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This paper addresses the challenge of service portfolios formation for infocommunication service providers. A
comprehensive analysis of existing approaches enabled the formulation of the problem within the framework of contemporary
business models and underscored the necessity of developing new effective methods. These methods must reflect the specifics of
Iinteraction between IT companies, service providers, and end users, as well as the inherent characteristics of services and their
delivery environments. The paper substantiates the choice of methodological foundations underlying the proposed system for
service portfolio formation. The formal problem is categorized as a nonlinear, multicriteria Boolean programming task. Growing
demands for alignment between service packages and user needs, coupled with the resource constraints of modern IT
Infrastructures and the complexity of inter-service dependencies, highlight the need to solve large-scale optimization problems. To
address this, a hybrid method is proposed, combining problem decomposition into subproblems, the application of metaheuristic
techniques for their resolution, and heuristic procedures for integrating partial solutions. The paper presents experimental results
demonstrating the effectiveness of the proposed approach. Additionally, it outlines system-level design solutions that support the
development and implementation of the information system for service portfolio formation.
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Onena XKJIAHOBA, Makcum BYKACOB, Csarocnas LIUMBAJI,
Bsuecnas UMUMIIINP, Poctucias OMEJIBUEHKO

HamionansHuii TexHigHui yHiBepcuteT Ykpainu "KuiBcbkuii momitexniunmii inctutyt iMeHi Iropst Cikopepkoro"

THO®OPMAIIIMHA CUCTEMA ®OPMYBAHHSI NAKETIB CEPBICIB 11
NNPOBAUJAEPIB IHOOKOMYHIKALIIN

Crarrs  NpucBSIYEHa CTBOPEHHIO  IHGOPMAaLIVIHOI  cucTemmu  @opmyBaHHs  1aKETIB  CEPBICB A1 MPoBavaepiB
[H@OKOMYHIKALII. 3POCTaHHS BUMOI O Y3rOAXXEHOCTI MaKeTiB CEPBICIB (3 NoTpebamu KOpUCTYBaYiB | PecypcHUMN OOMEXEHHIMU
cyyacHoi IT-iH@pacTpyKTypH, a TaKoX CKAIaAHICTb MIKCEDBICHNX 3a/IEXHOCTEN 3YMOB/IOIOT HEOOXIAHICTb PO3DOBKU HOBUX MOZEIEH
[ BiANoBigHNX METOAIB pP0o3BSA3aHHS. [IPOBEACHM aHall3 ICHYrOYMX 1iAxXo4iB [0 @OPMYBAHHS [MaKETIB CEPBICIB A03B0O/MB
COOPMYIIIOBaTH MATEMATUYHY TMOCTAHOBKY 334ady 3 ypaxyBaHHIM CyqacHuX Gi3HEC-KOHLENUii Ta OOrpyHTyBaTH HEOOX|AHICTb
PO3POBTIEHHS] HOBUX EQPEKTUBHUX METOAIB, SKI BPaxoBYtOTb OCOG/IMBOCTI B3aEMOZIi IT-KOMMaHIY, rpoBavigepiB i ixHIX K/IIEHTIB,
cneungiky cepsicis 1@ cepegosmiya iX HagawHs. DopMasibHa [IOCTEHOBKA 3a4adi HanexuTs [0 KAacy HEHIHNX
baratokpuTepianbHux 3agady onmmizadii. ObrjpyHToBaHO BHOIp METOAIB, LYO MOK/IGAEHI B OCHOBY peanizauli cucremu @opmyBaHHS
11aKeTIB CEPBICIB.. Y CTaTTi 3anporioHOBaHO KOMOIHOBaHMWA METOA (QOPMyBaHHS EGKETIB CEPBICIB, SKMA MOEAHYE LAEKOMITOULIIO
334a4i Ha rig3aaadi, METaeBpUCTUYHI MAX0an A0 iX PO3BSI3aHHA Ta €BPUCTUYHI MPOLEAYPH IHTErpayii YacTkoBuX pO3BA3KIB.
HaseaeHo pe3ysibTatTn EKCEPUMEHTAE/IbHONO AOC/TMKEHHS €QEKTUBHOCTI 3arporoHoBaHoro merogy. OnncaHo CUCTEMHI pillieHHS],
SKI [TOK/184EHO B OCHOBY IPOEKTYBAHHS Ta peastizaLii iHgpopMaLliviHoi cUCTEMU GOpMyBaHHS aKeTiB CEPBICIB.
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Introduction

The current stage of information technology development is characterized by a wide variety of
infocommunication services available to end users. At the same time, it imposes increasingly stringent requirements
on infocommunication service providers, as well as on IT companies responsible for delivering technological
support across all stages of the service life cycle. These challenges necessitate the resolution of a range of complex
scientific and applied problems.

The business environment is continuously evolving. On the one hand, this is reflected in the widespread
adoption of the service-oriented approach across all areas of human activity [1, 2]; on the other hand, it manifests in
the changing nature of interactions between business units and IT departments within companies and organizations
[3, 4]. Businesses now expect IT departments not only to support ongoing operations, but also to play an active role
in achieving strategic objectives, implementing new working methods, and making effective use of available
opportunities.

In this context, new scientific and practical challenges emerge, giving rise to distinct research directions.
These challenges are becoming increasingly relevant due to qualitative shifts in the architecture of IT environments,
in particular the consolidation of IT infrastructures and the development of global digital platforms. Addressing
them requires the development of comprehensive methodologies for the creation, maintenance, and evolution of
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information systems that integrate business, operational, and technological aspects of modern organizational
activity.

