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ABSTRACT

This article presents a theoretical and methodological framework for applying
a multi-agent systems (MAS) approach to modeling the budgeting processes
of local hromadas. MAS-based modeling enables consideration of agents’
heterogeneity, bounded rationality, and dynamic interaction structures, which
traditional models typically overlook. These features allow for a more realistic
reproduction of economic processes at the hromada level. The study explores
the potential of MAS in solving practical problems such as resource allocation
optimization, strategic planning for sustainable development, and strengthening
resilience to crises. Particular attention is paid to the development of a budget
auction model based on game theory, where economic actors - including local
government, enterprises, and residents - engage in a structured competition for
resource distribution. The auction mechanism identifies production functions and
utility values for each actor, enabling iterative optimization based on predefined
efficiency criteria. A proposed simulation framework combines the auction logic
with reinforcement learning methods (MARL), where agents improve their
strategies through interaction and feedback. The article also outlines a multi-step
algorithm for modeling decision-making and coordination processes within the
decentralized budget structure. Ultimately, the approach offers tools for more
transparent, participatory, and efficiency-driven public finance management.
Its implementation can support the digital transformation of local governance,
aligning resource distribution with sustainable development goals. The proposed
methodology is particularly relevant in the context of Ukraine’s decentralization
reform and post-war recovery challenges, and it may serve as a foundation for the
development of intelligent public finance systems in local hromadas.

Keywords: multi-agent systems, local hromadas, sustainable development,
horizontal alignment, resource allocation

1. INTRODUCTION

The decentralization reform that began in Ukraine in 2014 has radically changed the system of local
self-government and territorial organization of power. This large-scale transformation, based on the
principles of the European Charter of Local Self-Government, aimed to transfer significant powers
and resources from state bodies to local hromadas. Analyzing the path taken, we can note a num-
ber of significant achievements and certain problematic aspects that determined the results of the
reform for local hromadas (Kotukh, 2020). The most obvious achievement of decentralization was
a significant strengthening of the financial capacity of local hromadas. As a result of changes to the
budget and tax legislation, hromadas received stable sources of revenue in the form of local taxes
and fees, as well as a share of national taxes. Thanks to financial decentralization, the own revenues
of local budgets increased several times compared to the pre-reform period. In particular, local bud-
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gets began to receive a significant part of the personal income tax, excise tax, single tax and other
revenues. This allowed local authorities to expand financial opportunities to solve urgent problems
of hromadas and invest in local development.

A key element of the reform was the formation of a new spatial basis for local self-government
through the creation of capable territorial hromadas. The process of voluntary unification of terri-
torial hromadas, and subsequently the completion of the administrative-territorial reform in 2020,
led to the formation of 1,470 territorial hromadas instead of more than 11,000 small and mostly
financially insolvent local councils. The consolidation of administrative-territorial units allowed to
optimize the system of territorial management and increase the efficiency of resource use. This cre-
ated the basis for a more rational organization of the provision of public services at the local level
(Riabokin, Hordei, Novytska, Kotukh, & Kozii, 2022).

The increase in the financial capabilities of hromadas contributed to the intensification of infra-
structure development at the local level. A significant number of infrastructure projects were imple-
mented in many hromadas: repair of roads and streets, modernization of lighting and water supply
systems, renovation of educational, health and cultural institutions. State support in the form of a
subvention for the development of the infrastructure of united territorial hromadas, as well as funds
from the State Fund for Regional Development contributed to the implementation of numerous
projects that improved the quality of life in many settlements of Ukraine. Decentralization also con-
tributed to the strengthening of local democracy and public participation in solving local issues. The
expansion of local self-government powers increased the role of citizens in decision-making at the
local level. In many hromadas, mechanisms for participatory budgeting, public hearings, electronic
petitions and other forms of public participation were introduced. This contributed to the increase
in the accountability of local authorities to citizens and the strengthening of public control over
the activities of local self-government bodies. In fact, this changed the paradigm of local self-gov-
ernment in the financial sphere, participants in the budget process in the past became actors and
subjects of the budget process.

At the same time, along with positive results, decentralization has also revealed a number of prob-
lematic aspects. The problem of managerial capacity has determined the results of decentralization
for many hromadas. The shortage of qualified personnel, especially in rural and remote hromadas,
limits the possibilities of strategic planning, attracting external resources and effective management.
The lack of employees with project management experience, legal and economic education often does
not allow to fully use the opportunities that have opened up to hromadas as a result of the reform.

The institutional incompleteness of the reform also affected its results. The unresolved issues of a clear
division of powers between different levels of government, especially in the education, healthcare and
social protection sectors, create additional challenges for hromadas. Often, hromadas receive new
powers without appropriate financial support, which makes it difficult for them to perform their func-
tions. The problem of harmonizing sectoral reforms (educational, medical, and administrative) with
the decentralization process remains relevant for the further development of local self-government.

