455
Thermal energy 1660 00| 0.0 166.0] 0.0 00| oo 0.0 4.2 56| 643 6.0 03 01 17 65 122| 193 07 31| 87 14| L0 by 113
Rerewahie sources 1.3 00 oo Ly o0 ool 00| oo o989 0.0 0o ool o o| oo o0 a0 00 op| oo o0 2.0 oo| o0 o0 oo
I8756| 39.4 9104 2004 6| 4203] 543 lli 1183] 160] 143 91.9] 2541 149 ;Dl 03| 45| 145 309| 413 17] B8] 945 59 32 81 63.5] 10 El 82,2 68,7 !E:'

Based on machine learning methods and statistics, we will create forecasts for the next 7 years
(2023-2030).

3. FORECASTING SMALL SAMPLES OF MACROECONOMIC INDICATORS
OF THE RUSSIAN ENERGY SECTOR

3.1. Machine-Learning-Based Linear Forecast

Linear regression estimation and forecasting imply a number of conditions, such as the normality
of the sample distribution, the robustness of the predicted trend, a small quantity of outliers, and
the homoscedasticity of the series. Despite the fact that the linear method is the fastest, it is
extremely sensitive (not robust) to outliers and produces the largest confidence interval (forecast
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error). This method should be used only in cases where the immediacy is much more important
than the accuracy of the result [4-6].

Methodology. To use a machine-learning-based linear forecasting method, it is necessary to
determine the permissible limits of the values of the predicted variable. It should be noted that a
preliminary determination of the permissible limits of the values of functions and their arguments
is mandatory in almost all machine learning methods using gradient or stochastic optimization.
Usually, the limits are determined by judgmental methods (so, for example, the annual gas pro-
duction limit depends not so much on planning as on the availability of actual natural, material,
and human resources). If it is impossible to obtain the values collected from experts, the limits
are defined as the upper and lower likelihood bounds corresponding to the standard data spread
being two interquartile ranges of sample variance, or as logically reasonable values corresponding
to theoretically achievable maximum and minimum.

It should also be noted that in addition to the boundaries that ensure values are within the
likelihood range, the Tikhonov regularization method is also applied to linear forecasts, which
consists of eliminating sample outliers based on the assumption of a normal input data distribution,
followed by linear imputation of the average values to replace identified anomalies. Another widely
used method is linear forecasting with scheduling imputation, where outliers are determined not
by higher-order statistical moments, but rather based on the hypothesis that they are related to
the known crisis events.

In this case, the values corresponding to crisis moments are imputed using the smart method
(less commonly, the linear method).

1. The limits of permissible forecast values are defined.

2. If necessary, scheduling or statistical regularization is carried out.

3. The linear regression equation is calculated.

4. After checking the results, forecast values that exceed the limits are replaced.

For the mathematical implementation of the logical component of the fourth algorithm step,
piecewise constant functions are usually used, such as:

1, 2=7,
Kronecker function: ¢;; = ) j
0, @#J,

+1, >0,

Sign function: sgni = 0, =0,

-1, <0,
. . . L, 20,

Heaviside function: Hi = )

0, 2<0.

Using these functions as product elements that take values of either 1 or 0, they can be employed
to include or exclude blocks of values in additive equations.

In general, the linear forecast equation looks as follows:

(ki) H (Yo — (k1(n + f) + k2)) (k1 (n + f) + k2)
H(=k)H(=Y_o+ (k1(n + f) + k2)) (k1(n + f) + k2)
H(k1)H(=Yq0 + (ki(n + f) + k2))Yso
H(=k1)H(Y_o — (k1(n + f) + k2)) Yo,

Ynty =H
+
+
+
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where
NS iY; - SIS Y;
Npgit = (ERgi)?

DLIE) 0 L) SR e :

R Y — ( S ) R

ks (base coefficient) = =l =1 ,
n

k1 (slope coefficient) =

Yn+f—forecast value for a given date, Y;—sample elements, Y, o—upper limit of permissible forecast
values, Y_g—lower limit of permissible forecast values, n—sample size, f—prediction interval,
y; = k1t + ko—linear regression equation.

Explanation of the logical components: H (k1) =1, if the function increases; H(—k;) =1, if
the function decreases; H (Yo — (ki(n+ f)+ k2)) =1, if the function did not cross the upper
limit; H(—Y_o+ (k1(n+ f) + k2)) = 1, if the function did not cross the lower limit; H(—Yio+
(k1(n+ f) + ko)) = 1, if the function crossed the upper limit; H(Y_¢ — (ki(n+ f) + k2)) =1, if
the function crossed the lower limit.

3.2. ETS Exponential Smoothing Forecasting Model

The abbreviation ETS (error/trend/seasonality) means that the following predictive factors are
taken into account when making a forecast:

1. The general tendency of growth or decline (trend).
2. Seasonal fluctuations (periodic/harmonic motion).
3. The error significance level increases as we approach the starting point of the forecast.

The ETS forecast is also referred to as the exponential smoothing forecast, which is related to
the method of calculating the significance of the error (exponential amplification).

As in linear forecasting, the main approximation accuracy criterion in the ETS method is the
squared deviation, but in this case, instead of calculating the sum of squares, we obtain the sum
of the products of the squares by their weights, which increase exponentially as they approach the
forecast point [7-9).

The result of the forecast is an additive function consisting of linear and periodic components
[10-14].

The forecast algorithm.:

Step 1. Definition of the permissible forecast value limits.

Step 2. Identification of the linear trend using the classic diagonal method.

Step 3. Approximation of the trend residuals by a periodic function.

Step 4. Expert definition of the “data inertia” value.

Step 5. Sample approximation by a linear function, taking into account the error weights.
Step 6. Summation of linear and periodic functions.

Step 7. Forecast generation based on the overall trend.

Step 8. Verification and replacement of the forecast values that exceed the limits.

Let us formalize the implementation of the ETS forecast as part of the algorithm steps mathe-
matically:

Step 2. Identification of the linear trend using the classic diagonal method:

DR TTID S ) S RS )
no,. Wi T2 v Y n
Ei:ﬂ/z - ( g ; ; ) Ei:ﬂ

n (nzznzliyi - Eznzlizznzlyi) + 2?2112_(2?:1@)2

Nii? = (BL,0)? n

Yiy =
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where y;,—initial linear trend for obtaining seasonal residuals, y;—sample elements, i—element
indices, n—sample size,

ndi 1Y — N i, Y
D A LT

DL I SIS S ,

XY - ( S Zz‘Q—E;" 2521 Z) DIEY)

ko (base coefficient) = = =1 :
n

k1 (slope coefficient) =

where Y;—sample elements.
Step 3. Approximation of the trend residuals by a periodic function:

n

Z(k%@(k’ﬂ) — (k17 + k2 — YZ))2 — min,
=1

where ki1—slope coefficient, ko—base coefficient, k3—selected amplitude coeflicient of the periodic
function, ks—selected frequency coefficient of the periodic function.
Step 5. Sample approximation by a linear function with regard to the error weights:

The value of the data inertia coefficient « € ]0; 1] is usually determined according to the expert
opinions; in the absence of such, it is recommended to take a value within 0.25-0.30. The significance
of up-to-date data grows with the increase of the coefficient, while the significance of “stale” data
decreases.

Step 6. Summation of linear and periodic functions:

n i . R V4 2
Z(e (ki + ke YZ)) — min,

an
i=1 €

where a—coefficient of “data inertia” (staleness), ks—selected slope coefficient, ks—selected base
coefficient, Y;—sample elements.

Step 7. The final prediction equation without limits looks as follows:
Yntf = k5(n + f) + ke + kg(p(k4(n + f))

Step 8. Next, we check the results and replace forecast values that exceed the limits.
Thus, we obtain the forecast with limits:

Yntf = HU%)H(YJro - <k5(n + f) + ke + ksp(ka(n + f)))) (ks(n+ f) + ke + ksp(ka(n + [)))
+ H(—/%)H(—Y—o + (k5(” + f) + ke + k3 (ka(n + f)))) (ks(n+ f) + ke
+ k3<p(k4(n + f))) + H(k5)H(—Y+0 + (k5(n + f) + ke + k3<p(k4(n + f))))Y+0

+ H(~ks)H (Yoo = (ks -+ £)+ Ko + hap(u(n + ) ) Yoo,

3.3. Neural-Network-Based Forecast

A neural network functions through interconnected nodes called neurons. These nodes are
organized into a multi-layered structure that resembles the structure of the human brain.
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Fig. 1. Schematic drawing of an artificial neural network.

The most elementary neural network, called a perceptron, is a simplified simulation of the
activity of a biological network consisting of neurons and connections between them.

The structure of a formal neuron is shown in Fig. 1.

A set of signals is coming to the input. Each signal is subjected to a weighting procedure, i.e.,
multiplied by a preset coefficient:

N
netj = Z TiWij,
i=1

where net;—total value that would result from processing all incoming signals of neuron j (neuron’s
summed input), N—total number of elements whose input parameters affect the input signal j;
w;j—weight determining the strength of the connection linking neuron ¢ with neuron j.

Summing up all the input signals, previously multiplied by the corresponding weights, we get
the total input signal of the neuron.

Each neuron functions according to its own internal algorithm that determines the input signal.
This algorithm calculates the result based on the total value received by the neuron. This rule is
called the activation function f(x).

Let us turn to the Widrow—Hoff learning rule, also known as the delta rule. Its objective is to
minimize the root-mean-square error that has arisen in the neural network. This error is calculated
for the input data using the formula:

1
E=3( - d)?,

where d—desired output value.
Each neuron performs weighted sum calculations using the following formula:

S =w1 Xy +we Xy — b,

where b—defines the critical level (threshold).

For example, consider the linear activation function given as Y = z. In this case, the functional
of the error will be determined by the following formula:

oF
— = (X —-d)X
6’[1)1 ( ) b
oF
— = (X -d)X
6’[1)2 ( ) Z
OF
-5 = (X -a).
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The weights and biases of the neuron are determined by the following formulas:

wilt+1) = wilt) — oY - d)X,,
bt +1) =b(t) + (Y — d).

In this particular scenario, the error functional is defined as:
1 2
The coefficients determining the weights and biases of neurons are calculated using the following
formulas:
wij(t + 1) = wij(t) — a(Yj — dj) X,
bj(t +1) = bj(t) — a(Yj — dj).
The error back-propagation algorithm serves as the core tool for training multilayer neural
networks based on the principle of the forward signal propagation. Training essentially boils down to

two consecutive stages covering each layer of the network: forward and backward passes. Synaptic

weights, denoted as wf; j (¢ is the weight number, j is the neuron number, k is the layer number),
are adjusted to achieve the best match between the actual signal output and the desired output.

The output value of the jth neuron located in the kth layer is determined as follows:

Y= F (Swf,vE - o).

The input signal for the jth neuron of the last layer is calculated as follows:
Y; = F (Sw; ' = by).
The error functional of the neural network is defined as:
E= %Ej(w)Q,

where v; = Y; — dj—error of the jth neuron located in the output layer.
Error of the jth element located on the kth hidden layer:

. OF OE 8Y; 9S; . OE 9Y;

Vi = 6ij ]an a3, ank ]an 6Sij,J EJ(YJ dJ)F (Sj)ww Yy F (Sj)wz,j-

Error gradients:

OF _ 0L OY; 05; _  pr(gyyh

OE  OFE 0Y; 0S; ,

6bj 65/] 65] ab] ’Y] (S])’
O 5,00 O 9 oYy~ 955! — ~F (S’“) \ &
ui; 0V 08; oY 055 O - i)Y

The weights and biases of the neurons are determined by the following formulas:
41 =y ek ()
b?(t +1)= bf - a’y;f‘F' (Sf) ,
where (0 < a < 1)—learning rate.
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The algorithm will be executed until £ > FE,,, E,,, where Em is the desired value of the root
mean square error of the neural network.

Let us create a simple, non-recurrent, perceptron neural network for the autoregression of each
data series:

i=m i=1
Yntf = knotanhk,tanh Z kn;tanh Z k:m-jtanh(Yi ) ,
i=1 =i

where y,, 4 f—forecast at time n + f, Y;;—sample elements, tanh(x)—hyperbolic tangent function,
kyij—coeflicients of the neuron input weights calculated during training, f-—forecast lead time,
m—number of input neurons, n—number of inputs of each first-layer neuron.

Let us train the neural network using the standard stochastic Hopfield method or the gradient
descent method (EBP), minimizing the sum of squared deviations.

3.4. The Ensemble Forecast

Figure 2 shows graphs for all three of the above types of forecasts (linear forecast, ETS forecast,
neural forecast).

As one can see, the forecasts are considerably different:

1. The linear forecast shows a significant decrease.

2. The ETS forecast shows a decrease, an increase, and then a decrease again.

3. The neural forecast shows an increase.

Such significant discrepancies in forecasts usually appear when predicting small and ultra-small
time series (less than 30 elements), since their statistical deviations are very large and, for example,
in a sample of 20 elements, may be up to 2o.

In such cases, a predictive ensemble (combined forecast) is created from a set of disparate
forecasts, the main task of which is to give a consensual prediction depending on the degree of

Energy consumption in RF. Forecasts for 2023—2030
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Fig. 2. Linear forecast, ETS forecast, neural forecast.
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confidence in a particular methodology:

m m
Yntf = Zdiyn—i—fi; Zdz =1,
=1 =1

where ¥y, j—forecast at a time n + f, y,,4,—forecast according ith method, d;—confidence coef-
ficient of the ith method, m—mumber of forecasting methods.
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The simplest ensembling method is the Bayesian method, which assumes an equal degree of
confidence in all forecasting methods [15-17]:

m
Yn+f;
Ynif =)
=1 m

Using this method, we will calculate ensemble forecasts and plot such forecasts both for indi-
vidual indicators and the energy balance as a whole.

Let us consider the general ensemble forecast of the energy balance (Fig. 3).

As we can see, if current trends continue in the period 2023-2030, an energy deficit in the
amount of 20 to 120 million tons of reference fuel is expected, which, with the total volume of
current production, ranges from 0.7% to 4.2%. Such a deficit can be easily covered by a planned
increase in production by 0.6-0.7% per year.

Now let us find out the causes of a possible shortage. Figure 4 shows that total production will
remain unchanged, while energy imports will increase slightly.

Figure 5 shows that exports and domestic consumption will increase significantly.

Thus, even an intuitive analysis of the graphs let us conclude that the growth of domestic
consumption and exports of energy resources will be the main causes of a possible energy shortage.

4. RESULTS. ASSESSMENT OF FORECAST QUALITY

The estimate of the possible deviation of the predicted value represents the estimated limits
of fluctuations in the predicted value, defined as the confidence interval of the forecast. They
are usually designated as “pessimistic” and “optimistic” limits of the forecast. The value of the
confidence interval is based on the assumption that the predicted value has a Gaussian normal
distribution, as well as on the amount of uncertainty allowed in the forecast.

The value of the confidence interval is calculated for each forecast period using the formula:
AX, =nZ,RMSFE,

where n—prediction interval, Z,—multiplier of the significance level, RM S E—standard deviation
of the trend.

Thus, each subsequent value of the predicted variable expands its probabilistic bounds by at
least one standard deviation, and the maximum significance level of the forecast corresponds to a
deviation of 68%.

Let us estimate the confidence interval of the components of linear, exponential, neural, and
ensemble forecasts of the energy balance, which include exports, imports, production, and con-
sumption of energy resources.

For this estimation, it is first necessary to find the standard sample approximation error for the
linear, exponential, and neural trends of these components. In all three cases, it can be estimated
as:

where X;—actual values of the predicted variable, x;—values of the predictive trend, n—sample
size of the actual values.

In this case, the limits of the confidence interval for the predicted values are defined as:
Di>n = Z; + Za(i — n)RMSE,
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Fig. 6. Ensemble forecast of the Russian energy balance with confidence interval.

where x;—values of the predictive trend, n—sample size of the actual values, Z,—multiplier of the
significance level, RM S E—standard deviation of the trend.

Since the actual energy balance is a value reduced to zero, it is impossible to estimate its
deviation from any predictive trends. In this case, calculated estimates of the error in energy
balance components can be used, and regardless of whether the component has a negative or
positive effect on the energy balance, the fraction of error it introduces should be accounted for as
increasing the total error.

For each type of energy balance forecasts, we obtain the values of the cumulative RMSE using

Bayesian ensembling and estimate the error of the ensemble forecast as an arithmetic mean (see
Table 2).

Table 2. Benchmarking of forecasts

Energy balance forecast Absfolute Rel.ative
cumulative RMSE | cumulative RMSE

Linear 74.5223 5.14%

ETS (exponential) 75.4225 5.22%

Neural 77.5736 5,67%

Ensemble 75.8395 5.23%

Let us plot the resulting ensemble forecast with confidence intervals (see Fig. 6).

It should be noted that the confidence interval reflects outer limits beyond which the predicted
value will not exceed at the specified significance level [18-20]. However, the display of the confi-
dence interval, especially for long-term prognostic periods, suggests a low forecast accuracy and a
significant spread of possible values. Hence, for graphs, it is recommended to use a predictive corri-
dor, which is a visual representation of the standard deviation or the results of frequency analysis.
In this case, the display of the forecast limits will be smoother, narrower, and non-expansive. Let
us consider the limits of the predictive corridor for displaying the ensemble forecast of the energy
balance.

In this case, the limits of the predictive corridor for the predicted values are defined as:
Fisp =x; £ Z,RMSE,

where x;—values of the predictive trend, n—sample size of the actual values, Z,—multiplier of the
significance level, RM S E—standard deviation of the trend.
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Fig. 8. Three-dimensional graph of sectoral forecasts.

So, for a@ = 0.25, the expected deviation will be 1.150, which is reflected in the graph in Fig. 7.

As the figure shows, this representation of the forecast is much more favorable in terms of
psychological perception.

As a conclusive outcome, a three-dimensional graph of sectoral forecasts is constructed (Fig. 8)
in order to identify industries where energy supply requires special attention.
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From the graph (the green area of near-zero values on the right), it immediately becomes clear
which industries in the Russian Federation are not receiving enough attention. In order to better
diversify the economy, these industries need to be stimulated.

5. CONCLUSION

Based on the time series analysis of indicators of the energy balance of the Russian Federation,
both classical statistical models and deep learning methods, as well as their ensemble combination,
were implemented and investigated.

The results revealed the advantages and limitations of each forecasting model. It is shown that
the use of an ensemble model combining the predictions of various methods provides higher stability
and accuracy of the results compared with individual models.

The economic value of the developed forecasting system is confirmed by the possibility of its
application for strategic and operational planning, risk management, and the formation of com-
petitive advantages in the energy market. The practical implementation of the models and the
constructed ensemble based on real data has shown their applicability to the tasks facing energy
companies, traders, and government regulators.
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Abstract—This paper addresses the problems of managing a multi-project program under soft
dependencies between some program projects. As a rule, the use of soft dependencies saves the
time and/or cost of executing the next project, which decreases the time and/or cost of imple-
menting the entire program. An example shows how rarely dealing with soft dependencies can
be reduced to simple schemes without losing the problem essence. Consideration of stochastic
uncertainty in project implementation is introduced. According to the conclusion, the effect
from considering soft dependencies depends on the probability of realizing them.

Keywords: program, project, hard dependencies, soft dependencies, stochastic uncertainty in
the realization of soft dependencies
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1. INTRODUCTION

In a program consisting of interdependent projects (multi-project program), the results of one
project can often be used in the execution of others, thereby decreasing the implementation time
(duration) and/or cost of the entire program. Such dependencies between projects, without manda-
tory fulfillment but with a positive effect on program parameters, are called soft dependencies.

Problems with soft dependencies were investigated in [1-4]. Note that rather simple setups
were studied in [1, 2], e.g., the effect from considering several soft dependencies was supposed to
be additive, and no probabilistic characteristics [6-9] of the effect of soft dependencies, which is
certainly present, were taken into account. This practice is not always applicable; see an illustrative
example in the next section.

2. AN EXAMPLE OF ESTIMATING SOFT DEPENDENCIES IN A PROGRAM

Let a program consist of 5 projects. Their numerical parameters are combined in the table
below.

This table has the following notation: ¢y and tmax are the minimum and maximum project
execution times (terms), respectively (in days); p is the probability of project completion within
the corresponding term; ¢. is the time saving of the next project (in days); finally, 7. is the resource
saving of the next project (in million rubles).

The residential complex construction project has a hard deadline of 500 days. In the example,
this is the only project that may be executed in the maximum term with a probability below 1.
This situation occurs when the project deadline is set “from the outside” (e.g., by the customer),
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Table 1. Numerical parameters of program projects

. Minimum term, | Maximum term, | Impact Saving
Project .
tmin/P tmax /P on projects | t./7.

1. Start-up of C1 concrete production line 12/0.5 20/1 2,5 57//128(’)
2. Start-up of C15 concrete production line 15/0.6 22/1 5 8/150
3. Start-up of RO rebar production line 7/0.8 11/1 4,5 g//llg)(,)
4. Start-up of R15 rebar production line (can 9/0.7 12/1 5 7/180
be used only with C15 concrete; when used
together, t. = 2 and r. = 5)
5. Construction of a residential complex 400/0.75 500/0.95 — —

and everything possible will be done in the calendar plan to complete the work by the specified
date.

Now we explain this table. Residential complex construction can be initiated independently of
the start-up of production lines. By assumption, the pit has already been dug. Then both concrete
and rebar, needed immediately, will have to be purchased from suppliers, requiring additional
time (to wait for delivery) and additional money. Currently, all these items are included in the
construction project. Obviously, the cost of components purchased “on the side” is higher than
in-house production. Therefore, given the plans to organize production lines for concrete and rebar,
it makes sense to consider the self-supply of the construction project with these materials. This
approach is financially reasonable for the contractor, and it remains to assess its time feasibility:
first, the production lines have to be launched.

