O 0

The object of this study is the pro-
cess of optimizging digital marketing for
agro-industrial enterprises under condi-
tions of multi-criteria and uncertainty.
A formal statement of the problem of
optimizing marketing strategies for
agricultural production has been given
by using the genetic algorithm NSGA-III.
A hybrid method was devised to solve
the task of multi-criteria optimization
of marketing strategies for agro-indus-
trial enterprises. The method is based
on the NSGA-III algorithm in combina-
tion with the XGBoost software library
and adapted to industry constraints for
marketing strategies in the agricultural
markets of Ukraine and Kazakhstan
Republic. This allows for the generation
and interpretation of Pareto-optimal
strategies taking into account such cri-
teria as efficiency, coverage, return on
investment (ROI), costs, and engagement.

A cluster analysis of solutions has
been performed; three characteristic
scenarios were identified — balanced,
cautious, and aggressive. Empirical val-
idation by regression analysis demon-
strated the high accuracy of the model,
as well as its ability to extrapolate
new solutions. In particular, the mean
square error on the test sample was
0.0316 with the achieved coefficient of
determination of 0.9041. The results
confirm the effectiveness of the devised
method to support decision-making
under conditions of multi-criteria and
limited resources.

The proposed method was used as
the basis for the development of soft-
ware implemented in practice at enter-
prises of the agro-industrial complex.
However, the scope of method applica-
tion also includes the activities by other
business entities that devise marketing
strategies to achieve the efficiency of
their activities

Keywords: hybrid method, digital
marketing, multi-criteria optimization,
NSGA-III algorithm, cluster analysis
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1. Introduction

approaches, are gradually losing their effectiveness under the

pressure of digital technologies [1, 2]. This fully applies to the

Conventional marketing methods, such as outdoor ad-  agro-industrial complex (AIC). The widespread introduction
vertising, direct mail, radio broadcasts, and other established  of information and communication technologies in the global




information space has become a powerful incentive for the
transformation of marketing activities in various industries,
including AIC. Successful business development today largely
depends on the use of effective digital marketing strategies
based on technological approaches to retaining and expand-
ing the customer base [3]. Digital marketing is a modern tactic
and strategy for interacting with consumers both in traditional
markets and in the online space, which, in particular, can
be implemented through machine learning technologies [4].

The digital transformation of the agricultural sector brings
to the fore the task of increasing the effectiveness of marketing
strategies aimed at promoting agricultural products under
conditions of limited resources and a high level of uncertain-
ty [5, 6]. The AIC specificity is determined by a combination of
factors such as the spatial dispersion of agricultural producers,
seasonality of demand, low level of digitalization in rural re-
gions, and the dominance of B2B sales models over classic B2C.
Additional difficulties in forming effective marketing solutions
are created by climatic instability, institutional restrictions, and
ethno-regional differentiation of consumer demand.

Under conditions of growing competition and limited
budgets, agricultural enterprises are faced with the need for
a rational distribution of advertising resources among dif-
ferent communication channels. In particular, agri-food en-
terprises can achieve economic efficiency if the main in-
vestments in digital marketing are directed to search engine
optimization of communication channels [7]. Today, there is
a wide range of conventional methods, technologies, and tools
for planning marketing strategies that can be adapted to digi-
tal marketing with an emphasis on the agricultural sector [8].
However, existing methods for planning marketing activities
are usually based on heuristics or single-criteria optimization,
which often leads to inefficient use of resources and subopti-
mal coverage of target segments. Therefore, the use of modern
multi-criteria optimization methods seems to be a promising
direction, allowing one to simultaneously take into account
several performance indicators, including reach, engagement,
advertising costs, and return on investment (ROI).

Despite the progress made in the field of digital market-
ing, current methods for distributing advertising budgets in
the agricultural sector, especially for developing countries,
still suffer from limited adaptability and inability to take into
account numerous performance criteria. Typically, marketing
campaigns in the agricultural sector are designed on the basis
of expert assessments or heuristic approaches based on past
experience. And this does not make it possible to fully take
into account the dynamic nature of demand, seasonality,
institutional constraints, and regional specificity. In addition,
conventional single-criteria optimization tools cannot simul-
taneously take into account such multidirectional metrics as
reach, efficiency, cost, ROI, and depth of involvement.

Therefore, the relevance of the chosen research topic is
determined by the need to devise a method capable of syn-
thesizing management decisions regarding the promising ac-
tivities of agricultural companies in the market under limited
resources. This will make it possible to balance key metrics
and simultaneously adapt digital marketing to the industry
context of the agricultural sector. In addition, taking into
account the trends in the development of information tech-
nologies, the method of optimizing marketing strategies of the
agricultural and industrial complex should be based on mod-
ern evolutionary algorithms and machine learning methods.
From a practical point of view, this will make it possible to
implement multi-criteria optimization of digital marketing

strategies using multi-directional metrics, which is difficult to
perform using conventional expert methods.

