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Training and retraining of specialists of different profiles at present requires taking into
account the high dynamics of the conditions of their professional activity. This is especially
relevant when it is necessary to train specialists to act in emergency situation. For this
reason, two major problems with organisation of the training process of specialists have
arisen:

e the requirement for simultaneous training of a heterogeneous group which consists of
specialists of different profiles who jointly provides the solution of a certain range of tasks
in case of emergencies;

e the requirement for minimizing the duration of the training process.

Both universal and individual competences are expected of specialists in heterogeneous
groups. In particular, in heterogeneous groups that prepare for emergency response,
universal competences are required to act in special circumstances and individual
competences are required to fulfil narrow professional tasks.

The said circumstance makes it possible to organize the sequence of courses for training
specialists in the groups under consideration in such a way that it is possible to obtain
universal competences in one course simultaneously by specialists of different profiles, which
allows reducing the total training time of the whole heterogeneous group. At the same time,
it is necessary to take into account the capabilities of the educational organisation in terms
of the number of simultaneous trainees in each course, which ensures the acquisition of the
relevant competence.

In this regard, there is a need to optimize the choice of trajectory, i.e., the sequence of
courses, for training specialists in heterogeneous groups, taking into account the capacity
of the educational organisation that trained them. For this purpose, we have developed a
mathematical model and a numerical method for finding the optimal trajectory based on the
use of genetic algorithm, the advantage of which is polynomial computational complexity.
A numerical example is presented.

Keywords: specialist training; heterogeneous groups; learning trajectory optimization;

genetic algorithm.
Introduction

In today’s situation, the need to train groups of specialists of different profiles in
the shortest possible time in order for them to jointly solve a certain range of tasks is
becoming more and more important [1, 2]. Examples are medical brigades and specialised
rescue groups designed to operate in an emergency zone of a unique nature.

The duration of training of groups of specialists acts as the main criterion of training
efficiency. Note that some of the competences obtained during the training of specialists
may be the same, while the remaining competences reflect their specialisation [3, 4]. The
organisation of the training process, which combines the process of obtaining common
competences by specialists of different profiles, allows to reduce the training time for all
specialists of the group. The resources of the training organisation should be taken into
account.
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In this regard, there is a need to optimise the choice of training trajectory of specialists,
which will minimise preparation time of the whole group taking into account the available
resources. The solution to this problem can be obtained using mathematical modelling
methods, which is the subject of this paper.

1. Formalisation of the Process of Obtaining Competencies
in the Implementation of Specialist Training Programmes

The educational trajectory of a group of specialists is defined as the composition and
sequence of individual courses undertaken by each specialist [5]. Owing to the limitations of
the educational organisation, no more than a given number of individuals can participate in
each course simultaneously. Situations in which the trajectory includes time gaps between
the courses are not excluded. In such cases, it is assumed that these gaps are filled by
other forms of training (e.g., independent study), which fall outside the scope of this
study. Consequently, specifying the educational trajectory of a group of specialists must
also include the start time for each course for each specialist, i.e., course scheduling [6, 7].

Information about the capacity of the educational organisation is necessary for
determining the composition of the courses. Assume that the training of a heterogeneous
group of specialists necessitates the acquisition of a set of competencies, each of which
is attained through completion of one specific course from the set of available courses
U= {ul, '-'7U|U\}-

Let us denote 7, is a training duration on course uy, 6 is the unit of measurement
for the duration of all courses is such that Vk 74,:0, T = {0,260,30, ...} is a discrete set of
potential moments of start or end of training by courses. For each course u binary tuple

is defined kj = (ki}, ..., ki) course features, required to start training on it:
in 1, if the course uy is required to start a course of study wus;
Ko = .
ks 0, otherwise;
and a binary tuple sk9** = <ﬁz‘ft, e ﬁz%), contains a characterisation of the course of
study uy

ot | 1, itk =s;
ks 71 0, otherwise.

The training of the ¢-th specialist assumes that he passes a given set of courses. Let
us denote v; = (Vﬂ, cee Vi‘U|> is a tuple of characterisation of the courses, completion of
which is necessary for the i-th specialist, where

o 1, if the course wuy is required for thei-th specialist;
ik 0, otherwise.