The financial dependence of many hromadas on transfers from the state budget is also a challenge
for full decentralization. Despite the increase in their own revenues, a significant part of hromadas
remains dependent on subventions and subsidies from the state budget, especially in the areas of ed-
ucation and healthcare. This limits the autonomy of local government and creates risks in the event of
economic or political instability at the national level. Reforming the network of educational, health-
care, and cultural institutions in the context of decentralization has also proven to be a difficult task
for many hromadas. The need to optimize the network of institutions, which is often accompanied by
unpopular decisions to close or reorganize institutions, creates additional social tensions in hroma-
das. Limited resources do not allow many hromadas to provide the proper quality of services in these
areas without significant state support. At the same time, the reform has revealed structural problems
of regional development and deepened inequalities between different types of hromadas. To ensure
comprehensive success, it is necessary to further improve inter-budgetary relations, strengthen the in-
stitutional capacity of hromadas, and continue sectoral reforms. Finding a balance between hromada
autonomy and ensuring uniform standards of public service provision throughout Ukraine remains
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particularly relevant, especially in the context of the war, which has created an additional burden on
local budgets and exacerbated regional disparities. Despite the challenges, decentralization remains
one of the most successful reforms in modern Ukraine, significantly bringing the country closer to
European standards of local self-government and territorial organization of power.

One of the most obvious problems was the uneven development of hromadas. Financial decentral-
ization led to significant differentiation of hromadas in terms of budget security. Hromadas with
developed industry, large enterprises or located near regional centers received significantly greater
financial opportunities compared to peripheral, rural hromadas. The existing distribution mech-
anism seeks to completely equalize budget security, but only smoothes out the largest disparities,
preserving the difference between ,rich“ and ,poor” territories, is carried out according to a clear
formula, is based on only one tax, which simplifies the system and does not allow taking into account
many factors and aspects in the development of hromadas. Despite the mechanisms of horizontal
equalization (basic and reverse subsidies), significant disparities in the development of territories
remain an urgent problem. The digitalization of the state‘s financial sector, the introduction of the
latest financial technologies, the accumulation and ability to process huge amounts of data, as well
as artificial intelligence technologies have created the prerequisites for changing approaches and
improving planning and implementation mechanisms in the budget process.

Thus, an urgent scientific and practical task is to study the possibilities of an innovative approach to
modeling the economy of local hromadas, based on the use of multi-agent systems (MAS). Unlike
traditional economic models, MAS allow us to take into account the heterogeneity of agents, their
bounded rationality, and complex interaction networks. This provides a more realistic and detailed
reproduction of economic processes at the hromada level (Muyambiri, 2025).

The aim of this study is to develop theoretical and methodological foundations for the use of multi-
agent systems for modeling the budgeting process of local hromadas. The most promising ap-
plied approach in this regard is the use of game theory and the proposal of a business game in the
auction format.

2.LITERATURE REVIEW

The application of agent-oriented approaches to modeling local hromada processes represents an emerg-
ing interdisciplinary field combining computer science, economics, public administration, and sustain-
ability studies. Multi-agent systems (MAS) have emerged as powerful tools for addressing complex re-
source allocation problems in distributed environments. Zhang et al. (2019) provide a selective overview
of multi-agent reinforcement learning (MARL), highlighting that most successful reinforcement learn-
ing applications involve multiple agents. Research demonstrates that MAS can decentralize traditional
centralized resource allocation, enabling more efficient distribution across complex networks.

Studies show that multi-agent systems provide promising platforms for decentralizing resource allo-
cation, particularly where economic dispatch and unit commitment play critical roles in system op-
eration. Efficient resource allocation mechanisms enable proper use of limited resources to achieve
optimal objectives, with game theory providing mathematical foundations for analyzing interactive
behavior. Current studies indicate that MARL faces challenges including computational complexity,
non-stationarity, coordination, and performance evaluation, requiring solutions for scalability and
trustworthiness for practical implementation.

Participatory budgeting represents one of the most ambitious participatory innovations of recent de-
cades, enabling hromada members to collectively decide budget allocation. Systematic literature reviews
reveal that PB has evolved through various phases, focusing on democratic governance, citizen engage-
ment, and resource allocation efficiency. Research utilizing Korean local government data demonstrates
strong evidence that public participation in budgetary processes significantly affects fiscal outcomes.
Studies indicate that meaningful citizen participation requires two-way dialogue between government
and citizens, with public managers’ perceptions significantly influencing PB process success.

Game theory has made important contributions to public economics, particularly where standard com-
petitive models provide inadequate analytical frameworks. The Public Goods Game serves as a standard
experiment for analyzing tension between individual incentives and collective benefits. Game-theoretic
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techniques explain various financial phenomena, including capital structure decisions and resource
distribution mechanisms. Research demonstrates that rational individuals in public goods games tend
to contribute fewer resources, highlighting free-rider problems in public resource allocation.

Recent advances in reinforcement learning have led to significant progress in multi-agent applica-
tions, though theoretical foundations for MARL remain relatively limited. MARL has been applied to
resource allocation problems including computation offloading, energy management, and network
resource distribution, with challenges remaining regarding non-stationarity and partial observabil-
ity. Theoretical arguments suggest that decentralization can make government more accountable
and responsive to citizens. Research indicates that centralization and decentralization represent
compatible governance concepts, with public administrators driven by values such as accountabili-
ty, efficiency, responsiveness, and innovation.

Various optimization mathematical models are used to model the cost allocation process. The choice
of the appropriate model depends on the specifics, strategic goals, and the level of interaction be-
tween participants in financial processes. In (Kotukh & Riabokin, 2025), a comparative analysis of
common models used for the allocation of investment resources and subsidies was carried out.

One of the newest and innovative approaches is multi-agent reinforcement learning (Zhou, Zhang,
& Luo, 2023), which is able to adapt subsidy policies in real time based on market reactions. The use
of artificial intelligence enables dynamic analysis of the optimal allocation of financial resources, but
this method requires large amounts of data and complex computing resources. It is relevant in the
areas of dynamic allocation of subsidies to maintain stable prices for agricultural products. Com-
bining the capabilities of multi-agent systems (MAS) with game theory will provide hromadas with
promising budgeting tools. In the context of the involvement of territorial hromadas, it can provide
significant advantages when planning the involvement of new innovative approaches in investing in
sustainable development projects (Riabokin & Kotukh, 2025a).

