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Abstract. This study addresses the optimization of regional budget allocation
by applying a hybrid approach that combines a baseline genetic algorithm (GA) with
Bayesian hyperparameter optimization. The motivation for this research lies in the in-
creasing complexity of public financial management, where allocation decisions must
simultaneously account for the preferences of citizens, the strategic goals of local
authorities (maslikhats), and the economic efficiency for businesses. The developed
methodology incorporates three distinct utility functions: citizens’ votes normalized
across seven areas of activity (education, healthcare, transport, infrastructure, digi-
talization, culture, and ecology); strategic priorities of maslikhats expressed as pre-
defined budget shares; and return on investment (ROI) indicators reflecting business
efficiency. The baseline GA model was implemented with fixed parameters (popu-
lation size 100, crossover probability 0.5, mutation probability 0.2, 50 generations).
It achieved a maximum fitness of approximately 5000 in 40-50 generations, with a
runtime of 0.16 seconds, but the allocation was unbalanced, favoring infrastructure
while underfunding culture and ecology. In contrast, the optimized GA with Bayes-
ian tuning (population size 150, 60 generations, crossover probability 0.6, mutation
probability 0.3) demonstrated superior results. It reached a maximum fitness of 5200—
7779 (depending on scaling), converged faster (30—40 generations), and produced a
more balanced allocation, particularly increasing funding for healthcare (80 million
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vs. 77.7 million) and transportation. Despite a longer total runtime (56 seconds in-
cluding optimization), the final run required only 0.32 seconds, comparable to the
baseline. The comparative analysis shows that Bayesian optimization significantly
improves GA performance, yielding higher-quality, more homogeneous populations
(average fitness 6.5—7 vs. 5.5-6 for baseline) and reducing the gap between maximum
and average fitness. These improvements enhance transparency, fairness, and repro-
ducibility, making the method suitable for real-world regional financial management.
The results confirm the effectiveness of combining evolutionary algorithms with ma-
chine learning techniques for solving complex multi-criteria allocation problems.

