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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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Аннотация. Бұл зерттеу аймақтық бюджетті бөлуді жетілдіру 
мақсатында генетикалық алгоритм (ГА) мен Байесиялық гиперпараметрлерді 
оңтайландыруды біріктіретін гибридті тәсілді ұсынады. Зерттеудің өзектілігі 
мемлекеттік қаржы басқаруының күрделенуімен байланысты, мұнда 
шешім қабылдау азаматтардың қалаулары, маслихаттардың стратегиялық 
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мақсаттары және бизнес үшін экономикалық тиімділікті бір мезгілде ескеруі 
тиіс. Ұсынылған әдістеме үш түрлі утилитарлық функцияны қамтиды: жеті 
қызмет саласы бойынша (білім беру, денсаулық сақтау, көлік, инфрақұрылым, 
цифрландыру, мәдениет, экология) нормаланған азаматтардың дауыстары; 
маслихаттардың алдын ала анықталған бюджет үлестері арқылы берілген 
стратегиялық басымдықтары; сондай-ақ бизнес тиімділігін көрсететін 
инвестицияның қайтарымдылығы (ROI).  Базалық ГА моделі (популяция көлемі 
– 100, кроссовер ықтималдығы – 0.5, мутация ықтималдығы – 0.2, 50 ұрпақ) 
шамамен 5000 максималды фитнеске 40–50 ұрпақтан кейін жетті, орындалу 
уақыты – 0.16 секунд. Дегенмен, бөлініс теңгерімсіз болды: инфрақұрылым 
артық қаржыландырылып, мәдениет пен экология жеткіліксіз қаражат алды. 
Байесиялық оңтайландырумен жетілдірілген ГА (популяция көлемі – 150, 
60 ұрпақ, кроссовер ықтималдығы – 0.6, мутация ықтималдығы – 0.3) жақсы 
нәтижелер көрсетті. Ол 5200–7779 аралығындағы максималды фитнеске жетті, 
тезірек жинақталды (30–40 ұрпақ), сондай-ақ неғұрлым теңгерімді бөлініс 
жасады, әсіресе денсаулық сақтау (80 млн қарсы 77.7 млн) мен көлік салаларына 
көбірек қаржы бөлінді. Жалпы орындалу уақыты ұзақ болғанына қарамастан 
(56 секунд), соңғы іске қосу небәрі 0.32 секундты құрады. Салыстырмалы 
талдау Байесиялық оңтайландырудың ГА тиімділігін едәуір арттыратынын 
көрсетті: популяцияның орташа фитнесі жоғары болды (6.5–7 қарсы 5.5–6), 
ал максималды және орташа фитнес арасындағы айырмашылық азайды. Бұл 
жақсартулар әдісті нақты қаржылық басқаруда қолдануға қолайлы етеді. Зерттеу 
нәтижелері эволюциялық алгоритмдер мен машиналық оқытуды біріктірудің 
көпкритерийлі ресурстарды бөлу міндеттерін шешуде тиімді екенін дәлелдеді.