Studies demonstrate that governance quality significantly impacts public sector efficiency, with hu-
man resources, democracy, corruption, and digitalization affecting performance. Research on local
government efficiency reveals significant variations in service delivery costs, with privatization and
public sector reforms showing potential for cost savings. Recent approaches to public sector produc-
tivity emphasize moving beyond cost-efficiency focus toward innovation-enhancing measures and
digital transformation (Lemaallem & Saadi, 2025).

Research on SDG 11 emphasizes creating inclusive, safe, resilient and sustainable cities and hrom-
adas, with local action essential for achieving sustainable development goals. Studies demonstrate
that local action can accomplish things other governance levels cannot, with proximity to problems
enhancing collective motivation for sustainable solutions. Research explores how citizen-generated
data can support local environmental SDG monitoring, emphasizing community participation im-
portance in sustainability initiatives.

Current literature reveals gaps in integrating multi-agent systems with participatory governance
mechanisms. While individual components have been extensively studied, limited research exam-
ines the intersection of MAS, game theory, and participatory budgeting in local hromada contexts.
Research suggests that achieving SDGs requires alignment between conceptualization, implemen-
tation, and evaluation, with transformative learning and robust partnerships across sectors. Future
studies should focus on empirical validation of theoretical models in real-world local governance
settings and examine how digital transformation can enhance participatory processes while main-
taining democratic legitimacy and hromada ownership.

The literature reveals growing recognition of agent-based approaches’ potential for enhancing local
hromada resource allocation. While significant theoretical foundations exist across multiple disci-
plines, empirical evidence for integrated approaches remains limited. Future research should focus
on developing and testing comprehensive frameworks that combine multi-agent systems, participa-
tory governance, and sustainable development objectives in local hromada contexts.
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3.MATERIALS AND METHODS

The result of the functioning of the economy is the production and distribution of goods that form
product flows. The annual period of economic planning for most economic actors is determined by a
number of historical, legal, organizational and psychological factors. First of all, the legal and fiscal
system in most countries of the world, including Ukraine, is built on the annual budget cycle. The
fiscal year as the basis of budget planning and reporting sets the time frame for state bodies, which
are subsequently projected onto other economic actors. Tax reporting and obligations associated
with fiscal periods encourage enterprises and organizations to synchronize their own planning cy-
cles with the budget year. It is obvious that budget processes are continuously linked to economic
processes and relations.

One of the most important characteristics that determine the economic potential and capabilities of
an enterprise is its production function. The production function hereinafter refers to the relation-
ship between the quantity of products produced of a given quality and the resources spent on their
production. It is determined by both endogenous and exogenous factors that control the production
process. Endogenous factors include: equipment with basic equipment and organization of the tech-
nological process, which ensures the efficient use of equipment for processing incoming resources,
and availability of production personnel. Exogenous factors include the demand for products, prices
for products and resources, which are determined by market conditions, as well as the tax policy
of the state, and in exceptional cases, a government order, which is usually distributed on a com-
petitive basis.

Each change in the model of manufactured products causes a change in the internal environment
of the enterprise. These changes are accompanied by social processes of a local nature, which are
projected on the market as a whole. Usually, the market‘s reaction to these changes has local sig-
nificance. The entire market, due to its great inertia, cannot adequately respond to rapid changes.
Only a change in product generations, which affects the production activities of entire industries, is
reflected in the market situation, since the creation of a new generation of products in any industry
is correlated with a radical restructuring of enterprises. It is accompanied by a change in the main
production equipment, in which new generation products are manufactured. The production of new
types of main equipment stimulates changes in the activities of industries that produce equipment.
Therefore, the social consequences of changes in the production of goods caused by the creation of
new generations of products affect market processes, affect the interests of wide circles of the popu-
lation and provoke industrial crises.

The changes brought about by the production of products for new purposes in a number of indus-
tries are affecting the activities of many enterprises and the economies of states. They affect the
entire infrastructure of industry and inspire changes in the lives of people. The crisis caused by the
restructuring of the country‘s economic infrastructure in wartime conditions is spreading to the life
of territorial hromadas. There are changes in the way of life of hromadas hosting IDPs and enter-
prises, where new production sectors are being created, the transport system and communication
system are changing, and living standards are changing. Correlated changes in industrial produc-
tion of economic blocs are reflected in the development of production relations on a state scale. The
destruction of established economic and social relations causes serious upheavals in the economies
of countries. There is a redistribution of spheres of influence and accumulated wealth. Population
migration is accelerating. Usually, under conditions of total destruction of the economic potential of
certain regions, also associated with the destruction of the old way of life and production, the change
in the energy base of the economy is accelerating. Restructuring, accompanied by the rise and fall of
production, determines new laws of social development. All contradictions caused by changes in the
economic potential of hromadas are reflected in the market. All contradictions are focused in market
processes. Their diversity is dictated by the strict laws of economics.

Modern democratic processes put forward new requirements for local governance, and one of the
key tools for transforming local government is participation. Participation (or participatory democ-
racy) in local government and budget relations is an important mechanism for involving citizens
in decision-making processes at the local level. This is a complex socio-political phenomenon that
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involves the active involvement of citizens in decision-making processes, in particular in the field of
budget relations. Participation in local government is not only a management tool, but also an im-
portant step towards the development of civil society, increasing the efficiency of local government
and strengthening democratic values.