The adoption of the service-oriented approach in the infocommunication domain introduces additional
dimensions, driven by its growing importance in shaping the technological foundations of the emerging information
society.

The service life cycle concept provides a useful framework for decomposing the overall problem into a
series of manageable subproblems. However, the complexity and interdependence of business, operational,
technological, and social factors in the activities of IT companies, infocommunication providers, and their clients
result in a substantial number of such subproblems — each typically related to specific stages of the service life cycle.

Furthermore, solving these subproblems requires a coordinated and integrated decision-making framework
that ensures mutual benefits for all stakeholders involved in the delivery and consumption of services.

While the service-oriented approach continues to gain traction in the infocommunication industry, its
further advancement depends on the resolution of increasingly complex and multidimensional challenges.

1. The Problem of Service Portfolio Formation

The infocommunication industry is undoubtedly a leader in the adoption of the service-oriented approach.
Professional communities within the industry have systematically documented and described the business processes
of infocommunication service providers [5]. In a competitive environment, IT companies develop information
technologies to support these business processes. As a result, the information systems of infocommunication
providers are designed, implemented, and operated based on modern methodologies, whose foundational principle is
the integration of diverse solutions that enable the support of more than a hundred distinct business processes.

Given the constant evolution characteristic of the sector, coupled with the ongoing pursuit of enhanced
efficiency by service providers, the informatization of enterprises within the infocommunication industry represents
a continuous process of improvement and development of information systems and technologies, alongside the
implementation of contemporary concepts.

Today, the resolution of complex scientific and practical challenges arising during the development of
information systems for infocommunication providers is based on service life cycle concepts [6], End-to-End (E2E)
approaches [7], platform-based solutions [8], ISTM [9, 10], and ITIL frameworks [11]. The rapid advancement of
artificial intelligence fosters the adoption of large language models (LLMs), retrieval-augmented generation (RAG)
systems, and intelligent agents to support providers' business processes. An important factor is also the influence of
provider clients, who form a powerful community capable of assessing service quality and providing
recommendations for its improvement. Equally significant is the impact of the modern complex environment in
which providers, their clients, and IT companies — the developers of information systems, technologies, and tools —
operate to ensure the design, implementation, and maintenance of services throughout all stages of their life cycle.

In addition to addressing the complex challenges of organizing interactions among information system
components to ensure the desired behavior of IT companies or providers as controllable entities, it is also necessary
to solve problems related to the support of each process across all stages of the service life cycle. This requires the
formulation of appropriate mathematical problem statements, the development of models and methods, experimental
validation of their effectiveness, and the creation of corresponding technologies based on these results.

The aforementioned technologies constitute the foundation of an integrated solution for managing the
operations of an infocommunication service provider. At the same time, effective collaboration between IT
companies and providers requires the development and implementation of comprehensive solutions that encompass
various aspects of service design, implementation, and maintenance. Within this context, the problem of forming
service portfolios offered by IT companies to infocommunication providers becomes particularly significant. The
need to address this problem arises both at the stage of creating the initial service configuration for the provider and
during the final determination of the set of services to be supported by the provider’s information system.

Moreover, this problem arises not only within the interaction between the IT company and the
infocommunication provider, but also in the interaction between the provider and its clients, and is typically
addressed in multiple stages.

In this paper, the problem of service portfolio formation is considered primarily in the context of the initial
configuration of services for the provider and within the scope of interaction between the IT company and the
infocommunication service provider. However, with appropriate customization, the information system developed
on the basis of the proposed models and methods can also be applied:
at the stage of finalizing the service portfolio to be supported by the provider’s information system;
in the course of interaction between the infocommunication provider and its clients.

2. Review of Existing Solutions

The problem of service portfolio formation has attracted the attention of researchers for quite some time.
However, the approaches proposed in the literature are not always suitable for application in the infocommunication
industry. This is largely due to the specific characteristics of the industry, particularly the presence of technological
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and quality-related constraints, which are difficult — or even impossible — to fully account for within the models and
methods that have proven effective in other industries.

In general, methods for solving the service portfolio formation problem in other domains are based on
leveraging accumulated experience in service delivery. Among these, statistical methods [12] and clustering
techniques [13] are particularly noteworthy. Statistical data on service usage — especially when user identity and
timestamps are recorded and processed correctly — have shown promising results across various applied fields. Such
approaches have also proven to be effective in addressing service portfolio formation tasks within the
infocommunication industry [14]. The same holds true for clustering methods: they have demonstrated high
efficiency in other industries and have been successfully applied in the infocommunication industry as well [15].

However, ongoing transformations in the infocommunication industry — driven by the evolution of business
models and the growing emphasis on mutual benefit — necessitate solving the service portfolio formation problem on
the basis of well-founded mathematical models and efficient computational methods.

Moreover, the specific nature of the domain requires consideration of additional constraints, including
technological limitations and inter-service dependencies. Among such constraints are SLA (Service Level
Agreement) indicators, which define the required quality of service delivery and must be respected when forming
the final package for each provider. All of these constraints can be effectively incorporated by formalizing the
service portfolio formation task as a mathematical programming problem.

Consequently, the focus on creating mutually beneficial service portfolios calls for the development of
adequate mathematical models that incorporate relevant objective functions and constraints reflecting the specifics
of service-based interaction. Several approaches based on this concept have already been proposed in the literature
(e.g., [16]).

