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MATHEMATICAL MODEL FOR FOOD FORMULATION WITH
MICROGREENS GROWN USING 10T IN VERTICAL FARMING

Abstract. This study aims to develop a mathematical model for optimizing food
formulations that incorporate microgreens grown using Internet of Things (loT)
technologies in vertical farming systems. In this research, a factorial experimental design
was employed to study the influence of three variable factors on the quality indicators of
food products, including protein content (Y1), fat content (Y2), carbohydrate content (Y3),
and organoleptic evaluation (Y4). Regression equations were derived to describe the non-
linear relationships between these factors and the quality indicators. The second-degree
polynomial regression models demonstrated how the combination of variables affected
food formulation optimization. The results showed that the application of 10T in vertical
farming provides valuable real-time data, enabling the adjustment of growing conditions to
maximize the nutritional and functional value of microgreens. The mathematical models
developed in this study provide insights into the optimal composition of multicomponent
food products, ensuring higher nutritional value, improved texture, and better overall
product quality.

Keywords: loT, vertical farming, microgreens, mathematical modeling, food
formulation.
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Introduction. Modern trends in the food industry and agriculture
demonstrate a growing interest in sustainable food production [1]. In the face of
global climate change, population growth, and urbanization, humanity faces new
challenges that require innovative approaches to food cultivation and production.
One promising technology is vertical farming, which allows agricultural products
to be grown in limited urban spaces while minimizing the use of land and water

[2].

Of particular interest is the cultivation of microgreens — young plant shoots
that are highly nutritious and possess antioxidant properties. Microgreens not only
contain high concentrations of vitamins and minerals but are also becoming
increasingly popular as an ingredient in various food products due to their
organoleptic and health benefits. However, the effective integration of microgreens
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into food formulations requires the development of mathematical models that can
optimize the composition of food products and their production processes. Studies
dedicated to mathematical models for food product development explore ways to
optimize ingredient composition and improve the nutritional value of foods [3].
Kumar et al. discuss methods that help predict product properties, such as taste,
texture, and stability [4]. Valdramodos et al. show how models can predict changes
in product quality depending on storage conditions and composition [5].

The integration of Internet of Things (IoT) technologies into vertical farming
processes creates new opportunities for precise control over growing conditions,
such as temperature, humidity, lighting, and nutrient solution composition. The use
of 10T allows for the collection of large volumes of real-time data, which paves the
way for more accurate and adaptive models to manage the microgreen growing
process [6].

The aim of this study is to develop a mathematical model that incorporates
data on microgreen cultivation using loT technologies to optimize food
formulations. Such a model will not only improve production processes but also
enable the creation of more nutritious and environmentally sustainable food
products.

The introduction of 10T in vertical farming, supported by mathematical
modeling, could be an important step toward sustainable and highly efficient food
production in urban environments, minimizing environmental impact and
increasing the availability of healthy food to the population.

Materials and methods. To optimize the formulation and technology of
food products, the impact of raw material content on organoleptic evaluation, and
the mass fractions of proteins, fats, and carbohydrates was studied using the
method of experimental mathematical factorial design.

While developing the system of indicators (factors), the influence of three
factors on food product quality (Y1 — Protein, %; Y2 — Fat, %; Y3 — Carbohydrate,
%; Y4 — Organoleptic evaluation, points) was examined: the amount of the main
raw material (X1), the amount of plant additive (X2), and the amount of protein
(X3) (Table 1).

Table 1
Variable factors of food products, their variation intervals and limit values
Variable factors Designations Levels Variation
-1 0 1 interval
Main raw material size, % X1 82 84 86 2
Amount of vegetable mixture,% X2 0,5 1 15 0,5
Protein hydrolyzate content,% X3 3 5 7 2

According to a complete three-factor project of experiments, a study was
carried out on the qualitative process of herodietic cooked sausage.

The regression equation obtained in a full factor experiment is expressed as a
polynomial of the first degree:

y(xq, o, X)) = by + E:'_(:J. bix; + E?:'l bixf +E-Ej=1 byjxix;
(=) (1)

The second-order XiXj terms in the equation for i# represent the effects of
the combined interaction between Xi and Xj on the values of Y1,Y2,Y3 and Y4, in
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addition to their linear effects. The XiXjterms fori=j represent the nonlinear
change in Y when the i-th argument changes.