The main forms of participation include several key practices. First of all, this is participatory bud-
geting - an innovative mechanism that allows residents to directly influence the distribution of part
of the local budget. No less important are public hearings - public meetings during which residents
have the opportunity to directly communicate with representatives of local authorities, discuss bud-
get proposals and provide their own feedback. In Ukrainian realities, the legal basis for the devel-
opment of participation is laid by a number of legislative acts, in particular the Law of Ukraine ,,On
Local Self-Government®, the Budget Code and methodological recommendations of the Ministry
of Regional Development. The true effectiveness of participation depends on the readiness of both
authorities and citizens for constructive cooperation.

Participation in budgetary relations is a modern and important element of patronizing the develop-
ment of leading industries of local hromadas and concentrating in the hands of the authorities funds
sufficient to meet the socio-economic needs of the community. Such a task is usually solved with the
involvement of a certain circle of public experts. The competition of opinions and visions of commu-
nity development of experts with the vision of representatives of local self-government bodies moti-
vates to look at this process from the position of modeling a business game, an auction of proposals,
as an optimization problem. It is in this vein that it makes sense to introduce the concept of an actor
of economic relations, which are individuals (citizens) living in a local hromada, legal entities (en-
terprises) registered in the territory of the hromada - responsible for paying taxes on the results of
their activities, as a result of the production of public goods, as well as local self-government bodies
responsible for the distribution of public goods (taxes) and management of community property for
the provision of public services. It is using the example of financial bodies of local hromadas that we
will further explore the involvement of actors in modeling using the game.

The goal of the auction is to allocate subsidies and investments in a typical link in such a way that
the efficiency of using funds that have the center of the link is maximized. This means that, taking
into account the utility and limited cost of the goods (products and services) produced, the efficiency
is maximized.

The calculation is carried out using the game module ,,auction®, which is used to coordinate the in-
terests of players and the center of any link in the expenditure part of the budget structure.

The central link organizing the game has some resource that it must distribute among the players.
Each of the players is characterized by its production function, on which we are particularly inter-
ested in two points that reflect the regimes in which production volumes are minimal and maximal.

In real conditions, the player‘s production function is unknown to the partners. It is hidden by the
player from the rest of the process participants, including the center. Therefore, at the initial stage of
the game, the center must identify it for all players who represent the units involved in the distribu-
tion. (Often, the analytical expression of this function is unknown even to the players who represent
this element).

In the context of the local hromada economy, the production function can be considered as a math-
ematical model of the relationship between the volume of public goods/services provided and the
budget resources spent. We formulate the production functions of the local hromada according to
the following criteria (See Table 1).

In the work (Riabokin & Kotukh, 2025b), an analysis of the compliance of the production functions
of local hromadas with the goals of sustainable development was conducted. At this stage, it is advis-
able to introduce the concept of public product as an integrated indicator of hromada utility.

In the future, for theoretical justification by modeling the optimization of the allocation of budget
funds, assessing the effectiveness of expenditures and planning hromada development, we will use
this integral indicator of the above functions. However, it is quite clear that in practical application,
actors of economic relations can optimize funds in terms of sustainable development goals and,
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under such circumstances, production functions should be considered separately, by direction, and
then there will be a municipal public product, an administrative public product, an investment, a
social, etc.

Table 1 - Production functions of local hromada

Function Function description

The function of providing municipal | the relationship between spending on a particular area and the
services quantity/quality of services provided.

Administrative production function | the efficiency of local government depending on administrative costs

the relationship between capital expenditures and the infrastructure/

I fi i
nvestment function fixed assets created

the relationship between social spending and social indicators (e.g.,

Social production function poverty level, availability of services).

the relationship between environmental expenditures and ecological

Ecological function indicators/outcomes

Source: developed by the authors

Thus, we conduct the simulation considering the local hromada as an economic actor with a single
public product, where the price of all working capital is taken as a single resource. This, of course,
will not give efficiency in optimization, but will provide an opportunity to consider the approach in
general terms. Our approach is based on the proposal being considered in (Dabagyan, 2000).

In economics, the relationship between the cost of production and the price of the consumed gener-

kl
alized resource is expressed by the relationship H 1+ ke ",

where P - current cost of the product; P - cost of the resource; k,,i=1,2,3 - constant coefficients.

Figure 1 — Graph of the function of the dependence of the cost of production and the price of the product*
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*Source: developed by the authors
The graph of the function is presented in Fig. 1. In Fig. P 0 — minimum integral indicator of product cost, P
1 — basic integral indicator of product cost, P 2 — optimal product cost; P 3 — maximum product cost;
The corresponding values of the price of resources for the production of the product are plotted on the x-axis.

With sufficient accuracy for approximate calculations at the system design stage, in the operating mode of
local government functioning according to production functions, the schedule can be approximated by a
power function.

When implementing the auction process, it is necessary to take into account that the volume of the public
product is determined by a public resource, which can be dated from the state budget but also from the local
hromadas own public funds. Therefore, the volume of the public product is a function of these sources. In gen-
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eral form, we present it as H =/ ( Poomayiii + P, mcw?@‘:owé) , where Poomayiii - the amount of subsidies, Peucruigons - the
cost of own funds used for the production of the public product. In this function, the weight of Poomayii can
vary from zero to 100%. Since when distributing subsidies we are interested in the efficiency of the subsidies

allocated to the actor, when determining the production function, Peucuigons we Will consider the value as a

constant parameter. Then the value of the public product can be represented as a function I1=F(r "”’“"””"), where
P - the cost of the produced product, Paomayii - the amount of subsidies.