2. Literature review and problem statement

As agricultural production intensifies worldwide, there is
an active development of multi-criteria optimization and ma-
chine learning methods in the field of agromarketing. More-
over, many researchers pay attention to the use of evolution-
ary algorithms, such as NSGA-III, to solve resource allocation
problems in the agricultural sector. Thus, in [9], an improved
multi-criteria optimization method using NSGA-III for accu-
rate fertilizer distribution was proposed, which makes it pos-
sible to increase accuracy and reduce equipment setup time.
However, the authors of [9] note that for the effectiveness of
the method, careful preliminary processing of input data is
necessary, which requires development in subsequent studies.
Namely, the output data should be pre-grouped according to
factors influencing the final forecast result and checked for
integrity (data integrity). This problem arose due to the use of
an insufficient set of real data for effective generation by the
evolutionary algorithm.

In addition, the integration of machine learning methods,
in particular XGBoost, with evolutionary algorithms demon-
strates high efficiency in forecasting and optimizing market-
ing strategies. In study [10], XGBoost was used to analyze con-
sumer data, which made it possible to improve the accuracy
of forecasting and the effectiveness of advertising strategies.
However, the results of the cited study do not take into ac-
count the influence of various factors on the implementation
of the strategy depending on the type of enterprise and its
main product. Also, in [10], the issue of substantiation of pa-
rameters such as the number of regression trees, the speed of
the machine learning algorithm, and the sampling frequency
remained open. In the agricultural sector, approaches to opti-
mizing sowing strategies using improved genetic algorithms
and big data analysis are also considered. For example, in [11],
a model for optimizing sowing strategies for agricultural crops
using improved genetic algorithms and big data analysis is
proposed, which contributes to increasing the efficiency of
agricultural production. However, [11] does not examine how
this would affect marketing strategy of the agricultural com-
pany as a whole.

Studies [12-15] show that such hybrid approaches make
it possible to significantly expand the application of conven-
tional optimization methods by including predictive analytics
mechanisms that increase the generalizability of the model
and reduce the need for repeated calculations when new data
is received. In particular, in [12] it is proven that, compared
to classical cost optimization, multi-objective Pareto optimi-
zation makes it possible to design a non-dominant set of al-
ternative projects. In [13], the optimization of complex hybrid
energy systems using a multi-objective algorithm and a Pare-
to-optimal approach for sets of renewable and non-renewable
technologies is considered. In this case, the sensitivity of the
forecast values of the net current costs of the energy system to
certain parameters (interest rate, investment costs, electrical
and thermal loads, and radiation) is determined. However,
the authors of [12, 13] note that the method does not take
into account the uncertainty associated with the system para-
meters and input variables. In particular, [12] noted that each
objective function should be given clear restrictions on the
variables, which still requires further research. And according



to the results of study [13], it was determined that the sensitiv-
ity of the forecast values manifests itself in relation to factors
in a certain order and this requires re-running the algorithm.
Studies [14, 15] report devising a method of multi-objective
optimization in the energy sector, but it is not determined
whether these results could be applied to another area of
economic activity, for example, to decision-making regarding
the efficiency of agricultural production. This issue requires
further study and testing.

In summary, it should be concluded that the scientific
literature [9-15] lacks studies focused on the agricultural
specificity of marketing, especially under the conditions of
stochastic constraints and seasonality inherent in the agro-in-
dustrial complex. In particular, the results of studies [9-10]
do not take into account the influence of various factors on
the implementation of the strategy as a whole [9], including
depending on the type of enterprise [10]. In addition, models
that simultaneously take into account industry constraints,
adaptive interpretation of decisions, and the possibility of
predictive extrapolation of new scenarios without repeated
use of the evolutionary kernel [11] are not sufficient. When
implementing existing methods, the parameters of the genet-
ic algorithm used for optimization [10] are not justified, and
they also do not take into account uncertainty [12] and the
problem of the need to re-run the algorithm [13]. And more
holistic studies on the application of multi-objective optimiza-
tion to forecasting enterprise development strategies [14, 15]
require additional testing on the example of agricultural
production in order to clarify the parameters regarding their
adaptability to industry conditions. Thus, there is a need to
conduct research aimed at filling the indicated research gaps
by solving the problem of multi-criteria optimization of mar-
keting strategies by enterprises of the agro-industrial complex
under conditions of uncertainty.

3. The aim and objectives of the study

The purpose of our research is to devise and programmat-
ically implement a hybrid method for optimizing marketing
strategies in the agribusiness, which combines the modified
NSGA-III algorithm and machine learning methods. This will
make it possible, taking into account industry restrictions, to
carry out adaptive interpretation of strategic decisions regard-
ing the activities of agricultural enterprises. In practice, this
will contribute to increasing the speed of processing big data
to obtain predictive extrapolation of new scenarios without
repeated use of the evolutionary kernel.

To achieve the goal, the following tasks were set:

- to state the problem of optimizing marketing strategies
for the agribusiness using NSGA-IIT;

- to devise a methodology for conducting numerical ex-
periments using the proposed method;

- to test the proposed hybrid method for optimizing mar-
keting strategies.

4. The study materials and methods

The object of our study is the process of optimizing digital
marketing for agro-industrial enterprises.