Thus, beyond statistical and clustering methods, there is a growing need to apply alternative approaches —
specifically, efficient methods of mathematical programming and heuristic algorithms. Notable examples of
approaches that successfully take into account the specifics of the service portfolio formation problem in the
infocommunication industry, while also expanding the set of applicable methods, can be found in studies such as
[17,18].

The literature also presents other models and methods for solving the service portfolio formation problem
in the infocommunication industry (e.g., [19]). However, the ongoing evolution of the industry, along with the
contextual variability of the problem in different applied settings, highlights the need for novel mathematical models
and more effective solution methods.

This paper explores the potential of decomposing the multicriteria problem into single-criterion
subproblems, as well as the use of combinations of metaheuristic algorithms for solving these subproblems and
integrating the resulting partial solutions.

3. Formal Statement of the Service Portfolio Formation Problem
Given:

e asetof services S = {S;, S,, ..., Sk}, where k is the number of services offered by the IT company to
providers;

e aset of infocommunication providers P = {P,, P,, ..., B,,}, where m is the number of providers;

 a set of interdependent services R; = {S},5},...,S..},i = 1,..,k, where each service S} €5,g =
1, ...,m;, canonly be provided if all services from the corresponding subset R; are also included;

e a preference price matrix D =|l d;; |l, where d;; is the base price charged by the IT company for
providing service S; to provider P;,i = 1,..,k;j = 1,..,m;

e a provider revenue matrix P =|l p;; Il, where p;; denotes the revenue obtained by provider P; from
offering service S; to its clients,i =1, ..., k;j = 1, ..., m;

e L —the number of resource types used in provision of services;

e T, —the total amount of resource | available to the IT company during the planning period, Il = 1, ..., L;

e athree-dimensional resource utilization tensor B =Il f;;; Il, where f;;, denotes the amount of resource
| required by the IT company to provide service S; to provider P;, i=1,..,k, j=1,..,ml=
1,..,L;

e a provider cost matrix B =l b;; Il, where b;; denotes the cost incurred by provider P; for delivering
service S; toitsclients, i = 1,...,k,j=1,...,m;

e amatrix of minimum relative service values C =l| ¢;; Il, where c;; represents the minimum acceptable
relative value of service S; provided by provider P, i = 1,..,k;j = 1,..,m;

e (G —the number of SLA indicators used to characterize the services;

e athree-dimensional SLA tensor A =|| a;;, Il, where a;;, is the value of SLA indicator g for service §;
offered to provider P; as listed in the IT company’s service catalog;

e amatrix of required SLA values a =l a;4 Il, where a;, is the SLA value for indicator g of service S,
as specified in the service delivery terms between the provider and its clients.
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To find:
e the composition of service portfolios for each provider, represented by a Boolean matrix V =|| v;; I,
where

1,if service S; is included in the portfolio of provider P;,
v = i=1..,kj=1.,m
J
0, otherwise,

e adiscount matrix R =|l r;; Il, where r;; € [0,1) denotes the discount applied to the preference price d,;
for providing service S; to provider P, i = 1,...,k, j =1,..,m.
The objective of the problem is to determine such a configuration of service portfolios V and discount
matrix R that maximizes the total benefit for both the IT company and each individual provider.
Given the notation introduced above, the objective functions for the IT company and for each provider
P;,j =1,..,m, are defined by formulas (1) and (2), respectively:

k m
w =szij(1 = 1) Vij, 1)
=i
m
Q; = Z(pij —dij(1 =71, j=1,..,m. 2
i=1

It is worth noting that expressions (1) and (2) not only quantify the benefits gained by the IT company and
the providers as a result of delivering service portfolios; they also support the implementation of a modern business
concept aimed at achieving mutual benefit for both parties.

In practice, however, the solutions corresponding to the optimal values of the objective functions are
typically constrained. These constraints may be related to available resources, economic factors, quality
requirements, or technological limitations.

The resource constraints are defined by expression (3):

k m
2231'1'1171'1' <T,l=1,..,L. 3)

j=1i=1
Constraints on the relative value of services for the provider are defined by expression (4):

Dij . .
CijVij < b_Z-' 1= 1,...,k,] =1,..,m (4)

Constraints on the SLA indicators of the provided services are defined by expression (5):

gV S,  i=1..kj=1..,mg=1,.,G. ®)

Constraints on inter-service dependencies for the services provided to the providers are defined by expression (6):
vijvtj=pit, i= 1,...,k,j= 1,...,m,t=1,...,k, (6)
where

1,if service S; in the provider’s portfolio requires service S,
Pie = .
0, otherwise.

The matrix p =l p,, I defines all pairs of interdependent services, as determined by the subsets R;,i =
1, ..., k. As noted above, the technological constraints (6) arise from the fact that the provision of certain services
may require the support of specific functionalities from other services.

Thus, we arrive at the formal problem statement (1)—(6) for the service portfolio formation task. This
problem belongs to the class of multicriteria mixed-integer programming problems. The proposed formulation takes
into account the specific features of the business operations of IT companies and infocommunication providers. It
aims to support the achievement of individual business goals for the IT company (objective function (1)) and for
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each provider (objective function (2)). To implement the concept of mutual benefit, discount parameters have been
introduced into the model. In this study, we consider service-specific discounts provided to each individual provider.
Now proceed to discuss the methods for solving the formulated service portfolio formation problem.

4. A Combined Method for Solving the Service Portfolio Formation Problem

To effectively address the specific features of the service portfolio formation problem, it is necessary to
expand the set of applicable solution methods.