The auction game consists of two components — identification of the production functions of the actors by the center, which are refined
with each step, and multi-step solution of the optimal distribution problem. By the center we mean the conditional arbiter of the game,
which establishes the rules and compliance of actions with the rules. First, the initial identification of the production function for each actor

is carried out in the form of a working section of its analytical expression, given by the formula sz ;P where H;, - the cost of pro-
duction produced by the j-th player of the i- ro level, £y - the amount of subsidy allocated to the j- ro actor of the i- ro level, 5y and @,

- the parameters of the production function. To highlight a working area on the production function, experts of the corresponding element

of the system indicate two points where the value of the produced goods is equal to H,, min and HU max . For each value we can compose
.. — % — % : . .
equalities H jmin = 5Py min and H,»j mx = 5;P; max . In this case, the parameters of the production function Sy and Q;; are unknown

and must be determined. By taking the logarithm of the ratio [L, w =552 wnand , LT, o =P it is necessary to
determine the function for each element [1,=s77 . To approximate the production function on the working
area H/ o _Hff ™ by the expression [1,=s0" , it is necessary that the angular coefficients of the points with
coordinates Hmm II.. , Pmin | Puma satisfy the condition . Hmﬂx . Secondly, based on the parameters

pi' pl
y i Z S‘”pl/

determined S; and % for all, jthe optimal value of the functional is determined g - —max, Where

F’ va . Here E; is the efficiency of the node, which is determined by the production functlon which is max-
1mlzed under the constraints defined for each actor in the form of inequalities £y, <#; < #;,, specified by the

0_
actor in the process of identifying the production function. Another constraint is the inequality £= %;p i given
to the center after the iteration of the game in the past. Let us write the functional in the following form using
the Lagrange multiplier method:

max

and BO = szj (1)
=

At this stage, resource normalization is performed and therefore we assume that #' =1. Under

Zsllplly +/1(m _ijJ_)maX Where pl/ min py py

Jj=1

these conditions, the Lagrange function is defined as follows D 08Py +/1(1—Zpi,-j—>max, where
vj N

Pi- in this expression the values of resources are already normalized. Differentiating this func-

1/yo,
tion by 2 we get (8,0, -4=0, where j=Ln and therefore p,.]:{ ] , where i=1,n, and

0 aijOSij

1/y0,
00 = &; —1. From the condition ;p 7 =1 we have Z[ J =1. Having solved this equa-

0%jjoS;
tion with respect to 4, we will find a solution that satisfies us, which we will substitute into
OOCU-OSijp;-aij_l —~2=0 and determine the values of the resource allocation plans #'. The solution

does not satisfy the constraint p, <p; <p, .To satisfy the constraint, we will compose the sets

'K ={p17,>5,}. "N ={p|p, <, <5,}.K, = {p| 5, > p,} and °N ="K, +°N, + °K,,, where p, =(p;)

s Py = ( p”) , °N - the total number of actors of the i-th link. In order to take into account, the con-

min

straints center must first satisfy the requests of the actors included in the set "K,. We define a re-

source for the actors from this set p, = p;,Vi € °K, and then for the remaining requests actors the
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viemk? \ o0 %ioSij vjek?

1/00'0-
. . A .
constraint has the following form: . [ ] ='P=P'- Y p,, where K/ is the set of actors who

received the maximum permissible amount of resources 0, = £ . Let’s solve the simplified problem
of optimal distribution for actors from the set ¢ K. It is simplified after satisfying the requests of
actors from the set K,. The new distribution, in addition to the actors included in the set °X,, will
contain an additional number of actors who need to be given resources in the amount of 5,. Having

satisfied all the performers who 5, < p”;, we will compose the sets 'K,,' N,, where 'K = °K +A°K |

i

,and are A°K  the actors who reached the constraint after solving the previous problem. Repeating
the approximation for the requests included in the set 'K |, we will achieve that on the q-th approxi-

mation A’K =0, if under these conditions the set ‘K € &, then the problem is solved. If, ‘K = &,
then the problem arises, either to exclude actors from further iterations, ‘p; < f)l.j or to allocate them

additional resources (from the reserve fund of the center) in the amount /:)U and continue the itera-
tions of successive approximations. This dilemma, in our opinion, is outside the modeling process
and belongs to the problems in the field of financial policy and therefore, in our opinion, is solved
outside the proposed model, therefore it is not considered at this stage. Approximation iterations
continue until all resources are allocated.