It is possible to start up a production line for concrete of universal grade C1 or improved
(modified) grade C15. For example, the use of C15 eliminates the need for some additives, reduces
the curing time of the structure, etc. The production of C15 can be established independently or
based on the available line for C1. In the second option, the start-up time of the production line is
reduced by 7 days, but it is possible to initiate this work only after launching the C1 line. This line
is started in 20 days with probability 1 (surely). That is, with saving both time and resources, the
production of C15 is definitely launched in 35 days. Under favorable conditions (everything can be
accomplished in the shortest term), this time is reduced to 20 days with a probability of

P12min = Plmin X P2min = 0.5 X 0.6 = 0.3,
where P1min, P2min, and piomin are the probabilities of completing the first, second, or first and
second projects, respectively, under soft dependencies within the minimum term.

Rebar can be considered similarly. The rebar of grade R15 is stronger, lighter, and more reliable,
but can be used only with C15 concrete. Their simultaneous use adds 5 to the resource saving and
2 to the time saving. RO rebar (universal) can be used with any grade of concrete. Based on the
RO line, the production of R15 can be launched in 12 days with the probability of

P34min = P3min X P4min = 0.8 X 0.7 =0.56
and in 19 days with probability 1 (surely).

Obviously, in the described situation, all dependencies are soft and their effects cannot be simply
summed. First, there are different scenarios for their use:

1. Start all projects independently; then, the time to launch production lines is likely to be
reduced since, in a sequential start-up, it is possible to start working with complex lines at best only
after 12 and 7 days (in both cases, these figures exceed the time saving due to soft dependencies).
Construction can be started at least a week earlier as well. Note that the time saving due to soft
dependencies is not considered here.
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Fig. 1. Interaction options of projects 1-4.

2. Use in-house concrete (plain or improved), waiting 12 to 35 days and saving 100 to 150 million
and 5 days. Due to the hard construction deadline, the 5 days also count appreciably.

3. Use in-house rebar, either universal or improved, waiting 7 to 19 days and saving 120 to
180 million and 6 days. Due to the hard construction deadline, the 6 days also count appreciably.

4. Use both in-house concrete and in-house rebar with their compatibility in mind (R15 can
be used only with C15). RO rebar is universal and can be used with any grade of concrete, but
does not offer several advantages. In this scenario, the waiting time is taken into account only for
concrete: the production of rebar is established earlier. But on the other hand, 11 days can be
saved on the term reduction.

In reality, the above 4 scenarios generate a much larger number of particular options. We will
deal with them by full enumeration, considering all logical and simultaneously reasonable options
to combine the projects. There are not so many of them. Note that the first four projects interact
with each other. The fifth one can be combined with any of their combinations. Figure 1 shows
the interaction options of projects 1-4.

Figures 2-5 present the interaction options of all five projects for combinations I-1V, respectively.
We briefly discuss their features.

I) The soft dependencies between the first four projects are neglected, all projects are executed
in parallel and as fast as possible, albeit without resource and time savings. In this combination,
there are five logical and reasonable options for including project 5:

1. Project 5 is also included without soft dependencies, in parallel with the others. This case
corresponds to the situation without resource deficiency but with a desire or need to complete all
projects as fast as possible. For 1.1, we have t. = 0 and r. = 0.

2. Project 5 is included after project 3 and uses in-house rebar. When executing after project 3,
the corresponding soft dependency (3-5) is used, and ¢, = 6 and . = 120. The duration of project 3
does not exceed 11 days (and merely 7 days with a probability of 0.8). Subtracting the time saving,
we obtain a shift of 1-5 days and resource saving.

3. Project 5 is included after project 4 and uses improved in-house rebar. The soft dependency
(4-5) is considered, and t. = 7 and r. = 180. As a result, project 5 is shifted by 2-5 days, and the
resource saving increases markedly to 180. An additional constraint is that R15 rebar can only be
used with C15 concrete, so the contractor has to purchase concrete of that grade. Or, when the
C15 concrete line is running, the contractor can start using in-house concrete.

4. Project 5 is included after projects 1 and 3, and both soft dependencies (1-5) and (3-5) are
considered. Note that the option of executing project 5 after projects 1 and 4 is eliminated as
illogical: the use of R15 requires concrete of a higher grade, and it makes no sense to wait for the
production of unnecessary concrete. As a result, t. =5+ 6 =11 and r. = 100 4+ 120 = 220. We
estimate the shift of project 5 by the largest time of projects 1 and 3, i.e., 12-20 days, or 1-9 days,
taking the savings into account.

5. Project 5 is included after projects 2 and 4, and both soft dependencies (2-5) and (4-5) are con-
sidered. The option of executing project 5 after projects 2 and 3 makes no sense: during the start-up
of the C15 line, the production of R15 has enough time to start, and these materials together give
a much higher gain than when using C15 jointly with R0O. As a result, t. =8+ 742 =17 and
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Fig. 3. Inclusion options for Project 5 in combination II.
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Fig. 4. Inclusion options for Project 5 in combination III.

Fig. 5. Inclusion options for Project 5 in combination IV.

re = 150 + 180 + 5 = 335. The third term of this sum is the synergistic effect, representing the
gain from the joint use of R15 and C15. We estimate the shift of project 5 by the largest time
of projects 2 and 4, i.e., 15-22 days, or (—2)-5, taking the savings into account. The value (—2)
shows that, at best, the execution time of project 5 can be reduced even more compared to the
case of neglecting the soft dependencies. In addition, the resource saving is appreciable as well.

IT) Among the first four projects, only the dependency (3-4) is considered, giving the savings
t. = 4 and r, = 15, and the production of R15 rebar is eventually set up in 12-19 days. In this
combination, there are three logical and reasonable options for including project 5:

6. Project 5 is included in parallel without soft dependencies. The features of this situation
have been discussed above. The time and resource savings due to the soft dependency between
projects 3 and 4 are t. = 4 and r. = 15.

7. Project 5 is included after project 4 (and project 3 as its component) and starts using in-house
R15 rebar. With executing this project after project 4, we use the corresponding soft dependency

AUTOMATION AND REMOTE CONTROL Vol. 87 No. 5 2026



422 BURKOVA, SHCHEPKIN

(4-5), and t. = 7 and r. = 180. As a result, the R15 line is launched in 12-19 days (and will be
further used in project 5), the term of project 5 is shifted by 5-12 days, and C15 grade is needed
to purchase only for project 5. Note that the longest term for launching the rebar production line
does not exceed the shortest term for launching the concrete production line. Therefore, it may
be logical for project 5 to use in-house rebar but not in-house concrete; on the other hand, by the
time of using in-house concrete, the rebar production line will already be running, and it makes no
sense to use in-house concrete without in-house rebar.

8. Project 5 is included after project 4 (and project 3 as its component) and project 2, and uses
R15 rebar and in-house C15 concrete. The soft dependencies (2-5), (4-5), and, of course, (3-4)
are used. The saving from the joint use of R15 and C15 is also taken into account. Accordingly,
te =8+7+4+2=21and r. = 150 + 180 + 15+ 5 = 350. The term of project 5 is shifted by
(—6)—1 days, i.e., it is very likely to be completed earlier than required. By the above reasoning, it
makes no sense to consider project 1 instead of project 2 in such a combination.

IIT) Among the first four projects, only the dependency (1-2) is taken into account, giving the
savings t. = 7 and r. = 20, and the production of C15 concrete is eventually set up in 20-35 days.
This combination describes the least probable situation: when considering the dependency (1-2),
it makes sense to take the dependency (3—4) into immediate account (see combination IV below)
due to no extra costs and a significant gain. Nevertheless, such a situation is theoretically possible
under a set of circumstances (e.g., there is enough rebar of the required grade in stock). In this
combination, there are two logical and reasonable options for including project 5:

9. Project 5 is included in parallel without soft dependencies. The features of this situation
have been discussed above. The time and resource savings due to the soft dependencies between
projects 1 and 2 only are t. = 7 and 7. = 20.

10. Project 5 is included after project 2 (and project 1 as its component) and project 4, and uses
R15 rebar and in-house C15 concrete. The soft dependencies (2-5), (4-5), and, of course, (1-2)
are used. The savings from the joint use of R15 and C15 are also taken into account. Accordingly,
te =847+ 742 =24 and r. = 150 + 180 4+ 20 + 5 = 355. The term of project 5 is shifted by
(—4)-11 days. By the above reasoning, it makes no sense to consider project 1 instead of project 2
in such a combination.

IV) Among the first four projects, both dependencies (1-2) and (3-4) are taken into account,
giving the savings t. = 7+4 = 11 and r. = 20 + 15 = 35, the productions of C15 concrete and R15
rebar are set up in 20-35 days and 12-19 days, respectively. In this combination, there are three
logical and reasonable options for including project 5:

11. Project 5 is included in parallel without considering soft dependencies. The features of this
situation have been discussed above. The time and resource savings due to the soft dependencies
between projects 1-4 only are t, =7+ 4 = 11 and r, = 20 + 15 = 35.

12. Project 5 is included after project 4 (and project 3 as its component) and starts using
in-house R15 rebar. With executing this project after project 4, we use the corresponding soft
dependency (4-5), and ¢t. =7 and r. = 180. As a result, the R15 line is launched in 12-19 days
(and will be further used in project 5), the term of project 5 is shifted by 5-12 days, and C15 grade
is needed to purchase only for project 5.

13. Project 5 is included after project 4 (and project 3 as its component) and project 2 (and
project 1 as its component) and uses R15 rebar and in-house C15 concrete. Besides the above
dependencies (1-2) and (3-4), the soft dependencies (2-5) and (4-5) are fulfilled (actually, all the
soft dependencies). The savings from the joint use of R15 and C15 are also considered. Accordingly,
te=7T+84+7+4+2=28 and r. = 20+ 150 + 180 4+ 15+ 5 = 370. The term of project 5 is shifted
by (—8)-7 days.

We summarize the results in the table below.

AUTOMATION AND REMOTE CONTROL Vol. 87 No.5 2026
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Table 2. The interaction of program projects: a comparison of options

The number . .
Combination | Option | ¢, Te of soft T},le shift O.f project
dependencies 5’s term (in days)
1 0 0 0 0
2 6 120 1 7-11
I 3 7 180 1 2-5
4 11 220 2 1-9
5 17 335 2 (=1)-5
6 4 15 1 0
1I 7 7 120 2 5-12
8 21 350 3 (—=6)-1
I 9 7 20 1 0
10 24 355 3 (—4)-11
11 11 35 2 0
v 12 7 180 3 512
13 28 370 3 (—8)-7

Analysis shows no obvious patterns in Table 2, which is the main conclusion. Moreover, efficiency
criteria in this situation can be different, e.g., the saving of resources or the shift of the term of
project 5, as the most ambitious part of the program. Despite some correlation between the above
criteria (e.g., options 5, 8, 10, and 13 are quite effective in terms of both criteria), we note that in
each of the combinations I-1V, the option with the maximum number of dependencies used is most
effective. Generally speaking, it is not easy to make an unambiguous choice.

At the beginning of this section, we have emphasized the importance of the probabilistic compo-
nent, which is neglected in the illustrative example. Also, the term of each project is not two limit
points but any point on the interval between them, and each such point has a particular probabil-
ity (in the simplest case, a linear probability distribution). These facts are not considered in the
example as well. In reality, this probability evolves over time in a much more complicated way.

The example is very simple for a real construction program, the more so in the elementary
setting: it ignores the stochastic reduction of the project execution time and/or resources according
to some temporal distribution. Therefore, dealing with soft dependencies can rarely be reduced to
simple schemes without losing the problem essence. This paper takes a step towards considering
the probabilistic and uncertain parameters of soft dependencies.

3. THE SET OF REALIZABLE SOFT DEPENDENCIES
Consider the problem of reducing the implementation time (duration) of a multi-project program
with soft dependencies using the basic definitions provided in [4, 5].

By assumption, there are many options for including soft dependencies into the program. Each
option is characterized by the probability of its realization and the corresponding program duration.

We introduce the following notation:

7; is the project execution time when neglecting soft dependencies;

m is the number of projects in the program;

T =", 7 is the program duration when neglecting soft dependencies.

An algorithm for including soft dependencies into a program to reduce its duration was described
in [4].

In this paper, we optimally select soft dependencies using the probability of soft dependence
realization and the program duration reduction as the optimality criteria.
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4. THE PROBABILITY OF SOFT DEPENDENCE REALIZATION

Suppose that the program has a set S of n soft dependencies. Let p;, © =1,2,...,n, be the
probability of realizing the ith soft dependency, and t;, i = 1,2,...,n, be the program duration
reduction under the realization of the ith soft dependency.

According to [10], if all soft dependencies are realized, the program duration will be T — T,
where

Since the realization of each soft dependency is treated as an independent event, the probability of
realizing all soft dependencies will be
n
P = le'.
i=1

Following [10], the efficiency of different options to realize a soft dependency will be estimated
by the mean program duration reduction. We denote by Mg the mean program duration reduction
under the realization of all soft dependencies. As demonstrated in [10], this value is given by

Consider a situation when all soft dependencies provide the same reduction of the project exe-
cution times, but the probabilities of realizing these dependencies differ.

In this case, the mean program duration reduction under the realization of all soft dependencies
can be written as

MS =nt H Di-
i€S

Without loss of generality, we arrange all soft dependencies in ascending order of the probabilities
of realization:

pL=p2> ... =Py (1)

If all soft dependencies provide the same reduction of the project execution times and inequal-
ity (1) holds, for k successively realized soft dependencies, the mean is given by

k+m—1
M, =kt H pi, m=12 ... n—k+1.
i=m

In view of condition (1), we have

My >My>...> My _gy1.

Let '
pi =pib . (2)
In this case,
M1 == k?tplbk(k_l)b/Q.
We find the optimal number of realizable soft dependencies by minimizing the mean:

oM b
ak;l _ tplb’f(’ffl)b/2 + k;tp1§(2l<: —1)Inb=0. (3)
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Fig. 6. Change in the expected value versus the probability of soft dependency realization.

From (3) it follows that
1+ kg(% —1)Inb = 0.

The solution of this equation has the form

16
kzl:l: =13

e @

Example 1. There are five soft dependencies. The program duration reduction by each soft
dependency is t = 10, and the probability of realizing the first soft dependency is p; = 0.7. The
probabilities of realizing soft dependencies form the geometric progression (2); let its ratio be
b = 0.85. Accordingly, the probabilities of realizing the soft dependencies are p; = 0.7, ps = 0.6,
p3 = 0.51, py = 0.43, and ps = 0.37. Figure 6 shows the graph of the mean program duration
reduction as a function of the number of realized soft dependencies.

In Example 1, it suffices to realize only three soft dependencies to maximize the mean program
duration reduction. By the way, this fact follows from the expression (4). For the above value of b,
the calculations yield £ = 2.95. Note that increasing the ratio actually increases the number of re-
alized soft dependencies maximizing the mean program duration reduction; accordingly, decreasing
the ratio decreases this number.

Consider now the following situation: when realizing the ith soft dependency, the project exe-
cution time is reduced to the value

ti = tlai_l (5)

(another geometric progression), and each soft dependency is realized with the same probability.

In this case, the mean program duration reduction under the realization of all soft dependencies
can be written as

p". (6)
Assuming that only the first k& soft dependencies are realized, the expression (6) becomes

t1(afF =1
Ay = )pk;.
a—1
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Fig. 7. Change in the expected value versus the program execution time reduction.

We find the number of realizable soft dependencies maximizing the mean program duration

reduction:
d (ti(a*—1) 4 pafIna P
dk( a—1 b 1P a—1+1a—1p np (™)
From (7) it follows that
In llnp
j—L 8
Ina (8)
Since k < n, we have
p < at" 1", (9)

Example 2. As in Example 1, there are five soft dependencies. For a = 1.05, formula (9) implies
p < 1, so the probability of realizing each soft dependency can be chosen to be 0.7. The program
duration reduction by each soft dependency is described by (5): ¢; = 10, to = 10.7, t3 = 11.45,
ty = 12.25, and t5 = 13.11. Figure 7 shows the graph of the mean program duration reduction as
a function of the number of realized soft dependencies.

In Example 2, it suffices to realize only four soft dependencies to maximize the mean program
duration reduction. By the way, this fact follows from the expression (8). For the above value of
a, the calculations yield £k = 3.11. Note that changing the ratio actually changes the number of
realized soft dependencies maximizing the mean program duration reduction.

Thus, we have considered two settings: in the first, all soft dependencies provide the same
reduction of the project execution time, but the probabilities of realizing these dependencies are
different; in the second, the reduction of the project execution time when realizing soft dependencies
differs, but the probabilities of realizing soft dependencies are the same.

5. CONCLUSIONS

This paper has analyzed the use of soft dependencies in multi-project program implementation.
An example has been provided to demonstrate how rarely dealing with soft dependencies can be
reduced to simple schemes without losing the problem essence. The problem of determining the
optimal number of realizable soft dependencies maximizing the mean program duration reduction
under a stochastic uncertainty in the realization of soft dependencies has been considered. As
shown, the maximum value of the mean program duration reduction depends on the number of
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realized soft dependencies and, moreover, is largely determined by the probability of realizing each
soft dependency. Numerical examples have been given in which the maximum value of the mean
program duration reduction is achieved for a smaller number of available soft dependencies.

10.
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Abstract—Based on the sequential probability ratio test (likelihood ratio) method, a controlled
random search algorithm is proposed for the approximate solution of large-scale discrete pro-
gramming problems. The reduction in the exhaustive search of feasible sets of the decision
variables of the problem is achieved by introducing non-zero probabilities of false recognition
of the optimal solution. As a practical application of the algorithm, the problem of forming
optimal well placement patterns in oil and gas reservoirs is considered. The results of com-
putational experiments are presented, the purpose of which was to study the accuracy of the
problem’s solution depending on its dimension (the number of blocks where well placement is
possible and the number of wells to be placed were varied). The optimal solution of the problem
obtained by one of the exact methods of discrete programming was used as a reference solution,
against which the accuracy of the approximate solution generated by the proposed algorithm
was evaluated.

Keywords: algorithm, Boolean programming, probability, statistical hypotheses, maximum like-
lihood method, probability density, optimization, transportation problem
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1. INTRODUCTION

One of the main approaches to solving large-scale discrete programming problems is the use
of approximate algorithms that allow estimating the error in determining the exact (optimal)
solution [1-3]. This approach is quite justified when solving applied problems, for which a typical
situation is not only their large dimensionality but also a significant error in the values of the
initial parameters. In this case, the value of the exact solution decreases, and it becomes possible
to reduce the number of analyzed feasible solutions of the problem by abandoning the guarantee
of obtaining an exact solution.

In accordance with [2], a large-scale problem will be understood as a problem for which the
search for an optimal solution on a specific computer takes a time exceeding a specified value, or
requires an amount of memory exceeding the allocated volume.

A significant class of approximate methods is composed of controlled random search methods
[1, 2]. Unlike “blind” random search, these methods allow accumulating information obtained at
previous stages of the search for an optimal solution to correct subsequent stages.

The algorithm proposed in this paper belongs to the controlled random search methods; it rep-
resents an iterative procedure, at each step of which, given the probabilities of erroneous inference,
the truth of one of two statistical hypotheses is tested: can the feasible solution, which is the most
preferable relative to all previously generated feasible solutions in terms of the objective function,
be considered optimal, or should the search be continued?
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2. PROBLEM STATEMENT AND ALGORITHM DESCRIPTION

Consider the linear Boolean programming problem:

F(X) — min (1)

XZ(xl,...,.%'k)GA (2)

x; €{0,1}, i=1,... k, (3)

where A is a subset of k-dimensional Euclidean space represented by linear constraints, and F'(X)

is a linear function defined on the subset A.

For the large-scale problem (1)—(3), solving it would require a computationally prohibitive ex-
haustive search of all feasible solutions (in the general case, such an exhaustive search is impossible
due to the practically unlimited volume of required memory and, accordingly, computation time).
Let us introduce the set B:

B={X=(x1,...,2): X €A,0<z;<1,i=1,...,k}. (4)

Assuming that an exhaustive search of all feasible solutions is impossible due to enormous time
costs, let us consider the main steps of the algorithm.

1. Two problems are solved by any available linear programming method:

F(X)— )r?ei%’ (5)
F(X)— max. (6)

Let Fiin and Fiax be the objective function values in the optimal solutions of problems (5) and (6),
respectively. Then, taking into account (4), for the values of the objective function (1) under
constraints (2) and (3), it will follow that:

FminSF(X) SFmax- (7)

2. A set of n feasible solutions to problem (1)—(3) is generated randomly (according to some
probability distribution): Xi,...,X,, and aset F} = F(X3),...,F, = F(X,,) is formed, which rep-
resents a realization of a random variable—the value of the objective function of problem (1)—(3).

If for r,j € {1,...,n} it turns out that the conditions F, < F; and F, = Fpi, are satisfied,
then it follows from inequalities (7) that X, is the optimal solution to problem (1)-(3), and all
calculations are terminated. Otherwise, the following testing stages are required, where the case
F,. > Fy is considered. If over the next n+1,n+2,... “trials” the condition F, < Fj is satisfied,
where j € {n+1,n+2,...}, a suspicion arises: is X, the optimal solution to problem (1)—(3)?

The main goal of the subsequent stages of the proposed modification of the random search
method is to answer the question: how many additional trials, in each of which Fy;, < F. < F
is satisfied, where j € {n + 1,n + 2,...}, should be conducted so that, given the probabilities of
false inference, one could assert that X, is the optimal solution to problem (1)? The answer to
these questions is achieved as follows.

3. Let us introduce the notations X* = X, and F* = F(X,). Based on the obtained values of
the objective function (1), a histogram is constructed. From the shape of the histogram, one of the
possible probability distributions for F'(X)—the values of the objective function (1)—is selected.
This selected probability distribution is applied to the values of the random variable F'(X') belonging
both to the interval [F*, Fl,ax] and to the interval [Finin, Finax]. In this regard, two hypotheses H;
and Hy are put forward:

H; F(X) S [F*aFmaX]§ (8)
Hy : F(X) € [Fiin, Finax)- 9)

AUTOMATION AND REMOTE CONTROL Vol. 87 No. 5 2026
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To test the proposed hypotheses, it is suggested to use the sequential probability ratio test (or
likelihood ratio) [4]. One of its advantages is the ability not to specify the required number of trials
(measurements, iterations) in advance, since after each trial, either the validity of hypothesis H; is
established or a conclusion is made about the need to continue the trials. Thus, unnecessary trials
are not conducted.