Statistical approaches and clustering-based techniques enable the use of accumulated experience in service
portfolio design. However, to reflect current trends aimed at creating mutually beneficial service portfolios,
additional approaches must be applied—particularly mathematical programming methods and metaheuristic
algorithms.

The formal problem statement possesses several features related to the definition of variables that describe
the solution structure. First, the structure of service portfolio is defined by the decision variables v;;, which are
incorporated into the objective functions of both the IT company and the providers. The variables r;;,, which also
appear in both objective functions, determine the discount rates applied to the preference prices. Second, two groups
of objective functions have been formulated: (1) aims to maximize the IT company’s benefit, and (2) aims to
maximize the benefit for each provider. Both groups of functions take into account the impact of discounts on
revenue. Third, a system of constraints (3)-(6) has been established, which also accounts for discounting and
ensures resource feasibility, economic viability, and technological consistency of the resulting service portfolios.

It is advisable to use combined methods for solving multicriteria problems based on the following
approaches:

e  decomposition of the multicriteria problem into corresponding single-criterion subproblems —
separately for the IT company and for the providers;

e application of metaheuristic algorithms adapted to the specifics of each subproblem;

e  identification of a common subset within the solution sets of the IT company’s and providers’
subproblems;

e  heuristic improvement of the combined solution by searching for a compromise solution.

Before proceeding to the description of a specific variant of the combined method for solving the service
portfolio formation problem, we first formulate the corresponding m + 1 single-criterion subproblems.

Subproblem for the IT company:

e  criterion: maximization of objective function (1);

e  constraints: (3)—(6).

Subproblem j for provider P;,j = 1,...,m:

e  criterion: maximization of the objective function

m
Q= Z(pij —d;j(1 = 135))vij;
i=1

e  constraints: (3)-(6).

Thus, two models are considered: one focused on the benefit of the IT company, and the other — on the
benefit of the providers. In each case, the result is the formation of a service portfolio that maximizes the profit for
the corresponding party.

Next, based on the solutions to the subproblems for the IT company and the providers, a compromise
solution is sought using a heuristic algorithm that simulates mutual concessions between the parties within the
defined discount system.

Description of the Combined Method for Solving the Service Portfolio Formation Problem

Stage 1. Solving the subproblem for the IT company

The most beneficial service portfolio for the IT company is formed, taking into account all constraints —
including resource limitations, provider-specific conditions, and inter-service dependencies.

Stage 2. Solving the subproblems for providers j = 1, ...,m

For each provider, the most profitable service portfolio is formed while satisfying all imposed constraints.

Stage 3. Searching for a compromise solution

Based on the solutions obtained in Steps 1 and 2, a compromise solution to the overall problem (1)—(6) is
found using a heuristic algorithm that models mutual trade-offs between the IT company and the providers.

Now proceed to describe the algorithms and methods used in each stage of the combined approach. To
ensure high-quality solutions, it is advisable to develop several algorithms for each stage and select the most
appropriate one depending on the specifics of the particular instance of the problem, based on the results of
experimental evaluation.
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5. Algorithms for Implementing the Stages of the Combined Method for Solving the Service Portfolio
Formation Problem

To reduce the complexity of the mathematical model, focus on the key aspects of the service portfolio
formation problem, and demonstrate the specific features of the developed solution algorithms, we introduce several
simplifications. Henceforth, a “service” will refer to a group of interrelated services. We also assume that only one
type of IT company resource is limiting (i.e., in constraint (3), L = 1, and the third index in f;;, can be omitted:
Bij1 = PBij). This simplification is justified, as in most practical cases a single resource type — such as human,
computational, or time-based — is critical and constrains the ability to deliver services, while other resources are
either overprovisioned or do not reach their upper limits. This allows us to focus on the essential aspects of the
service portfolio formation problem without loss of generality in the model. Furthermore, we assume that constraints
(4) and (5) are satisfied for all feasible solutions.

5.1. Algorithms for Solving the IT Company’s Subproblem (Stage 1)
To implement Stage 1, two approximate algorithms were developed: a probabilistic-greedy heuristic
algorithm and an ant colony optimization (ACO) algorithm.

5.1.1. Probabilistic-Greedy Algorithm for Solving the IT Company’s Subproblem

The concept of the proposed probabilistic-greedy algorithm is based on a combination of greedy and
probabilistic selection principles for constructing solutions by processing fragments related to services, providers,
and discounts. At the initial stage, for each pair S; — P;, a so-called resource value is calculated. This value is
defined as the ratio of the preferential price of providing the service to the amount of resource required to support it.
Taking the discount into account, the resource value is computed using the following formula:

0. = 11(1 ru)
Y Bi}

The algorithm combines greedy and probabilistic selection principles in the following way.

First, greedy selection is used to quickly improve the current solution based on the following factors:

e itisgrounded in the idea of prioritizing S; — P; assignments with high resource utilization efficiency;

e the value of each “service — provider” pair (8;;) directly depends on the ratio of profit to resource
consumption, corresponding to the classical greedy criterion of maximum benefit per unit of cost;

o therefore, more effective assignments have a higher probability of being selected.

Second, unlike deterministic greedy strategies that always choose the best available pair according to the
criterion, this algorithm incorporates a probabilistic selection mechanism, which helps avoid local optima by
considering the following:

e the selection probability for each admissible assignment is proportional to its value 8;;, which adds an
element of exploration to the solution space;

e the algorithm is executed multiple times, enabling the discovery of better combinations through
repeated random selections.