The principal hypothesis of the study assumes that digital
marketing optimization should be based on the generation
of Pareto-optimal strategies taking into account such criteria

as efficiency, reach, ROI, costs, and engagement. The basic
assumption of our study is to take into account industry con-
straints for the formation of marketing strategies in product
markets. The method is based on the use of the NSGA-III
machine learning algorithm in combination with the XGBoost
software library. The study used a modified NSGA-III algo-
rithm, according to [16]. At the first stage, the generation of
support directions was implemented, for which the Das-Den-
nis method [17] was used to uniformly cover the unit sim-
plex in the criteria space. Then evolutionary operators are
used. First, the SBX crossover with probability p.=0.9 and
distribution parameter #.=15 is applied, according to [17].
The computational complexity parameter of the modified
NSGA-III was adopted according to study [16], which de-
pended on the number of goals and population size. The
algorithm efficiency prediction using the XGBoost software li-
brary was performed according to the methodology from [18].
Cluster data analysis and scenario approach were used to ana-
lyze strategic decisions [18]. This approach included building
a decision tree (marketing strategies of an agro-industrial
complex enterprise), with their subsequent analysis accord-
ing to the boosting convergence theorem. To evenly cover the
multidimensional search space with a minimum number of
scenarios, the statistical method of spatial filling Latin Hy-
percube Sampling (LHS) was used [19]. Thus, our research
methodology is based on the analysis of methods for solving
optimization problems [16-19] and on the approaches of
benchmarking of enterprises in the agricultural markets of
Ukraine and the Republic of Kazakhstan. The method devised
has been implemented in the form of the MOMS software,
developed in the Python programming language (USA) in
the PyCharm IDE environment. To quantitatively assess the
quality of the formation of the Pareto front of strategies, the
program provides for the calculation of the hypervolume indi-
cator and the performance of regression analysis.

The method was tested on the basis of enterprises in the
agricultural sector of Ukraine and the Republic of Kazakh-
stan. In this case, a 5-dimensional space of criteria (efficiency,
coverage, costs, involvement, ROI) was given for the gener-
ation of Pareto-optimal strategies. A matrix of scatter and
density diagrams was used for visualization. This represen-
tation option helps not only to see the relationships between
different criteria but also distinguish different behavioral
profiles of the enterprise’s marketing strategies in the process
of multifactor optimization. In order to assess the ability of
the XGBoost model to approximate the dependence between
the configuration of the marketing budget and the values of
the criteria, a regression procedure was performed on the set
of solutions obtained from NSGA-III.

5. Results of devising a hybrid method for optimizing
marketing strategies

5.1. Statement of the problem of optimizing mar-
keting strategies for the agro-industrial complex using
NSGA-III

The problem of optimizing marketing strategies for the
agro-industrial complex using NSGA-III is considered in the
case when the number of objective functions is taken equal to
5. If necessary, they can be increased to 15. In this case, the set
of marketing channels can be specified in the following form:

K={1,..m}, 1)



where m =5 and corresponds to digital (Digital), televi-
sion (TV), radio (Radio), print (Print), and event (Events)
channels, respectively.

For each channel k € K, the following key parameters are
given for evaluation:

1. Efficiency e € [0, 1], which characterizes the conver-
sion of the digital channel.

2. Reach ¢, e R*, which measures the audience of the
channel.

3. Cost s, € R*, which determines the specific costs.

The optimization vector x=(xj,...x,,)T € R™ represents
budget allocation among channels, where x; € [I, u] is the
share of the budget allocated to channel k, with lower [, and
upper uy bounds.

The following objective functions are considered for the
case m = 5:

1. Maximization of overall efficiency

fl(x):Zek~xk — max. 2)

k=1

2. Maximizing overall reach

5 (x):ch-xk — max. 3)

k=1

3. Minimization of total costs

j}(x):isk»xk — min. 4)

k=1

4. Relative cost efficiency. In fact, it is a kind of ROI metric
E (x, s)

W — max, (5)

fi(x)=-

where E(x,s):in ‘e C(x):in -eg;, £€>0 — small con-
stant to avoid division by zero.

5. Depth of interaction with the audience that should be
maximized

55 (x7s):_zxi'vs,i’ (6)

where vy; is the engagement estimate for channel i in seg-
ment s.

The parameters vg; can be determined based on expert
judgment or, for example, based on data on conversion, clicks,
participation in events, etc. For example, click data can be col-
lected using Google Analytics.

The following constraints are set for the objective functions:

1. Total budget constraints

gl(x):ixk—BSO, @]
k=1
where B =1.5.

2. Minimum fractions for channels
& (x)=k —k<0,VkeK. (8)
3. Maximum fractions for channels

g3k(x):xk—uk <0, VkeK. )

4. Combined restrictions

84 (x):Q—(x1 —xS)SO, (10)
where @ =0.3.