4. The implementation of the sequential probability ratio test (SPRT) when applied to problem
(1)—(3) consists of the following steps.

4.1. The probabilities of false recognition are introduced: = is the probability of accepting H;
when Hy is actually true, where [, ¢ € {1,2}. Two thresholds are determined: o and 8, a > 3 [4]:

a=(1—91)/m12, B=v21/(1-72). (10)

4.2. Based on the selected type of probability distribution of the random variable F'(X) and its
realizations F7, ..., F, obtained during the trials, the vectors of parameters Y7 and Y5 of two con-
ditional probability density functions of the objective function values (1) are determined using the
maximum likelihood method [5]. The first conditional probability density function pi,(f/Y1, F™)
corresponds to hypothesis H; (condition (8) is valid), i.e., F* < F(X) < Fyax. The second condi-
tional probability density function pe,(f/Y2, Finin) corresponds to hypothesis Hy (condition (9) is
valid), i.e., Finin < F(X) < Fax. In other words, two probability density functions p1,(f/Y1, F™)
and po, (f/Y2, Finin) are reconstructed, which is reduced to solving two problems:

n
I pin(F/ Y1, F*) — max, (11)
j=1
n

Hpgn(Fj/Yg,Fmin) — H%/E;X. (12)

j=1

After determining Y7 and Y3, one can proceed to testing hypotheses Hy and Hs, i.e., to answering
the question: is the random variable F'(X) distributed according to the first law p1,,(f/Y1, F*) or
the second law poy, (f/Y2, Finin)?

4.3. A new feasible solution X,,;; is randomly generated, and F},1—the value of the objective
function (1) corresponding to this solution—is calculated.

4.4. The likelihood ratio d,1 [4] is introduced:

pln(FnJrl/Yl,F*)
p2n(Fn+1/Y2a Fmin)

5n+1 ==

4.5. The conditions for stopping or continuing the trials [4] are checked:
a) if 0,41 > «, then Hj is considered true, i.e., the hypothesis is accepted: X* is the optimal
solution to problem (1)—(3);
b) if 8 < dp4+1 < «, then it is necessary to generate a new feasible solution X, 42, calculate
F, 12, determine §,,49 using the formula

Pin(Fn1 /Y1, F7) - pin(Fnge/Y1, F7)
p2n(Fn+1/Y2’ Fmin) an(Fn+2/Y2’ Fmin)’

again compare d,42 with the thresholds o and f3, etc. (with each iteration, the number of
factors in the likelihood ratio increases by one);

c) if the condition d,41 < f is satisfied (Hg is true), i.e., 0,41 = 0 because F,,11 < F* and
Pin(Fnt1/Y1, F*) =0, then it is necessary to set X* = X,,11, F* = F(X,,41), find new
values of Y7 and Y5 by solving problems (11) and (12) where j = 1,2,...,n + 1, and repeat
steps 4.2-4.5, setting n =n + 1.

5n+2 =
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Let (m — 1) be the number of iterations of the recognition process in each of which the con-
dition of item b) was satisfied, and realizations of the random variable F(X) were obtained:
Fot1, Fata, ..., Foym—1. Then, at the mth iteration after calculating F), ., the likelihood ratio
takes the form:

" pua(Fy /Y, FY)

Ongm = : (13)
i jl;[_i_l p2n(l7j/i/2a Fmin)

3. APPLICATION OF THE ALGORITHM TO FORM OPTIMAL WELL PLACEMENT
PATTERNS IN OIL AND GAS RESERVOIRS

Consider the application of the algorithm to solve the problem of placing a given number of wells
in oil and gas reservoirs, which is a key task in the list of problems for designing the development
of oil and gas fields. Numerous studies are devoted to its solution (see, for example, reviews [6, 7]),
most of which use placement models where the objective functions represent final performance
indicators of the reservoir development processes, such as the hydrocarbon recovery factor from the
subsurface. This necessitates reservoir simulation of oil and gas field development processes [8], the
implementation of which is associated with significant time costs.

Consider one of the alternative approaches to designing gas (o0il) well placement patterns, in
which the well placement problem is reduced to a linear Boolean programming model [9]. In this
model, the objective function is a formalization of heuristic rules for rational well placement, verified
by years of practice in oil and gas field development. In this case, calculating the objective function
values will not require involving reservoir simulation. According to these rules, the placement of a
given number of wells (more precisely, bottom-holes) should ensure [9]:

a) the smallest possible distance from the wells to any point of the productive formation;

b) equality of the drainage areas of the wells;

¢) proximity of the wells to the reservoir areas with higher reserve values.

Fulfilling these rules aims to achieve the maximum possible reservoir coverage by a given number
of wells and to increase the hydrocarbon recovery factor from the reservoir.

The substantive formulation of the problem is as follows: let the reservoir be divided into blocks,
in each of which a bottom-hole can be placed; the number of wells to be placed is given; it is required
to determine the set of blocks containing bottom-holes for which the heuristic rules of rational well
placement (rules a, b, ¢) are violated to a minimum extent.

Let us proceed to constructing the optimization model, focusing on the results of paper [9].
Preliminarily, the productive area is approximated by a two-dimensional domain consisting of
equal-area square blocks. The gas (oil) reserves of each block are known. It is assumed that when
placing a well in any block, the coordinates of the bottom-hole coincide with the center of this
block.

Let us introduce the initial parameters. Let S be the number of production wells, K be the
number of blocks per well, N be the total number of blocks, N = KS. In order for the problem to
admit non-trivial solutions, we set N >S5 > 1, i.e., K > 1.

Let V; be the geological reserves of the jth block, V; > 0, and V' = max{V;},j = 1,...,N.
We introduce the parameter \;, characterizing the productivity (“importance,” “usefulness”) of
the jth block or the potential efficiency of a well placed in this block. Then the ratio A\; = V;/V
can be chosen as A; [9]. Let us introduce the parameter R;;—the distance between the centers of
the ith and jth blocks, R;; > 0, j # i, R;; = 0, R = max{R;;},i=1,...,N, j=1,...,N. Let
Tij = Rij / R.
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Let us define the parameter c¢;;—the “weighted distance” between the ith and jth blocks:

1— L,
Cij = {(/\j) R (14)
0, 1 =7,
where 7 is an expert assessment of the importance of the “distance” indicator relative to the
“reserves” indicator, 0 <y < 1. The choice of v for oil and gas wells may vary. Taking into
account the higher mobility of gas compared to oil, v for gas reservoirs will have lower values. The
parameter c;; can be interpreted as a penalty for violating rules a, b, ¢ when including the jth block
in the area of influence of a well located in the ith block. The area of influence is understood as
the set of blocks around the well from which the well receives the main influx of formation fluids.

To increase the adequacy of well placement models, instead of the Euclidean distance expressed
in units of length, one can use parameters characterizing the resistance to the flow of formation
fluids from one block to another as the distance between any pair of blocks (a detailed description
of such a substitution can be found in [10]).

Let us introduce the decision variables wx;;: x;; = 1 if the jth block is included in the area of
influence (drainage area) of a well located in the ith block, and x;; = 0 otherwise. It follows from
the definition of x;; that if x;; = 1, then there is a well in the ith block, otherwise x;; = 0.

Taking into account the above-formulated concept of rationality (rules a, b, c), the formation
of the best well placement pattern is reduced to finding such decision variables x;; that

N N
Z Z CijTij — mxin, (15)

i=1j=1

N
> wi =S, (16)
i=1

N
ZIEZ‘J':KIEZ‘Z‘, ’izl,...,N, (17)

7=1

N
wij=1, j=1,...,N, (18)

=1
z; €{0,1}, i=1,...,N, j=1,...,N. (19)

In model (15)—(19): the objective function in criterion (15) is the total penalty for violating rules a,
b, ¢; constraint (16) is the limit on the number of wells; constraint (17) is the condition that each
area of influence consists of an equal number of blocks; constraint (18) is the condition that any
block can be included in only one area of influence. Since it follows from (14) that ¢;; = 0 for j = 1,
the variables x;; for j =i are absent in the objective function (15). Considering (14) and V; > 0,
Rij>0,5#4,i=1,...,N,j=1,...,N, the objective function (15) will be strictly greater than
zero for any feasible solution.

The algorithm considered in the previous section utilizes the specificity of problem (15)—(19),
which lies in the following. First, the system of equations (16)—(19) is linearly dependent due to the
condition N = K S. Second, with a certain fixed well placement, i.e., with known feasible values
of the variables x;;, problem (15), (17)—(19) becomes a classical balanced transportation problem
with a cost objective (T-problem) [11]. We will demonstrate the transformation of problem (15),
(17)—(19) into a T-problem for one of the feasible well placements, according to which wells are
placed in the first S blocks:

=1, i=1,....8, x5=0, i=S8S+1,...,N. (20)
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Taking into account relations (17), (18), (20), problem (15)—(19) takes the form:

S N
Z Z Cijzt?ij—)leiIl, (21)

i=1j=S+1
N
Y wj=K-1, i=1,...,85, (22)
j=9+1
S
wij=1, j=S+1,...,N, (23)
=1
SCZ']'ZO, izl,...,S, ]:S‘I—l,,N (24)

In problem (21)—(24), considering that N = K S, the sum of the right-hand sides of equations (22)
and the sum of the right-hand sides of equations (23) coincide and equal (N —S). Due to con-
straint (23) and conditions (24), the values of the decision variables cannot be greater than 1. Since
the right-hand sides of constraints (22) and (23) are strictly positive integers and condition (24)
is introduced, condition (19) will be satisfied “automatically” [11]. Therefore, when condition (20)
is satisfied, the optimal values of x;; (where i =1,...,5, j=5+1,...,N,j # i) from the point
of view of criterion (21) can be obtained using linear programming algorithms, which are more
efficient compared to discrete programming algorithms when solving large-scale problems. The
remaining decision variables of the original problem (15)—(19) are set to zero to satisfy constraints
(16)—(19). Thus, a value of the objective function (15) will be obtained that is equal to the value
of the objective function (21) in the optimal solution of problem (21)—(24).

By assigning values equal to one to some S elements of the main diagonal of the square matrix
{xsj} Nxn using a random number generator and setting the remaining elements of the main di-
agonal to zero (to satisfy constraint (16)), it is possible to generate optimal solutions to problem
(21)—(24), which are feasible solutions to problem (15)—(19). Each feasible solution corresponds to
a value of the objective function (15), which makes it possible to apply the proposed controlled
random search algorithm to solve the original problem (15)—(19).

Below are the results of testing the proposed algorithm with various sets of initial data for
problem (15)—(19). Natural and technological parameters of the development of a hypothetical
gas field were used as initial data. Computational experiments were conducted by varying the
key parameters of the problem: the total number of blocks (N), the number of placed wells (),
and y—the parameter of the objective function (15), 0 < v < 1. The parameter v determines
the relative “weights” of rules a and ¢, namely: at v = 0, only the block reserves are taken into
account (complete dominance of rule ¢); at v = 1, only the distances between wells are considered
(complete dominance of rule a). Note that at v = 0, the solution of problem (15)—(19) is trivial:
wells are placed in the S blocks that exceed the other (N — .S) blocks in terms of reserves.

The proposed algorithm (PA) was compared with the Branch and Bound Method (BBM) [11],
which allows obtaining an exact solution to problem (15)—(19). A computation time limit of
1200 seconds (20 minutes) was set for the BBM. The analysis is based on a comparison of the
obtained objective function values (15): F™* corresponds to the best solution found by PA; F,y to
the optimal solution found by BBM (if available); F,iy is the theoretical lower bound of the objective
function (15), when problem (15)—(18), (24) is solved instead of problem (15)—(19). In addition, the
time spent obtaining the final solutions was compared: T™ for PA, T;,; for BBM. The comparison
results are presented in Table. Besides the parameters mentioned above, Table shows the error of
the best (approximate) solution obtained using PA relative to the exact solution obtained using
BBM: € = (F*—Fpt)/ Fopt, %. The symbol “>” means that the allowed solution time was exceeded.
In the PA implementation, the limit on the number of iterations was 5000.
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Comparison of the approximate algorithm (PA) and the exact algorithm (BBM)

N S ~| F*  Fyp Faow | T%.s Topis Pi‘i‘;?z;gfm e, %
16 4 00| 11.06 11.06 11.06 | 13.63  0.02 5000 0.00%
16 4 03| 745 745 734 | 936 0.03 3562 0.00%
16 4 07| 428 428 426 | 1319  0.02 5000 0.00%
16 4 1.0] 2.83 283 283 | 13.08 0.03 5000 0.00%
100 5 00 45.94 4545 4545 | 26.71  0.13 5000 1.08%
100 5 03] 30.36 29.93 2543 | 15.05 5.62 3203 1.44%
100 5 0.7]19.61 1865 12.26 | 14.43 28.09 3102 5.15%
100 5 1.0 1465 13.95 7.46 | 11.70 28.31 2743 5.02%
100 10 0.0 4256 41.10 41.10 | 32.74 _ 0.16 5000 3.55%
100 10 0.3] 26.94 26.01 23.32 | 19.56 14.67 3151 3.58%
100 10 0.7] 1576 14.17 11.45 | 15.33  36.52 2514 11.22%
100 10 1.0] 10.78 953  7.07 | 1531 51.19 2728 13.12%
100 25 0.0] 33.32 29.46 29.46 | 49.85  0.20 5000 13.10%
100 25 03] 2070 19.50 17.46 | 26.94  2.88 2943 6.15%
100 25 0.7] 10.80 9.86 911 | 29.30 147.14 3217 9.53%
100 25 1.0 7.03 > 589 | 3629 > 1200 3608 >
400 10 0.0 184.80 182.74 182.74|218.29 13.15 5000 1.13%
400 10 0.3]11043 >  81.97 | 95.08 > 1200 92792 >
400 10 0.7] 6047 >  29.53 | 91.40 > 1200 2852 >
400 10 1.0| 41.83 >  14.51 | 85.58 > 1200 2712 >
400 40 0.0|168.14 15633 156.33 | 462.45 10.43 5000 7.55%
400 40 0.3] 88.06 > 7175 | 337.64 > 1200 3435 >
400 40 0.7] 3915 > 26.65 | 285.09 > 1200 3279 >
400 40 1.0| 22.66 >  13.40 | 247.32 > 1200 92749 >
400 100 0.0]137.21 110.68 110.68|959.47 10.12 5000 23.97%
400 100 0.3| 67.65 >  53.29 |592.15 > 1200 2835 >
400 100 0.7] 26.91 >  21.13 |639.56 > 1200 3273 >
400 100 1.0| 14.14 >  11.16 |577.67 > 1200 2921 >

From the results presented in Table, the following conclusions can be drawn.

1. Impact of problem dimensionality on computation time. For the problem with N = 16, both
methods find the solution almost instantly (BBM is faster). Already at N = 100, Tope—the compu-
tation time for BBM—increases noticeably and becomes comparable to T*—the computation time
for PA (or Tope > 1), for example, at N = 100, S =5, v = 0.70: Tope =28 s, T* = 14 's; N = 100,
S =10, y=1.00: Topy =51s, T* =15s; N =100, S =25, v =0.70: T, = 147s, T* =29 5. At
N = 400, the BBM consistently fails to meet the 1200-second limit. In contrast, the PA completed
its work significantly faster than this time threshold in all experiments without exception, find-
ing a solution in a time ranging from one and a half minutes to ~16 minutes (90-960 s), which
demonstrates its applicability to large-scale problems.

2. Deviation from the exact solution. For small N (N = 16), the PA finds the exact solution
(F™* = Fopt). For N =100, the PA finds solutions that are only slightly inferior to the exact ones.
The deviation of F* from Fyp varies within reasonable limits (1-13%), as it does not exceed the
error in the initial data for real production facilities. However, for extreme values of v or a large
number of wells, the deviation can reach 24%.

3. Influence of the parameter v. The extreme values v = 0 and v = 1 simplify the problem for
BBM, which finds the solution quickly (for N < 100). In these cases, the PA shows poorer relative
performance: it often reaches the iteration limit, and the error of the approximate solution may be
higher than at intermediate v values (0.3; 0.7). At v = 0 or v = 1, solutions with similar quality
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Graphs of the probability density functions of the objective function values (15) for hypotheses H;
and Hy at N =100, S =10, v=0.7.

can arise, which hinders the operation of the PA. As noted above, at v = 0 the solution is trivial:
wells are concentrated in zones with maximum reserves; at v = 1, wells are distributed as evenly
as possible. Intermediate v values (0.3; 0.7) create a more complex objective function landscape,
slowing down BBM, but allowing the PA to demonstrate its speed advantages while maintaining
high solution quality.

4. Estimation of the number of iterations required to obtain the final solution using PA. The
PA stops either when the iteration limit (5000) is reached or when hypothesis H;y is accepted
(0n+1 > ). The termination of the algorithm in many cases by the condition d,,+1 > « (hypothesis
H, is true) confirms its operability.

The figure shows the probability density functions of the random variable—the objective function
(15) at N =100, S =10, v = 0.7, corresponding to hypotheses Hy (solid curve) and Hy (dashed
curve). Based on the histogram constructed using the realizations of this random variable, the
[B-distribution was chosen as the probability distribution.

4. CONCLUSION

It is advisable to use the proposed algorithm in integer programming problems where the process
of generating feasible solutions is not computationally demanding. An example of such a problem
is the model of optimal well placement in oil and gas reservoirs considered in this article.

The formation of oil and gas well placement patterns belongs to the main tasks of designing
hydrocarbon field development processes. The application of the algorithm to solve this problem
allows reducing the time for generating and selecting acceptable field development scenarios, from
which the final option to be implemented is selected. It is important to note that the positive
qualities of the algorithm manifest themselves specifically when solving large-scale problems, which
is typical when designing the development of real oil and gas production facilities. The significant
uncertainty in the values of the initial parameters perfectly justifies the use of approximate opti-
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mization methods. The algorithm consistently finds near-optimal solutions, spending significantly
less time on this than exact methods. This difference in performance is especially noticeable on
large-scale problems, where the Branch and Bound Method regularly reached the 1200-second limit,
while the proposed algorithm always remained far from this threshold.

The results of computational experiments showed the operability of the proposed controlled
random search algorithm, which is based on the likelihood ratio implemented in the form of a
sequential probability ratio test.

The reduction in the exhaustive search of feasible solutions is achieved not only by introducing
non-zero probabilities of false inference but also by using all the information contained in the prob-
ability distributions of the random variable, whose realizations are the values of the optimization
problem’s objective function.

Since any linear discrete programming problem in which each decision variable takes integer
values from some finite set, e.g., {0,1,2,...,l}, where [ < 0o, can be reduced to an equivalent linear
Boolean programming model, the proposed controlled random search algorithm can be extended
to solve discrete optimization problems of a more general form.
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Abstract—Encoding of temporal information (also termed time or temporal encoding in the
literature) is a key function of biological systems underlying perception, learning, decision-
making, and behavior synchronization. Despite a large amount of empirical research data and
many theoretical models, a unified concept of temporal encoding has not yet been formulated.
This paper overviews research works devoted to time encoding in living organisms. It examines
current views on the neural correlates of time encoding. The evolution of approaches and models
is traced from classical scalar timing models to more complex network, population, and Bayesian
concepts. The main trends and paradigm shifts in modeling time memorization and prediction
are highlighted. The key properties of time encoding observed in most vertebrate species are
indicated. The first fundamental phenomenological models—the internal clock model and the
Scalar Expectancy Theory (SET)—are described in detail. Their significance for control theory,
artificial intelligence, and robotics is substantiated.

Keywords: temporal encoding, memorization of time intervals, rhythmic activity, internal clock,
timing models
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1. INTRODUCTION

The problem of temporal encoding is fundamental in neuroscience, psychology, and mathematical
modeling of behavior. For control theoreticians, the problem of encoding time intervals is primarily
related to robotics (in general) and biologically inspired technologies (in particular). Time is a
universal parameter that determines processes such as motor planning, learning, synchronization,
rhythm and speech perception, and event prediction. The precise neural mechanisms used by
biological systems to represent, memorize, and reproduce time intervals are still the subject of
intensive research. There exists no unified theory due to the multiplicity of time scales, differences
between sensory and motor tasks, and limitations of experimental methods.

Numerous studies aim to understand the brain’s operation of temporal information, the degree of
(local or global) distribution of time perception and memorization mechanisms, and investigate the
properties of neural network dynamics involved in these mechanisms. This review is mainly intended
to systematize approaches to modeling the memorization and reproduction of time intervals. We
trace the evolution of ideas regarding the perception and memorization of time by living organisms
and, accordingly, the evolution of models for encoding time intervals. The existing approaches
are classified, key conceptual directions are identified, and current trends in the development of
theoretical models are revealed. Special attention is paid to the first internal clock models that
emerged in the 1960s and became firmly established as fundamental concepts of timing, guiding
further research for several decades. Since then, experimental scientists have obtained a huge
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amount of new data, leading to several hypotheses and more complex models. The internal clock
model and the Scalar Expectancy Theory (SET) have been much criticized. However, they remain
the most influential theories of memorization and reproduction of time intervals and deserve close
attention, even despite the variety of new approaches and methods; see below.

The practical significance of internal clock models is due to their application in neurointer-
faces, robotics, adaptive control systems, and neuropsychological diagnostic tools. Particularly in
robotics, temporal encoding is necessary for organizing sequential actions, synchronizing with exter-
nal events, processing rhythmic signals, and predicting operation durations. Biologically inspired
models of time can lead to more flexible and adaptive behavior of artificial agents in dynamically
changing environments.