Scheme of the Probabilistic-Greedy Algorithm for Solving the Subproblem of Stage 1

1 Input k,m, |l dij I Bij Il 1l Tij I, T, N

2 Output Vpest 11 st service portfolio found

3 Whyest 1l corresponding best value of objective function

4 Auxiliary variables

5 Zij, _i_= 1.,k j = 1, e M /I admissibility flag for assignment S; —P; (true if
sufficient resource is available)

6 Compute 6;; T G ) forall i,j //’resource value”

ij
7 Wyest == 0 /I current value
8 forn:=1to N
9

v = 0forall i,j /I current package

10 z;j =1 forall i,j // all assignments initially admissible
11 Tyusea = 0 // current total resource usage
12 while (there are admissible assignments) //resource for that B;; < T — Tyseq

For all admissible pairs i,j compute selection probability: p;; =
13 0ij

Lij/zi;=19ij
14 Randomly select a pair i*, j* according to p;;
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15 vi*j* =1

16 Zi*j* =0

17 Tysea = Tusea + Bi*j*

18 for all unassigned pairs i, j, who do not have enough current resources, set
Zij =0

19 endwhile

20 Compute W for the obtained portfolio v

21 if W > Wy then (Wyege == W Ta vy = v)

22 endfor

23 Return vyeg, Whest

5.1.2. Ant Colony Optimization Algorithm for Solving the IT Company’s Subproblem

The probabilistic-greedy algorithm effectively combines the idea of prioritizing service-provider pairs S; —
P; with high utility (greedy selection) and randomness in choice (probability), allowing the algorithm to avoid local
optima. However, it has several limitations: it lacks learning from past experience, it does not incorporate collective
memory, it scales poorly, and it has a weak balance between exploration and exploitation — although it selects based
on the value 6;;, it does not reinforce the long-term benefit of previously found solutions.

The ant colony optimization algorithm helps overcome the limitations of the probabilistic-greedy algorithm
by combining local heuristics (the value of each pair) with pheromone memory, which supports self-organized and
adaptive learning. This enables flexible control over the balance between exploring new combinations and
reinforcing already successful solutions. As a result, ACO represents a natural evolution of the approach used to
solve the problem of service portfolio formation for providers.

The parameters of the algorithm are as follows:

e 1, — initial pheromone level, which defines the starting amount of pheromone for each possible S; —
P; pair;

e « — pheromone weight, which determines how strongly an ant is influenced by pheromone
information when making a decision (a higher o value increases the impact of prior experience, i.e., exploitation);

e 3 — heuristic information weight, which indicates how much an ant relies on the local value of an
assignment 8;; (a higher B value enhances greedy behavior, i.e., local effectiveness);

e pe€(0,1] — pheromone evaporation coefficient, which controls the rate at which pheromone
diminishes over time (regulates forgetting old information and promotes search flexibility);

e A —the number of ants in the population.

The key components of ACO are: probability calculation, estimation of the upper bound of the objective
function values, the pheromone update procedure, and the termination condition.

Transition probability calculation. To construct a solution, an ant selects the next S; — P; pair with the
probability:

— ()" (6y))"
ij = B’
iryygee(tiry)” (81)

where T;; is the current pheromone level for S; — P; pair; 6;; is the value of the assignment S; — P;; E is the
set of feasible assignments, i.e., those assignments for which sufficient resources are available at the current step.

Upper bound estimation of the objective function values can be obtained using the rule “Selecting the most
efficient pairs until resources are exhausted.” For this purpose, all pairs S; — P; are first sorted in non-increasing
order of 6;;. Then, as long as the available resource T is not exhausted, pairs are added to the sum according to:

Wmax = Z (1_rij)dij'

(L.J))EF

(7

where F is the set of top pairs in the sorted list such that ¥ ;; <T.

Pheromone update. After each iteration, the pheromone level on each edge is updated according to the
formula:

L
Tij = (1—p)TU+ZATllJ, (8)
=1
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where Ar}j is the amount of pheromone deposited by ant [ on the pair S; — P;:

AT}J- _ {% ,if the pair §; — P; is included in the portfolio,

0, otherwise,

where W, is the value of the objective function for the solution generated by ant [, and W™®* is the upper

bound of the objective function values.

Termination condition of the algorithm. The algorithm stops after reaching a fixed number of iterations N.

The value of N depends on the problem size, and the exact relationship has been determined experimentally.

g B~ WDN -

10
11
12
13
14
15

16

17
18
19
20
21
22
23
24
25
26
27
28

Scheme of the Ant Colony Optimization (ACO) Algorithm for the IT Company
Input k, m, di}- I, Il Bij I, 1 Tij I,T ,A, To, &, B, p,N
OUtpUt Ubest Wbest
Auxiliary variables
zij, i=1,...,k;j=1,..,m [/l indicator of the feasibility of assigning S; — P; (i.e., whether
enough resources are available at the current step)

T /I current pheromone matrix
Compute 6;; == W forall i,j /l "value" of a unit of resource
ij

/I for the assignment S; — P;
Whest = 0 I/ current best (record)

T = 1o forall i,j /I current pheromone
fornfrom1lto N the termination condition is not met
forafromlto A /l'loop over ants
vy = 0forall i) /I current portfolio
z;j =1 forall i,j // all assignments initially admissible

Tysea == 0 [/ used resource for the current portfolio v

while (there are allowed pairs) //for which resource B;; < T — Tyseq
For each allowed pair i, j compute selection probability p;; according to formula

()