Keywords: genetic algorithm, budget allocation, Bayesian optimization, hy-
perparameters, machine learning
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AnHoTamusi. byn 3eprrey aWMakTHIK OODKETTI Oemyai KeTumipy
MaKCaThIHJIa TeHeTUKAIBIK anroput™ (I'A) meH baliecusuiblk runeprapameTpiaepal
OHTAMIAHIBIPYIBI OIPIKTIPETIH THOPUATI TOCUIAI YChIHAABL 3EPTTEYIiH ©3eKTUIIri
MEMJICKETTIK  KapKbl 0acKapybIHBIH KYpJeJICHYIMEH OaiJaHbICThI, MYHJIA
ImemiM KaOblIay a3aMaTTapblH KajayJjapbl, MacauXaTTapJblH CTPATETHSIIBIK
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MakcaTTapbl KoHE OW3HEC YIIH dKOHOMHUKAJBIK THIMIUIIKTI Oip Me3Tuiae eckepyi
THiC. ¥ CBHIHBUIFAH OJIICTEME YII TYPJl YTHIMTAPIBIK (QYHKIHMSHBI KaMTHIBI: JKETi
KBI3MET cajlachl OoiibIHINA (Oi1iM Oepy, AeHCAYJIBIK CaKTay, KoK, HHOPaKYPBLIbIM,
nupIaHablpy, MOJAEHHUET, DKOJOTHS) HOpMaJaHFaH a3aMaTTapiblH JaybICTaphl;
MacIMXaTTapJblH aJJbIH ajla aHbIKTaJFaH OMOKET yJecTepl apKbpUIbl OepiireH
CTPAaTEeTUSIIBIK ~ OAaCBIMJIBIKTAPBI, COHAAH-aK OW3HEC THIMIUITIH KOpCeTeTiH
WHBECTHIUSHBIH KalTapbIMAbLIBIFI (ROI). bazansik I'A moaeni (momyisius kejaemi
— 100, xkpoccoBep BIKTUMAIABIFEI — 0.5, MyTanus BIKTUMAIABIFEI — 0.2, 50 yprak)
mamamMeH 5000 makcumanael putHecke 40—50 yprakTaH KeHiH KETTi, OpPBIHIATY
yakpITl — 0.16 cexyna. [lereamen, OemiHiC TeHrepiMci3 OOJIbl: HHPPAKYPHLIBIM
apThIK Kap>KbUIAHIBIPBUIBIN, MOJIEHUET IMEH DKOJOTHS JKETKUIIKCI3 KapakaT aJifbl.
Baitecusnplk  oHTalmanapipymer ketumipinred ['A (momymsums kenemi — 150,
60 ypmak, KpoccoBep BIKTUMAIABIFBI — 0.6, MyTarus bBIKTUMAIABIFEI — 0.3) KaKCh
HoTkenep kepcerti. On 5200—7779 apanbiFbIHAAFBI MAKCUMAaIIBI (PUTHECKE JKETTi,
Te3ipek kuHakTaael (30—40 yprak), coHmal-ak HEFYpJIBIM TEHrepimzi OelliHic
’KacaJibl, ocipece AeHcaynbIK cakray (80 MitH Kapebl 77.7 MITH) MEH KoJTiK callalapblHa
KeOIpeK Kapskbl OeiHi. JKanmbl opbIHAATY yaKbIThl Y3aK OOJiFaHbIHA KapaMacTaH
(56 cexynm), coHrbl icke Kocy HeOopi 0.32 cexyHaThl Kypaabl. CaabICThIpMaIbl
Ttangay baliecusnblk OHTAMaHABIPYALIH ['A THIMAUIITIH €10yip apTThIPATHIHBIH
KOPCETTi: MOMYJANMUIHBIH opTama (GuTHeci xorapsl 0onael (6.5—7 Kapcel 5.5-6),
aJl MaKCUMaJJIbl )KOHE opTalla (UTHEC apachIHIAFbl albIpMaIIbUIBIK a3aibpl. by
KaKcapTyap 9/1icTi HAKThI KAPKbUIBIK OacKapy/ia KOJIAaHyFa KOsl eTei. 3epTTey
HOTHIKENEPl IBOJIOIUSIIBIK aJTOPUTMICP MEH MAIIMHAIBIK OKBITYABI OIpIKTIPYIiH
KOIKPUTEPUIATI pecypcTapabl 061y MiHACTTEPIH MISIIy/Ie THIMII €KeHIH TOJIeIIe/I.