Note that there is a partial ordering of courses and therefore there may be alternative
versions of the sequence of courses required for specialists. The sequence of courses in the
p-th variant for the i-th specialist is described as

(upilv SRR upiwi) ) (1>

U]
where w; = Y vy, is the number of courses required for the training of i-th specialist.
k=1

Bectauk FOYpI'Y. Cepua <«Maremarudeckoe MOAeJIMPOBAHUE 33
u nporpammupoBanues> (Bectuuk FOYpI'Y MMII). 2024. T. 17, Ne 4. C. 32-41



V.V. Menshikh, A.V. Podolskikh

All courses included sequences of the form (1), consist of different elements of the set
U and they can be identified with the courses of the educational organisation using the
following variables:
” _{ 1, ifup, =u, € U;
* 71 0, otherwise.

In this case w), = f,ukie, s = 1, ., [U], where s = </~imll,..., ﬁpi”m) L=
out __ out _ out __ out out _ i
1, ceey wi, 'Lipils — fpzlk"ﬁ;ks P S - 1’ ceey ’U‘7 'Lipzl — ('Lipil17 ceey /ﬁ;pzl‘s|> 9 l — 1, ceey ’LUZ.

Correctness of the sequence (1) of courses for each variable is determined by the
following relations: no prior learning of competences is required for the first course of
study: ,

Vivpr, = (0,...,0); (2)

all the required competences must be obtained in the subsequent courses
S
Vivp il <Y Ko s =1, w — 1 (3)
1=1

training in all courses for each option should ensure that all the necessary competencies
for specialists in the given field are obtained:

ViVp Z ﬁ;?f > ;. (4)
=1

2. Model of Optimization of the Process of Competence
Acquisition in the Implementation of Specialist
Training Programmes

Let us denote N is the number of specialists, g is the maximum number of professionals
who can be trained in the course u; € U at the same time. Let’s enter variables

t, if at thet-th moment of time i-th specialist is trained by the
Tip,l = p-th variant and starts studying the course u,,;
0, otherwise.

Note that the conditions

N  w;
Vit VEk Z Z sen (Tepit) * frur < Gk (5)

i=1 p=1

describe the educational organisation’s restriction on the number of specialists
simultaneously enrolled in each course.

Since the variables x,,; and expressions x,,;+ fp,i - T completely describe the moments
of beginning and ending of training of all specialists, the set of all variables X = {x¢,,}
completely characterises the trajectory of group training of all specialists.

In this case, the problem of optimising the choice of the trajectory of group training
of a group of specialists has the form of finding

% .
X* = Argmin max (Zepst + fpuk - Th) s (6)
7p7
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under restrictions (2) — (5). Model (2) — (6) is a nonlinear mathematical programming
problem. To develop a numerical method for its solution, the genetic algorithm can be
used, the advantage of which is polynomial complexity O(n?) |8, 9]. The following is a
description of the variant of this algorithm for the problem under consideration.

3. Description of the Numerical Method

To describe a genetic algorithm, the definitions of genes, chromosomes and individuals
must initially be given. As follows from the problem statement, for each specialist there is
a set of competences to be acquired in the course of training. By virtue of the assumption
described above, a specific training course from the given set of courses U is defined for
obtaining each competence. Consequently, a priori for each specialist, there are many
courses that he or she must take during the training period. Therefore, it is reasonable to
take as a gene a separate course studied by a specialist, and as a chromosome a sequence
(1) of courses studied, which does not contradict the causal relations between the processes
ki of competence acquisition described by tuples. In this case, the individual is a set of
chromosomes corresponding to all the specialists in training.

Let us turn to the description of the adaptation function of individuals. As stated
above, the capacity of the educational organisation has limitations on the number of
simultaneous students on each course, which leads to the need for scheduling of courses by
specialists |7]. The minimization of the total time for all specialists to complete all courses
is used as an optimization criterion in accordance with the problem formulation [10, 11].

Hence, it is possible to design an optimal schedule of courses to be taken by specialists
and the length of the optimal schedule can be taken as an estimate of the fitness of an
individual.

Thus, the values of the fitness function of individuals are determined by the type of
chromosomes, i.e., the sequences (1) of learning courses and, by choosing such sequences
for specialists, it is possible to achieve an improvement in the fitness function. Changing
the selection of chromosomes corresponding to one specialist can be done in two ways:
crossbreeding and mutation.

Let’s move on to a description of these methods. We will crossbreed separately for each
pair of chromosomes of each individual corresponding to the same specialist. Let us denote
n is the number of courses for a specialist. Let us assume that the crossed chromosomes
are represented by tuples A = (ay,...,a,) and B = (by, ..., b,); the result of crossbreeding
is a tuple C' = (cq, ..., ¢,). If a; = by, then ¢; — a; = by, otherwise ¢; = a; @ by, where @ is
a “exclusive-or” operation, an outcome that is determined randomly.