Түйін сөздер: генетикалық алгоритм, бюджетті бөлу, Байестік 
оңтайландыру, гиперпараметрлер, машиналық оқыту
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Аннотация. В данной работе рассматривается задача оптимизации 
распределения регионального бюджета с применением гибридного подхода, 
сочетающего генетический алгоритм (ГА) и байесовскую оптимизацию 
гиперпараметров. Актуальность исследования связана с возрастающей слож-
ностью управления государственными финансами, где при принятии решений 
необходимо учитывать одновременно интересы граждан, стратегические цели 
маслихатов и экономическую эффективность бизнеса. Предложенная методи-
ка включает три утилитарные функции: нормализованные голоса граждан по 
семи областям деятельности (образование, здравоохранение, транспорт, ин-
фраструктура, цифровизация, культура, экология); стратегические приоритеты 
маслихатов, выраженные в виде целевых бюджетных долей; а также показатели 
окупаемости инвестиций (ROI), отражающие эффективность бизнеса. Базовая 
модель ГА (размер популяции – 100, вероятность кроссовера – 0.5, вероятность 
мутации – 0.2, 50 поколений) достигла максимальной приспособленности 
около 5000 за 40–50 поколений при времени выполнения 0.16 секунды. Однако 
распределение оказалось несбалансированным: инфраструктура получила 
приоритетное финансирование, в то время как культура и экология были 
недофинансированы. Оптимизированная модель с применением байесовской 
настройки (размер популяции – 150, 60 поколений, вероятность кроссовера – 
0.6, вероятность мутации – 0.3) показала лучшие результаты: максимальная 
приспособленность составила 5200–7779, скорость сходимости увеличилась 
(30–40 поколений), распределение стало более сбалансированным, в частности, 
финансирование здравоохранения выросло до 80 млн тенге (по сравнению 
с 77.7 млн). Несмотря на более длительное общее время выполнения (56 
секунд с учётом оптимизации), финальный запуск занял всего 0.32 секунды. 
Сравнительный анализ показал, что байесовская оптимизация существенно 
повышает эффективность ГА: популяции становятся более качественными и 
однородными (средний фитнес 6.5–7 против 5.5–6 у базовой модели), а разрыв 
между максимальным и средним фитнесом сокращается. Эти улучшения 
повышают прозрачность, справедливость и воспроизводимость решений, 
что делает метод особенно перспективным для практического управления 
региональными финансами. Результаты подтверждают эффективность 
сочетания эволюционных алгоритмов и методов машинного обучения для 
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решения многокритериальных задач распределения ресурсов.
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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
R e g i o n /
AA

Education Health-

care

Transport Infrastructure Digita-

lization

Culture Ecology

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 
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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 the matrix:

                      
where  - this is the aggregate number of votes for the 𝑖-th AA; - the 

number of votes cast for the 𝑖-th AA in region 𝑗.
 The weighting coefficients  for citizens are calculated as normalized values ​​

of aggregated votes:

 
          where  - 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= [ , ], where 
- budget share for the 𝑖-th AA. The budget for one AA is calculated 

as:

 where - total budget.
 The following constraint (4) also applies, which is ensured by the normaliza-

tion of the individual (5): 

                 (1)

               (2)

                                    (3)

                                                                     (5)

                                                                                                 (4)
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 The total utility function  combines the remaining functions of the three 
parties, for voting citizens respectively:

Diminished marginal utility is modeled using the logarithmic function. 
Utility function for maslikhats :

where  – strategic goals.
For every 𝑖-th AA, the formula establishes and quantifies the amount that the 

budget allocation  deviates from the maslikhats’ strategic goals , and it also min-
imizes this departure.

 Utility function for business :

where  – 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  rises. To prevent numerical 
issues (such as division by zero or excessively large values), the coefficient  
scales . It considers the return on investment with diminishing returns.

The general utility function is defined as:

Each  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 α=0.4 is used to implement a mixed cross (cxBlend).  The chil-
dren,  and , of two parents, and , are computed as:

With the normal distribution mean μ=0, standard deviation σ=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.:

                                 

                                                                                   (6)

                                                                              (7)

                                                                                   (8)

                                        (9)

                   (10)

                                      (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;
−	 a new 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  for optimization is the negative of the maximum fit-

ness obtained after running the GA:

The model is implemented using the gp_minimize method 
from the skopt package, which models the dependence of  on 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 .

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:

where n is the number of activity areas,  and ​ are the 
allocated budget shares for activities  and , 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:

subject to the constraint:

where  is the budget share for the i-th AA. The LP model was solved using 

                      (12)

                            (13)

                 (14)
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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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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:
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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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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 
(Generations)

– (instant) 40-50 generations 30-40 generations

Execution Time 0.05 seconds 5 seconds 6 seconds
Total Execution Time 

(including optimization)
0.05 seconds 5 seconds 56 seconds

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:

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 (30–40 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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