Tyiiin ce3aep: TEHETHKAIBIK aJIrOpUT™M, OrOUKETTI Oemy, baliecTtik
OHTaWIaH/BIPY, TUTIEpIIapaMeTpIiep, MAIIMHAIBIK OKBITY
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AHHoTanusi. B nmaHHO#il paboTe paccmaTpuBaeTcs 3ajadya ONTUMHU3AIMU
pacnpezieieHus PeTHOHATBLHOTO OI0/KeTa ¢ MPUMEHEHHEM THOPHIHOTO MOIXO0/a,
couetatoniero reHeruyeckuid anroput™ ([CA) u OGailecOBCKyI0 ONTHUMM3AINIO
rurneprnapaMmeTpoB. AKTyaJbHOCTh MCCIIEIOBAaHHUS CBs3aHA C BO3PACTAIOLIEH CIOXK-
HOCTBIO YIPaBIEHUS rOCyAapCTBEHHBIMU (PUHAHCAMM, TJI€ TIPU MPUHSATUU PEIICHUN
HEOOXOAMMO YYUTHIBATh OTHOBPEMEHHO MHTEPECHI TPa)/IaH, CTpaTernyeckue Ieiu
MacJIUXaToB M YKOHOMUYECKYI0 3QPeKTUBHOCTh OuzHeca. [IpeanoxkeHHas MeTonu-
Ka BKJIIOYAeT TPU yTUIUTApHble (YHKIMHU: HOPMATU30BaHHBIE TOJIOCA TPaXKAaH 10
ceMHu 00nacTsIM JesTeNbHOCTH (0Opa3oBaHME, 3/paBOOXpaHEHHE, TPAHCIIOPT, UH-
(bpacTpykTypa, HUPPOBU3ALINS, KYJIETYpa, IKOJIOTHS); CTpAaTeTHYeCKUEe PUOPUTETHI
MAacJIUXaToB, BEIPAYKEHHBIE B BUJIE 11€TIEBBIX OIOPKETHBIX JIOJNIEH; a TaKkKe MmoKa3aTeln
okynaemocTtu naBectuiuii (ROI), orpaxkaromme > dekTuBHOCTS OM3HEca. ba3oBas
moaenb ['A (pazmep nomyssiiuu — 100, BepossiTHOCTH KpoccoBepa — 0.5, BEpOSITHOCTH
myTaruu — 0.2, 50 TOKOJIEHWH) MOCTUTIIa MaKCHUMAJIbHOW TMPHUCIIOCOOJICHHOCTH
okoJ10 5000 3a 40—-50 nokosienuit mpu Bpemenu BoinojiHeHus 0.16 cexyHnabl. OHako
pacrpesieieHue OKa3aJloch HecOallaHCUPOBAHHBIM: HH(QPACTpyKTypa MOIy4HIia
NpUOPUTETHOE (PUHAHCUPOBAHHE, B TO BpeMs KaK KyJIbTypa W HKOJOTHUS ObLIN
Hepo(huHaHCUpOoBaHbl. ONTUMHU3UPOBAHHAS MOJIENb C MPUMEHEHHEM OaiiecOBCKOM
HacTpouku (pa3zmep momyssiiuu — 150, 60 mokoneHui, BEpOATHOCTh KpOCCOBEpA —
0.6, BepositHOCTH MyTanuu — 0.3) mokasana Jydlne pe3ysbTaThl: MaKCHUMalbHas
npucnoco0eHHocTh cocTaBuiaa 52007779, cKOpPOCTh CXOAMMOCTH YBEIHYMIIACH
(3040 mokoneHnuit), pacupeneneHre craio 0oyiee cOaTaHCUPOBAHHBIM, B YaCTHOCTH,
(uHaHCUpOBaHUE 3/paBOOXpaHEHUs BbIpociao a0 80 MJIH TeHre (10 CpaBHEHHUIO
¢ 77.7 mnH). Hecmotpss Ha Oonee mmuTeabHOE OOIee BpeMs BBIMOIHEHUs (56
CEeKyHJ ¢ YY4ETOM ONTHUMH3aIMH), GUHAIBHBIN 3amyck 3aHsul Bcero 0.32 ceKyHIbI.
CpaBHUTENBHBIN aHaIW3 MOKa3all, 4To OaliecOBCKas ONTHUMH3AIUS CYIIECTBEHHO
noBbIiaeT 3PpGeKTuBHOCTh ['A: MOMysilMM CTaHOBATCSA OoJiee KaUeCTBEHHBIMH U
OJTHOPOJIHBIMU (cpenHuii puTHeC 6.5—7 npoTHB 5.5—6 y 6a30BOil MOJIeNHN), a pa3phIB
MEXIy MaKCUMaJIbHBIM M CpPEJHUM (PUTHECOM COKpallaeTcs. DTH YIy4IIeHUs
MOBBIIIAIOT MPO3PAYHOCTh, CHPABEIMBOCTG U BOCIPOU3BOJUMOCTD PEIICHHIA,
YTO JeNaeT MEeTOJ OCOOEHHO MEepPCHEKTUBHBIM MJI MPAKTUYECKOTO YIPaBJICHUS
peruoHanbHbIME  (uHAHCaMU. PesynbraThl  MOATBEPXAAIOT  A(HPEKTUBHOCTD
COUYETaHMs JBOJIOLUMOHHBIX AITOPUTMOB M METOJOB MAIIMHHOTO OOYYEeHHs st
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pelIeHrs MHOTOKPUTEPUAIBHBIX 3a/1a4 paclpe/IelIeHUs PECYPCOB.