Then, until all elements of a tuple C' have been determined, the elements of the tuples
A and B compared sequentially, so that
1) exclude the possibility of double occurrence of the same gene (course of study);

2) to exclude the possibility of violation of cause-and-effect relationships in the study of
courses;

3) the following actions are performed to select the next element ¢, k = 2,...,n of the
course tuple C:

e locate a; is the first unexamined element of the tuple A, that has not been included in
the tuple C' before;

e locate b; is the first unexamined element of the tuple B , that has not been included in
the tuple C' before;
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e the existence of a cause-and-effect relationship < between the courses a; and b;, specified

by the corresponding tuple is checked x™:
—if a; < by, ie. K} =1, then ¢, = a;; — if b; < a;, i.e. &5} =1, then ¢, = by; — if both
conditions are not fulfilled, i.e. rj} = £j; = 0, then ¢x = a; ® b;.

The block diagram of the algorithm of crossover functioning at crossing of two

chromosomes is presented in Fig. 1.

Fig. 1. Block diagram of the algorithm of crossbreeding of individuals
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Let’s describe the process of mutation of an individual. Fach mutation must be carried
out for randomly selected chromosomes, independently of other chromosomes [8]. This is
because the composition of courses (competences) for each specialist is strictly defined and
cannot be changed. Mutations are permissible rearrangements of genes in the chromosomes
of an individual and occur in the following sequence. Chromosomes are randomly selected
to carry out the mutation (from 0 to the number of specialists).

For each selected chromosome, the following are randomly determined:

1) number of genes to mutate;
2) locations of mutated genes;
3) sequence of mutated gene rearrangements.

For each location of the mutated gene, the following are randomly determined:

1) direction of permutation (right, left);
2) number of permutations.

For each mutated gene, a maximum permissible number of permutations is carried out,
not exceeding the previously determined number, in the direction determined therein. The
permissible number of permutations is determined so as not to disturb the cause-and-effect
relations between the courses (genes).

Thus, the following values must be set for the mutation to occur in an individual: the
probability of selecting chromosomes to make a mutation; probability of selecting genes
for permutations in the mutated chromosome; directions and number of permutations for
each gene.

Next, the mutation operation is described using the example of a chromosome
(us, ug, ug, us, U1, ug), in which it is necessary to move the gene wuj; to the left by 3 positions.
After analysing the cause-effect relations between the courses, it turned out that us cannot
be moved to the left of uy and, therefore, the move is possible only by 1 position (Fig. 2).

Fig. 2. Example of a single chromosome mutation

4. Numerical Example

Consider the process of training 6 specialists, where by three specialists must
master the courses {uy, ug, ug, us, ug, us}, two courses {uy, us, us, ug} and one courses
{uy, ug, uy, ur}. Course durations are considered to be the same and are assumed to
be equal to 1. The cause-and-effect relationships between courses are presented in Fig. 3,
with an indication of the educational organisation’s limitation on the number of concurrent
specialists. After ten iterations of crossing, we obtain the following optimal schedule Fig. 4.
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Fig. 3. Causal relationships between courses in an educational organisation
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Fig. 4. Optimal timetable

Conclusion

The stopping criterion was a threefold subsequent repetition of the obtained result. The
above-described model and numerical optimization method based on the genetic algorithm
allow selecting a training trajectory for heterogeneous groups of specialists taking into
account the organisation’s resources. It is assumed that a priori sets of necessary new
competences are known for each specialist of the heterogeneous group. This approach
allows increasing the efficiency of the training process by taking into account the already
known competences of each specialist.

At the same time, there is often a task of such selection of specialists into the group
to be formed on the basis of their existing competences, which would allow to form a
heterogeneous group of specialists possessing the given competences in a minimum of time
[12]. The solution to this problem is the aim of further research and can be derived from
the results of this paper.
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MO/JAEJIb 1 YNCJIEHHBI METO/1 OIITUMN3AIINU BHIBOPA
TPAEKTOPHUN ITIOAI'OTOBKN I'ETEPOI'EHHBIX I'PVIIII
CIIELIIMAJINCTOB

B.B. Menvwux', A.B. ITodoavckux!