4.RESEARCH RESULTS

Before we consider the algorithm of the multi-agent model, let us summarize the process of the budget auc-
tion. The process of the budget auction begins with the announcement by the center of the starting values of
the parameters of all actors. Then the center assigns a queue according to which it will conduct bargaining

with the actors, and invites the j-th player in the queue to name new values of his parameters #;:] [, which,
according to the strategy of the next, j-th player, should improve his state in terms of resource allocation.
Before announcing a new plan, the actor estimates his capabilities. A generally accepted approach to the

estimation is to calculate the production function. To determine the parameters of «,s, the next approxi-

mation 9in [], .. =5, . and [, v =52 mxinstead of [1. ol P iteratively substituted values

-1 _
(Hi )min ,(p; l)mm and new proposals of the actor ijf . After that, the center calculates the next, optimal
distribution. If the proposal of the j -th player increases the efficiency of the system by an amount greater than

some predetermined amount &, then the proposal of the y-th player is accepted. From this iteration, the plans

[T.=r (p,-‘i ),k € {W} \J of the other actors are adjusted according to the new optimal solution. If the new plan
does not improve the efficiency of the system, the actor is offered to make the next attempt. However, the actor
is free to announce any new plan that does not go beyond the working area of the characteristic and to demand
the corresponding value of the resource. After a certain (pre-agreed) number of attempts, the center stops the
dialogue with the j-th actor and announces the results of the auction. There are two possible options for the
center’s decision: the actor’s proposal is rejected, since it does not increase the functionality of the center, or it
is accepted. In this case, the distribution, which is made taking into account the new values of the parameters
of the j-th player, is reported to all actors. Then the center passes the move to the next actor. After completing
the first round of negotiations with all actors and correcting the plan according to acceptable amendments, the
center continues the game with performers who wish to further improve the plan. Iterations continue until all
actors leave the auction. After the auction ends, the center announces the agreed decision. In a single-resource
problem, when only cost is considered, the change in the situation is depicted in Fig. 2, where curve 2 corre-
sponds to the original production function of the actor. That is, the proposed solution assumes that the utility
of the goods produced by all its actors is determined by their monetary value. But in reality, the utility and cost
of goods may not coincide. This is easy to prove by analyzing only stable cases.
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For example, Public natural resources: Forests, lakes, parks have high utility for the hromada (recreational
value, ecological services, quality of life), but their market value often only takes into account potential com-
mercial exploitation.

Historical and cultural sites: Old buildings, monuments, or local traditional practices may have relatively low
market value but extremely high utility as a source of hromada identity and social cohesion.

Infrastructure with externalities: Schools, hospitals, community centers create positive externalities (better
education, health, social capital) that are not fully reflected in their market valuation.

Non-profit utilities: Water systems, local transportation may have low profitability (cost), but are critical util-
ities for the functioning of the hromada.

Public Land: The value of common lands for grazing, local festivals, or community gatherings is difficult to
quantify monetarily, although their utility for social cohesion can be high.

Public goods with time inconsistency: Investments in sustainable development, renewable energy may have
low current commercial value, but high long-term utility for future generations.

Traditional land use practices: In many hromadas, traditional forms of land use exist with low market efficien-
cy but high socio-cultural value and environmental sustainability.

Hromada digital and information assets: Local databases, archives, and information exchange systems have
high functional value, but are difficult to commercially value.

General utility theory was developed by Von Neumann allows us to model these differences through the con-
cept of expected utility and subjective preferences, but it is important for hromadas to develop their own as-
sessment mechanisms that take into account both economic and social, cultural and environmental dimensions
of ,,utility . An interesting direction for future research is the methodology for determining weighting factors
that would allow us to take utility into account when conducting an auction.

Fig. 2 shows a graphical representation of the proposed scenario, where 7 is the permissible and A

is the forbidden regions of the scenario. Point L, depicts the plan proposed to the jth actor as a result of
the previous solution of the optimization problem. The new proposal will change the position of the represen-
tation point: it will either remain on the old production function, or be located below or above this curve. In
the first two cases, the center immediately rejects the proposed plan, since it cannot be better than the optimal
one determined after the previous move (i.e., the result is either already known or belongs to the forbidden
region). If the point is located above the curve, it will make a new calculation of the optimal plan for the entire
system. If the calculation shows that increasing the player‘s plan will not lead to an improvement in the cen-
ter‘s functional by a predetermined amount ( & >0), the proposal will be rejected. If the functional increases
by an amount greater than &, the proposal will be accepted. Depending on which of the parameters of the
production function & or S; changes in connection with the proposal of a new plan by the j-th actor, its rep-
resentation point will move to one of the characteristics depicted in Fig. 2 as curves. The transition to curve 4

(point L, ) will occur with an increase in parameter S;, the point L, on curve 3 — with a decrease in the value

of parameter ¢ . If it moves to curve 5 (point L, ), then both parameters will change. But even in these cases,

the center can agree to a change in the plan if its functionality increases by a value greater than 6. Thus, a
change in the plan acceptable to the center can occur only if the condition is met with the redistribution of the

resource 0< 6 <5, —A,, where g, is an increase in the plan of the j-th player, and A, is the total decrease in

the plans of the players from the set { jl.} \ j. In Fig. 2, such a redistribution corresponds to the representation
point lying above curve 6.
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Figure 2 — Graphical representation of the proposed scenario
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Source: developed by the authors

Curve 6 is the locus of points dividing the entire region into two parts. It is obvious that only plans
corresponding to points lying in the region above curve 6 are acceptable to the center. After the game

is over, the center will determine the refined parameter values Hg/(pij )5, and make a resource allo-
cation consistent with the capabilities of all actors.

Combining the described auction algorithm with multi-agent reinforced learning methods (Multi-
Agent Reinforcement Learning (MARL) could create a powerful adaptive resource allocation sys-
tem. Each actor (agent performer) is implemented as a reinforcement learning agent. The center is
also implemented as a center agent that optimizes the allocation rules. Agents learn to optimize their
bid strategies over time. Thus, we formalize the environment and rewards through:

State — current resource allocation, requests from other agents, history of previous iterations
Action — creating a request for resources.