Some research into temporal encoding up to 2020 was reviewed in [1]. The paper described the
main internal clock models used by the authors to search for correlates in brain activity patterns.
The local and global encoding of duration was considered (at the levels of individual cells and
interaction between brain areas, respectively). The degree of matching between experimental data
and the models was analyzed; according to the authors’ conclusion, the matching is still insufficient.
The above review will be repeatedly mentioned below. From a psychological perspective, cognitive
theories of time perception were surveyed in [2]. Unfortunately, this is one of the few Russian-
language papers devoted to temporal encoding. Note also that it contains no references to relevant
studies by Russian scholars. A more thorough search has revealed one more Russian-language
publication on a similar topic, devoted to the psychophysiological assessment of the sense of time
in football referees [3]. This lacuna in research makes our review even more topical, as it will help
the Russian scientific community to form an idea of this fairly extensive field of knowledge and
models.

The remainder of this paper is organized as follows. Section 2 is devoted to a brief description of
neurobiological research in the field of temporal encoding. We present a small part of experimental
works related to the search for correlates of temporal encoding in the brain and in nervous systems
in general [4-24] and show the complexity and degree of distribution of the system responsible for
temporal encoding. Section 3 discusses in detail the two early phenomenological models, namely,
the internal clock model by Treisman [25-28] and the Scalar Ezpectancy Theory by Gibbon and
Church [29-37]; in addition, the methodological principles for constructing models of temporal en-
coding are outlined, and the relevance of scalar models at the present time is justified. In Section 4,
we continue the historical review, providing the further periodization of research associated with
the emergence of new technologies and new discoveries in the neurobiology of time. The transi-
tion from local mechanistic models to dynamic network models and distributed systems [38—46] is
traced. For current trends, the main directions of development are identified and briefly described
as follows: the discovery of time cells in the hippocampus [7-9], the transition to population mod-
els [47-49], Bayesian approaches to time perception [50-53], the models linking timing with decision
processes [54, 55], and some studies of the influence of neurochemistry on the encoding and mem-
orization of time intervals [56-61]. The presentation in Section 4 is rather abstract: this paper
mainly aims to provide a broad, albeit inevitably less detailed, overview of modern research and
timing models, as well as to show that the latest data confirm the key properties of time percep-
tion in animals and humans formulated in the first phenomenological models. In the Conclusions,
we summarize the review’s outcomes and discuss the advantages of phenomenological models as
applied to control theory, including some ways to improve them.

2. SEARCH FOR THE NEUROBIOLOGICAL CORRELATES OF TIME

In neuroscience, as in other experimental disciplines, the validity and accuracy of models directly
depend on the quality of empirical data and the correctness of their interpretation. In contrast to
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the exact sciences, biological systems are characterized by a high degree of variability and multi-
factorial causality of phenomena observed. Experimental data in neuroscience inevitably contain
a significant noise component due to methodological constraints and the complexity and hetero-
geneity of biological objects. Moreover, the same effects can be obtained by activating different
structures, and the study of distributed mechanisms is accompanied by the danger of data incom-
pleteness. The multiplicity of possible interpretations and the probability of erroneous conclusions
create fundamental difficulties for testing hypotheses, constructing theories, and building models.

This section outlines directions of neurobiological research, not so much to immerse the reader
in this field deeply, but rather to “map” time processing in the brain schematically and illustrate
the challenges faced by scholars when modeling timing and related processes.

The neurobiological correlates of temporal encoding are found in different parts of the verte-
brate brain and the nervous system as a whole in simpler organisms. Temporal encoding is studied
in different species of living organisms, from crickets [4] to humans [5]. Localizing and detecting
brain areas involved in time processing in vertebrates is a complex task partially solved by many
researchers, but a complete picture has not yet been obtained. The mechanisms of sensorimotor
control in humans and non-human primates and their connection with time processing were exam-
ined in [6]. As emphasized therein, neural dynamics in sensorimotor areas are involved in timing
based on rhythms generated. Encoding time and temporal sequences of events in the hippocampus
was investigated in [7-11]. As claimed in [12, 13], neurons in the entorhinal corter are responsible
for accurate time perception. The neurons responsible for different stages of timing behavior in the
prefrontal and anterior cingulate cortex were identified in [14]. The studies and modeling of tempo-
ral encoding by cerebellar neurons were presented in [5, 15-20]. Based on experimental functional
magnetic resonance imaging (fMRI) data, a model of time processing in the human visual cortez
was constructed in [21]. Even this list of references makes it evident how complex the processing
of durations and sequences of time intervals by nervous systems is. As a result, research is shifting
toward distributed systems [22, 23]. In opposition to the above studies, Robbe places the function
of time perception in humans outside the brain [24].

However, one should keep in mind that not only vertebrates but also simpler species have the
ability to estimate time. Referring to [42, 56|, the authors of [1] suggested that ancient evolutionary
mechanisms are responsible for timing. Most species, from insects to primates, process temporal
information as if they were using a stopwatch; this indicates the existence of an internal clock
function preserved throughout evolution.

Nevertheless, despite the cross-species similarity of time processing and evolutionary continuity,
researchers currently have no doubt that temporal encoding in the mammalian brain is extremely
complex. It is distributed across different brain areas that generate coordinated activity patterns.
Different durations may be handled by different brain areas, and the areas responsible for percep-
tion, planning, and decision-making are closely interconnected.

3. THE PRECLINICAL PERIOD OF TIME PERCEPTION RESEARCH.
PHENOMENOLOGICAL MODELS

The neural correlates of timing is a young research area associated with the emergence of tech-
nical capabilities for the precise detection of neural activity. However, the study and modeling of
temporal encoding have been ongoing for over 60 years. The chronology of models and methods
can be conditionally divided into several periods with a common theme. Of course, the boundaries
of these periods are blurred and have many intersections, but certain milestones can be identified
to mark new research directions. The main interest for our review is the earliest, so-called preclin-
ical period, when the main properties of subjective time estimation in humans and animals were
discovered. They continue to find new confirmations in the modern era.
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The preclinical period began with Treisman’s paper [25], published in 1963. His internal clock
model was generalized to the Scalar Ezxpectancy Theory by Gibbon and Church. The two models
transferred the study of time perception from a descriptive field into an exact science with pre-
dictive power. They showed that even such a subjective phenomenon as the sense of time obeys
strict mathematical laws and can be modeled quantitatively. With all their simplicity, the models
reproduce the basic properties of perception and memorization of time intervals inherent in both
animals and humans.

3.1. Treisman’s Internal Clock Model

The term “internal clock” was introduced, and the model itself was proposed, by Treisman
in the two-part paper [25]. The first part described seven series of experiments with humans on
memorizing intervals of various durations. The experimental design varied from series to series.
The second part was devoted to the description of the model, developed in an attempt to explain
and connect the psychophysical data.

The experiments revealed fundamental and stable patterns of human time memorization er-
rors. First, humans demonstrate a predictable bias in duration estimation: short intervals are
systematically overestimated, and long intervals are underestimated (the so-called Vierordt’s law,
see the discussion below). Second, the variance of estimates increases with increasing duration
(Weber’s law). Third, as the series of trials continues, all time estimates and reproductions have
a bias to longer durations (the lengthening effect), and this bias becomes more pronounced for
shorter original intervals. These errors manifest regardless of the method (reproduction, produc-
tion, comparison, or verbal estimation), indicating deeply ingrained mechanisms of internal timing.
Additional experimental conditions (changes in stimulus intensity, motor response format) can
enhance or modify these patterns, but do not eliminate them.

The author’s goal was to construct a minimal model, i.e., to find a minimum set of compo-
nents and links between them necessary for the perception, memorization, and estimation of time
intervals. The resulting mechanism must be capable of partial error correction: a deviation or lim-
itation at one point in the system must be compensated by adaptation in others, ensuring overall
stability. In addition, it must reproduce the systematic errors characteristic of human perception.
Considering the fundamental limitations and features underlying typical human errors in time
memorization and estimation allows constructing practical models both for explaining experiments
and for engineering applications.

The internal clock model includes the following main components and operating principles:

e a pacemaker, a generator that produces a series of equal-duration pulses propagating along a
certain path;

e a counter, an accumulator that sums the number of pulses in a given time interval and
transfers this value to the store;

e a store, a memory block to write or retrieve the counting results for further comparison;

e a comparator, a decision mechanism that retrieves data from the store and compares them
with the current counter results to determine the counting stop moment or to select an
appropriate response;

e a wverbal selective mechanism, a block that facilitates the retrieval of information from the
store by referring to symbolic labels (e.g., “1 second,” “2 minutes”);

e a specific arousal center, a regulator that acts on the pacemaker to change its frequency,
thereby regulating pulse generation.

In subsequent reviews, this model is often reduced to a four-component one (pacemaker—

counter—store—comparator) and sometimes even to a three-component one (pacemaker—
counter—store); for example, see [1]. The last two blocks are usually eliminated; in the three-
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Fig. 1. Treisman’s internal clock model. The figure reflects the model scheme and its textual descrip-
tion in [25].

component model, the comparison mechanism is transferred from the structural part to the func-
tional one. The removal of the verbal mechanism from subsequent schemes is natural: the internal
clock model turned out to be applicable not only to humans but also to many animal species. The
frequency modulator is apparently considered secondary to the basic blocks of the model. However,
in this section, the model is described in its original form; see the structure in Fig. 1.

The model’s operation is described by eight postulates.

1. The pacemaker generates sequential pulses moving along a certain path (Fig. 1) at a constant
speed. The basic interval between sequential pulses is tg with variance o7?. Treisman wrote that
his predecessors drew a parallel between such a mechanism and the action of a pacemaker neuron
propagating an action potential along an axon. The same principle is used in this model, albeit
without direct analogies with neural mechanisms.

2. The pacemaker’s activity is regulated by a specific arousal center, which influences the rate
of pulse generation. A definite level of specific arousal sets an average interval ¢’ between pulses,
which is calculated as t’ = qto with ¢ > 1 and ¢ < 1 for low and high arousal levels, respectively. The
specific arousal level may depend on features of the experimental procedure, significant aspects of
the situation, or other factors; under stable conditions (e.g., during presentation of a time interval),
it usually remains constant or changes very slowly. Therefore, within a single trial, variations in ¢’
are minimal, but its value may change from trial to trial.

3. The counter can operate in two modes: for writing to the store or for comparing the store
with the current count. The interval durations in these modes are calculated by different formulas.
This dual approach is necessary to minimize transformation errors (see below).

4. The measured interval is recorded in the store and retrieved from it by the comparator. The
memory is a one-dimensional array of cells or addresses starting at a zero point. The model uses a
logarithmic scale, so the best analogy for the memory block is a slide rule. Each cell corresponds
to a certain number of pulses. If the counter detects n pulses, this measure will be read into a
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cell at a distance of logn from the zero point. Activation spreads to neighboring cells, forming a
distribution with a peak at logn.

5. The wverbal selective mechanism is an analog of long-term memory. It is intended to store
symbolic time labels associated with certain points in the store (“two seconds,” “one minute”). If
the connection between the label and real experience is misaligned, the association will be corrected.

6. Retrieving a value (measure) from the store, the comparator transforms it back to a lin-
ear scale, thereby leveling possible errors. If the comparator has a systematic bias to the zero
point, logn will be transformed to logn + logm, where log m is the bias value. After exponential
transformation, a possible error constant r is added. The complete transformation is as follows:

RM = exp(logn + logm) +r =nm +r,

where RM is the retrieved measure.

This measure is compared by the comparator with the current counter value to make a decision
(e.g., when to stop or which response to choose). Different modifications of the formula for RM
are given for different experiments.

7. The model provides feedback for the dynamic adjustment of memory parameters (logarithmic
bias) based on the frequency of a particular response or on the total degree of store activation,
thereby ensuring automatic error compensation and adaptation to experimental conditions.

8. Activation of any area in the store shifts log m toward the optimal value for the corresponding
interval; thus, the value of logm at any moment will partially depend on the average effect of all
areas active at this moment.

The value of Treisman’s model lies not in the particular formulas but in the fundamental blocks,
their structure and interrelation, as well as in the introduction of principles and parameters cor-
recting errors and, conversely, adding systematic biases. These principles include the logarithmic
storage of an interval with the correction term log m, the arousal and inhibition effect of the pace-
maker (the term ¢), and the additive correction r. The values of these corrections can be varied
considerably without significantly affecting many predictions derived from the model’s basic as-
sumptions.

Treisman’s model explains and generalizes a number of known psychophysiological phenomena,
such as Weber’s law for time intervals, the indifference interval, Vierordt’s law, the crawling length-
ening effect (the tendency for reproduced intervals to increase gradually during an experimental
session), and other experimental effects observed in the studies of subjective time perception.

Let us dwell on several phenomena that have proven universal for many animal species, not only
humans.

Timing obeys Weber’s law. According to this empirical psychophysiological law [62], the mini-
mum increase in a stimulus that will produce a detectable increase in sensation is proportional to
the existing stimulus.

Treisman used the Weber function, i.e., a linear generalization of the original Weber’s law [62]
that better approximates the difference threshold for time intervals:

AT = k(T + a),

where k and a are multiplicative and additive parameters, respectively. They take different values
for different experiments. Due to this formula, the longer the time interval is, the greater variance
its estimate will have. But the coefficient of variation remains approximately constant.

Timing obeys Vierordt’s law. Vierordt’s law [63] is a psychological phenomenon in the field of
time perception, stating that humans systematically overestimate short time intervals and under-
estimate long ones. The law was established by German physiologist Vierordt in the mid-19th
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Fig. 2. The temporal pacemaker model consisting of two components: an oscillator and a calibration
block. The scheme corresponds to the model from [27]; the sensory input, indicating “danger” and
accelerating the rhythm, was added by the author.

century through experiments with stimuli of different durations. It explains one of the persistent
errors observed in subjective time estimation and is often observed in a wide variety of experiments
on time psychology.

If short intervals are overestimated and long ones underestimated, there must exist a boundary
value that can be estimated accurately by a human. This value was called the indifference interval.
During his experiments, Treisman tried to find it. The indifference interval varied across series;
moreover, it grew due to the lengthening effect of reproduced intervals as fatigue accumulated
during long experiments.

Nevertheless, three modes of time perception and reproduction can be distinguished:

e the subsecond interval, characterized by high sensitivity, low variance, and overestimation;

e the indifference interval (0.5-2 s), where the value of £% is minimal: £ ~ 0.07;

e the supersecond interval, characterized by increasing errors and underestimation during re-
production.

The Weber function is usually considered for intervals exceeding the indifference interval.

Despite its simplicity, the model became very popular, and Treisman’s pioneering paper [25] is
still actively read today.

Note that Treisman is an expert in cognitive psychology, and his model has great practical and
theoretical value for him and his followers. His subsequent studies, such as [26, 27] and others,
presented evidence confirming the theory based on new experimental data. In [27], the pacemaker
model was made more complex by adding a new block, the so-called “temporal pacemaker.” It
consists of two components, namely, an oscillator and a calibration block. In turn, the oscillator
consists of three elements with excitatory and inhibitory links that generate a rhythm of a given
frequency Fy. The output of the oscillator leads to the calibration block. The activity of the
calibration block depends on a sensory input. Upon receiving a signal from the sensors, it forms a
calibration factor c¢ and outputs the new frequency F), = c;Fy (Fig. 2).

This modification of the model makes a step toward biological plausibility. The elements of the
oscillator block were called “conceptual neurons” by the authors. Indeed, the above scheme corre-
sponds to a simple neural ensemble generating activity with a given frequency that is modulated
by external inputs.
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Summarizing this subsection, Treisman’s scheme was the first to link a number of empirical
phenomena via a single simple mechanism, unified Weber’s and Vierordt’s principles, substantiated
the scalar nature of errors, and laid the foundation for subsequent quantitative theories such as
SET. The model proved surprisingly robust to experimental tests and, despite its simplicity, remains
one of the most influential in the psychology of time.

8.2. Scalar Expectancy Theory

Treisman’s internal clock model was generalized to the Scalar Fxpectancy Theory by Gibbon and
Church. This theory is a minimal information-processing model of the internal timer in animals
and humans that explains the scalar property of errors in temporal tasks. It was proposed almost
one and a half decades after the internal clock model in the paper [34].

According to the scalar property, which gave the theory its name, the error (spread) in the
estimate of a time interval is proportional to the duration of the interval itself, so that the relative
accuracy (coefficient of variation) of duration perception is preserved for different time ranges.
Based on these estimates, animals form intervals of reward expectation; the difference between real
and expected time is estimated as the ratio of these two values. The results confirmed Weber’s law
in the perception of time by animals.

A large amount of experimental data on the perception and memorization of time by animals
was analyzed in [34]. Experiments with rats and pigeons were described: the animals’ response to
time intervals under various reinforcement learning procedures was studied. As shown, the animals
estimate reinforcement time using a so-called “scalar synchronization process” that scales estimates
for different time interval durations.

Gibbon analyzed experiments on behavior under fixed reinforcement intervals, with the tasks
to estimate and reproduce duration. In fixed-interval experiments, animals learn to expect rein-
forcement after a strictly defined time period, and their response changes in a specific way when
approaching the time of reinforcement. A large number of published experimental data on the
behavior of rats and pigeons were analyzed. According to the analysis results, the spread of time
estimation errors is proportional to the time interval itself. This makes the coefficient of variation
constant for different intervals, analogously to Weber’s law in sensory systems.

The model developed by Gibbon is similar to Treisman’s internal clock model. However, there
are several important differences to note. First, the Scalar Expectancy Theory was proposed for
estimating time intervals in animals, not humans. This leaves an imprint on the model: there is no
verbal mechanism. Second, the scalar law is realized using a much simpler procedure. SET has no
logarithmic scale, as it analyzes the ratio of the remembered interval to the current one. Activation
occurs if this ratio exceeds a given threshold. Changes also affected the memory block, split
into working and reference memory. Another distinctive feature of SET is that, unlike Treisman,
Gibbon strived for biological plausibility only in the reproduced phenomena, not in the structure.
For instance, the pacemaker in his model is just a generator of ticks or pulses, produced at some
average rate without binding to real time. In other words, they are some internal units of the
model. Thus, SET models temporal encoding in a more general way; moreover, further research
has shown that it is valid for both animals and humans.

Here are the key components of the first SET model:

e a pacemaker, generating a sequence of pulses (time units) at some average rate;

e an accumulator, collecting pulses from the pacemaker while the animal counts a given interval;

e memory, storing the accumulated pulses as a reference interval (reference memory) and re-

taining the current count (working memory);

e a comparator/decision mechanism, comparing the current accumulator (ongoing) with a sam-

ple from reference memory and determines the response moment or decision moment.
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Fig. 3. The model of temporal information processing.

The operation of this model can be schematically described as follows. At the start of an interval,
the pacemaker is triggered, and pulses begin to be counted by the accumulator. At the moment of
reinforcement, the result enters memory and becomes a reference. In subsequent trials, the animal
counts time, comparing the current number of pulses with the value from reference memory. When
the current count is close to the reference (their ratio exceeds a threshold), the animal begins or
stops responding.

Comparison of ratios explains the scalar property: the error and variance of time estimates
increase proportionally to the interval length, and the shapes of psychometric functions for different
intervals superimpose when converted to a relative time scale.

The scalar expectancy theory received its final form in [36]. The model of temporal information
processing presented therein is shown in Fig. 3. It consists of three rows. The first row represents
the clock process, including a pacemaker and a switch that allows pulses into an accumulator of
working memory. The pacemaker generates pulses at an average frequency A, which is assumed to
be sufficiently high relative to the time values used in experiments (from seconds to minutes). After
appropriate training, the switch opens and allows pulses to pass for an average time of D into the
accumulator of working memory (the second row) during a synchronization signal. The accumulator
detects and stores the number of pulses (the mean value M7). When, at the end of some trial, the
subject exhibits the desired response and receives reinforcement (7' = S+), the time value recorded
in working memory during this trial is stored in longer-term reference memory for reinforced values
(the mean value Mg, ). The third row shows the decision process. A response occurs when the
comparator judges that the current value in working memory on this trial is sufficiently close to
the value in reference memory for the reinforced duration to warrant a response.

In [36], as in many subsequent publications by these authors (for example, see another program
paper [37]), an experimental verification of the scalar property in time interval estimation by animals
was associated with the so-called “peak procedure.”

AUTOMATION AND REMOTE CONTROL Vol. 87 No. 5 2026



446 ZHILYAKOVA

The peak procedure is a technique used to study the memorization and reproduction of time
intervals in animals: food (or other reinforcement) becomes available after performing some action,
usually pressing a pedal or lever (operant tasks), or is provided after a fixed period of time in
training trials (Pavlovian tasks). After training, in test trials, reinforcement is omitted, and the
animals’ responses are tracked. In operant tasks, the pedal pressing rate typically increases toward
the expected time of reinforcement, reaches a maximum (peak), and then declines. This procedure
allows assessing how an animal subjectively perceives the time interval, as well as how accurately
it can predict the time of reward. Both types of experiments confirm the main tenets of scalar
expectancy theory and Weber’s law.

The peak procedure is often used in modern behaviorist research related to timing. Its ap-
plication to study interval time estimation in a large number of bird, fish, and mammal species,
including domestic chickens, pigeons, wood pigeons, black-capped chickadees, goldfish, mice, rats,
fox possums, and humans, was described in [64]. The resulting data were analyzed in two ways.
The first is an analysis of data averaged across multiple trials [65]. A common characteristic of
interval timing is that animals, including humans, measure short intervals more accurately than
long ones. Remarkably, when plotting the response-to-peak time ratio, the response curves overlap
and are almost identical regardless of the interval measured. This feature, confirming the scalar
property of time processing across different species, was documented in birds, fish, and mammals.

The second way is the analysis of individual trial data, in which three indicators are typically
extracted from response patterns in individual trials: the start time (the transition from low to
high level, i.e., to more intense pedal or lever pressing), the stop time (the transition from high to
low level), and the run time (the duration of the intense phase). In [66], these data were used to
compare scalar and connectionist models of time estimation; the results unequivocally illustrated
the advantage of scalar models.