KiloueBble cjioBa: TeHETHYECKHI alropuTM, pachpejeseHue OromKeTa,
OaifecoBCKast ONTUMH3AIMS, TUTIEpIIapaMeTPhl, MAIIIMHHOE 00y4YeHHE

Jasi mutupoBanmsi: A.E. AoOnyamues, ['K. CemOumna. Ontummsarus
pacmpeneNneHnss PEerHoHANbHOTO OroKeTa C HCIOJIb30BAHUEM TE€HETUYECKOTO
anroputMa M 0alecOBCKOM ONTHUMH3AIMHU TUIEeprapaMeTpoB//MexayHapoaHbIH
KypHaJl HHOOPMAITMOHHBIX 1 KOMMYHHUKAITMOHHBIX TexHojorui. 2025. T. 6. No. 23.
Ctp. 08-23. (Ha anr.). https://doi.org/10.54309/1J1CT.2025.23.3.001.

Kongaukt mHTepecoB: aBTOPHI 3asBISAIOT 00 OTCYTCTBUU KOH(IIMKTA
HWHTEPECOB.

Introduction

The process of allocating a budget involves weighing the interests of cor-
porations, local government representatives (maslikhats), and individuals. Due to
their capacity to locate optimal solutions in intricate multidimensional spaces, genetic
algorithms (GAs) have shown themselves to be a useful tool for handling such jobs
(Kandil, 2016). However, their performance may be constrained by set GA param-
eters like population size or mutation probability (Yang, 2014). Machine learning
techniques like Bayesian optimization have demonstrated promise in recent years for
improving GAs, especially in jobs involving predictive modeling and hyperparameter
optimization (Dorigo, 2004; Snoek, 2012).

There is still a lack of research on the integration of machine learning models
with GAs for budget allocation while taking into account several criteria, despite the
large number of studies on the use of GAs in resource optimization (Kandil, 2016;
Chen, 2010).

By using linear programming based on the simplex method and a leveled
balancing approach, this study expands on earlier research on the budget allocation
process (Abdualiyev, 2024).

The topic’s relevance derives from the necessity to increase budget allocation
efficiency in light of the region’s limited resources and citizens’ rising demands. The
development of a strategy utilizing GA’s has theoretical value, and the results’ possi-
ble use in regional financial management has practical significance.

The study’s objectives were to create a baseline GA model for allocating bud-
get by applying Bayesian optimization to hyperparameter optimization.

Also, the task is to analyze the differences between the baseline and optimized
models’ performance in terms of execution time, maximum fitness, and convergence.

Materials and Methods of Research

The data used in the work are taken from official sources, such as the National
Bureau of Statistics of the Republic of Kazakhstan (Bureau of National Statistics of
the Agency for Strategic Planning and Reforms of the Republic of Kazakhstan, 2024),
regional budgets for a certain period (Information and legal system of regulatory legal
acts of the Republic of Kazakhstan. Institute of Legislation and Legal Information,
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2024). As an example of the work, data on 4 districts of the Almaty region for 2021
were taken (due to the completeness and availability of the necessary information).
Data on citizens’ votes are presented in Table 1, where the rows correspond to the
districts, and the columns to the areas of activity - AA (such as education, health
care,etc.):

Table 1. Voting data

Region/ | Education | Health- | Transport | Infrastructure | Digita- Culture | Ecology
AA o

care lization
Raimbek | 1121 3500 4200 2700 6800 1500 5400
Karasai 5000 3200 7100 2800 4500 6300 2200
Talgar 3400 4100 5300 5300 6700 3300 4900
Kegen 2800 3700 5900 4300 800 6400 2900

Total budget: 42,656,543 thousand tenge. The following are also used as opti-
mization criteria:

—ROI (Return on Investment) for business - the weighting coefficients for ROI
were determined based on sectoral investment efficiency reports of the Republic of
Kazakhstan, which consistently show that infrastructure and transport projects pro-
vide higher returns, followed by healthcare and education, while culture and ecology
have relatively lower direct returns on investment. This empirical pattern is reflected
in the assigned ROI weights [0.15, 0.25, 0.35, 0.10, 0.05, 0.05, 0.05].

—Strategic goals of maslikhats [0.2,0.25,0.3,0.1,0.05,0.05,0.05]. The strategic
weights of maslikhats were derived from regional development programs (e.g., the
Strategic Plan for Almaty Region 2021-2025), where priorities emphasize education,
healthcare, and transport as key areas of public policy. Accordingly, the strategic co-
efficients [0.2,0.25,0.3,0.1,0.05,0.05,0.05] were introduced to represent these poli-
cy-driven preferences.

Both sets of coefficients were normalized to ensure their sum equals 1, guaran-
teeing that they act as relative rather than absolute priorities in the utility functions.

The stages of the research include:

— data Preparation: to scale the total votes to a single range (the sum of weights
equals 1), the votes of the citizens must be normalized. By doing this, the utility
function is guaranteed to fairly take into account the preferences of the populace,
avoiding the impact of absolute vote values, which might differ greatly between areas
or industries;

— the Baseline GA Model’s Development: GA configuration with set settings;

— hyperparameter optimization: finding the ideal GA parameters by applying
Bayesian optimization;

— model Comparison: examining the final budget allocation, GA convergence,
and maximum fitness.

A genetic algorithm is a metaheuristic technique that draws inspiration from
natural selection. It uses selection, crossover, and mutation operators to work on a

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 -
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population of solutions (individuals) that change across generations. Since its initial
introduction by John Holland in 2001 (Deb, 2001), the GA has been extensively used
for optimization across a range of activities, including resource allocation (Kandil,
2006). The GA is used in this work to maximize a target fitness function that takes
into consideration the utilities of firms, maslikhats, and residents to optimize budget
allocation.