'Boponexckuit uncruryr MB/I, Poccun, r. Boponesx, Poccniickas @eepaiius

[ToaroroBka u 1epernoAroToBKa CIenuaInCcTOB PAa3/JIMIHbIX IPOQUIIel B HACTOsIIIEe Bpe-
Msi TPEOYIOT yuéTa BhICOKOI JIMHAMUKHI YCJIOBUI nX IPpodecCrnoHaIbHOMI nesitesibHOCTH. OCo-

Oy10 AKTyaJbHOCTDb 3TO NIproOperaeT HpPU HEOOXOAWMOCTHA IIOATOTOBKU CIEIHAJINCTOB
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K JIeACTBUSM B UYPE3BBIYANHBIX 00CTOATEILCTBAX. B 9TOM Ciydae BOZHUKAIOT JIBE OCHOBHBIE
Ipo0JIEMBI OPraHU3AIAN IPOIECCA 00y IeHUs! CIIEIINAJICTOB:

® HEOOXOMMOCTb OJHOBPEMEHHON IMIOJArOTOBKHM T'€TEPOreHHONU TI'PYIIbBI, BKJIIOYAIO-
el CIEIUAJINCTOB PA3JINIHOrO NIPOoduist, 006eCHednBalomuXx COBMECTHO DPEIeHHe OIpe-
JIEJIEHHOTO KpyTa 3aJ1a4 IIPY BO3HUKHOBEHUH YPE3BBIYATHBIX 0OCTOSITE/IBCTB;

® HEOOXOIMMOCTb MUHUMU3AINN JJINTEJIHHOCTH IIPOIECCa MOINOTOBKU.

B rereporennbix rpyimmax mpeiioiaraeTcs, YTO CIEIUAINCTHI JOKHBI 00JIaJaTh KaK
YHUBEPCAJbHBIMA, TAK U WHAWBUIYAJIbHBIMA KOMIETeHIusgMu. B yacTHOCTH, B reTeporen-
HBIX I'PYIIIAaX, KOTOPbIe TOTOBSITCS JJisl JeHCTBUI B 9pe3BbIYaiiHBIX OOCTOSTEILCTBAX, YHU-
BepcaJibHbIE KOMIIETEHIINN HEOOXOIUMBI JjIsI IeCTBUN B OCOOBIX YCJIOBUSIX, & UHIUBULYAJIb-
HbIE — JIJIsT BBITOJIHEHNS Y3KOIPOMECCHOHAIBHBIX 3a/1a4.

YKazaHHOe OOCTOATEIHLCTBO IIO3BOJISET TAK OPraHU30BaTh IIOCJIEI0BATEILHOCTh KYyp-
COB JIJIsl TIOJICOTOBKU CIIEIIAAJIICTOB B PACCMATPUBAEMBIX I'PYIIIAX, YTOOBl YHUBEPCAIHHBIE
KOMIIETEHIMH OBLIO BO3MOXKHO IIOJIy9aTh HA OJHOM KypCe OJHOBPEMEHHO CIIEIHAJUCTAMEI
PA3JIUIHOIO IPOMUIIst, ITO MMO3BOJISIET COKPAINATEH 00Iee BPeMsl MOJI'OTOBKU BCeil reTepo-
reHHoU rpymmnbl. [Ipn 970M HEOOXOAUMO yIUTHIBATH BO3MOXKHOCTH 00pa30BaTe/IbHON Opra-
HU3AIUH 110 KOJUYIECTBY OJIHOBPEMEHHO 0OV UAIOINIIXCs Ha KaXKI0OM Kypce, 00eCIeIBAIONIEM
[IOJIy9€HNEe COOTBETCTBYIONIEN KOMITETEHIINN.

B c¢Bs31 ¢ 3TMM BO3HUKAET HEOOXOIUMOCTH ONITUMUA3AIINN BHIOOPA TPAEKTOPUH, T. €. IO~
CJIEJIOBATEJIbHOCTU KYPCOB, IOJATOTOBKY CIIEIUAJIMCTOB B T€TEPOreHHBIX IPYIIAX ¢ yIETOM
BO3MOXKHOCTHU 00pa30BaTe/IbHOI OPraHU3aIlN, OCYIIECTBIISBINEH UX Mo aroToBKy. C 3Toii 11e-
JIbIO ObLIa pa3paboTaHa MATEMATHIECKAs MOJE/b U YHCJIEHHBIA MeTOJ HAXOXKIEHUS OINTU-
MaJIbHOH TPaeKTOPHUH, OCHOBAHHBIN HA WCIIOIb30BAHUN T€HETUIECKOIO AJITOPUTMA, [IPEUMY-
IIECTBOM KOTODPOTO SIBJISIETCS IMOJIMHOMUAJIBHAS BLIYUCIUTEbHAST CJIOKHOCTL. IIpuBenén
YUCJICHHBIA IIPUMED.

Karouesvie ca06a: nod2omoska cneyuaisucmos; 2emepo2ertble 2pynnol; OnmuMU3aUuUs

MPAeKMoPuU 00y HeHUA; 2EHEMUYECKUTL AA20PUTIM.
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