Thus, the formalized system of restrictions in the pro-
posed hybrid model reflects the fundamental economic and
technological features of the agribusiness. For example, the
budget restriction takes into account the specificity of finan-
cial planning in the agribusiness, where the nominal budget is
allowed to be exceeded by up to 150% through seasonal credit
lines, which corresponds to the practice of financing agri-
cultural enterprises. The thresholds for distributing funds by
channel are due to the need to maintain a minimum presence
in all market segments — from digital platforms to convention-
al printed catalogs. The restriction on the minimum share of
digital marketing channels reflects the strategic priority of the
digitalization of the agribusiness, enshrined in state programs
for the development of agriculture. The combined restriction
on the sum of the shares of digital and event channels pro-
vides a balance between new and conventional methods for
promoting agricultural produce, taking into account the need
to combine online sales with participation in conventional
agricultural exhibitions and fairs. The upper limit for event
marketing was introduced to control costs associated with the
high cost of organizing events and their limited scalability
under the conditions of low rural population density in the
Republic of Kazakhstan. For print channels, a minimum
threshold was set (to ensure presence in the B2B segment
through specialized publications).

For 5 objective functions and N-splits, the generation of
reference directions was performed

2 k
ZWizl,wi:ﬁ,keNo ,

i=1

W={W6Ri 1)

where w are the reference directions in the space of objective
functions (2) to (6).

These vectors define a uniform distribution of points on
the unit simplex to ensure a representative coverage of the
Pareto front. Each direction weR3 is a normalized vector of
weight coefficients. Geometrically, they determine the direc-
tions of searching for optimal solutions in the space of criteria
(2) to (6) considered in the study.

Next, evolutionary operators are used. First, an SBX
crossover with probability p. = 0.9 and distribution parameter
1. =15 is applied

xl("ew):%[(l-rﬂ)-xi(l)+(1+ﬂ)~xi(2)}, (12)
where
B~U[01]'+1,
and for polynomial mutation
x;:xi+5i,5i~N(0,of),oi:(ui_li). (13)

Mm

In the next step, cluster analysis of solutions is implemented.
For the analysis of the Pareto front, the method of k-means
with the Euclidean metric is used



(14)

N 2
min ijin"f(xi)—yj" ,j=1..k,

), =1

where f{x) = (fi(x), f2(x), f3(x), fa(x), f5(x)) is the vector of crite-
ria, k = 5 is the number of clusters.

The multi-criteria optimization problem now implies
finding

T
=X X eg;— XX Cy
minF(x,s)= X e s 15
XeF ( ) zxi.pi’_@’_zxi.vm ( )
2X;i-pite

where p is the cost of one conditional impact through channel i.
Then the solution x* € X for this problem will be Pare-
to-optimal if #x € X

f,-(x)z fi(x*)Vie{l,Z,SA,S} and 3;: fj(x)>fj(x*), (16)

where X ={xeR™|g;(x)<0, j=1...p} is the admissible set.
The computational complexity of the modified NSGA-III
is O(MN?), where M is the number of targets, N is the popu-
lation size.
The prediction of channel efficiency using XGBoost in the
study was determined based on a retrospective data sample
for a specific region or agro-industrial complex enterprise

N

o-{)

i=1

an

where xl) eR™ - budget allocation vector, y(i)e]Rm— ob-
served efficiency.

The XGBoost model builds an ensemble of K decision
trees. For XGBoost, y(x)—)E[ylx] >if N—>o, K-> (ac-
cording to the boosting convergence theorem) is fulfilled.

After training, model (2) to (17) is used to quickly predict
the efficiency of new budget strategies without re-running
the evolutionary algorithm. Our model (2) to (17) was imple-
mented in the Python programming language (USA) in the
PyCharm IDE.

5. 2. Methodology for conducting numerical experi-
ments using the method devised

The methodology for conducting numerical experiments
is represented in the pseudocode format of the developed
MOMS program (Method for Optimizing Marketing Strategies
Program in agro-industrial complex).

1: procedure HYBRID_NSGA3_ML_OPTIMIZATION

2: Input:

3: channels « {Digital, TV, Radio, Print, Events}

4:  params < {e_k, c_k,s k, eng k, roi_k} Vk € channels
5 criteria

5:  bounds « [I_k, u_k] Vk e channels
Partial constraints

6: constraints < {g_1,....,g_6}

7: ref_dirs < Das-Dennis(5, 12)

8:

9: # Phase 1: Multi-criteria optimization (NSGA-III)
10: algorithm <« NSGA-III(

11: pop_size=100,

12: ref_dirs=ref dirs,

13: sampling=LHS(),

14:  crossover=SBX(prob=0.9, #=15),

15: mutation=PM(#=20),

Budget rules
For 5D space

16: constraints_handling="adaptive"

17: )

18: results «— minimize(problem, algorithm,
termination(‘n_gen’, 100))

19: P < non_dominated_sorting(results.F)

5D Pareto front

20:

21: # Phase 2: Cluster analysis

22: features «— StandardScaler().fit_transform(P[:, 0:5])
Normalization

23: clusters < KMeans(n_clusters=3).fit(features)

24: silhouette < calculate_silhouette(features, clusters)
Quality metrics

25:

26: # Phase 3: Predictive model

27: model < XGBRegressor(

28: objective="reg:squarederror’,

29: n_estimators=200,
30: max_depth=5

31: ).fit(P, composite_score)
indicator

32:

33: # Phase 4: Interpretation of results

34: explainer « KernelSHAP(model)

35: shap_values <« explainer.shap_values(P)

36: channel_importance < mean(|shap_values|, axis=0)
37:

38: Output:

39: P, clusters, silhouette,

40:  model_metrics < {MSE, R?},

41:  channel importance

42: end procedure

Training on composite

Within the framework of our research, the pseudocode
reflects the phased implementation of the above algorithm.
Lines 1-8 implement the initialization of the developed
software (MOMS) for the hybrid method of optimization of
marketing strategies in the agricultural and industrial com-
plex described in our paper, which combines the modified
NSGA-III algorithm and machine learning methods. Here,
a 5-dimensional space of criteria (efficiency, reach, costs,
involvement, ROI) is specified. Then, a modified Das-Dennis
scheme is used to generate reference directions in 5D space.

Lines 9-19 implement the optimization procedure. In
these lines, adaptive NSGA-III with processing of constraints
through the penalty function (line 16) and LHS sampling (sta-
tistical method of spatial filling) provides uniform coverage of
the initial population. In the context of the problem of opti-
mizing marketing strategies in the agricultural and industrial
complex, where the solution space is five-dimensional (Digital,
TV, Radio, Print, Events), LHS sampling initializes the initial
population, guaranteeing the projection uniformity of the dis-
tribution of points on each of the coordinate axes.

The initial population generated by the LHS method has
two key properties for the problem. In particular, this is the
absence of clustering of points in separate regions of the
solution space, which is important for the correct start of the
evolutionary algorithm, and guaranteed consideration of all
boundary conditions, including combinational constraints.
Next, SBX crossover and PM mutation with adaptive parame-
ters are performed.

Lines 21-24 describe clustering. Standardization of cri-
teria before clustering is line 22. The silhouette score metric
assesses the quality of clustering.



Lines 26-36 are machine learning components. SHAP analy-
sis reveals the contribution of channels to the objective function.

For m =5 criteria, the number of reference directions is
calculated in the 6th line of the pseudocode. Adaptive process-
ing of constraints is given in line 16. Feature normalization is
implemented in line 22.

The remaining lines are needed to visualize our research
results.

5. 3. Testing the devised hybrid method for optimiz-
ing marketing strategies

Based on data on the agricultural markets of Ukraine and
the Republic of Kazakhstan, modeling was performed using
the devised hybrid method (Tables 1, 2, Fig. 1-5).

The analysis of Pareto-optimal solutions (Table 1, Fig. 1-3)
reveals a pronounced dichotomy in the efficiency of different
channels. This conclusion is also confirmed by the cluster
structure of the solution space. Three-dimensional visualiza-
tion of the Pareto front for the triad "cost-reach-efficiency”
shows the presence of three qualitatively different groups of
strategies. For Fig. 1, the most promising strategies (cluster 1,
in Fig. 1, blue dots) are characterized by the dominance of

the television channel (39.8-69.5% of the budget) with a sig-
nificant share of digital technologies (20.4-21.1%) and event
marketing (26.4-30.0%).

At the same time, the quality assessment of the formed
Pareto front indicates that the devised hybrid method for
optimizing marketing strategies of agricultural and industrial
enterprises effectively solved the multi-criteria problem since
the hypervolume indicator was HV = 2.4602. The mean square
error on the test sample is MSE = 0.0316, and the value of the
coefficient of determination R? reaches 0.9041. This confirms
the good consistency of the predictive data of the model with
the original ones.

As a result of clustering (Fig. 1-3), three stable scenario
types can be distinguished. The first cluster, corresponding to
moderately balanced strategies with the dominance of radio
and digital channels, demonstrated an average efficiency of
1.098 and an average coverage value of 0.976 at a relative cost
of about 1.347. At the same time, the average level of audience
involvement in this class was 0.837. The expected ROI is at
the level of 0.817. Such strategies are a compromise between
coverage and cost-effectiveness, focused on mass communi-
cation channels.

Table 1
Optimal digital marketing strategies
Digital (%) | TV (%) | Radio(%) | Print(%) | Events (%) Efficiency Coverage Cost Composite Cluster
20.41 39.82 11.74 39.77 29.99 1.101 0.950 1.169 0.820 1
21.14 69.52 10.17 17.50 29.85 1.182 1.024 1.264 0.820 1
22.48 59.70 13.96 19.51 26.37 1.134 0.986 1.219 0.815 1
22.21 28.26 10.29 38.39 28.11 0.994 0.857 1.057 0.812 2
41.51 57.24 11.87 14.85 24.40 1.233 1.077 1.342 0.812 1
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Fig. 1. Three-dimensional visualization of the Pareto front for the criteria of overall effectiveness, reach, and total costs
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ROI for marketing strategy (outpu

t from the MOMS program)
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Fig. 3. Three-dimensional visualization of the Pareto front taki

ng into account the criteria of effectiveness, engagement,

ROI for marketing strategy (output from the MOMS program)

The most resource-intensive and aggressive strategies in
terms of reach constitute the third cluster. This cluster has the
maximum values for all key criteria. The average efficiency

is 2.032, reach - 1.791, engagement — 1.563. Despite the fact
that the average cost of implementing strategies in this class
is significantly higher (2.541), the ROI indicator remains at



a stable level and is 0.800. This level of ROI indicates the jus-
tification of investments with the availability of appropriate
financial resources and the need to maximize the reach of the
advertising audience.