Using Microsoft Excel 2013 and the Statistica 12.0 software package for
mathematical processing of experimental data and removing insignificant
coefficients, regression equations were obtained that adequately describe the
dependence of technological factors (Y1, Y2, Y3, Y4) on food quality indicators
(X1, X2, X3).

Research results and discussion. The regression equation for Y1 — protein,
%, will look like this: Y1 = 16,6932 — 0,2281*X2 + 0,5725*X3 + 0,0933*X2? —
0,0908*X2*X3 + 0,0021*X32
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Fig. 1. Spatial surface and equal-level lines showing the effect of factors X2 and
X3 on the optimization parameter Y1

The regression equation for Y2-fat, %, will look like this: Y2 = 2569,6146 —
58,8813*X1 — 20,3808*X3 + 0,3383*X1? + 0,2427*X1*X3 — 0,0604*X3?
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Fig. 2. Spatial surface and equal-level lines showing the effect of factors X1 and
X3 on the optimization parameter Y2

The regression equation for Y3 — carbohydrate,%, is as follows:

Y3 =574,7104 - 13,5903*X1 - 5,6367*X2 + 0,0807*X1? + 0,0683*X1*X2
+0,1178*X22
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Fig. 3. Spatial surface and equal-level lines showing the effect of factors X1 and

X2 on the optimization parameter Y3

Y4-organoleptic assessment, score, regression equation will look like this:

Y4 =
0,0708*X3?
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Fig. 4. Spatial surface and equal-level lines showing the effect of factors X2 and

X3 on the optimization parameter Y4

According to Figures 1-4, the color markers indicate the value of the
corresponding indicator through intensity. By using these markers, the range of
variable values where the food quality indicators reach their maximum can be

determined.

The obtained modeling results allowed for the scientific justification of the
optimal composition of multicomponent factors for food preparation. The goal was

to find the maximum of the objective function — the value of protein (Y1).

{ Y1 = f1(xq, x2, x3) > max;
minx; < x; < maxx;, i = 1,2,3;

()

The optimal results of the above problems and the numerical values of the
lower and upper bounds are summarized in Table 2.
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Table 2
Optimal solution of multicomponent factors for the preparation of food products
Variables X1 X2 X3 Vi V2 V3 V4
Optimal values 86 1 7 19,0194 8,3794 3,1564 | 4,4127
Lower limit 82 0,5 3 17,12 7,46 2 4,2
Upper limit 86 15 7 20,92 15 3,68 5

Therefore, the optimal solution allows you to significantly improve the use
of food products obtained in such conditions, since the border conditions are fully
satisfied here.

By analyzing the relationships between food product indicators and the
factors influencing them, it was determined that in most cases their non-linear
nature corresponds to the conducted experiment. The search for multivariable
dependencies was carried out under conditions of limited experimental data and a
priori uncertainty regarding the form of regression functions for food quality
indicators. In such cases, the regression equation is presented as a second-degree
polynomial.

The behavior of food quality indicators, which vary depending on the
composition of multicomponent factors, is shown in Figures 1-4. The same levels
of the indicated values of food quality indicators are highlighted in the three-
dimensional diagrams using a wireframe or various shading. When these surface
diagram elements are identical, the levels have the same meaning.

The constructed surface diagram allows identifying the optimal combination
of mixture components, which would be difficult to determine from the available
data alone.

According to Figures 1-4, the contour lines of the equal levels of the convex
and concave surfaces, described by equations, are shown for food product
indicators. These diagrams made it possible to evaluate the hidden structure of each
indicator’s convex and concave surface and to identify the complex non-linear
relationships between the variables under study.

Conclusion. Thus, based on the obtained regression equations, three-
dimensional graphs were constructed that reflected the nonlinear relationship
between variable factors and qualitative indicators. The optimal values for the
combination of factors providing the maximum protein content (Y1) were: X1 =
86%, X2 = 1%, X3 = 7%. With these parameters, the protein content (Y1) reached
a maximum of 190.194%, the fat content (Y2) was 83.794%, carbohydrates (Y3) —
31.564%, and the organoleptic score (Y4) — 44.127 points.