Randomly select pair i*, j* in accordance with p;;
vi*j* =1

Zpejr = 0

Tysea = Tusea + Bi*j*
for all allowed pairs i, j, where B;; > T — Tygeq, S€t 25 :== 0
endwhile
Compute profit W for current portfolio v
if W > Wy then (Wyeer =W Ta v}, == V)
endfor
Update pheromone matrix according to formula (8)
endfor
Return vy, and Wy

5.2. Heuristic Algorithms for Solving the Subtask for Providers (Stage 2)
For this stage, two algorithms have also been developed: a probabilistic-greedy algorithm and an ant colony

algorithm. These algorithms are similar to those presented in sections 5.1.1 and 5.1.2, but all actions in them are
performed from the perspective of profitability specifically for providers. That is, for each pair S; — P;, the so-called
value of a unit of resource is calculated, which is defined as the ratio of the provider’s revenue from the service to
the amount of resource required by the IT company to support it:

pij —dy(1 —1y)
Bij .

eij =

5.3. Algorithm for Finding a Compromise Solution (Stage 3)
Let's begin with a formal statement of the problem of stage 3.
Given:
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o pl= {v}]} is the solution obtained at Stage 1 according to the criterion of maximizing the IT
company’s profit;

o vi= {vf]} is the solution obtained at Stage 2 according to the criterion of maximizing the providers’
profit.

The task is to find a compromise solution v = {v;;}, which balances the interests of both parties. To do this,
weights w;, w, € (0,1) are preassigned to the criteria of the IT company and the providers, respectively, such that
wtw, =1

The idea behind the compromise solution algorithm is as follows:

o  for each pair (i, j), if it appears in both solutions — it is included in the compromise solution;

e  for the remaining pairs — their significance is evaluated using a weighted compromise criterion;

e the best of the feasible pairs are then gradually added until the resource limit is reached.

Scheme of the Compromise Solution Finding Algorithm

1 Input  km T, v ={v}}v? = {v3} w0,

2 Output v /I compromised service portfolio

3 w,Q /I objective function values

4 v = 0forall i,j /I current portfolio

5 Tysea =0 /I used resource for the current service portfolio v

6 [/l Adding assignments that are common to both solutions to the portfolio

7 fori:=1tokrtaj:=1tom

8 if (v, = 1iv} =1i Tyeeq + By < T) then

9 v =1

10 Tused = Tused + Bij

11 endif

12 endfor

13 // Computation of compromise value for the remaining assignments

14 C :=@ [l list of candidates for inclusion in the portfolio

15 fori:=1tokrtaj:=1tom

16 if (v, + vy = 1) then

17 6y = w1di; (1= 13;) + W, (pi; — dij (1 —15))
Bij

18 C:=C U(i},0;)

19 endif

20  endfor

21 Sortlist C in non-increasing order of 6;;
22 /I Adding assignments until the resource is exhausted
23 forc=1to|C]|

24 if (Tused + Bij < T) then
25 Uij =1

26 Tysea = Tusea + Bij
27 endif

28  endfor

29  For portfolio v compute W and Q
30 Returnv, W,Q

6. Results of Experimental Study of the Developed Algorithms

6.1 Comparative Analysis of Algorithms for Solving the Subtask for the IT Company (Stage 1)

In the first three experiments, problems were generated where k =m = 10, d;; € [20;100], B;; €
[10;50], T € [0.2X; X Bij; 0.8%; X Bij]-

Experiment 1. The goal of the experiment is to study the influence of the parameter B (the weight of
heuristic information) on the performance of the ant colony algorithm. Other algorithm parameters were set as
follows: A =10,a =1, p = 0.2, 7, = 1. During the experiment, for each value of 8 € {0.25,0.5,0.75, 1, 2, 3, 4},
the problem was solved 5 times, after which the average value of the objective function was calculated. Figure 1
shows the graph of the objective function value depending on the parameter 3. As seen from the graph, increasing 3
initially leads to a significant improvement in the result, but after B = 2, a saturation effect occurs — the quality
improvement of the solution slows down. Thus, it is advisable to use values of B =~ 2 + 3, as further increase of
this parameter does not yield noticeable enhancement.
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Fig.1. Dependence of the objective function value on the parameter

Experiment 2. The goal of this experiment is to determine the impact of the termination parameter n on the
convergence of both algorithms. The parameter n corresponds to the number of iterations for both algorithms. To
preliminarily assess the convergence behavior, an experiment was conducted in which both algorithms were run in
parallel. Figure 2 shows the dynamics of the best objective function value (record) obtained at each iteration for both
methods. The results demonstrated that the ant colony algorithm consistently achieves better objective function
values than the probabilistic-greedy algorithm, especially during the early iterations.

Fig. 2. Dynamics of the best objective function value (record)

Experiment 3. The goal of this experiment is to determine the recommended value of parameter N, i.e., to
study how this parameter depends on the problem size. The procedure was as follows: for each value of N €
{10,100, 200,300,500,1000,2000,3000}, 5 problems were generated, and for each of them, the average
execution time and the average value of the objective function (OF) were computed.

Figures 3 and 4 illustrate, for the probabilistic-greedy algorithm (PG) and the ant colony optimization
algorithm (ACO), respectively:

e the dependency of average execution time on the parameter N;

e the dependency of the average objective function value on N.