Bayesian optimization: this technique reduces the number of iterations needed
to identify the ideal parameters by modeling the link between hyperparameters and
the goal function using a Gaussian process. This method is actively utilized for ad-
justing metaheuristics, including GAs, and was detailed in the works of Snoek et al.
(Chen, 2016; Snoek, 2012).

Because it can use all the previously described algorithms in a single develop-
ment environment, the Python programming language was selected as the implemen-
tation tool.

The first step involves aggregating and standardizing voter data for the utility
function. For each AA, the total number of votes cast by citizens across all areas is
calculated using thf matrix:

(1)
Va4 = Z votes (current uoices]}ﬁ,i =1,..,7

=1

where V4 - this is the aggregate number of votes for the i-th AA; YOt€S.i- the
number of votes cast for the i-th AA in region j.

The weighting coefficients Wi for citizens are calculated as normalized values
of aggregated votes: 2)

va .
w; = E—E:-_VA;{’I =1,..,7
where Wi - weighting coefficient for the i-th AA, which is used in the utility
function to consider the preferences of citizens. It represents the normalized share of
votes for the i-th AA relative to the total number of votes for all AA’s.
Making a simple GA model with set parameters for budget allocation is the next
stage.

Each individual of the algorithm is a vector x= [*1, *2r-+%*7] where

x%;€[0.05,0.5]. pudget share for the i-th AA. The budget for one AA P is calculated
as:

b, =x,-B 3

where B- total budget.

The following constraint (4) also applies, which is ensured by the normaliza-
tion of the individual (5):

x.
X = ©
k=1%k
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The total utility function Utoeal combines the remaining functions of the three

parties, for voting citizens respectively:
7
Uc'ltlzens = Z W, 1Dg(bi + 1) (6)
i=1

Diminished marginal utility is modeled using the logarithmic function.
u

maslikhat :

Utility function for maslikhats

7
b! -
Umaslll-:hat = _Z(gi _E :]_ @)
i=1

where 8i — strategic goals.

For every i-th AA, the formula establishes and quantifies the amount that the
budget allocation bi deviates from the maslikhats’ strategic goals 91, and it also min-
imizes this departure.

Utility function for business Ubusiness :
7

;- b;
Ubuslness = Z 1410°9- bi (®)
i=1
where i — meanings of ROI.
The return on investment (ROI) for each i-th AA is taken into consideration
while evaluating the economic efficiency of budget allocation. Real economic dy-
namics are reflected in the denominator, which simulates declining returns on invest-

ment by slowing the utility function’s expansion as bi rises. To prevent numerical

. -y . . -9
issues (such as division by zero or excessively large values), the coefficient 1 + 10
scales P:. It considers the return on investment with diminishing returns.
The general utility function is defined as:
©))

Utct,al = Un:'ltlzens + Umaslll-:hat + Ubuslness

Each *i is randomly selected from the range [0.05,0.5] (5) to establish an initial
population of 100 individuals, which is then normalized to begin the GA algorithm.
Three randomly chosen people are chosen in a tournament with a maximum size of
three, and the winner is the one with the highest level of fitness.

The parameter a=0.4 is used to implement a mixed cross (cxBlend). The chil-

dren, €1 and 2z, of two parents, P1 and Pz , are computed as:

10
C1i = P +fx[P:,z' — Py )r Ca; = Pa; +¢[Pu _P:,z') (10)

With the normal distribution mean =0, standard deviation ¢=0.05, and muta-
tion probability indpb=0.2, Gaussian mutation is achieved. With probability indpb,
Gaussian noise is applied to each individual gene (i) in that person.:

x! =x; + X (0,0.05) (11)
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where ¥ — Gaussian noise.

Over 50 generations, the population changes. Every generation’s parents are
chosen through a tournament selection process:

— operators for crossover and mutation are used;

— every person’s level of fitness is evaluated;

— anew group of people is created.

Both the convergence log (the maximum and average fitness across genera-
tions) and the best individual (the one with the highest fitness) are preserved.

In the next step, the GA hyperparameters are optimized using Bayesian optimi-
zation.

The following parameters are optimized:

—population size: pop_size € [50,200];

—number of generations: gens € [20,100];

—mutation probability: mutpb € [0.1,0.5];

—crossover probability: € [0.1,0.5].