Fig. 4 shows estimates of the distribution density for each
metric (efficiency, reach, cost, engagement, and ROI) in dif-
ferent clusters.

Analysis of the distributions of metrics (Fig. 4) revealed
that within each cluster the statistical structure is significantly
different. For example, the yellow cluster (Cluster 2) demon-
strates pronounced unimodal distributions (distributions with
one peak). In such distributions, the values are shifted to
higher indicators for all metrics. This result indicates that
marketing strategies in this cluster are focused on maximizing
marketing efficiency by significantly increasing the budget
and media presence of product advertising. The turquoise
cluster (Cluster 0) shows more concise values in the lower
part of the range. This was interpreted as strategies aimed at
minimizing costs with limited reach and efficiency.

The middle purple cluster (Cluster 1) is something in the
middle, where the distributions of values are more uniform.
That is, for Cluster 1 we can talk about a balanced approach
to the distribution of marketing resources.

Of particular interest to marketers is the distribution of
points by ROI. Despite the fact that the values are in a nar-
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row range from 0.75 to 0.85, there is a noticeable difference
between the clusters within this interval. The strategies of the
purple (Cluster 1) and yellow clusters (Cluster 2) have high
ROI values. This result indicates their high profitability at dif-
ferent levels of investment in marketing and advertising of ag-
ricultural products. Turquoise solutions, on the contrary, are
concentrated in the lower part of the range, which indicates
a low return on investment. And this is despite the lower
costs. In general, the visualizations in Fig. 4 demonstrate that
the set of solutions not only differs in numerical indicators
but also has a variety of behavioral models.

Fig. 5 shows the analysis of solutions using parallel coor-
dinates that make up the Pareto set, classified according to the
clustering results.

Each line on the plot (Fig. 5) corresponds to one alterna-
tive strategy, which is displayed through the projection of the
values of the objective functions. This representation allows
for a visual interpretation of the trade-offs between different
goals and also made it possible to identify stable patterns
within the clusters. The lines are grouped by color, which
corresponds to the cluster membership. The turquoise color in
Fig. 5 denotes cluster 0, purple — Cluster 1, yellow — Cluster 2.
Already at the first visual level, it can be noted that each group
demonstrates a characteristic trajectory along the coordinate
axes, which reflects its inherent strategic vector.
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Fig. 4. Output from the developed MOMS program of the results of clustering solutions included in the Pareto set,
taking into account five key metrics
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Cluster 2 (yellow), as before, is dominant in the space of
high costs and high values of efficiency, reach and involve-
ment. Such strategies tend to maximize non-monetary indica-
tors, despite the pronounced burden on the marketing strate-
gy budget. Unlike monetary indicators (such as profit, cost, or
ROI), non-monetary indicators focus on non-valued aspects
of doing business in the agribusiness. For example, such as
quality, customer interaction, sustainability, or long-term ef-
fects. For the agribusiness, as shown in [1, 2], non-monetary
indicators may include, for example:

- consumer satisfaction - that is, an indicator of how sat-
isfied customers are with the quality of products or services
of the agricultural sector. For example, farmers or agricul-
tural enterprises operating in the agricultural market (both
in Ukraine and the Republic of Kazakhstan) can take into
account feedback on the quality of their products (vegetables,
fruits, meat, etc.). This potentially contributes to improving
product quality and strengthening loyalty;

- brand reputation and awareness - that is, how well the
brand is known and how it is perceived in the agricultural
market. For agricultural enterprises in the Republic of Ka-
zakhstan, this means how buyers perceive their products
and the company as a whole. For example, if we are talking
about bio- or organic products, which require trust from
consumers;

- environmental sustainability - that is, how much the
marketing strategy complies with the principles of sustainable
agriculture in the Republic of Kazakhstan. Such an indicator
may include the use of environmentally friendly production
methods, minimizing environmental impact, the use of or-
ganic fertilizers, etc.

Of course, there are other non-monetary indicators. How-
ever, they are sufficiently detailed in the specialized literature,
and their inclusion in the list of objective functions was not
provided for by the original objectives of this study.

It is worth noting that, despite the diversity of profiles,
almost all lines from this cluster strive for the same ROI
value (Fig. 5). This fact indicates an obvious limitation in the
system’s response to investment growth. In fact, a situation
arises when additional investments are not accompanied by
an adequate increase in profitability.

The purple cluster (cluster 1) occupied an intermediate
position. Its lines form a dense bundle in the middle ranges
of values along all axes. Such solutions can be interpreted as
compromise, balanced in coverage, effectiveness, and cost.
At the same time, they maintain a comparable level of return
on investment in marketing strategies. This indicates a high
efficiency of resource allocation in this segment of strategies.