©

Fig. 3. Dependence of algorithm execution time on the number of iterations N
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It should be noted that the probabilistic-greedy algorithm implements parallelization of computations,
which significantly reduces the total execution time even with a large number of iterations. In contrast, in the ant
colony optimization algorithm, only the actions of individual ants within a single iteration can be executed in
parallel. However, the iterations themselves are performed sequentially, as pheromone trail updates are required
after each iteration. This limits the degree of parallelism and leads to a significant increase in execution time as the

value of N grows.

¢

Fig 4. Dependence of the objective function value on the number of iterations N

Both algorithms demonstrate an improvement in solution quality as the number of iterations N increases;
however, the rate of this improvement gradually decreases, indicating a saturation effect. According to the results of
numerous experiments on problems of various sizes, the recommended value for the parameter is N = 20m - k for
the probabilistic-greedy algorithm and N = 0.5m -k for the ant colony algorithm. Further increases in this
parameter have little effect on solution quality but significantly increase computational costs.

Experiment 4. The goal of this experiment is to compare the execution time and accuracy of the two
developed approximate algorithms. During the experiment, for each problem size m - k € {5 - 5,10 - 10,20 -
20,30 - 30}, five problem instances were generated, and the objective function values obtained by each algorithm
were recorded. Figure 5 shows the graph of the objective function values produced by both algorithms depending on
the problem size.

Fig 5. Graph of the dependence of the objective function value on the problem size

As the problem size increases, the ant colony algorithm demonstrates an increasingly pronounced
advantage in accuracy. Its solutions consistently achieve higher objective function values, with a relative difference
of up to 12% compared to the probabilistic-greedy algorithm.

Figure 6 shows the graph of algorithm runtime dependence on problem size.
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<

Fig 6. Graph of execution time dependence on problem size

Thus, when solving the subtask for the IT company (Stage 1), it is advisable to use the ant colony
algorithm, since its execution time remains acceptable even for large-scale problems, and the accuracy of the
solutions found significantly surpasses the results of the other algorithm.

Similar results were obtained for the subtask for providers (Stage 2).

6.2 Verification of the Developed Combined Method's Effectiveness

Experimental validation of the developed combined method was carried out within the framework of the
service portfolio formation system. For comparison of solution quality, a guided genetic algorithm [18] was used,
while the accuracy was evaluated by the exhaustive search method. A series of experiments were conducted using
both the proposed method and the compared approaches. Due to space limitations, this article presents results from
only a part of these studies.

Table 1 shows the results of the comparative analysis of the efficiency of the combined method, the guided
genetic algorithm, and the exhaustive search method on small-scale problems. The metric used was the average
deviation of the objective function value — the sum of revenues of the IT company and the providers — from the
optimal value found by the exhaustive search method.

Table 1
Average deviation of the objective function from the optimal value (in %)
Problemsizem - k Combined method Guided Genetic Algorithm (GGA)
3-3 2,1 2,3
4 4 3,0 3,7
5:-5 38 4,2
6-6 4,2 58
7-7 5,4 6,9
8-8 6,2 8,3

Exhaustive search method has exponential complexity, which makes its application to larger-sized
problems extremely resource-intensive.

The experimental results confirm the feasibility of the combined method within the problem formulation
presented in Section 3.

First, it has been demonstrated that the proposed approach ensures sufficiently high solution quality,
approaching optimal values, as evidenced by the small average deviation from the benchmark results obtained via
exhaustive search method.

Second, the combined method exhibits robustness to increasing problem size — the quality of solutions
declines gradually, indicating its suitability for medium- and large-scale problems. In this respect, the combined
method performs on par with the guided genetic algorithm, maintaining competitive accuracy and stability of
results.

Overall, the experimental study confirms the practical viability of the method developed in this paper for
solving the service portfolio formation problem. The results obtained highlight the potential of its integration into a
service portfolio formation information system for future implementation in the operations of infocommunication
service providers.

7. Creation of a Service Portfolio Formation System

The development of the service portfolio formation system was carried out in accordance with the software
system life cycle. An analysis of the activities of IT companies and providers, the application of requirements
engineering techniques, and the assessment of constraints and risks enabled the construction of the system
architecture. Based on the selected appropriate tools, the system was implemented. This made it possible to conduct
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experimental research on the system and the algorithms embedded in it for solving the service portfolio formation
problem.

A microservice architecture was used for building the system. This division into microservices ensures, on
the one hand, the required system behavior through microservices interaction, and on the other hand, allows each
component to be developed independently of the others.

To comprehensively address the architecture from all key perspectives, traditional architectural patterns
were applied — namely, multi-tier and component-based models. In addition, the deployment-oriented view was
supported by the use of a container diagram and system architecture targeting deployment in the Microsoft Azure
cloud environment, which was chosen as the resource access platform.

The component-connector architectural pattern of the service portfolio formation system, shown in Figure
7, provides a general view that reflects:

e the interaction between users and the system, as well as between the system and external software;

e the structural functional elements and the way they interact;

e the interconnections between system components.

MCROEE NS 1O
STADETICA 6Tt

ISR FUN
CLUBTEIIR N W THO0

v CREAWIE 1N T
o ! o MCRCEAVCE IO TIE ! > -
T FEPENY EVAL LA TTOR MY Tt M YO SE R BATARKES

MORDIEIACT FON
OMERED WETHWOO

-

WSCROBLNACE FOR GOUED |
DI

Fig.7. Component-connector pattern of the microservice architecture for the service portfolio formation system

This model presents a technology-agnostic view of the system architecture, illustrating its components and
their relationships without binding to specific technologies, protocols, or system-level software.

Before moving on to the visualization of the microservice architecture, it is important to highlight some of
its challenges.