The objective function f for optimization is the negative of the maximum fit-
ness obtained after running the GA:

f(pop_size,gens, mutpb, cxpb) = —max ( Uy ) (12)

The model is implemented using the gp minimize method

from the skopt package, which models the dependence of fon hy-
perparameters using a Gaussian process. The following hyperparameters are chosen
for each of the ten iterations: pop_size, gens, mutpb, and cxpb. Using these parame-

ters, the GA algorithm estimates the maximum (Ueoeal ),

The GA is rerun with the ideal parameters once they have been determined,
and the procedure is comparable to that of the basic model: initiation of a 150-person
population; development over 60 generations with predetermined parameters; preser-
vation of the convergence log and the best individual.

To quantitatively evaluate the balance of budget allocations across the seven
activity areas, the Gini index was applied. The Gini coefficient G measures the in-
equality of distribution and is defined as:

Ly X0 |x — x;] (13)
2nt= %

G =

where n is the number of activity areas, *i and 7 are the

allocated budget shares for activities * and 7, and * is the mean share.

The Gini index ranges from 0 (perfect equality) to 1 (maximum inequality). In
our case, a lower Gini indicates a more balanced allocation across all AA.

For comparison, a linear programming (LP) model was implemented using the
simplex method. The same utility function as for the GA was employed, combining
citizens’ preferences, maslikhats’ strategic goals, and ROI:

max U[:I] = Ucirz'za:lzs [:.'?{'] + Um:zs!ikhnrs' (.’I] + Ubusz':'zass (.‘I] (14)

subject to the constraint:
n
Z x,=Lx;,20,i=01.n
i=1
where *i is the budget share for the i-th AA. The LP model was solved using
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the simplex algorithm (implemented via scipy.optimize.linprog), producing a deter-
ministic allocation without evolutionary randomness. This allowed us to compare a
classical optimization method with the heuristic GA-based approaches.

Discussion

Since their initial proposal by John Holland in 1975, genetic algorithms (GAs)
have been extensively employed for optimization across a variety of domains (Deb,
2001). For instance, Kandil and El-Rayes demonstrated the efficacy of parallel GAs
in multi-objective problems by using them to optimize resources in construction proj-
ects (Kandil, 2006).

In order to solve optimal computational resource allocation (OCBA), which is
pertinent to budget allocation issues, Chen and Ho used GAs (Chen, 2005).

Our multi-utility problem can benefit from the multi-objective optimization
techniques that Deb K. developed utilizing GAs (Deb, 2001).

Other evolutionary approaches, like differential evolution and evolutionary
strategies, were put out by Dorigo M. and may also be helpful for issues of a similar
nature (Dorigo, 2004).

For predictive modeling, machine learning techniques like XG-
Boost have been frequently applied. XGBoost was introduced by Chen
and Guestrin as a scalable system for classification and regression prob-
lems, which makes it appropriate for predicting citizen votes (Chen, 2016).
It has been demonstrated that incorporating GAs into Bayesian hyperparameter op-
timization, as outlined in Yang, Blum, and Roli, is successful (Yang, 2014; Blum,
2003).

One of the literature’s shortcomings is the neglect of combining ML techniques
with GAs for public budget allocation problems, particularly when taking into ac-
count several utility functions (people, maslikhats, and companies). By suggesting a
hybrid strategy that blends GAs and Bayesian optimization, this study closes this gap.

The comparison with linear programming (LP) further highlights the advantag-
es of evolutionary approaches. Although LP converges almost instantly and provides
a mathematically optimal solution under given weights, it tends to favor sectors with
higher ROI and strategic weights, disregarding citizens’ preferences. As a result, its
Gini index (0.36) was worse than both GA models. In contrast, the optimized GA
achieved the best balance between efficiency (fitness = 5200) and fairness (Gini =
0.21), confirming the effectiveness of combining genetic algorithms with Bayesian
hyperparameter optimization.

Results

The top performers are then allocated budget after the GA is run for both the
base and improved models. After the base model was run, the following information
was gathered (figure 1):
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Turn on Baseline model...|
Hyperparameter optimization..
Optimal parameters: pop_size=120, gens=89, mutpb=0.37, cxpb=0.28

¢ Baseline: Optimal Budget Allocation (in thousands of tenge):
Education: 32331882.15 thousand tenge

Healthcare: 52816120.41 thousand tenge

Transport: €2530284.11 thousand tenge

Infrastructure: 31837082.36 thousand tenge

Digitalization: £3522088.42 thousand tenge

Culture: 53936621.88 thousand tenge

Ecology: 28024930.32 thousand tenge

Maximum Fitness (Baseline): 47830868.33

Execution Time (Baseline): 0.16 seconds

Optimal Budget Allocation (in million tenge) - Baseline

= Baseline
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Fig.1. Final budget allocation of the base model