The turquoise cluster (cluster 0), on the contrary, is char-
acterized by uniformly reduced values for all parameters. The
length of the lines of cluster 0 is minimal, which indicates an
insignificant scale of use of marketing tools. At the same time,
despite the restrained costs, the achievable ROI is not much
lower than in the rest of the clusters. This gives grounds to
consider this segment as representative of cost optimization
strategies, that is, those when, with minimal investment, it is
possible to maintain acceptable performance - even by aban-
doning wide coverage and deep audience involvement.

Summarizing the modeling results (Fig. 5), it is worth em-
phasizing that this visualization makes it possible to identify
not only quantitative differences between clusters but also
qualitatively different principles of forming marketing strate-
gies for the agro-industrial complex.

For a systematic representation of internal differences in
marketing strategies obtained as a result of multi-criteria op-
timization using the hybrid approach NSGA-III + XGBoost, it
is necessary to distinguish a typology of strategies according
to their belonging to stable clusters. Table 2 reflects the key
differences between strategies and serves as a means of inter-
preting solutions included in the Pareto set.



Table 2

Comparison of characteristics of marketing strategies by clusters

Metric Cluster 1 - balanced Cluster 2 - cautious Cluster 3 - aggressive
Audience reach 0.976 0.533 1.791
Effectiveness (Effect) 1.098 0.580 2.032
Engagement (Depth of interaction) 0.837 0.447 1.563
Total advertising spend 1.347 0.747 2.541
ROI 0.817 0.776 0.800
Preferred channels Radio + Digital Mostly offline TV + digital

Strategy focus Balance of reach and efficiency

Cost minimization Maximizing the result

Businesses with a moderate

Targeting budget

Businesses in a time
of constraints

Export-oriented agricultural
enterprises

The division into three clusters reflects the fundamen-
tal scenarios of the behavior of agribusiness enterprises in
Ukraine and the Republic of Kazakhstan depending on their
resource constraints, market priorities, and goals. Compari-
son by metrics of coverage, efficiency, ROI, and costs allows
managers to justify the choice of an appropriate strategy in the
presence of specific production and financial conditions. In
general, our results demonstrated the potential of the devised
approach as a basis for building intelligent systems to sup-
port marketing management in the agribusiness. At the next
stage of the study, it seems advisable to expand the number
of objective functions, including non-monetary indicators (for
example, sustainability, environmental friendliness, social
coverage), as well as implement a multi-task method involving
several agribusiness enterprises from Ukraine and the Repub-
lic of Kazakhstan, which differ in scale and region. In addition,
in further research, it is planned to integrate dynamic aspects
of changes in parameters over time into the model built.

6. Discussion of results based on testing the devised
hybrid method for optimizing marketing strategies

The devised hybrid method for optimizing marketing
strategies is based on the proposed mathematical model (2)
to (17), to which the NSGA-III algorithm is applied in com-
bination with XGBoost. The software implementation of the
devised method is carried out in the Python programming lan-
guage (USA) in the PyCharm IDE environment. This allows
for quick forecasting of the effectiveness of new budget strat-
egies by agricultural enterprises. Unlike [11-15], in which the
basis of strategic planning is multiple runs of the model, the
proposed approach implements the hybrid method without
re-running the evolutionary algorithm. Also, the advantage
of the devised hybrid method is that it makes it possible to
optimize a mathematical function according to five criteria
simultaneously, which is difficult to perform using conven-
tional expert methods, since a person is physically unable to
synchronize the analysis of a large number of parameters. In
particular, unlike [11], in which it was not determined how
the proposed solutions would affect the marketing strategy of
the agricultural company as a whole, our study provides for
the clustering of strategies into three stable groups accord-
ing to 5 criteria. The uncertainty associated with the system
parameters and input variables, unlike [12, 13], is taken into
account in this method by introducing a system of constraints
to the objective functions (7) to (10). In addition, this system
reflects the fundamental economic and technological features

of the agricultural industry, which was also not taken into
account in [14, 15].

A trial simulation was performed using the devised hybrid
method based on data from the agricultural markets of Ukraine
and the Republic of Kazakhstan (Tables 1, 2, Fig. 1-5). The
obtained Pareto-optimal solutions were analyzed (Table 1,
Fig. 1-3), which showed the existing pronounced dichotomy
in the efficiency of various channels. A three-dimensional
visualization of the Pareto front was performed using the cri-
teria "cost-coverage-efficiency” (Fig. 1-3), according to which
three stable scenario types (balanced, cautious, and aggres-
sive) were identified. The results of clustering solutions
included in the Pareto set, taking into account the five key
metrics considered in the paper - efficiency, coverage, cost,
involvement, and ROI, were visualized in the form of a matrix
of scatter and density diagrams (Fig. 4). At the same time, the
distribution forms, the relationships between metrics, and the
cluster structure together (Fig. 4) confirmed that the model (2)
to (17) is capable of generating a multitude of meaningful
alternatives. Moreover, these alternatives (scenarios) can
be used for strategic decision-making in order to optimize
marketing strategies in the agribusiness. First of all, in situ-
ations where there is multi-criteria. The analysis of decisions
performed using parallel coordinates, which make up the
Pareto set, (Fig. 5) made it possible to determine the strategic
trajectory of alternative decisions through the projection of
the values of the objective function. This ultimately made it
possible to graphically interpret trade-offs between different
goals, as well as identify stable patterns within clusters. Such
visualization determines the principles of forming marketing
strategies for the agribusiness, and the use of parallel coordi-
nates in this study turned out to be a fairly effective means of
identifying compromise decisions. It should be noted sepa-
rately that this special representation of modeling results for
the decision-maker has visual advantages, as it is intuitive.