3.8. Methodological Principles for Constructing Temporal Encoding Models

When developing models for memorizing and reproducing time intervals for robotic systems and
engineering applications, a key requirement is finding a compromise between biological plausibility
and technical simplicity. On the one hand, a model must reproduce the fundamental principles
of temporal encoding characteristic of living systems: the dependence of estimation accuracy on
duration, the shifting of estimates toward the mean, and adaptation to changing conditions. This
is necessary for robotic or artificial intelligence (AI) systems to act in real time as flexibly and
efficiently as biological organisms, e.g., to respond to signals in a timely manner or to learn complex
sequences of actions. However, a direct copy of highly complex neurophysiological mechanisms is
not the best solution: hardware and software require resource-intensive computations, and excessive
architectural complexity does not always improve the quality of results.

In this context, the most rational way is to construct phenomenologically grounded models that
do not represent exact copies of biological processes but accurately embody their main properties.
Treisman’s internal clock model and Gibbon and Church’s Scalar Expectancy Theory are examples
of such a compromise: despite their extremely simple and straightforward mechanisms (compared
to real brain networks), these models are consistently confirmed by empirical studies, in experi-
ments with animals and with humans as well. The effects they predict—the scalar ratio of errors,
variability, and shifts in interval estimates—are found in all types of time estimation tasks. Hence,
these models are a convenient theoretical basis for constructing effective timing algorithms suitable
for a wide range of practical problems in engineering, robotics, and cognitive science.

As an additional argument, we present a brief polemic between two groups of scholars. The
authors of [67] criticized the classical internal clock concept as overly mechanistic and limited in
understanding causality in biological systems, proposing to look at timing more integratively and
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abandon rigid mechanistic models. A response to that paper was published the same year [68],
where internal clock models were defended by arguing that they retain important explanatory power
and serve as an effective foundation for understanding temporal processes; also, the incorrect or
incomplete interpretation of the models by critics was underlined therein. The same opinion was
stated by the authors of the review [1], mentioned at the beginning of this paper. Based on the
above arguments, here we give close attention to internal clock models and the Scalar Expectancy
Theory stemming from the former. The subsequent periods of research into the perception and
memorization of time intervals will be described in less detail below. However, a thorough descrip-
tion of the properties and operating principles of the network models mentioned in subsection 4.3,
together with a detailed discussion of state-of-the-art results, deserves a separate large paper.

4. FURTHER CHRONOLOGY OF TEMPORAL ENCODING STUDIES

The models and theoretical results obtained in the preclinical period turned out to be so universal
that they continue to receive new confirmations. Behaviorist studies of timing mechanisms permeate
all stages up to the present. Nevertheless, with the advent of new equipment and new data, research
on temporal encoding required new methods.

4.1. The Neurophysiological Turn (1980-1990)

The transition from behavioral to neurophysiological studies of timing in the 1980s was associ-
ated with the emergence of new experimental methods and paradigms for investigating the neural
mechanisms of temporal processing. Starting from the 1980s, the focus was gradually shifting from
the models of human and animal behavior and the search for formal psychophysical regularities
(such as Weber’s law) to the analysis of the functioning of neural circuits, brain structures, and
neurotransmitter systems involved in temporal processing. Here, we highlight the research works
of Ivry, Meck, and their colleagues.

Are common neural mechanisms used in time perception and the motor reproduction of time
intervals? The studies for answering this question were carried out in [69]. According to the exper-
iments, there are significant individual differences in the accuracy of motor timing (rhythmic finger
and foot tapping) and perceptual estimation of short intervals, supporting the idea of a common
“clock mechanism” involved in both perception and motor production of time, with additional con-
tributions from specific motor processes. These results laid the groundwork for subsequent theories
of distributed timing.

A series of experiments with patients with cerebellar lesions was described in [16-19]. Note
that these experiments were conducted over many years, and the cited works belong to different
periods; for a more holistic picture, they will be described together. The influence of various types
of neurological disorders on time measurement functions was studied in [16]. As shown therein, the
cerebellum plays a key role in the accurate perception and reproduction of time intervals in both
motor and perceptual tasks. Patients with cerebellar damage have significant impairments in these
functions, whereas other neurological groups do not suffer from such problems. This indicates a
specific role of the cerebellum as a central timing mechanism operating independently of the task
type. Thus, the cerebellum is considered an important component of the distributed timing system
in the brain.

According to [17], patients with cerebellar lesions have difficulty estimating the duration of a
short auditory stimulus and the speed of a moving visual stimulus. The cerebellum was described
not as a single oscillator but as a network of many timers activated for different tasks, i.e., from
motor to sensory learning. The authors also discussed that cerebellar activation in cognitive ex-
periments may reflect the preparation of temporal response patterns rather than the analysis of
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abstract data. The studies of patients with cerebellar lesions in tasks requiring timing coordination
of events and actions were continued in [18]. Previous research into temporal encoding was summa-
rized in the paper [19]. It considered motor and perceptual tasks in which critical events occur at
different time intervals (hundreds of milliseconds and several seconds). One key question is whether
the representation of temporal information depends on a specialized system, is distributed, or is
computed locally, depending on the task. The authors again emphasize the crucial role of the cere-
bellum, as it is associated with tasks requiring precise time measurement. In addition, they paid
attention to the basal ganglia as a specialized system for time measurement, especially for longer
intervals. By the authors’ hypothesis, this structure is associated with decision processes. The au-
thors were already less categorical in the later publication [70], formulating two alternative models
for the perception of time flow, namely, specialized and universal (intrinsic). The former model
emphasizes that the stimulus duration is estimated by specialized neural mechanisms intended to
represent temporal relationships between events. The latter model is based on the assumption that
duration representation may be universal, arising from the intrinsic dynamics of non-specialized
neural mechanisms. The authors analyzed both models, albeit without final conclusions, merely
outlining directions for further research related to the integration of these two paradigms.

Another line of studies is associated with neurotransmitter systems and neuromodulation in
temporal encoding. Pharmacological research by Meck et al. demonstrated the different effects
of dopaminergic and cholinergic drugs on time measurement [57-59]. The results of the experi-
ments were interpreted within the scalar timing theory. As discovered in [58], an impact on the
dopaminergic system mainly affects the perception phase of duration: with dopamine deficiency,
time intervals are subjectively stretched. The impact of cholinergic drugs on time memory was
investigated in [59]. The main experiment was to assess how increasing or blocking the level of
acetylcholine in the brain with drugs affects memory for time intervals when performing a time
discrimination task. It was suggested that the level of acetylcholine in the brain determines the
“transfer rate” between the internal clock and memory. A cholinergic agonist increases the speed
of duration memorization, causing underestimation of time; an antagonist slows it down, leading
to overestimation.

In addition to transmitter modulation of time perception, Meck and colleagues also investigated
neural correlates of temporal encoding. Their paper [71] is one of the most influential works on
temporal encoding in the hippocampus. It showed a crucial role of the hippocampus in the retention
and integration of temporal traces in working and long-term memory, not just in sensitivity to
signal length. This work was one of the first to link temporal and spatial memory directly with
hippocampal function in animals.

In [72], Meck and Church proposed a model where the brain’s internal system can switch between
counting events and measuring time intervals. This universal system uses the same mechanisms
for both tasks, changing settings depending on the demands of the situation. According to animal
experiments, both counting and timing obey similar laws and exhibit the scalar property of errors.
Thus, the model explains how the brain flexibly manages time and quantity using a single adaptive
system. In a continuation of that research, the authors experimentally proved the possibility of
simultaneously measuring multiple intervals (clock multitasking) [73]. This result strengthened the
position of models with several independent or context-tunable internal timers and expanded the
universal timing model proposed in [72].

While investigating the neural mechanisms of working memory and action control, Niki and
Watanabe tried to identify the neurophysiological correlates of temporal processing in various ar-
eas of the monkey cerebral cortex, primarily in the prefrontal and anterior cingulate cortex [14].
Neurons responsible for various stages of timing behavior—expectation, action preparation, and
responding—were identified. The work was one of the first to associate neural activity in the pre-
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frontal cortex with counting time intervals and mechanisms of temporal expectation. These results
became the basis for subsequent studies of working memory, temporal encoding, and cognitive
control.

Thus, during the period under consideration, it became possible to build behavioral models and,
moreover, to link timing directly to definite brain structures (cerebellum, basal ganglia, prefrontal
cortex, and hippocampus). The use of pharmacological interventions to “dissociate” different com-
ponents of the scalar timing model was initiated. And the concept of a distributed timing system
appeared: temporal processing began to be seen as a function of distributed neural networks rather
than a single “biological chronometer.” The above advances prepared the transition to the next
period.

4.2. Distributed Neural Networks and Network Modeling of Timing (1990-2000)

The 1990s in neuroscience were called the “decade of the brain” due to large-scale initiatives to
study brain structure and function [74]. In the research of neural temporal encoding, this period
marked a transition from the search for a single center of time to the concept of distributed neural
timing systems involving the cerebellum, basal ganglia, supplementary motor area (SMA), and
frontal and parietal cortex. Neuroimaging methods (fMRI, PET) began to be introduced into
research to map brain networks involved in temporal processing.

During those years, ideas about temporal processing as a function of distributed, dynamically
connected brain systems took shape. The first distributed neural network models of temporal
encoding were presented [32, 38, 40-42]. As a rule, the main research method was observation of
patients with various brain lesions and identification of dysfunctions associated with these lesions.
In the previous section, such experiments were described in [16-19]. They localized brain regions
responsible for some aspects of time perception. A new important task was to separate the internal
clock components from other sources of temporal variability.

A key review on the neurobiology of time during that period was provided in [43]. The main
models and neural mechanisms underlying the perception and reproduction of time intervals in
humans and animals were considered therein. Hazeltine et al. summarized experimental data
indicating that timing is realized by distributed neural systems. Different brain areas (cerebellum,
basal ganglia, premotor cortex, and SMA) participate differently in various tasks, e.g., motor and
perceptual. Thus, there is no single center of time; rather, temporal processing functions are
distributed and context-dependent. As demonstrated, there exist common mechanisms for motor
and perceptual timing: the variation of errors in time is similar in both motor and sensory tasks,
indicating the operation of a single or closely related timing system. At the same time, the difference
in processing short and long intervals may be explained by the involvement of different neural
pathways and the interaction of memory and attention. The authors considered the hypothesis of
multiple specialized timers (e.g., independent processes for different limbs or for different contexts)
that can be integrated at a higher level when performing complex sequential or parallel actions.
That paper played an important role in the transition from searching for a neural time center to
understanding timing as the result of distributed, specialized, and interacting brain networks.

With the new instrumental base, research into the impact of neurotransmitters on time per-
ception continued. The role of neurochemistry (dopamine and acetylcholine) was demonstrated,
and it was confirmed that disturbances in the systems cause specific timing deficits. Also note
a fundamental review devoted to the role of brain neurochemical systems in the mechanisms of
perception, estimation, and storage of time [60]; data from laboratory experiments, pharmacology,
and clinical research were integrated therein to reveal how different neurotransmitters influence the
internal clock and memory processes. The new data confirmed that dopamine regulates the speed
of the internal clock mechanism, while acetylcholine is responsible for storing temporal information

AUTOMATION AND REMOTE CONTROL Vol. 87 No. 5 2026



450 ZHILYAKOVA

in memory. Studies with pharmacological manipulations and clinical observations demonstrated
that disturbances in these neurochemical systems lead to characteristic errors in time estimation:
either accelerating or slowing down subjective time, or impairing memory of time intervals.

Based on experimental data, the theoretical preclinical models of time were tested in humans and
animals. The scalar expectancy theory was confirmed by the results of several new experiments
and gained a second wind [32, 33]. The new work by Church, Meck, and Gibbon [33] aimed
to determine the characteristics of the internal clock, temporal memory, and decision processes
involved in temporal integration, based on analysis of individual trials in rats. Three groups of 10
rats each were trained with reinforcement after 15, 30, or 60 seconds. Along with the reinforced
intervals, long non-reinforced test trials were included in the consideration. On each test interval,
the times of start, stop, and peak of the active response period (e.g., lever pressing) were measured
to analyze the behavior structure not by averages but by individual sessions and responses. The
following behavioral model was proposed and validated: in each individual trial, the animal is
guided with a random sample of reinforcement time retrieved from memory, and the decisions to
start and stop responding are determined by independent thresholds. According to the covariance
analysis of different behavioral characteristics (the start and stop times, the peak and width of the
active period), the scalar properties—the interval’s spread proportional to its length—manifest at
the level of individual trials as well, not only in averaged data.

One of the first connectionist models of temporal encoding was proposed by Church and Broad-
bent [32]. As pointed out in their work, the scalar timing theory explains well the ability of
animals to estimate time intervals (on the one hand) but relies on some cognitive phenomena that
are difficult to reproduce with known biological mechanisms (on the other hand). Therefore, a
new connectionist model of the scalar expectancy theory was developed to explain how organisms
can accurately measure time intervals at the level of neural networks. The model is based on the
operation of a group of neural oscillators. Each oscillator has its own frequency; combinations of
their states at the time of reinforcement (e.g., receiving a reward) are stored in memory. When it
is necessary to reproduce this interval again, the current phase of each oscillator is compared with
the stored pattern from memory. The decision to start/stop an action is made when the current
set of phases matches that recorded during learning. The emphasis is on real or simulated neural
network mechanisms instead of an abstract pulse generator and accumulator. The model describes
the realization of temporal processing in biological neural networks without the need for a single
center of time. The model successfully explains experimental data on operant timing tasks and
confirms the distributed nature of temporal processing in the brain.

Theoretical models explaining how neural networks and individual neurons can encode, store,
and reproduce time intervals were surveyed [40]. According to the author, although the central
nervous system is obviously capable of accurately encoding time, the realization of the mechanisms
for storing and processing temporal information is completely unclear. It is difficult to understand
how neurons can accurately operate on different time scales from seconds to minutes; however,
this occurs in the control of everyday behavior. The main difficulties of neural time encoding, as
well as some ways of using neurons to encode temporal information, were described in the paper.
Models based on the following different principles were reviewed: accumulation of pulses or signals;
use of groups of neural oscillators (oscillator models); and dynamics of large neural networks for
encoding long intervals. Two original models where not individual cells but a population of neurons
jointly encodes a time interval were discussed in detail. Such approaches enable more robust and
plastic time reproduction even under the variability and noise in neural systems. It was described
how artificial neural network models learn to recognize and extract temporal patterns, and which
of these properties could potentially be realized in the brain. As shown by computer simulations
of various approaches (oscillator, population, and network models), such mechanisms can explain
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experimentally observed timing properties in animals and humans. The author wondered which of
the model solutions are actually realized in real neural tissue and emphasized the need for further
empirical research to find an answer.

A three-layer neural network reproducing the results of classical experiments on duration dis-
crimination in animals was proposed in [38]. The first layer consists of clusters of neurons with
probabilistic internal feedback that maintain short-term (working) activity for a random period.
The second layer is a spiking neuron that continues to be active as long as a sufficient number
of clusters from the first layer remain active. The third layer responds to the end of activity in
the second layer by generating a short burst of spikes. The model generates time intervals with
a distribution depending on three parameters, namely, the number of clusters in the first layer,
their activity time, and the threshold of the neuron in the second layer. Intervals can be trained at
different layers of the network by changing the corresponding parameters to obtain different Weber
fraction characteristics, from S-shaped to linear and saturating curves. The model shows how popu-
lations of interacting neuron clusters can measure time intervals with characteristics corresponding
to the scalar regularities observed in animals and humans.

The concept of state-dependent timing was laid out in [41] and widely developed later. Buono-
mano and Merzenich investigated how biologically plausible neural networks can transform tem-
poral information (structure in time, e.g., a sequence of signals or intervals) into a spatial code,
i.e., a stable pattern of activity in neural populations. A neural network was created in which neu-
rons are connected according to some real properties of the brain (with time delays and synaptic
plasticity). The network is capable of memorizing a definite temporal sequence of input stimuli,
so that a unique spatial pattern of neural activation corresponds to a specific temporal sequence.
The model uses parameters analogous to real cortical networks, confirming the possibility of such
a temporal-to-spatial transformation in living neural circuits. Such a mechanism may explain how
the brain recognizes and distinguishes complex temporal patterns (words, rhythms, or sequences
of stimuli) without requiring specialized clocks or universal timing. The above work was one of the
first demonstrations that neural networks can represent temporal information spatially, which is
extremely important for understanding sensory processing, learning, and memory. The flourishing
of state-dependent network models came in the next decade. They will be discussed in detail in
subsection 4.3.

The authors of [42] formulated one of the most interesting problems in the field of interval
timing: how the brain measures events lasting minutes using neural processes based on milliseconds.
The main attention was paid to models resting on the coincidence of activity in different neural
circuits, i.e., the so-called coincidence-detection mechanisms. By assumption, time intervals can
be encoded according to the principle of coincidence in the operation of many oscillating and
interacting neural units. The authors emphasized the evolutionary aspect by considering the role
of similar mechanisms in different animal species. The universality and fundamentality of this
temporal encoding method for the brain were underlined. Interval encoding mechanisms were linked
to the neurobiological foundations of learning, memory, and integration of sensory information. As
in most works of this period, it was concluded that timing is realized in the brain by distributed
networks, not a single chronometer. In addition, the coincidence mechanism may be a universal
principle of time representation in vertebrates. As in other Meck’s works, attention was also paid
to the key neurotransmitters involved in temporal information processing.

Thus, the main trend of the period under consideration is the shift of research toward distributed
mechanisms of temporal encoding and the search for the neural correlates of time interval processing
in several brain areas. Attempts were made to build biologically plausible models that, on the one
hand, would satisfy Weber’s law, and on the other hand, would have some properties of biological
neural ensembles.
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4.8. Systems Neuroscience (2000-2010)

The period 2000-2010 can be characterized as an era of neuroimaging revolution and integration
of cognitive neuroscience in the study of timing. While the 1990s were devoted to functional map-
ping and the conceptualization of distributed systems, the 2000s were marked by the widespread
introduction of modern neuroimaging methods to investigate the neurobiological correlates of tem-
poral encoding. During this period, functional MRI (fMRI) became a standard tool for studying
temporal processing in humans, as it maps brain activity during timing tasks with high spatial res-
olution. The development of positron emission tomography and high-resolution electroencephalog-
raphy became key to studying the temporal dynamics of neural processes.

There was a transition from the analysis of individual (albeit multiple) structures to the study
of their network interactions and functional connectivity between brain areas. In the 2000s, the
idea that the brain uses several specialized systems for time processing depending on the temporal
scale and task type finally took shape. Among them are “automatic systems” for short intervals
(milliseconds to seconds), associated with motor control, and “cognitively controlled systems” for
long intervals (seconds to minutes), requiring attention and working memory.

The neurochemistry of timing received a deeper comprehension. Studies detailing the role of
various neurotransmitter systems in temporal processing appeared, especially dopaminergic and
cholinergic systems, with an emphasis on clinical studies of several diseases (Parkinson’s disease,
schizophrenia, etc.).

The active development of computational neuroscience led to the creation of biologically plausible
timing models integrating neuroimaging data with theoretical constructs.

The main shift of the 2000s—2010s was the transition from simple structural mapping and ex-
perimental models to a comprehensive analysis of distributed brain networks in cognitive, compu-
tational, and clinical contexts.

A classical paper of this period, also coauthored by Meck, has the telling title What Makes
Us Tick? [56]. This is a fundamental review devoted to the functional and neural mechanisms
of interval timing, i.e., the brain’s ability to estimate and control time intervals from seconds to
minutes. The authors presented the brain as a complex time machine, where understanding the
mechanisms of time tracking is key to understanding all brain functions. The paper considered
interval timing as a central mechanism occupying an intermediate position between two other tem-
poral systems: circadian rhythms (24-hour cycle) and millisecond timers (motor control, speech).
Buhusi and Meck described how organisms have developed multiple timing systems active over
more than 10 orders of magnitude of duration with varying degrees of precision. In mammals, the
main intervals include (1) circadian clocks in the suprachiasmatic nucleus, (2) an automatic timer
for millisecond motor control (cerebellum), and (3) a common flexible timer for seconds to hours
(thalamo-cortico-striatal circuits).

The central conclusion was as follows. The brain represents time in a distributed manner, and
timing occurs by detecting the coincident activation of different neural populations. Each brain
structure contributes its resonance, and all these oscillations are tracked and integrated by basal
ganglia circuits, acting like a conductor of an orchestra. As emphasized in the paper, the hallmark
of interval timing is the proportionality of the estimation error to the interval length (duration),
a property known as scalar timing, corresponding to Weber’s law for most sensory modalities.
Thus, the scalar expectancy theory, proposed thirty years earlier, was once again confirmed using
advanced research methods.

The above paper continued neurochemical research as well. As shown therein, dopamine reg-
ulates the pace of subjective time, while acetylcholine is responsible for the storage of temporal
information. Disturbances in these systems lead to specific errors in time perception and reproduc-
tion, as demonstrated in laboratory and clinical studies by the authors and their colleagues. The
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paper discussed changes in timing mechanisms for patients with Parkinson’s disease depending on
the level of dopamine in the brain. According to the studies, patients taking medication estimate
time quite normally, but as the effect of the medication wears off, their clock slows down.

The neural mechanisms of cognitive time measurement in humans were investigated in [75].
Special attention was paid to the functions of the right hemisphere prefrontal cortex. The work
presented an analysis of two previously published experiments using different cognitive tasks for
time estimation (sub-second and supra-second intervals). Based on their comparison, common-
alities and differences in brain activation during time measurement were identified. The authors
hypothesized the existence of a specialized cognitive system in the right hemisphere prefrontal
cortex that provides a universal mechanism for time estimation in different tasks (from simple
duration comparison to complex temporal sequences). The right-hemisphere specifics are consis-
tent with clinical observations: damage to the right prefrontal area leads to deficits in temporal
estimation. Lewis and Miall supported the idea of separate automatic (motor, short intervals) and
cognitive (long and complex) clock systems in the human brain, noting the unique role of the right
dorsolateral prefrontal cortex in cognitive timing.