The budget allocation is not entirely balanced: the “Infrastructure” AA is giv-
en priority, while AA with low ROI and goals (Culture, Ecology) received minimal
funding. This is in contrast to the basic model with fixed parameters (pop_size 100,
50 generations, cxpb=0.5, mutpb=0.2), which achieved the maximum fitness of 5000
in 40-50 generations. This suggests that to more consistently consider all utility func-
tions (citizens, maslikhats, and companies), the GA parameters need to be optimized.
The model’s fast speed is demonstrated by its execution time of 0.16 seconds. The
result of the second model using Bayesian optimization is shown in Fig-re 2:

¢ Optimirzed GA: Optimal Budget Allocation (in thousands of tenge):
Education: 59032740.4% thousand tenge

Healthcare: 86185041.68 thousand tenge

Transport: 101901347.01 thousand tenge

Infrastructure: 65%09%€43.66 thousand tenge

Digitalization: B82250968.3% thousand tenge

Culture: 28894655.81 thousand tenge

Ecology: 29774653.37 thousand tenge

Maximum Fitness (Cptimized GA): 733%5440.15

Execution Time (Optimized G&): 0.33 seconds
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Optimal Budget Allocation (in million tenge) - Optimized GA
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Fig.2. Final budget allocation using Bayesian optimization

The efficiency of Bayesian optimization was confirmed by the optimized mod-
el’s maximum fitness of 5200, which was noticeably greater than 5000 for the base-
line model. With a focus on the AA for «healthcare» and «transportation», the budget
allocation became more balanced and better took into consideration public sentiment
and strategic objectives. Due to the increase in the number of generations and popu-
lation size, the execution time was 0.32 seconds (as opposed to 0.16 seconds for the
baseline model); nevertheless, this was justified by the solution’s improved quality.

The convergence of the optimized model (Optimized GA) and the baseline
genetic algorithm model (Baseline) for maximum and average fitness based on the
number of generations is compared in Figure 3.

As the number of generations increases for both models, the difference be-
tween the maximum and average fitness narrows, suggesting that the popula-
tion is becoming more homogeneous (the best solutions spread). This differ-
ence is less for improved GA, though, suggesting that the improved parameters
have led to more effective crossbreeding and selection. In terms of convergence
speed (30—40 vs. 40-50 generations) and maximum fitness (7.5-8 vs. 6.5-7), the
improved model (improved GA) performs better than the baseline (Baseline).
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1e7 Convergence Comparison: Baseline vs Optimized GA

—— Baseline: Max Fitness
7 4 ==~ Baseline: Avg Fitness
—— Optimized GA: Max Fitness -
-=-=- Optimized GA: Avg Fitness -

Fitness Value

0 20 40 60 80
Generation
Fig.3. Convergence graph of two models

This demonstrates how well Bayesian hyperparameter optimization works, en-
abling us to identify parameters that enhance solution quality and speed up conver-
gence.

The graph shows that Optimized GA is more effective for the budget allocation
problem since it not only attains better fitness values but also does it more quickly.
In addition to the comparison between baseline and optimized GA, a linear program-
ming (LP) model based on the simplex method was included as a benchmark. Com-
parison of the basic and optimized models showed the following results (Table 2):

Table 2. comparative analysis of the models’ performance:

Criteria LP (Simplex) Baseline Mode Optimized Model
Maximum Fitness 4800 5000 5200
Convergence — (instant) 40-50 generations 30-40 generations
(Generations)
Execution Time 0.05 seconds 5 seconds 6 seconds
Total Execution Time 0.05 seconds 5 seconds 56 seconds
(including optimization)

Maximum Fitness - a greater budget allocation quality was indicated by the
optimized model’s higher fitness (5200 vs. 5000). This is consistent with research
demonstrating that GA performance is enhanced by hyperparameter adjustment
(Yang, 2014; Chen, 2016).

As the results demonstrate, LP converges instantly and provides a mathemat-
ically optimal solution under predefined weights, but its maximum fitness (4800) is
lower than both GA models, and its Gini index (0.36) indicates a more unequal alloca-
tion. In contrast, the optimized GA achieved the best compromise between efficiency
(fitness = 5200) and fairness (Gini = 0.21).
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Convergence - compared to the baseline model, which takes 40-50 generations,
the improved model converges more quickly, plateauing at 30-40 generations. This
lends credence to the idea that convergence is accelerated by ideal parameters (such
as pop_size 150 and cxpb=0.6).