First, the complexity of management, configuration, and maintenance increases significantly in a
microservice-based system. Since each system function is implemented as a separate microservice, their interaction
requires reliable communication between components. This introduces risks and challenges related to network
reliability, including connection interruptions, packet loss, or response timeouts. Moreover, the deployment process
becomes more complex, as compatibility between versions must be ensured.

Second, data consistency becomes a key issue, as microservices often access different data sources and may
hold different states simultaneously. In some cases, maintaining consistency turns into a complex challenge that
requires the use of transactional systems to ensure reliable coordination.

Third, in a microservice environment, a single entry point is required to route client requests to the
appropriate microservices that implement the desired functionality. Typically, this is handled by an API Gateway — a
design pattern that serves as a central interface receiving all client requests and routing them to the relevant
microservices. The APl Gateway can be compared to a reverse proxy or router that consolidates client
communication and returns responses in a way that makes the system appear unified.

In the context of the developed system, the API Gateway is a crucial component with the following
responsibilities:

e acts as the external entry point to the system, positioned at the boundary of a specially created private
network;
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e handles user authentication, resource access control, response caching, rate limiting, event logging,
and header injection;

e manages load balancing. Since the APl Gateway represents a single point of entry and therefore a
single point of failure (SPOF), redundancy mechanisms must be implemented to ensure the system's reliability and
operational efficiency [20].

Client or Frontend is the client side of the system that displays the user interface and interacts with the
server part of the system by sending HTTP requests. The client is responsible for interacting with the end user and
initiating such processes as forming service portfolios for given IT companies and their providers or for given
providers and their clients based on the implemented methods in the system (statistical, clustering, combined, guided
genetic), viewing service portfolios formed for IT companies and their providers or for providers and their clients,
evaluating and approving portfolios, selecting the most effective methods by various parameters, editing decisions
and data of decision-makers, and viewing statistics and trends regarding decision-makers and their decisions. The
client communicates with the system by sending HTTP requests. In the current version of the system, the client is a
web browser. The React framework is used to build the frontend, providing structure and components for creating
user interfaces.

For authorization, authentication, new user registration, login for registered users, session control, and
access management, a single sign-on (SSO) microservice is used. This microservice, in turn, utilizes the capabilities
of external services such as OKTA or MS AzureAD. Together, they serve as the security server for the entire
system, based on the SSO concept. The system's resources are protected. To initiate any of the above-described
processes, the user must first go through authentication and receive an access token. This token is then used to
authenticate client requests to the system's server side.

The central entry point to the system is the APl gateway, which receives requests from the client and
forwards them to the corresponding microservices. The APl gateway, together with the SSO microservice, is
responsible for user authentication based on the access token. All endpoints require authentication; the gateway also
verifies the user's role, ensuring a high level of security.

Once access is granted, interaction and traffic are maintained within a Kubernetes cluster in the internal
network.

The system's functional architectural elements are organized into separate microservices, each
implementing a specific set of functional requirements. These functional microservices include:

1) astatistical method microservice that allows users to form a service portfolio for a selected provider in
the IT company's information system or for a selected client in the provider's system based on accumulated
statistical data;

2) aclustering method microservice that enables users to form service portfolio for a selected provider or
client using clustering techniques;

3) a combined method microservice that forms service portfolio based on the combined method for a
given provider or client;

4) a guided genetic algorithm microservice that supports service portfolio formation for selected
providers or clients using a guided genetic algorithm.

5) an expert evaluation microservice, which allows users to evaluate the performance of the statistical
method, clustering method, combined method, and guided genetic algorithm, compare their metrics, and draw
conclusions about which method is most suitable, with the final decision left to the human decision-maker.

Now let’s describe the other components of the architecture. The MS SQL Server component is a database
management system. It was selected based on the requirements of the service portfolio formation system related to
data storage, retrieval, and modification.

The Database component is the actual database of the service portfolio formation system.

An important component of the service portfolio formation system is the content from third-party
resources. This includes third-party components used in the functioning of the system, such as OKTA or MS Azure
AD.

To deploy the service portfolio formation system in a cloud environment and provide it with the necessary
resources, a container diagram was developed.

For the service portfolio formation system, an architecture was developed in accordance with the functional
and non-functional requirements, intended for deployment in the Microsoft Azure cloud environment.

Conclusions
The article discusses the mathematical model and solution method for the problem of service portfolio
formation, presents the system architecture, and justifies key design decisions related to its implementation in the
context of creating an information system for service portfolio formation.
The proposed model and method for forming service portfolios aim to enhance the efficiency of IT
companies and providers, taking into account the specifics of modern business practices in the field of
infocommunications.
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The proposed version of the combined method for solving the multi-criteria problem of service portfolio
formation integrates the decomposition into single-criterion subproblems for IT companies and providers, solving
these subproblems using metaheuristic methods and specialized heuristic procedures, and constructing a
compromise solution that aligns the interests of both parties.

The developed metaheuristic algorithms for solving the single-criterion subproblems allow for obtaining
near-optimal service portfolios within an acceptable computational time. The compromise solution algorithm
implements the concept of mutual benefit, enabling the formation of high-quality balanced solutions acceptable to
both IT companies and providers.

The results of the conducted experimental research confirmed the feasibility and effectiveness of the
developed combined method for solving the service portfolio formation problem. This method, along with other
validated approaches, formed the methodological foundation of the developed information system for service
portfolio formation.

The article also describes the architecture of the information system for service portfolio formation and
substantiates the key technical and algorithmic decisions related to its implementation.
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