Reward is a combination of resources received and the implemented plan, taking into account the
utility function.

In the practical part of the study, it is proposed to consider practical approaches to implementa-
tion, namely:

1. Decentralized approach (Independent Learners). In this approach, each agent autonomously

learns to optimize its application strategy. This would have advantages in ease of implementation
and scalability, but there may be disadvantages with learning and coordination.

2. Centralized learning, decentralized execution. Under this approach, agent training occurs central-
ly using complete information, and during the auction, agents act autonomously using the learned
strategies. Such a solution is proposed to be built using the MADDPG, QMIX, COMA methods.

Below we present the budget auction algorithm directly. (Fig. 3). The algorithm is designed to be
executed in the topology of a multi-agent system model. The role of actors here is played by the
agents-executors, and the agent-center performs the functions of the center.

The dialogues of the executing agents with the agent-center begin with determining the initial pa-
rameters for the budget auction and agreeing on the cost of the goods. After that, the agent-center:

1. Announces the start of the budget auction, indicating the amount of the allocated resource.

2. Warns about the rules of the game and reminds of the penalties imposed in case of
their violation.

3. Assigns a queue of dialogues with performing agents.

4. Asks, in turn, each executing agent to name the limiting values of the optimal plans for the
players [ [ wn: [ [ w: and the corresponding values of the required resources Pins Pmax .

5. Identifies for each agent -executor the values of the parameters 1% and*% and the bound-
aries of the working area of the characteristic.
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6. Optimizes the production plan and resource allocation based on these values.

7. Announces these yalues of the initial distribution plan to the executing agents, specifying
the initial values of 11,and '#;.

8.The agent center informs the executing agents of the planned indicators obtained at the pre-
vious stage of the procedure and invites the next executing agent to the budget auction.

9. Request from the center agent about the feasibility of changing the plan.
10. If no changes are needed, go to 13, otherwise return to 4.
11. Request from the center agent about the amount of the request for the resource.
12. Input by the jth agent-executor of his request for the resource.

13. Identification of a new production function of the agent -executor passing through the
point where IT.=IT... , Pi=Pmn and a new point proposed by the agent -executor.

14. Calculation of the permissible production volume by the center j-th executive agent.

15. Notification by the center agent to the j-th execution agent about the possibility or impossi-
bility of satisfying its request.

16. Request from the executing agent for an acceptable plan.

17. Notification of the agent to the center about the minimum permissible production volume
j- th the agent -executor corresponding to the previously entered request for the resource.

18. Request from the center agent about the advisability of continuing the dialogue.
19. If continuation is required, go to 4, otherwise go to 13.

20. Request from the center agent about the appropriateness of refusing to choose to continue
the steps and returning to the plan of the previous step.

21. Announcing the result of the game with the j-th agent-executor.
22, Transition to dialogue with j+1-th agent-executor and transition to 8.
Figure 3 — Budget auction algorithm based on a multi-agent model
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Source: developed by the authors

The budget auction ends when none of the implementing agents expresses a desire to change their

planned indicators for the next, full cycle. The resulting structure of budget allocation is optimal

to the extent that the control figures and restrictions determined by experts, the upper level of the

resource allocation subgraph, and the acceptability of the agreed boundaries of the working areas
of the production characteristics of the elements are optimal. In order for the allocation in the local
budget system to be optimal, it is necessary that all actors at all levels of budgeting be represented
by agents and participate in the budget auction. Obviously, it is necessary to methodologically and
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programmatically ensure the lowest level of actors (the village represented by the village headman
and the village community), although now most small settlements no longer have their own budget.
It is also necessary to work out production functions that correspond to different sustainable devel-
opment goals separately. This will make it possible to measure the results obtained at the stage of
budget implementation and compare them directly with the sustainable development goals. In this
way, the distribution of subsidies and investments is optimized, which forces all elements of the link
to work in such a way that their efforts are aimed at maximizing the functionality of the center, tak-
ing into account the usefulness for the center of the goods produced by the actors.

5.DISCUSSION

The theoretical framework and methodological foundations presented in this study establish a solid
foundation for the application of multi-agent systems to local hromada budgeting processes. However,
several critical areas require further development to translate these theoretical concepts into practical,
implementable solutions. The most immediate priority for future work involves the empirical valida-
tion of the proposed multi-agent budget auction model through controlled pilot implementations. We
propose conducting pilot studies in one or two Ukrainian local hromadas that demonstrate varying
characteristics in terms of population size, economic development level, and administrative capacity.
The selection criteria for pilot hromadas should include willingness to participate in innovative gover-
nance experiments, sufficient administrative infrastructure to support data collection, and representa-
tive socio-economic profiles that reflect the broader Ukrainian local government landscape.

The pilot testing phase will serve multiple objectives, providing empirical data on the practical feasibil-
ity of implementing the multi-agent auction mechanism in real budgeting scenarios, allowing for the
collection of performance metrics that can validate the theoretical assumptions underlying the model,
and revealing practical challenges and opportunities for model refinement that cannot be anticipated
through theoretical analysis alone. The pilot studies should be designed as controlled experiments
with clear baseline measurements, intervention protocols, and outcome evaluation frameworks. Data
collection should encompass both quantitative metrics such as budget allocation efficiency, participant
satisfaction scores, and time-to-decision measurements, as well as qualitative assessments including
stakeholder feedback, process observations, and administrative burden evaluations. This empirical
evidence will be crucial for refining the model parameters, validating the production function specifi-
cations, and demonstrating the practical value proposition of the multi-agent approach.