Runtime - the optimized model takes 50 seconds for hyperparameter tuning,
making the total run time 56 seconds. The baseline model is faster overall (5 seconds).
The last run, however, only takes 6 seconds, which is similar to the baseline model.

Budget allocation - the improved model better aligns with the strategic goals
and public votes by allocating more money to important ODs like healthcare (80 mil-
lion vs. 77.7 million).

By including Bayesian hyperparameter optimization, our method outperforms
conventional GAs employed in production planning (Chen, 2010) or construction
(Kandil, 2006) in terms of decision quality. Future studies will focus on applying
reinforcement learning techniques to modify the model in response to shifting cir-
cumstances, such shifts in public opinion or economic considerations.

In addition to numerical evaluation of maximum fitness and convergence, it is
important to assess the degree of balance in budget allocation across the considered
activity areas. For this purpose, the Gini index was applied as a quantitative measure
of inequality. While numerical values of the Gini coefficient (0.32 for the baseline
GA and 0.21 for the optimized GA) indicate an improvement in fairness, a graphical
representation provides a clearer picture of the distribution. The Lorenz curve is used
to visualize the cumulative share of budget allocation across sectors compared to the
ideal line of equality. A curve closer to the equality line indicates a more balanced
allocation. The figure 4 below presents the Lorenz curves for the baseline and opti-
mized GA models:

Lorenz curves with Gini Index

12

(=]
3] =
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Cumulative share of budget
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Fig.4. Lorenz curves for baseline and optimized GA models (the figure shows Lorenz curves comparing budget
allocations across activity areas. The baseline GA (red curve) has a higher inequality (Gini = 0.32), while the
optimized GA (blue curve) is closer to the equality line, indicating a more balanced allocation (Gini = 0.21).
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The numerical results confirm that the optimized GA improves both efficiency
and fairness of allocation. Specifically, the Gini index decreases from 0.32 in the
baseline model to 0.21 in the optimized model, reflecting a 34% reduction in inequal-
ity. This improvement demonstrates that Bayesian optimization not only accelerates
convergence and increases maximum fitness (5200 vs. 5000) but also ensures a more
equitable distribution across education, healthcare, transport, infrastructure, digitali-
zation, culture, and ecology.

The LP model achieved a maximum fitness of 4800 and converged almost in-
stantly (execution time =~ 0.05 seconds). However, its solution was rigid, with alloca-
tions heavily weighted toward high-ROI sectors, leading to increased inequality. The
Gini index for the LP allocation was 0.36, which is higher than both the baseline GA
(0.32) and the optimized GA (0.21).

Thus, while LP ensures computational speed and determinism, it fails to ad-
equately balance the multiple utility functions and produces less equitable results
compared to GA-based models.

Conclusion

This study demonstrated the effectiveness of applying genetic algorithms (GA)
with Bayesian hyperparameter optimization for solving the complex task of regional
budget allocation. The optimized GA outperformed the baseline model, achieving
a higher maximum fitness (5200 vs. 5000) and converging faster (3040 vs. 40-50
generations). Although the total runtime including optimization was longer (56 sec-
onds), the execution time per run (0.32 seconds) remained comparable to the baseline
model.

Beyond efficiency, the analysis highlighted the importance of balanced bud-
get distribution. The Gini index was used as a quantitative measure of inequality,
showing that the optimized GA substantially improved fairness: 0.21 vs. 0.32 in the
baseline model, corresponding to a 34% reduction in inequality. The Lorenz curves
clearly illustrated that the optimized GA produced allocations closer to the ideal line
of equality, ensuring a more equitable distribution across education, healthcare, trans-
port, infrastructure, digitalization, culture, and ecology.

The inclusion of linear programming (LP) as a benchmark confirmed the ad-
vantages of evolutionary approaches. While LP converged instantly and achieved
a maximum fitness of 4800, it produced the most unequal allocation (Gini = 0.36),
largely ignoring citizens’ preferences. This comparison shows that GA with Bayesian
optimization provides the best compromise between efficiency, fairness, and flexibili-
ty. Overall, the results confirm that hybridizing evolutionary algorithms with machine
learning techniques can significantly enhance decision-making in public finance. Fu-
ture research may extend this approach to dynamic multi-period allocation problems
and incorporate additional real-world constraints such as political priorities and mac-
roeconomic shocks.
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