Many publications on the neural mechanisms of time perception in humans belong to Harrington
and colleagues. Let us dwell on the two most cited studies of the decade under consideration. How
are different areas of the human brain activated during tasks of perception and comparison of time
intervals? This issue was investigated in the paper [76]. Using event-related functional magnetic
resonance imaging, the authors traced the evolution of activation of various brain areas at different
stages of temporal information processing. According to their conclusion, time processing is the
result of dynamic interaction between cortical and subcortical structures, and different stages of
the task involve different brain areas. In [54], using fMRI, Harrington et al. aimed to discriminate
and study two key processes of temporal processing: encoding time intervals and decision-making
regarding their duration. The main goal of that work was to separate the neural systems involved
in forming representations of time from the systems and processes associated with decision-making
regarding interval durations. This important discrimination provides a better understanding of how
the brain processes temporal information at different stages. The results showed the independence
of the systems ensuring interval encoding and decision processes. Based on this significant finding,
temporal processing involves several separate, albeit interacting, neural components.

The work of neurobiologist Buonomano and his colleagues laid the foundations for research
into state-dependent network (SDN) models. These models assume that temporal information is
encoded in the state evolution of a neural network, i.e., in how activity parameters (excitation flows,
spiking activity, etc.) change over time within the network itself, rather than in a separate timer or
oscillator. An extensive review of time processing mechanisms in the brain at different time scales
was presented in the paper [77]. The authors analyzed how neural networks encode time intervals—
from milliseconds to seconds and minutes—and discussed which biological systems, structures, and
processes may provide this ability in animals and humans. Two main groups of models were
discussed in detail. The first one is oscillator or clock-based models, where time is determined by
the accumulation of pulses or the coincidence of oscillator phases, most often for subsecond and
second intervals. The second group is SDN models, where the duration of an interval is represented
by the state evolution of a dynamic neural network in which the temporal sequence of exciting
individual neurons reflects time processing. Experimental data on the role of the cerebellum, basal
ganglia, prefrontal cortex, and local neural networks were analyzed. Particular attention was paid
to how synaptic plasticity, neural network dynamics, and the properties of individual neurons
realize temporal selectivity. The work emphasized the importance of learning and reorganization
of synaptic connections for fine-tuning temporal processing in different tasks. The results of this
paper agree with the conclusions of other researchers: temporal processing is the outcome of the
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cooperation of many structures and mechanisms specific to different task scales. Plasticity and
learning ability make the timing system adaptive to external and internal changes: it is possible
both to memorize new intervals and to adapt old ones to changed conditions.

This theme was developed in the paper [39]. As shown therein, time is encoded by the state
evolution of multidimensional neural networks: each pattern of network activity carries informa-
tion about the time elapsed since the last event. The SDN model explains why time estimation
depends on context and previous stimulation, not just on the current stimulus. The work under
consideration laid the foundations for the modern understanding of the internal network mech-
anisms of brain timing. The SDN model was further developed in [44, 45, 78, 79]. According
to the arguments provided in [78], the brain’s ability to perceive and discriminate time intervals
(hundreds of milliseconds) can arise spontaneously from the dynamics of local neural networks,
without special clock mechanisms. Temporal information is encoded by the time-varying patterns
of activity in neural populations; this property was confirmed by data from both in vivo and in
vitro experiments. Some experiments on cortical slices were described in [79]; as shown, if the same
time interval is repeatedly supplied to a neural culture, the network will “learn” this interval, i.e.,
change its dynamic activity so as to predict the expected moment of the signal. Moreover, even
isolated neural networks can store and reproduce time intervals only through internal changes in
their dynamic properties, without external “time organizers.”

A computer model of an internal clock based on a simple recurrent inhibitory neural network was
presented in [80]. Temporal information in the model is encoded as the evolution of unique patterns
of neural activity after an external signal. This model shows that the sequence of activation patterns
can serve as an internal chronometer: time from the start signal is represented through changes in
network state. In addition, the system is noise-resistant, reproducible, and can be restarted by a
strong transient signal.

The role of neural oscillations in the operation of the brain’s internal chronometer was examined
in the paper [81]. The authors showed that not only individual frequencies (e.g., alpha or beta
rhythms) but also the interaction of different brain rhythms are important for time estimation;
the latter rhythms change depending on the task and time. Such a comprehensive approach better
explains temporal information encoding by the brain through the dynamics of oscillatory processes.

Internal clock models (dedicated models) and SDN models (intrinsic models) were also compared
by other researchers. Based on the analysis of the two models, Ivry, Spencer, and Karmarkar
investigated how the brain encodes short time intervals (hundreds of milliseconds) [82]. Subjects
were presented with sound signals of different structures (simple and with irrelevant tones) and
asked to compare durations. Contextual variations helped test the sensitivity of temporal processing
to interference. As it turned out, the presence of irrelevant sounds of variable duration, participants
discriminated time worse (an argument in favor of intrinsic models that are sensitive to context). For
longer intervals (3004 ms), the above effect disappeared, indicating a limitation of SDN models in
terms of time range. However, the authors offered another explanation: factors related to attention
may also influence performance on duration discrimination tasks. For instance, processing of short
intervals strongly depends on the context; on the one hand, this may be an argument in favor of
SDN models, and on the other hand, evidence of the influence of attention and task structure on
time perception.

A biologically plausible model of time measurement based on neural integration (accumulation
of signal to a threshold) was developed and analyzed in [83]. A neurobiological mechanism for
measuring time intervals was presented; the neural integration of a signal to a threshold under noise
explains the main behavioral regularities of interval timing (the scalar property and variations in
errors) at the physiological level.

AUTOMATION AND REMOTE CONTROL Vol. 87 No.5 2026



BIOLOGY AND PHENOMENOLOGY OF TEMPORAL ENCODING 455

In a slightly later review of computational models of interval timing [84], the approaches existing
at that time were divided into four main types: pacemaker—accumulator models (Treisman and
Gibbon—Church models); multiple oscillator models; memory trace models based on SDN; and drift—
diffusion models. Drift—diffusion models are a class of stochastic models that explain the brain’s
decisions on interval duration by gradual accumulation of a noisy signal until reaching a certain
threshold. They clarify the distributions of time errors and responses. The longer the interval
is, the greater the impact of noise (and hence, the scalar increase in the variability of decisions)
will be. These models explain why, under the impact of attention, fatigue, or drugs, either the
“drift rate” (the intensity of signal accumulation) or the width of the error band changes. For all
four types, the authors proposed assessment criteria: the scalar property, the ability to reproduce
retrospective/prospective timing effects, and the sensitivity to attention and neurochemical impacts.

Summarizing the intermediate results, the period 20002010 completed the transition from lo-
calist models to understanding timing as a function of complex, interacting neural networks. The
widespread introduction of neuroimaging methods allowed shifting the focus of research from ani-
mals to humans and forming modern ideas of the multiplicity and flexibility of temporal processing
systems in the brain.

The period under consideration laid the methodological and theoretical foundations for all sub-
sequent research in the neuroscience of time, establishing standards for experimental design and
creating a conceptual framework that researchers still use today.

4.4. The Era of Distributed and Integrative Approaches (2010-2020)

That period was characterized by several key shifts and trends. There was a sharp increase in the
number of multidisciplinary publications, specialized journals appeared, and international forums
and conferences were set up. The experimental arsenal was expanded by introducing high-density
multi-electrode arrays, two-photon microscopy, genetic and optogenetic tools for direct investiga-
tion of neural network dynamics and causal interventions. Different models were synthesized and
integrated. Hybrid models were built from parts of internal clock models, SDN, oscillator, and
hybrid schemes. Such models are capable of explaining both retrospective and prospective time
effects, rhythm, the scalar property, and the impact of attention and motivation. Active studies
were devoted to interval timing and rhythm and, moreover, to temporal predictions, the order of
events, and synchronization between agents. There was a growing interest in clinical aspects: mod-
els based on new clinical data were developed to explain timing changes in diseases (Parkinson’s
disease, depression, schizophrenia, ADHD, etc.), and neurorehabilitation protocols were created
based on them.

One of the most important events of that period was the discovery of time cells in the hip-
pocampus. The concept of time cells was introduced in the early 2010s by Eichenbaum’s group of
researchers. These neurons were described as cells that encode sequential moments of time within
episodic memory, similar to how place cells encode position in space.

Neurons with properties of time cells were first described in 2008, see [7]. However, the term
“time cells” appeared later, in 2011 ( [8]). As is believed, the concept of time cells was substantiated
in detail in the review [9], and the term became conventional.

Time cells are specialized neurons first discovered in the hippocampus of animals and then in
humans. These cells fire actively at specific moments, marking the sequence of events in time within
an episode or task. Using them, the brain forms the chronology and order of events, which is critical
for episodic memory. As shown by studies, a novel result in the literature, the brain has temporal
tags, similar to how place cells encode the animal’s position in space. The discovery solved an
old puzzle: how does the brain determine sequential events (e.g., word order, daily events)? Time
cells sort moments within an episode to recall not only what and where happened, but also when it
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happened. After rodents, time cells were found in monkeys and humans, confirming the universality
of this mechanism in mammals. A notable outcome was that the cells support the properties of
scalar timing (the spread of errors in determining time is proportional to the interval length), which
is consistent with leading theories of timing.

The same hippocampal neurons were demonstrated to act as place cells (encoding location) and
as time cells, depending on context. Therefore, the hippocampus builds not only spatial but also
temporal maps of experience.

The discovery of time cells proved crucial for understanding how the brain reconstructs the
chronology and duration of events, why strong emotions compress the time scale, and why hu-
mans overestimate unusual moments. A new focus of researchers was placed on the learning and
remapping of time cells: these cells can change their activity depending on the task, demands,
and experience, showing plasticity of time representations. With the development of intracranial
recordings and neuroimaging, time cells are being actively studied in cognitive and clinical tasks in
humans.

Time cells became the basis for a new wave of research into episodic memory, memory flexibility,
and time awareness. As a result, the emphasis shifted from abstract theories to direct studies
of neural network mechanisms of time and chronology at the level of nerve cells. For example,
experiments on rats with various motor activity tasks were described in [10]; time cells and “distance
cells” were identified in the hippocampus.

The research work of Merchant, a leading researcher in the neurobiology of time, covered key
aspects of understanding how the brain processes temporal information [85-89]. Experimental stud-
ies in primates demonstrated the existence of multiple neural chronometers in different brain areas
that are activated differently in synchronization and rhythm continuation tasks [85]. In [86, 87],
the reader will find an introduction to the neurobiology of interval timing, systematizing the main
concepts, methods, and discoveries in the study of time measurement mechanisms from millisec-
onds to seconds, as well as a fundamental review of the neural foundations of time perception and
estimation, summarizing knowledge on how different brain structures (cerebellum, basal ganglia,
and cortex) participate in temporal processing at different scales. In the medial premotor areas
of primates, the realization of multiple levels of neural clocks for estimating and reproducing time
intervals in the hundreds of milliseconds was investigated in the paper [88]. The authors found
that individual neuronal populations encode elapsed and remaining time, as well as the duration
and order of intervals, forming a hierarchical multilayer system in which temporal information
is represented by the dynamic activity of cell populations. According to these results, temporal
processing is realized as a distributed network function, where each layer contributes to precise
control of rhythmic movements and their coordination in time. A comparative cross-species study
of the ability to find rhythm in humans and primates was provided in the paper [89], indicating
the evolutionary and neural foundations of rhythmic behavior and synchronization with external
temporal patterns. As shown by the studies, the brain uses distributed specialized timing systems
depending on the task and temporal scale. Special emphasis was placed on rhythmic behavior as a
fundamental ability linking time perception, motor control, and evolutionary aspects of temporal
processing in primates and humans. According to another study [23] as well, time is encoded by
different neural networks depending on the task.

How is temporal information encoded and used during nervous system development? This issue
was the subject of the biological review [90]. The authors considered how neural stem cells read
and decode temporal signals arising from complex interactions between molecules, cells, and tissues
to correctly determine cell fate during brain development.

Note another review [91], describing studies of how the cerebral cortex realizes the temporal
processing necessary for cognitive functions. The authors showed that temporal encoding is an
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intrinsic function of cortical neural networks, arising due to the temporal features of their activity
and ability to plasticity. The role of neural circuit dynamics in maintaining “cognitive time”
was highlighted: from moment-to-moment tracking of events to forming expectations and decision-
making. As emphasized therein, understanding how the cortex encodes and uses time on short scales
is crucial for building general models of cognitive brain activity, including perception, planning,
prediction, and learning.

On the contrary, a highly specialized study was presented in [92]. It was demonstrated that pro-
fessional percussionists reproduce time intervals with high accuracy and minimal errors compared
to other people. This is due to their high sensory precision: they rely less on interval averaging
and use more “optimal” temporal encoding.

Weber and Fairhall examined the role of neural adaptation in encoding and the dependence of
the efficiency of processing changing environmental properties on the dynamic adjustment of neural
sensitivity at different time scales [93].

Bayesian models of time interval memorization [50-53] radically changed the understanding of
time perception, showing that systematic “errors” in duration estimation are not flaws but an
optimal strategy of the brain to reduce uncertainty under internal noise. They are closely related
to the concept of predictive processing in the brain; the main idea is that the brain constantly
forms and updates hierarchical predictions about the external world based on an internal model,
comparing them with real sensory data and minimizing prediction errors. These models treat
the memorization and estimation of time intervals as a process of probabilistic inference, where
prior experience is integrated with current sensory signals to obtain the most probable estimate.
The brain combines current sensory data about time with prior experience, which shifts regression
type toward the mean; however, exactly this feature makes the system more reliable in the long
run. Neurochemical disturbances, such as dopamine deficiency in Parkinson’s disease, change the
balance between precise counting and the use of prior experience in favor of the latter, explaining
specific patterns of temporal distortions in different clinical groups. Essentially, Bayesian models
show that the human brain is not a precise chronometer, but an intelligent prediction system that
sacrifices absolute accuracy for overall efficiency in an unpredictable world.

4.5. Modern Period

A review of recent research should be much more detailed. Many breakthrough works have been
published, and new discoveries have been made. We hope to devote a separate paper to the results
of recent years, with modern neurobiological studies and a focus on network models of encoding
time intervals. This section only outlines the key milestones.

Modern studies have significantly expanded the class of computational and biological models by
including recurrent neural networks, spiking systems, and hybrid architectures closely approximat-
ing real biological networks. A significant breakthrough has been the experimental confirmation of
the role of neural oscillators and dynamic ensembles in the generation of time intervals, as well as
evidence of the existence of a flexible and multimodal time encoding system in the brain. Works
from this period have been integrating plasticity, adaptation, and error prediction mechanisms, as
these concepts link temporal processing with memory and decision-making. According to several
fresh studies, the distributed representation of time and its neural correlates are much more vari-
able and complex than previously assumed, which calls into question rigid mechanistic models and
stimulates a transition to ensemble and hierarchical models of temporal processing.

A new understanding of the computational mechanisms of time perception is being formed us-
ing neural network models, which are becoming a tool for explaining temporal computations in the
brain [94]. A recurrent neural network model with plasticity capable of considering variability in
temporal estimates has been presented in [95]. The scope of application of SDN models is expand-
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ing; they are now used to describe neuromodulation, particularly modulation of locomotion [96]. A
model for learning temporal sequences based on spiking neural networks has been developed, with
application to the study of musical memory [97]. It has been shown that time intervals in ensembles
of neural networks can be encoded on a logarithmic principle [98], which refers back to Treisman’s
first internal clock model. An integrative model combining neural oscillators with computational
memory mechanisms has been proposed, going beyond the traditional scalar timing theory [99]. In
a review of current data on the neural bases of duration estimation [100], Tsao et al. have dis-
tinguished between prospective (current, clock-like) and retrospective (recollective, reconstructive)
time perception; as demonstrated, both types of processes rely on the dynamics of neural pop-
ulation states, but are implemented by different computational and neurobiological mechanisms.
According to [101], memory and time perception use partially common neural mechanisms; without
considering time representation, it is impossible to fully understand how memory works. Each cog-
nitive action is treated as unfolding in time, and memory as a mechanism organizing this temporal
flow. The impact of time constraints on cognitive performance, including mathematical productiv-
ity, has been studied in [102]. The control principles of neural dynamics revealed through the study
of timing are being analyzed [103]. Neural mechanisms that simultaneously track several indepen-
dent and asynchronous time intervals and rapidly switch between them in response to changes in
the environment are being investigated [104]. Brain’s synchronization of movements with external
(music) and internal (mental rhythm reproduction) signals is being studied [105]. As discovered,
the brain is capable of compensating for functional impairments under different methods of rhythm
cueing. Collectively, these works significantly deepen the understanding of the mechanisms of time
perception and processing in the brain at different levels and from different perspectives.

Let us particularly emphasize one review and two historical publications. The main neuro-
computational models of interval timing have been reviewed in [106]. Models have been classified
according to several principles: the presence or absence of threshold and adaptive clocks, and
whether timing is a function of building a dedicated clock or emergent temporal encoding at the
population level. The classification highlights both the common statistical properties of models
(e.g., the scalar property and the shift of temporal estimates) and the diversity of computational
solutions by which the real brain can realize timing in behavioral and neurophysiological tasks. The
authors have considered key models from the classical internal clock to modern neural trajectory
models, underlining the need to see the overall picture of the field’s development (see the woods
for the trees).

Meck’s scientific legacy and contribution to the study of time perception and interval timing
have been described in the paper [107], including recollections of his colleagues and students about
his personality and role in shaping the scientific community in the field.

Treisman’s classical work [25] on the internal chronometer and its role in time perception, pub-
lished in 1963, has been analyzed in detail in [108]. Highlighting the internal clock model proposed
by Treisman, the author has examined the main experiments, demonstrated how this model ex-
plains key effects (e.g., Weber’s law), and discussed the relationship between Treisman’s theory and
later models such as the Scalar Expectancy Theory. In addition, the significance of this work for
the modern understanding of timing psychology has been noted.

5. CONCLUSIONS

According to this review, the two interrelated lines of research—Treisman’s internal clock model
and the Scalar Expectancy Theory (SET)—remain methodologically and empirically fruitful after
decades. Their key assumptions are surprisingly robust: with increasing measurement precision and
complication of biologically plausible models, the basic properties reproduced by these models are
again confirmed. This robustness indicates the fundamental nature of the principles laid down in the
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models, making them a convenient support both for new data interpretations and for engineering
applications.

The practical value of the models lies in their structural clarity and computational simplicity.
In robotics and Al tasks, this is critical: biological plausibility here is reasonably understood as the
reproducibility of observed phenomena (the scalar property, the bias of estimates toward the mean,
and the superposition of curves in time) rather than as a literal reconstruction of physiology. The
modular architecture (pacemaker, switch, working and reference memory, comparator, and decision
mechanism) provides transparent error tracing, easy calibration, and portability across platforms
and environments.

At the same time, a significant limitation of classical models is their low tolerance to noise and
variability of natural signals. A promising direction is the transition to population encoding and
network implementations, where temporal information is distributed across the states of dynamic
systems. Network approaches, including state-dependent networks and recurrent architectures, can
inherit the phenomenological advantages of internal clocks and SET, while increasing noise robust-
ness, representational flexibility, and online adaptability. In this regard, we intend to systematically
review the latest investigations of timing, with an emphasis on network models and mechanisms of
the scalar property in distributed state representations.

We have started developing a model for memorizing and reproducing intervals that combines
phenomenological verifiability with the robustness of population encoding. The first theoretical
results have already been presented in [109]. We plan to create a simulation model, conduct
experiments, and analyze the experimental data.

In general, the continuity from simple clocks to network time appears not as a rejection of
classics, but as their natural development: the proven phenomena and criteria are preserved, but
the carrier and encoding method change. This junction opens up opportunities for integrating
cognitive theories of time with Al and robotics practices, taking into account real constraints of
noise, resources, and adaptability.
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Abstract—It is proposed to design concurrent error-detection (CED) circuits for discrete au-
tomation and computing devices using Boolean signal correction (BSC) with weighted sum
codes. Within this approach, a CED circuit corrects signals from all outputs of an object under
diagnosis and involves a particular subset of codewords of a preselected weighted sum code. An
algorithm is developed for selecting codewords used to design a CED circuit based on BSC; this
algorithm allows choosing the best variant to cover faults at the object’s outputs and ensures
the self-checking property of the circuit. The features of organizing CED circuits based on the
above method are shown.
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1. INTRODUCTION

Many units and nodes of automation and computing systems must be self-checking for the timely
detection of faults in their structures and mitigation of their manifestations [1]. This is especially
important in critical systems, where a fault (error) may cause an accident or even a catastrophe.

In the design of self-checking discrete devices, methods of information theory, coding, and
Boolean function theory are widely used [2-6]. Considering the properties of error-detecting and
error-correcting codes makes it possible to design devices with given reliability characteristics and
fault detection capabilities by manifestations in the form of signal distortions at specially selected
checkpoints or operating outputs [7, 8.

This paper is devoted to further developing the theory of self-checking discrete device design
through implementing external fault diagnosis means in the form of concurrent error-detection
(CED) circuits using the properties of binary redundant codes for error detection only (without
error correction). As such codes, we consider a wide class of weighted sum codes in the residue ring
of a given modulus [9]. According to the authors’ research, these codes can be effectively applied
in the design of CED circuits based on Boolean signal correction (BSC); the idea to use such signal
correction for building self-checking discrete devices was proposed in [10, 11]. With BSC, when
each set of argument values is supplied to the inputs of a CED circuit, the signals from an object
under diagnosis are converted into signals treated by the circuit as codewords of a preselected code.
(This approach is in contrast to the conventional one, where the object’s signals are supplemented
with check signals without any conversion [12, 13].) Due to the properties of weighted sum codes,
it is possible to design self-checking devices based on BSC and choose implementation options with
the best values of the structural redundancy and testability indicators of CED circuit gates.
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2. PROBLEM STATEMENT

Existing CED circuit design methods involve the error-detection properties of uniform block
codes and the diagnostic properties of Boolean functions. In CED circuit design, the general
error-detection properties of uniform block codes and Boolean functions are used. In fact, a CED
circuit “inherits” the detecting properties of the redundant code (or a particular class of Boolean
functions) selected at the design stage. It becomes impossible to consider in a CED circuit the
structural features of objects under diagnosis (the configurations of gates and their connections
with each other, as well as with inputs and outputs of the device, which affects the multiplicity
and types of allowed errors at their outputs caused by internal structure faults). Therefore, two
approaches emerge for further development of CED circuit design methods. The first is to construct
a new redundant code by taking the object’s structure and a given fault model into account. Such
a problem was solved in [14]. The second approach is to use a particular subset of the set of
codewords of some uniform block code in order to orient the selected codewords to cover faults at
the object’s outputs with certain properties. Research shows that this is possible using BSC. Let
us formulate the following problem.