Our results (Fig. 1-3) were evaluated for the consistency
of the predictive data with the initial ones. In particular,
the hypervolume index was HV =2.4602, the mean square
error for the test sample was MSE = 0.0316, and the value
of the coefficient of determination R? reached 0.9041. This
demonstrated that the devised hybrid method for optimizing
marketing strategies of agro-industrial enterprises effectively
solved the multi-criteria problem. This is confirmed by the
existing high consistency of the modeling results. In gener-
al, the modeling confirmed the feasibility of using a hybrid
architecture that combines NSGA-III, cluster analysis, and
predictive regression to design, analyze, and substantiate
optimal marketing strategies. In particular, the devised hybrid



method could become an effective tool for decision-making
under conditions of multi-criteria and limited certainty, char-
acteristic of agro-industrial enterprises.

The results obtained in the course of our study can be-
come the basis for the construction of intelligent marketing
planning support systems, or in general, marketing decision
support systems (DSSs). Such DSSs will have in their com-
putational core the ability to automatically generate recom-
mendations and adapt to external conditions based on the
learning model.

The limitation is that in this study, five criteria were used
to solve the main problem, although the NSGA-III algorithm
provides for the use of up to 15 criteria simultaneously. There-
fore, in the future research, we plan the inclusion of dynamic
change parameters in the mathematical model, as well as an
expansion of the number of objective functions.

7. Conclusions

1. The problem of optimizing marketing strategies for
agribusiness using NSGA-IIT has been stated. The method is
based on the NSGA-III and XGBoost algorithms and adapted
to the multi-criteria specificity of the agricultural industry.
To solve the problem of optimizing marketing strategies for
agribusiness enterprises, five objective functions have been
set — maximizing overall efficiency, maximizing overall cov-
erage, minimizing total costs, relative cost efficiency, and the
depth of interaction with the audience that should be maxi-
mized. In order to take into account the specificity of digital
marketing in the agricultural industry, a system of constraints
has been proposed that takes into account seasonality, budget
overruns, channel share structure, and digitalization priority.
Based on the results of the optimization algorithm, a repre-
sentative set of Pareto-optimal solutions is formed, which can
be interpreted using cluster analysis. Clustering of strategies
into three stable groups according to 5 criteria is provided -
balanced, cautious, and aggressive. Each of the resulting clus-
ters corresponds to certain financial conditions of enterprises.

2. A numerical experiment has been performed on the
basis of the developed MOMS software in the Python pro-
gramming language (USA) in the PyCharm IDE environment.
At the same time, the program was initialized to implement
a hybrid method for optimizing marketing strategies in the
agribusiness, which combines the modified NSGA-III al-
gorithm and machine learning methods. In the program,
clusters of marketing strategies of an agribusiness enterprise
are built according to the decision tree principle, with their
subsequent analysis according to the boosting convergence
theorem. At the same time, the uniformity of coverage of
the multidimensional search space is ensured by using the
statistical method of spatial filling Latin Hypercube Sam-
pling (LHS). The developed software makes it possible to visu-

alize our solutions in the form of a matrix of scatter and densi-
ty diagrams, as well as parallel coordinates. The program also
provides for the calculation of the hypervolume indicator and
the performance of regression analysis for the quantitative
assessment of the quality of the formation of the Pareto front
of marketing strategies of agribusiness enterprises. Thus, the
MOMS software is a full-fledged tool for making decisions re-
garding the activities of companies in the agricultural market.

3. The experimental modeling using the devised hybrid
method was performed using data on the agricultural mar-
kets in Ukraine and the Republic of Kazakhstan. As a result
of analyzing our Pareto-optimal solutions, it was confirmed
that the proposed method can generate meaningful alterna-
tives under conditions of multicriteria and uncertainty. The
empirical results obtained during numerical experiments
demonstrated the good quality of the model. Thus, the hyper-
volume of the Pareto front is 2.4602, the predictive accuracy
of the XGBoost model reaches MSE = 0.0316, and the value of
the coefficient of determination R? = 0.9041. Such results have
confirmed the suitability of the model for both approximation
and extrapolation of solutions. The initial graphical inter-
pretation of trade-offs between different goals, as well as the
identified stable patterns within clusters, make it possible to
determine the principles of forming marketing strategies for
the agro-industrial complex and make informed management
decisions based on them. Since the identified strategic profiles
demonstrate differences in terms of effectiveness, reach, ROI,
and costs, this allows for the future use of this model in auto-
mated intelligent systems.
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