Recognizing the significant variation in digital capacity and technical expertise across Ukrainian
local hromadas, future work must prioritize the development of scaled-down and modular versions
of the proposed model. This adaptation strategy acknowledges that while the full multi-agent im-
plementation may be optimal for hromadas with advanced technical infrastructure, many local gov-
ernments require more accessible entry points to participatory budgeting innovation. The simplified
version should maintain the core theoretical principles of the multi-agent auction while reducing
computational complexity and technical requirements. This could involve developing preset agent
strategies that eliminate the need for complex machine learning algorithms, implementing rule-
based decision support systems that can operate with minimal computational resources, and creat-
ing standardized templates for production function estimation that require basic input data readily
available in most hromadas.

The modular approach should allow hromadas to implement components of the system incremen-
tally, beginning with basic participatory mechanisms and gradually incorporating more sophisticat-
ed multi-agent features as their capacity develops. This progression model should include clear up-
grade pathways, compatibility standards between modules, and comprehensive training materials
that enable local administrators to manage the system independently. Future research should also
explore hybrid implementation models that combine digital multi-agent tools with traditional par-
ticipatory methods, ensuring that hromadas with limited digital infrastructure can still benefit from
the improved decision-making processes that the model facilitates.

The complexity of multi-agent systems and auction mechanisms presents significant communica-
tion challenges that must be addressed to ensure broad adoption and stakeholder understanding.
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Future work should prioritize the development of intuitive visualization tools that make the algo-
rithmic processes transparent and accessible to non-technical stakeholders, including community
members, local officials, and oversight bodies. The visualization framework should include interac-
tive dashboards that allow real-time monitoring of the auction process, clear flowcharts that explain
the decision-making logic in accessible language, and simulation interfaces that enable stakeholders
to explore different scenarios and their outcomes. Particular attention should be paid to visualizing
the production function identification process, the resource allocation optimization, and the feed-
back mechanisms that drive system learning and adaptation.

Additionally, future work should develop comprehensive communication strategies that explain the
benefits and mechanisms of the multi-agent approach to diverse audiences. This includes creating
educational materials for community members, training protocols for local administrators, and pol-
icy briefs for regional and national government officials. The goal is to build broad understanding
and support for the innovative approach while addressing potential concerns about complexity and
technological dependence.

To demonstrate the practical value and robustness of the proposed model, future research must
develop comprehensive performance measurement frameworks and conduct extensive scenario
analysis. The performance metrics should encompass multiple dimensions of public budgeting ef-
fectiveness, including allocative efficiency in terms of how well resources are distributed according
to community priorities, dynamic efficiency regarding how quickly the system adapts to changing
circumstances, democratic legitimacy measuring the extent to which all stakeholders feel adequate-
ly represented, and administrative efficiency evaluating the cost and complexity of operating the
system. Key Performance Indicators should be developed for each component of the multi-agent
system, including agent learning rates, auction convergence times, stakeholder satisfaction levels,
and budget outcome quality measures. These metrics should be benchmarked against traditional
budgeting approaches to provide clear evidence of the model’s value proposition.

The scenario analysis framework should examine system performance under various socio-econom-
ic conditions, including economic crisis situations, demographic changes, infrastructure disrup-
tions, and varying levels of stakeholder participation. This analysis will be crucial for understanding
the model’s robustness and identifying potential failure modes or adaptation requirements. Future
work should also develop stress-testing protocols that evaluate system performance under extreme
conditions, such as sudden population changes due to conflict-related displacement, economic
shocks that dramatically alter resource availability, or technological failures that compromise sys-
tem functionality.

6.CONCLUSION

To position the proposed multi-agent approach within the broader landscape of participatory gov-
ernance innovation, future research should conduct comprehensive comparative analyses with ex-
isting international frameworks for participatory budgeting and resource allocation. The compara-
tive analysis should examine successful participatory budgeting implementations in countries with
similar development profiles to Ukraine, innovative digital governance initiatives that have achieved
scale in European contexts, and multi-agent system applications in public administration from glob-
al best practice examples.

This comparative work should also explore opportunities for international collaboration and knowl-
edge exchange, potentially developing networks of local governments that are experimenting with
similar approaches. Such collaboration could accelerate learning, reduce implementation costs, and
build broader momentum for participatory governance innovation. Future research should explic-
itly develop the connections between the multi-agent budgeting model and the United Nations Sus-
tainable Development Goals, particularly those related to sustainable cities and hromadas, reduced
inequalities, and partnerships for the goals. This integration requires developing specific method-
ologies for incorporating SDG indicators into the production function specifications and auction
mechanisms, including monitoring frameworks that track how budget allocations contribute to sus-
tainable development outcomes, creating incentive structures that reward decisions aligned with
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sustainability objectives, and establishing reporting mechanisms that demonstrate local contribu-
tions to global development goals.

The successful completion of this comprehensive research agenda will transform the theoretical
contributions of this study into practical tools for enhancing democratic governance and resource
allocation efficiency in Ukrainian local hromadas. The phased approach, beginning with pilot test-
ing and progressing through model refinement, visualization enhancement, performance validation,
and international comparison, provides a clear pathway for advancing both theoretical understand-
ing and practical application of multi-agent systems in public administration. The lessons learned
and tools developed through this work have the potential to influence participatory governance in-
novation far beyond the Ukrainian context, contributing to more effective, democratic, and sustain-
able public administration worldwide.
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