Consider a given combinational object under diagnosis F(X), which computes the val-
ues of Boolean functions f1(X), f2(X),..., fn(X) when supplying the sets of argument values
< TXp—1 ... Tox1 > = < X > at its inputs. It is required to build a self-checking discrete device
based on BSC and a wide class of weighted sum codes with a particular subset of the set of its code-
words. (This class covers codes well known in the theory of self-checking discrete device design.)
In addition, it is necessary to develop a method for extracting a particular subset of codewords of a
weighted sum code whose codewords have desired diagnostic properties (e.g., capabilities to detect
faults with given multiplicities or to implement Boolean functions from special classes in a CED
circuit), a method for modifying the encoder of this code to work with a particular subset of its
codewords, and a CED circuit design algorithm based on BSC and a particular subset of codewords
of this code.

Note that in a special case, the object under diagnosis can be a subcircuit of the device F(X)
whose outputs have certain properties of error propagation under internal structure faults, being
controllable for the chosen CED circuit organization using a particular subset of codewords of a
weighted sum code.

3. THE ORGANIZATION STRUCTURE OF A CED CIRCUIT

In a CED circuit based on BSC, the signals coming from an object under diagnosis F(X) are
converted by a signal correction block (SCB) so as to obtain a codeword of a given code (Fig. 1).
For correction, two-input mod 2 adders (XORs) are used; they uniformly generate 0 and 1 when
all sets of argument values are supplied to the inputs and can correct any signal to 0 and 1. The
first inputs of the gates receive signals f1(X),..., fn(X) from the object F(X), and the second
inputs receive signals from the block G(X), which computes the values of correction functions
91(X), ..., gn(X), predetermined for each set < X > . The conversion is given by

hi(X) = fi(X) @ g:(X), i=Tn. 1)

Initially, at the CED circuit design stage, the values of the functions g¢;(X),...,g,(X) are
not specified. The main task is to obtain their values on each set of argument values. For
organizing computation control, the type of functions computed at SCB outputs (the func-
tions hy(X),...,hp(X)) is important. According to (1), for known values of the functions
f1(X), ..., fu(X), the values of the functions g¢1(X),...,g,(X) are uniquely determined by the
values of the functions hy(X),..., hy(X):

gi(X) = fi(X) @ hi(X), i=1,n. (2)
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Fig. 1. The block diagram of a CED circuit based on BSC.

The methods for determining the values of the functions hi(X),...,h,(X) depend on the bi-
nary redundant code chosen for computation control. These methods are categorized as heuristic
(a complement on each set of argument values considered sequentially, under the existing con-
straints on this procedure due to the requirements for generating test combinations for SCB gates
and the checker [15]) and functional (an initially established relationship between the values of the
functions ¢1(X), ..., gn(X) and f1(X),..., fn(X) before the CED circuit design stage [16]). Thus,
when supplying each set of argument values < x;x¢—1...2x2x1 > to the device inputs, a codeword
belonging to the chosen code is formed at SCB outputs; this is checked in the CED circuit by the
totally self-checking checker (TSC) [17]. As the “watch dog,” this checker has two outputs 2°(X)
and z!'(X). In the absence of errors at its inputs and internal faults, the checker generates the
two-rail signal < 01 > or < 10 > . Violation of the two-rail nature indicates the presence of errors
in computations and, indirectly, the presence of faults in the object under diagnosis or the CED
circuit itself.

The difference between the above approaches to CED circuit design lies precisely in the fact
that the conventional approach implies no correction but complements the signals generated at
the outputs of the block F(X) with check signals computed by an additional block in the CED
circuit. Therefore, the methods widely used in the conventional approach take into account special
properties of signal propagation to the device outputs under faults, e.g., the unidirectionality of
occurring errors [18-20] or unidirectionality and their asymmetry (inequality in the number of
corrupted Os and 1s) [21, 22]. For the block diagram presented in Fig. 1, it is impossible to consider
the type of error occurring at the object’s output directly; therefore, computation control methods
based on isolating subsets of independent [23] and r-independent outputs (outputs at which errors
with multiplicities d < r are allowed [24]) can be effective here.

Within the conventional approach to CED circuit design for a selected error-detecting code,
there exists only one option to form the functions computed by control devices. (In other words, it
is impossible to build various CED circuits, except for different implementations of the additional
block for computing check functions and the checker.) In the case of BSC for a selected error-
detecting code, there are numerous variants to build a CED circuit, determined only by the resulting
codeword, i.e., the conversion of a particular codeword < f,,(X) fr—1(X) ... fo(X)i(X) >=< F>
on each set of argument values < x;x¢_1 ...xox1 > . Owing to the large number of variants to build
a CED circuit, the self-checking property can be ensured in practice by choosing an appropriate
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implementation. For example, BSC allows building self-checking devices in several cases where this
property cannot be achieved by conventional approaches with duplication and parity checking [11].

The following peculiar constraints are imposed on the design procedure with BSC:

(1) For a complete check of T'SC, when supplying sets of argument values to the inputs, it is
necessary to form all codewords of a given code that belong to the set of combinations making
up the check test. (This is not always the complete set of codewords of the code under
consideration, which is determined by the method for building TSC [17].)

(2) For a complete check of the SCB, the inputs of each gate must receive check tests when
supplying sets of argument values to the inputs.

(3) The devices F(X) and G(X) must be checking (self-testing), which requires each fault to be
manifested as a distortion of their output values on at least one set of argument values [25].

The check test is determined according to the structures of the devices in a CED circuit. The
SCB involves XORs; for their canonical implementation, a complete check requires the use of all
four combinations {00, 01, 10,11} [26]. In the noncanonical implementation case, a smaller number
of test combinations may be taken, i.e., one of the following sets of combinations: {00,01,11},
{00,01, 10}, {00, 10,11}, and {01, 10,11} [27]. The set of test combinations necessary to check the
checker in a CED circuit depends on its implementation. For example, for separable codes and an
implementation in the form of an encoder and a comparator, it is required to generate the complete
set of check vectors when supplying given sets of argument values to the inputs.

Application of BSC in CED circuit design implies computation control of the functions imple-
mented at SCB outputs via a predetermined diagnostic attribute. For example, in the case of
BSC, the self-duality of the functions [28] or the belonging of the generated codewords to prese-
lected constant-weight codes [10, 11] can be controlled. Both of these diagnostic attributes were
combined in [29].

When designing a CED circuit based on BSC, it is unnecessary to correct all signals from an
object under diagnosis. In some cases, it suffices to convert only part of them. For example, in
the case of a 2-out-of-4 constant-weight code, the object’s outputs are divided into groups of four,
and only two signals in each group are converted in the SCB [30]. However, converting all object’s
signals gives the designer greater flexibility in building self-checking devices, including the ability to
choose the best implementation method. Let us demonstrate this below, using CED circuit design
based on BSC and weighted sum codes as an example.

4. WEIGHTED SUM CODE IN THE RESIDUE RING OF A GIVEN MODULUS

Weighted sum codes represent a large class of uniform block codes that can be effectively used in
the design of self-checking, controllable, and fault-tolerant automation and computing devices [8].
There are many variants to construct them under given redundancy constraints. The codewords of
weighted sum codes are obtained by the following algorithm.

Algorithm 1 (the rules for forming codewords of weighted sum codes).

(1) Choose and fix m as the number of data symbols of the code. Order and combine them into
the data vector < f,(X)fim—1(X)... f2(X)f1(X) >, where f;(X) € {0,1}, i = 1,m.

(2) Fix an array of weights [wy,, Wm—1,...,ws,w;] assigned to the bits of the data vector, where
w; € N, 1 =1,m.

(3) Specify a modulus M € N, M > 2.

(4) For each data vector, determine the smallest nonnegative residue for the sum of the weights
of the significant bits:

Wiy = W(modM) = <§:wzfl(X)> (modM). (3)
i=1
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(5) Represent the resulting number in binary form and write it in & = [log, M| bits of the check
vector.

(6) Concatenate the check vector to the data vector and write it in the lower bits of the codewords.

Hereinafter, we will designate weighted sum codes by W S(m, k, M )-codes, separately indicating
the array of the weights [w,, Wm_1, ..., ws, w] assigned to the bits of the data vector.!

An arbitrary modulus can be taken to construct a weighted sum code; meanwhile, special
properties are observed for the codes with moduli M € {21, 22 ..., ollogs (3212, wit1)] } For these

codes, when considering the complete set of data vectors, all possible check vectors with k bits are
generated at least once. (Their set has cardinality 2¥.) Therefore, the self-checking property of the
checkers of such codes can be easily ensured.

Moreover, for definite values of the weights [w,, wm—1,..., w2, w1] and the moduli M €
{21, 22 ... ,2[1°g2(zi:1 wit1)] }, it is possible to achieve an important property from the standpoint

of using W.S(m, k, M)-codes in CED circuit design, i.e., the uniform distribution of the complete
set of data vectors (of cardinality 2™) among all check vectors with & bits from their complete set.
With this property, it is easier to ensure the self-checking property of the CED circuit.

In CED circuit design, WS (m, k, M)-codes with various parameters can be used. The choice
of code parameters is determined by the individual features of the object under diagnosis. If the
detecting characteristics of the code allow covering the complete set of errors at the object’s out-
puts, then a code with n = m + k bits in codewords can be chosen. If complete error coverage is
unachievable, separate codes are used to control subsets of outputs. This method of computation
control in a CED circuit has other advantages over control of the complete set of outputs as well:
it is much easier to ensure the self-checking property of individual control devices, and the checkers
of the codes have simpler structures.

Below, we describe a CED circuit design method with BSC and W S(m, k, M)-codes that is based
on correcting all signals from the object under diagnosis but uses a particular subset of codewords
of the code instead of all codewords. This method makes it possible to fix the multiplicities of
detectable errors at the object’s outputs and adjust the structural redundancy and controllability
indicators of CED circuits.

5. EXTRACTING A PARTICULAR SUBSET OF CODEWORDS
OF A WEIGHTED SUM CODE FOR CED CIRCUIT DESIGN

To extract a particular subset of codewords of the W.S(m, k, M)-code for CED circuit design,
recall that all 2% check vectors must be generated at least once. Otherwise, it will be impossible
to ensure a complete check of the checker of the W.S(m, k, M)-code. In view of the aforesaid, we
propose the following algorithm for extracting a particular subset of codewords of the W S(m, k, M)-
code for CED circuit design.

Algorithm 2 (the generalized algorithm for selecting a particular subset of codewords of the
WS(m, k, M )-code).
(1) Fix the parameters of the W S(m, k, M)-code and the array of weights [wy,, Wm—1, ..., w2, w]
assigned to data vector bits.
(2) Generate the complete set of codewords of the W.S(m, k, M )-code of cardinality 2™.
(3) Classify the codewords of the W.S(m, k, M )-code into M subsets corresponding to the num-
bers Wjy.

1 More precisely, they can be called codes with summation of the weights of data vector bits in the residue ring of a
given modulus.
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(4) Form an M-partite graph (for codes with the uniform distribution of data vectors among
check vectors, a Turdn graph T'(2™, M)):

(a) Assign to the vertices of each part the codewords corresponding to the numbers Wy, (3).
Then each part of the graph will contain the codewords with the same check vector.
(b) Assign to the edges connecting the ith and jth vertices (v; and vj, respectively) the
weights d;; equal to the Hamming distance between the corresponding codewords.
(5) On the graph T'(2™, M), select the maximal cliques (their size will be M).
(6) Determine a criterion for selecting a clique among the maximal ones.
(7) Select the cliques satisfying this criterion among the maximal cliques.
(8) Take an arbitrary clique among the remaining maximal ones.
(9) The codewords corresponding to the vertices in the selected maximal clique form a particular
subset of codewords of the W S(m, k, M)-code for CED circuit design.

Let us demonstrate Algorithm 2 on an example of selecting a particular subset of codewords of
the WS(4,2,4)-code with the array of weights [wy, w3, wq, w1] = [1,1,2,3]; it can be used to build
the “basic” CED circuit structure for groups of n = 6 outputs. For example, its analog with the
conversion of some signals from the object under diagnosis, responsible for forming the data bits
of the WS(4,2,4)-code, was considered in [31].

We generate all codewords of the WS(4,2,4)-code and classify them into groups corresponding
to the numbers Wy (Table 1). Next, we form a four-partite graph (in this case, a Turdn graph
T(16,4); see Fig. 2).

Table 1. Classification of codewords of the WS (4, 2, 4)-code

Wy
0 | 1 | 2 | 3
9291
00 | 01 | 10 | 11
Codewords
0000 00 0011 01 1011 10 1010 11
0101 00 0100 01 0111 10 0110 11
1001 00 1000 01 0010 10 0001 11
1110 00 1101 01 1100 10 1111 11

In a Turdn graph, all 2™ vertices are split into M parts of equal size | = % Since M €
{21,22,...,2(1°g2(2?;1w"+1ﬂ }, the graph is regular (2" is divisible by M). Each vertex of the
graph T'(2™, M) has degree

deg(v) = 2™ — % — (1 - %) (4)

In the case under consideration, the graph T(16,4), each of the 16 vertices has degree
4 1) _
2(1-1) =12
The number of edges in a graph T'(2", M) for W.S(m, k, M )-codes is given by
(M —-1)2™)? M-1

Nver = M - M 22m71. (5)

For the W S(4,2,4)-code, we have 352224-1 = 397 = 96,
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20000 00> <0101 00> <1001 00> <1110 00>
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<> g, b, <001101>
<0001 11> ¢, b, <010001>
D< ~ B
U0 1> g, by <100001>
| <101> g, b, <10101> |
cy Cy Cy c
<101110> <0111 10> <0010 10> <1100 10>
R .
Y
c

Fig. 2. The Turdn graph T(16, 4) for the WS(4, 2, 4)-code with the array of weights
[wa, w3, w2, un] = [1, 1, 2, 3.

Next, it is necessary to extract all maximal cliques from the resulting graph 7'(2™, M). Their
size equals M, and the number of edges is given by

M(M —1)

R= 2

(6)

For example, in the maximal cliques of the Turdn graph built for the W S(4, 2, 4)-code, there are
4(4—gl) = 6 edges.

Each maximal clique corresponds to a particular subset of codewords of the W S(m, k, M )-code
for CED circuit design. The number of maximal cliques in a graph T'(2™, M) depends on the
number of vertices in each part (47 ):

2\ M

Nc:(M

(7)

For the WS(4,2,4)-code, we have (%)4 = 28 = 256.

Among the set of maximal cliques, it is necessary to select those with definite properties (satis-
fying a desired criterion).

The choice of an appropriate maximal clique will be associated with fixing certain values of
the Hamming distance between the corresponding codewords. If the structure of the object under
diagnosis (i.e., the configurations of gates and their connections to the device outputs) is unknown,
then a reasonable criterion is the maximum total weight of the edges under the maximum shift of

AUTOMATION AND REMOTE CONTROL Vol. 87 No. 5 2026



472 EFANOV, YELINA

A
A

2000000> <0101 00> <1001 00> <1110 00>

a, a, as a,
° [ o
e E
<1111 11> <0011 01>
<0001 11> <0100 01>
D< > B
<0110 11> <1000 01>
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Y
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Fig. 3. Extracting a maximal clique in the Turdn graph T'(16, 4) for the W S(4, 2, 4)-code
with the array of weights [wa, w3, w2, wi] = [1, 1, 2, 3].

the absolute values of the edge weights upward:

DC = Z dij, dz‘j — max, (8)

Vi,V

where C' is an expression containing all vertices of the clique (for large cliques, simply the clique
number after ordering them), d;; is the weight of the edge, and v; and v; are vertices belonging to
this clique.

The maximum shift of absolute edge weights upward will be achieved if each weight of an edge
in the maximal clique with total weight is as close as possible to

_ Do _ 22u0 b (9)
TSR T MM -1)

In the case of the WS(4, 2,4)-code, formula (9) gives v = %.

Note that the problem considered here (selecting a particular subset of codewords of the
W.S(m, k, M)-code for CED circuit design) is similar to the problem of selecting controllable prob-
abilistic tests addressed, e.g., in [32, 33].

There are 256 maximal cliques in a graph T'(2™, M). After an exhaustive search of all these,
we identified a unique maximal clique for which all edge weights equal 4, and the total weight of
the clique is 24. (Dg, by cq,dy = 24 and v = % = 4.) The clique includes vertices aq, by, c4, and do
(Fig. 3). The particular subset of codewords of the WS(4,2,4)-code corresponding to this clique
is {< 0000 00 >, < 1101 01 >, < 1011 10 >, < 0110 11 >}. They will be used below to design of a

CED circuit based on BSC with the W.S(4, 2,4)-code.
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There exist other maximal cliques with the value Do = 24. For example, the same number is
provided by extracting a maximal clique with vertices aq, b1, ¢1, and d4. However, for the codewords
corresponding to this clique, four pairs will have code distances equal to 3, and two pairs equal
to 6. The above criterion allows discarding all cases except those with the maximum shift of weights
upward.

When selecting a maximal clique on a Turan graph for codewords of the W .S(m, k, M )-code, the
number of maximal cliques grows astronomically with m. Therefore, in practice, one can establish
either particular subsets of codewords of W.S(m, k, M)-codes with various properties (one-time) or
a criterion for selecting a maximal clique corresponding to the desired conditions (not necessarily
the maximum possible Hamming distance between codewords). For example, such a condition is
to select a maximal clique with all edge weights d;; > 3.

Some W S(m, k, M )-codes can be used in CED circuit design based on two diagnostic attributes,
i.e., the belonging of codewords to a preselected code and the self-duality of functions [34]. Not
all WS(m,k, M)-codes possess this property. The WS(4,2,4)-code with the array of weights
[wa, w3, wa,w1] = [1,1,2,3] (see above) is a representative of the class of codes with check symbols
described by self-dual Boolean functions. Such codes have the following feature: on the complete
set of their codewords, it is possible to select 2™~! pairs with words orthogonal over all bits. Di-
rect analysis of Table 1 shows that the W.S(4,2,4)-code possesses this property. When building a
CED circuit based on BSC with computation control via two diagnostic attributes, this fact can
be utilized to establish a criterion for extracting a particular subset of codewords. For example,
consider the Turdn graph for the WS(4,2,4)-code (Fig. 2) and select two different vertex pairs of
the Turdn graph (a;,,bi,) & (Cis, dis) V (aiy, Cis) & (biy, dig) V (a4, diy) & (biy, iy), Where iy, 19, 13,14
denote the vertex numbers in the corresponding parts of the graph (1 — A,2 — B,3—C,4 — D),
with the maximum edge weight v;; = 6. Then, the selected codewords will allow computa-
tion control via two diagnostic attributes under definite conditions for generating codewords
< hp(X)hp—1(X) ... ha(X)h1(X) >. (On orthogonal input combinations over all arguments, it is
necessary to fix codewords also orthogonal over all arguments.) An example of a maximal clique
satisfying this criterion is the clique with vertices ai,b1,cq, and d4. The corresponding codewords
are {< 0000 00 >, < 0011 01 >,< 1100 10 >, < 1111 11 >}.

6. BLOCK DESIGN FEATURES IN A CED CIRCUIT

In the CED circuit structure (Fig. 1), the SCB has a standard implementation of n XORs. The
block G(X) is essentially an encoder of the W.S(m, k, M )-code, intended to compute the bits of its
codewords when supplying sets of argument values to the inputs; and T'SC'is a device for recognizing
the codewords of this code. In the presented implementation, one could use the standard structure
of a checker of any separable code in the form of a cascade connection of the encoder G(F') and the
comparator kKT RC1: the former generates a check vector from the values of the data vector, and
the latter compares the bits of the check vector obtained directly from SCB outputs and the check
vector generated by the encoder G(F'), converting k two-rail signals into one. The self-checking
comparator is implemented in two-rail logic from standard modules for compressing two-rail signals
(TRC, two-rail checkers) [35]; therefore, in this checker implementation, it is necessary to invert the
bits of the check vector generated at SCB outputs. One could immediately design the block G(X)
considering the need to obtain not the check vector for the W.S(m,k, M)-code but the inverted
vector. This would be sufficient for the correct operation of the CED circuit. However, in this case, it
becomes impossible to take into account a particular subset of codewords of the W.S(m, k, M )-code
instead of its complete set. For instance, any distortion converting a codeword of the W.S(m, k, M )-
code into a codeword of the same code, even when using some particular subset of codewords of
this code at the CED circuit design stage, will not be detected by the checker: a two-rail signal will
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Fig. 4. Areas in the circuits of checkers of the W S(4, 2, 4)-code suitable for structural modifications.

be generated at its outputs. Therefore, to consider the error detection properties in the codewords
of a particular subset of codewords of the WS(m,k, M)-code, the checker must be modified to
“respond” only to the codewords preselected by the CED circuit designer.

Figure 4 shows the structures of checkers of the W.S(m, k, M)-code and possible circuit nodes
suitable for modifying signals on the checker lines, i.e., the areas F1, E5, and E3. The checker can
be implemented as a codeword detector: when codewords from a particular subset are received at
its inputs, a two-rail signal is generated at the checker outputs; otherwise, a non-two-rail signal is
generated. This modification area is Fy. The checker can be implemented as a two-stage structure
consisting of an encoder and a comparator. In this case, there are two possible modification areas:
modifying signals at the output of the encoders G(F') and G(X) (the areas Es and E3, respectively).

Let us demonstrate possible structural modifications of the checker of the WS (m, k, M)-code on
an example of the W S(4,2,4)-code with the array of weights [wy, w3, wa,w1] = [1,1,2,3] and the
particular subset of codewords {< 0000 00 >, < 1101 01 >, < 1011 10 >, < 0110 11 >}.

Table 2 presents the options for fixing signals in the highlighted areas for modifying the control
devices in the CED circuit.

Consider the option of designing the checker as a detector; then it is implemented in the form
of a converter so that for each codeword belonging to the W.S(4,2,4)-code, one of the two vectors
from column Ej is generated. Note that in the case of computation errors, the device F/(X) or
the CED circuit blocks can generate a codeword not belonging to the W.S(4,2,4)-code; hence, it
is required to generate the values < 00 > or < 11 > for all codewords not belonging to this code.
Accordingly, there exist 22° = 264 yariants to specify the required values and build such a detector.

We have the following options for building a modified encoder of the W S(4,2,4)-code. When
implementing the encoder G(F) or the encoder G(X), it is necessary to exclude the generation of a
correct check vector when a codeword not belonging to the WS(4, 2, 4)-code arrives at the inputs.
In the case under consideration, this can be done in three variants for each codeword unused.
For codewords not belonging to the W.S(4,2,4)-code, no special complement is required: if such a
word appears, a mismatch between the data and check vectors will be recorded at SCB outputs.
There are 3'2 variants to specify the required values and build the block G(F) and, accordingly,
the block G(X).
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Table 2. Options for fixing signals under control device modifications
in the CED circuit

Codewords of the code Signals in modification
areas
Belonging
Data Check | to the particular
vector vector subiet of Ex Ez, By
codewords

0000 00 + 01 /10 00
0001 11 - 00 /11 00/01/10
0010 10 - 00 /11 00 /01 /11
0011 01 - 00 /11 00 /10 /11
0100 01 - 00 /11 00 /10 /11
0101 00 - 00/11 | 01/10/ 11
0110 11 + 01 /10 11
0111 10 - 00 /11 00 /01 /11
1000 01 - 00 /11 00 /10 /11
1001 00 - 00/11 | 01/10/ 11
1010 11 - 00 /11 00 /01/10
1011 10 + 01/ 10 10
1100 10 - 00 /11 | 00/01/11
1101 01 + 01 /10 01
1110 00 - 00 /11 01/10/11
1111 11 - 00 /11 00 /01/10

The trivial issue of the structural design of modified encoders, checkers, and detectors of
WS (m,k, M)-codes (in particular, the W.S(4,2,4)-code) goes beyond the scope of this paper.

7. PRINCIPLES FOR SPECIFYING VALUES AT SCB OUTPUTS

There are numerous variants to form codewords at SCB outputs. Even for a preselected par-
ticular subset of codewords, a large number of variants can be used to specify the values of the
functions hy(X), ..., hy(X) and, accordingly, g1(X), ..., gn(X).

Generally, it is required to fix appropriate values of the functions hi(X),...,h,(X) on each
of the 2! sets of argument values in order to form codewords from a preselected particular subset
of codewords of the W.S(m, k, M)-code. In doing so, the above conditions for ensuring the self-
checking property of the CED circuit blocks should be considered. Clearly, each check vector of
the WS(m, k, M)-code can be generated at least once under the condition ¢t > M; otherwise, this
is impossible. If the condition holds, the BSC functions can be obtained by sequentially selecting
codewords from the particular subset of codewords of the W S(m, k, M)-code for each row of the
truth table that describes the object under diagnosis and the outputs of the CED circuit blocks. The
particular subset of codewords has cardinality M, and on each of the 2! rows, there are M options
for obtaining codewords. However, the upper bound is M 2* (while neglecting the generation of each
unique codeword once). With the latter factor taken into account, on M rows we have to generate
at least each codeword from the selected particular subset of codewords of the W.S(m, k, M )-code,
and on the remaining 2° — M rows proceed arbitrarily. In total, there are M 2'=M yariants to specify
the values of the functions hq(X),..., h,(X) (accordingly, the same number of variants to design
the CED circuit with a fixed particular subset of codewords). For example, for the WS(4, 2,4)-code
with ¢ = 4, we have 42'—4 = 412 — 16777216 options for CED circuit design. Among these options,
some may be less efficient, e.g., those not ensuring the self-checking property of the CED circuit
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blocks or leading to high structural redundancy of the device (as compared to the redundancy of a
self-checking implementation of the device by duplication or another method).

From the standpoint of ensuring the testability of CED circuit gates during the operation
of a self-checking device, a method of interest is to specify appropriate values of the functions
hi(X),...,hy(X) so that the probabilities of generating each test combination for the checker are
close (if not equal). This can be achieved by uniformly distributing the codewords from a particu-
lar subset of codewords of the W.S(m, k, M)-code among all 2! input combinations. However, the
uniform distribution of codewords does not guarantee the possibility of generating tests for SCB
gates, but one can always return to the step of determining the values of the BSC functions and
change their fixation method.

Algorithm 3 (the rules for designing CED circuits based on BSC with a fixed particular subset
of codewords of the W.S(m, k, M)-code).

(1) Order the codewords from a fixed particular subset of codewords of the W.S(m, k, M )-code
and number them by ¢q € {1,...,2M}.

(2) Form a truth table with 2! rows to describe the logic of the object under diagnosis (as noted
above, the method works correctly if t > M.)

(3) Determine the so-called repetition coefficient of codewords:

0= I (10)

(4) On the rows of the truth table with decimal numbers (they are assigned decimals 0, ..., 271,
corresponding to the binary numbers written in the set of argument values) from the range
(g—1)d...q6 — 1, fix the signals at SCB outputs so that the codeword with number ¢ is
generated.

(5) Obtain the values of the BSC functions using (2).

(6) Verify the condition for generating tests for all SCB gates. If a complete test cannot be
generated, change the method for fixing the signals.

(7) Design the block G(X).

(8) Select a method for modifying the control part of the CED circuit and modify one of the
devices in the circuit.

Let us emphasize several important aspects in the operation of Algorithm 3. First, it is unnec-
essary to control the formation of the complete set of test combinations for the checker: all check
vectors will be generated automatically. Second, a complete test for each SCB gate will not be
formed in some cases (see Step 6 of Algorithm 3). If this happens, the variant for determining
the values should be changed. One could initially focus on the row-by-row analysis of the tables
describing the operation of devices, considering the generation of test combinations for gates, as
done in [36]; in this case, however, the algorithm will run longer. (This is the main vulnerability
of the algorithm.)

We demonstrate the operation of Algorithm 3 to obtain a description of a CED circuit on each
line using the W S(4,2,4)-code with the array of weights [wy, w3, wa,w1] = [1,1,2,3] and a partic-
ular subset of its codewords {< 0000 00 >, < 1101 01 >, < 1011 10 >, < 0110 11 >} for control of
the device specified by Table 3.

In the CED circuit (see Fig. 1), the SCB has a standard implementation. It is required to design
G(X) and TSC.

Following the steps of Algorithm 3, we obtain the values of the functions describing the device
G(X). After ordering, the codewords are assigned the numbers: 1—< 0000 00 >, 2—< 1101 01 >,
3—< 1011 10 >, and 4—< 0110 11 > . By formula (10), the repetition coefficient of codewords

24

from the particular subset is 6 = - = 4. Next, on rows with numbers 0,...,3, we specify the
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signals at SCB outputs so that codeword 1 is formed; on rows with numbers 4, ...,7, codeword 2;
on rows with numbers 8,...,11, codeword 3; finally, on rows with numbers 12, ..., 15, codeword 4.
Using (2), we determine the values of the BSC functions; see the results in Table 3, where the last
six columns present the combinations generated at the inputs of the gates. Direct analysis of these
columns indicates that a test combination is formed for each gate.

Next, we select a method for modifying the control part of the CED circuit and design the self-
checking device. Here, the issues of structural design and efficiency indicators of the resulting CED
circuit are omitted: the presentation is intended to show only the fairly simple and understandable
principles of implementing a self-checking device.

According to experimental studies on a variety of examples, in a large number of cases, Algo-
rithm 3 yields less redundant self-checking combinational discrete devices compared to duplication.
The effect is higher for more complex initial functions computed by the block F'(X). When design-
ing self-checking finite state machines (FSMs) with CED circuits for logic and output converters,
this effect only increases since duplication of all Boolean blocks of FSMs is not required.

8. CONCLUSIONS

This paper has described the features of the authors’ method for designing self-checking devices
based on BSC in a CED circuit with a particular subset of codewords of the W.S(m, k, M )-code
and conversion of all signals from an object under diagnosis.

The advantages of this CED circuit design method are obvious. First, by choosing a particular
subset of codewords of the W S(m, k, M )-code, it is possible to consider the characteristics of errors
occurring at the object’s outputs. Second, there are numerous variants to specify the values of the
functions formed at SCB outputs, which provides “flexibility” and the ability to choose the CED
circuit structure during its design. Third, it is easy to modify the control part of the CED circuit
so that it detects any errors except those distorting codewords from the selected particular subset
of codewords of the W.S(m, k, M)-code into each other. In fact, this method is closely related to
those involving inseparable codes in CED circuit design with BSC [10, 11, 15, 16, 30], and the above
methods for modifying the control circuits are based on modifying the WS (m, k, M)-code.

Note the following drawbacks of the CED circuit design method. The most serious one, in the
authors’ opinion, is the necessity to ensure the self-checking property of SCB gates and the checker
of the WS(m,k, M)-code. This cannot be done for all devices. For example, all SCB gates are
checked only if each of the functions computed by the object under diagnosis takes value 1 (or 0)
on at least two sets of argument values [31]. With a small number of the object’s inputs, this is
not always feasible. The second drawback is that, to ensure a complete check, a definite subset of
argument values has to be supplied during the operation of the self-checking device. This cannot
be done, e.g., in critical systems where input actions change infrequently [37], and a combination
of test and functional diagnosis methods is then required [38]. Concerning the third drawback, the
method itself requires the selection of a particular subset of codewords of the WS (m, k, M)-code,
which (albeit being performed once) is difficult for large values of the code parameters m, k, M. In
addition, there are numerous variants to specify the values of the functions at SCB outputs on each
set of argument values; despite the possibility to choose a single variant for fixing their values, in
many practical cases, an optimal one cannot be chosen due to the complexity (or even infeasibility)
of an exhaustive enumeration of all variants.

From the authors’ point of view, the above method for designing self-checking devices is of
interest for implementation on modern programmable logic devices.

AUTOMATION AND REMOTE CONTROL Vol. 87 No.5 2026



10.

11.

12.

13.

14.

15.

16.

17.

18.

DESIGN OF SELF-CHECKING DISCRETE DEVICES 479

REFERENCES

. Efanov, D.V., Metody sinteza samoproveryaemykh diskretnykh ustroistv (Design Methods for Self-

Checking Discrete Devices), Moscow: LENAND, 2025.

. Sagalovich, Yu.L., Algebra, kody, diagnostika (Algebra, Codes, Diagnosis), Moscow: Institute for Infor-

mation Transmission Problems, Russian Academy of Sciences, 1993.

. Fujiwara, E., Code Design for Dependable Systems: Theory and Practical Applications, John Wiley &

Sons, 2006.

. Goessel, M., Ocheretny, V., Sogomonyan, E., and Marienfeld, D., New Methods of Concurrent Checking,

1st ed., Dordrecht: Springer Science+Business Media B.V., 2008.

. Drozd, A.V., Kharchenko, V.S., Antoshchuk, S.G., et al., Rabochee diagnostirovanie bezopasnykh

informatsionno-upravlyayushchikh sistem (Operational Diagnosis of Safe Information and Control Sys-
tems), Khar’kov: Zhukovskii National Aerospace University, 2012.

. Mikoni, S.V., Sokolov, B.V., and Yusupov, R.M., Kvalimetriya modelei i polimodel’nykh kompleksov

(Qualimetry of Models and Polymodel Complexes), Moscow: Russian Academy of Sciences, 2018.

. Sapozhnikov, V.V., Sapozhnikov, VI.V., and Efanov, D.V., Kody s summirovaniem dlya sistem tekhnich-

eskogo diagnostirovaniya. Tom 1: Klassicheskie kody Bergera i ikh modifikatsii (Sum Codes for Technical
Diagnosis Systems. Vol. 1: Classical Berger Codes and Their Modifications), Moscow: Nauka, 2020.

. Sapozhnikov, V.V., Sapozhnikov, VI.V., and Efanov, D.V., Kody s summirovaniem dlya sistem tekhnich-

eskogo diagnostirovaniya. Tom 2: Vzveshennye kody s summirovaniem (Sum Codes for Technical Diag-
nosis Systems. Vol. 2: Weight-Based Codes), Moscow: Nauka, 2021.

. Das, D., Touba, N.A., Seuring, M., and Gossel, M., Low Cost Concurrent Error Detection Based on

Modulo Weight-Based Codes, Proceedings of the IEEE 6th International On-Line Testing Workshop
(IOLTW), Spain, Palma de Mallorca, July 3-5, 2000, pp. 171-176.
https://doi.org/10.1109/OLT.2000.856633

Gessel, M., Morozov, A.V., Sapozhnikov, V.V., et al., Logic Complement, a New Method of Checking
the Combinational Circuits, Autom. Remote Control, 2003, vol. 64, no. 1, pp. 153-161.

Goessel, M., Morozov, A.V., Sapozhnikov, V.V.; et al., Checking Combinational Circuits by the Method
of Logic Complement, Autom. Remote Control, 2005, vol. 66, no. 8, pp. 1336-1346.

Sogomonyan, E.S. and Slabakov, E.V., Samoproveryaemye ustroistva i otkazoustoichivye sistemy (Self-
Checking Devices and Fault-Tolerant Systems), Moscow: Radio i Svyaz’, 1989.

Mitra, S. and McCluskey, E.J., Which Concurrent Error Detection Scheme to Choose?, Proceedings of
the International Test Conference, Atlantic City, NJ, October 3-5, 2000, pp. 985-994.
https://doi.org/10.1109/TEST.2000.894311

Efanov, D.V., The Equal-Length Redundant Code Development for the Self-Checking Combinational
Devices Synthesis Based on Data on Their Structures, Electronic Modeling, 2022, vol. 44, no. 1, pp. 43-52.
https://doi.org/10.15407 /emodel.44.01.043

Sapozhnikov, V., Sapozhnikov, V1., and Efanov, D., Concurrent Error Detection of Combinational Cir-
cuits by the Method of Boolean Complement on the Base of “2-out-of-4” Code, Proceedings of 14th
IEEE East-West Design & Test Symposium (EWDTS’2016), Yerevan, Armenia, October 14-17, 2016,
pp. 126-133. https://doi.org/10.1109/EWDTS.2016.7807677

Sapozhnikov, V.V., Sapozhnikov, V1.V., and Efanov, D.V., Formation of Totally Self-Checking Struc-
tures of Concurrent Error Detection Systems with Use of Constant-Weight Code “1-Out-Of-3”, Electronic
Modeling, 2016, vol. 38, no. 6, pp. 25—43.

Sapozhnikov, V.V. and Sapozhnikov, V1.V., Samoproveryaemye diskretnye ustroistva (Self-Checking
Discrete Devices), St. Petersburg: Energoatomizdat, 1992.

Sogomonyan, E.S. and Gossel, M., Design of Self-Testing and On-Line Fault Detection Combinational
Circuits with Weakly Independent Outputs, Journal of Electronic Testing: Theory and Applications,
1993, vol. 4, no. 4, pp. 267-281. https://doi.org/10.1007/BF00971975

AUTOMATION AND REMOTE CONTROL Vol. 87 No. 5 2026



480

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

EFANOV, YELINA

Busaba, F.Y. and Lala, P.K., Self-Checking Combinational Circuit Design for Single and Unidirectional
Multibit Errors, Journal of Electronic Testing: Theory and Applications, 1994, vol. 5, no. 5, pp. 19-28.
https://doi.org/10.1007/BF00971960

Morosow, A., Saposhnikov, V.V., Saposhnikov, VI.V., and Goessel, M., Self-Checking Combinational
Circuits with Unidirectionally Independent Outputs, VLSI Design, 1998, vol. 5, no. 4, pp. 333-345.
https://doi.org/10.1155/1998 /20389

Efanov, D.V., Sapozhnikov, V.V., and Sapozhnikov, V.V., Conditions for Detecting a Logical Element
Fault in a Combination Device under Concurrent Checking Based on Berger’s Code, Autom. Remote
Control, 2017, vol. 78, no. 5, pp. 891-901.

Efanov, D.V., Sapozhnikov, V.V., and Sapozhnikov, V1.V., Organization of a Fully Self-Checking Struc-
ture of a Combinational Device Based on Searching for Groups of Symmetrically Independent Outputs,
Automatic Control and Computer Sciences, 2020, vol. 54, no. 4. pp. 279-290.
https://doi.org/10.3103/50146411620040045

Aksenova, G.P. and Sogomonyan, E.S., Design of Self-Checking Built-In Check Circuits for Automata
with Memory, Autom. Remote Control, 1975, vol. 36, no. 7, pp. 1169-1177.

Efanov, D.V., Synthesis of Self-Checking Computing Devices Based on a Complete System of Special
Groups of the Diagnostic Object Outputs, Journal of Instrument Engineering, 2023, vol. 66, no. 5,
pp. 355-372. https://doi.org/10.17586,/0021-3454-2023-66-5-355-372

Parkhomenko, P.P. and Sogomonyan, E.S., Osnovy tekhnicheskoi diagnostiki. Tom 2: Optimizatsiya
algoritmov diagnostirovaniya, apparaturnye sredstva (Foundations of Technical Diagnosis. Vol. 2: Opti-
mization of Diagnostic Algorithms, Hardware Means), Moscow: Energoatomizdat, 1981.

Aksenova, G.P., Necessary and Sufficient Conditions for the Synthesis of Completely Testable Modulo
2 Convolution Circuits, Autom. Remote Control, 1979, vol. 40, no. 9, pp. 1362-1369.

Yelina, Y.I. and Efanov, D.V., Weight-Based Bose-Lin Codes in Concurrent Error-Detection Circuit
Based on Boolean Signal Correction, Journal of Computer and Systems Sciences International, 2025,
vol. 64, no. 1, pp. 17-35.

Saposhnikov, VI.V., Dmitriev, A., Goessel, M., and Saposhnikov, V.V., Self-Dual Parity Checking —
A New Method for On-line Testing, Proceedings of the 14th IEEE VLSI Test Symposium, USA, Prince-
ton, 1996, pp. 162-168. https://doi.org/10.1109/VTEST.1996.510852

Efanov, D.V. and Pivovarov, D.V., The Hybrid Structure of a Self-Dual Built-In Control Circuit for Com-
binational Devices with Pre-Compression of Signals and Checking of Calculations by Two Diagnostic Pa-
rameters, Proceedings of the 19th IEEE Fast-West Design and Test Symposium (EWDTS’2021), Batumi,
Georgia, September 10-13, 2021, pp. 200-206. https://doi.org/10.1109/EWDTS52692.2021.9581019

Sapozhnikov, V.V., Sapozhnikov, V1.V.; and Efanov, D.V., Design of Self-Checking Concurrent Error
Detection Systems Based on “2-out-of-4” Constant-Weight Code, Probl. Upr., 2017, no. 1, pp. 57-64.

Efanov, D.V. and Yelina, Y.I., Design of Self-Checking Digital Devices with Boolean Signals Correction
Using Weight-Based Bose—Lin Codes, Control Sciences, 2024, no. 4, pp. 22—36.
http://doi.org/10.25728 /cs.2024.4.3

Yarmolik, S.V. and Yarmolik, V.N., The Synthesis of Probability Tests with a Small Number of Kits,
Automatic Control and Computer Sciences, 2011, vol. 45, no. 3, pp. 133-141.
https://doi.org/10.3103/50146411611030072

Yarmolik, V.N., Petrovskaya, V.V., and Mrozek, 1., A Measure of Differences for Test Sets in Reducing
Controllable Random Tests, Informatics, 2022, vol. 19, no. 4, pp. 7-26.
https://doi.org/10.37661/1816-0301-2022-19-4-7-26

Efanov, D.V. and Pivovarov, D.V., Design of Self-Checking Discrete Devices Based on Polynomial Codes
with Computation Control via Several Diagnostic Attributes, Autom. Remote Control, 2025, vol. 86,
no. 5, pp. 402-416.

AUTOMATION AND REMOTE CONTROL Vol. 87 No.5 2026



35.

36.

37.

38.

DESIGN OF SELF-CHECKING DISCRETE DEVICES 481

Lala, P.K., Self-Checking and Fault-Tolerant Digital Design, San Francisco: Morgan Kaufmann Publish-
ers, 2001.

Efanov, D.V., Synthesis of Self-Checking Combinational Devices Based on the Boolean Signal Cor-
rection Method Using Bose-Lin Codes, Information Technologies, 2023, vol. 29, no. 10, pp. 503-511.
https://doi.org/10.17587/it.29.503-511

Drozd, A., Kharchenko, V., Antoshchuk, S.; et. al., Checkability of the Digital Components in Safety-
Critical Systems: Problems and Solutions, Proceedings of the 9th IEEE Fast-West Design and Test
Symposium (EWDTS’2011), Sevastopol, Ukraine, 2011, pp. 411-416.
https://doi.org/10.1109/EWDTS.2011.6116606

Litikov, I.P. and Sogomonyan, E.S., Test and Functional Diagnosis of Digital Devices and Systems,
Autom. Remote Control, 1985, vol. 46, no. 3, pp. 375-384.

This paper was recommended for publication by L.Yu. Filimonyuk, a member of the Editorial

Board

AUTOMATION AND REMOTE CONTROL Vol. 87 No. 5 2026