The use of these models allows us to scientifically substantiate the
composition of multicomponent food products and achieve the best technological
indicators, such as improving texture, increasing nutrient content and increasing
organoleptic characteristics. This study demonstrated that the integration of loT
and mathematical modeling can significantly improve the efficiency and quality of
food production, especially in an urban environment where vertical farming is a
promising solution.
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lAstana IT University, AcmaHa K., Kazakcman
1C. Celipynnur ambiHdarbl Ka3aK G2pomexHUKanblK 3epmmey yHusepcumemi,
AcmaHa K., KazakcmaH

BEPTUKANADI ETHLWINIKTE IOT KOMETIMEH ©CIPUITEH MUKPOLLON KOCbINIFAH
TAFAMADbIK PELENTYPACbIHbIH MATEMATUKAJIbIK MOAENI

AHpaTtna. byn 3epTTey BepTMKangbl eriHWinik xyenepiHge loT TexHonoruanapobl
APKbI/Ibl BCIPINTEH MUKPOLWSeN KaMTWUTbIH a3blK-TY/iK KOCManapblH OHTalW/aHAbIPYAbIH,
MaTeMaTUKaNbIK MOAENiH KacayFa 6arbiTTanfaH. byn 3epTreyae akybi3abiH, (Y1), manapiH
(Y2), kemipcynapapiH, (Y3) KeHe opraHosienTuKanbik 6GafanayabiH, (Y4) KypamblH Koca
aNfaHaa, TaMak, eHimAepiHiH cana KepceTKiwTepiHe yw aiHbiManabl GaKTOpAbIH, dCepiH
3epTTey YWiH GaKTOPAbIK IKCMEPUMEHTTIK AM3aliH KONAaHblabl. Perpeccua TeHaeynepi
ocbl GaKTop/aap MeH cana KepceTKilTepi apacbiHAAFbl CbI3bIKTbIK €MeC KaTblHacTapAbl
cunatTay  yWiH anbiHAbl.  EKiHWI  pgspe)keni Kenmywenik perpeccma  mogenbaepi
alHbIMaNblNapAblH, TipKeciMi Tafam KypamMblH OHTaWNaHAbIPyFa Kasalkh acep eTKeHiH
KepceTTi. HaTuxkenep BepTuMKanapl eriHwinikre loT KongaHy MWKPOLWSNTiH, TafaMAbIK,
KoHe QYHKLMOHANAbIK KYHAbIIbIFbIH OapbIHLLA apTTblpy YLWIiH ©cy *KafaannapbiH peTtreyre
MYMKIHAIK 6epeTiH HaKTbl yaKbITTafbl KyHAbl Aepektepai 6GepeTiHiH KepcetTti. Ocbl
3epTTeyfe 33ip/JeHreH MaTeMATUKa/bIK MOZENbAEP KOfapbl TaFramMAblK KyHAbIIbIKTbI,
YKAKCAPTbINFAH KypblIbIMAbl 3HE OHIMHIiH, »annbl canacbliH KaKcapTyAbl KaMTamacbi3
eTeTiH Ken KOMMOHEeHTTi TaFamZapAblH, OHTalbl KypaMbl Typasbl TYCiHiK 6epeai

Tipek ce3gep: I|0T, BepTMKangbl EriHWINIK, MWKPOLWSMN, MATeMATUKaNbIK
Mmozenbaey, TaFaMmablK Kypam.
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A.E. WomaH?, K.K. MakaHfanu?

1Astana IT University, 2. AcmaHa, KasaxcmaH
1Kazaxckuii azpomexHuyeckuli uccnedosamensckull yHusepcumem um. C. CeligpynnuHa,
2. AcmaHa, KaszaxcmaH

MATEMATUYECKAA MOAE/1b AN1A PASPABOTKU PELENTYPbI MULLEBbLIX MPOAYKTOB
C MUKPO3E/IEHbIO, BbIPALLLEEHHOM C UCMOJ/Ib30BAHUEM MHTEPHETA BELLEM B
BEPTUKAZIbHOM 3EMNEAENUU

AHHOTauuMA. ITO WcCieAoBaHWE HanpaBleHO Ha pPa3paboTKy MaTemaTUyeckoWn
MOZeNN ANA ONTUMM3ALMU PELLENTYpP MULLEBLIX MPOAYKTOB, BK/OYAIOLWE MUKPO3E/IeHble
pacTeHun, BblpalleHHble C MCMNo/ib30BaHMEM TexHonoruii WMHTepHeta Bewelt (loT) B
cucTemax BepTMKanbHOro 3emnegenva. B atom uccnepoBaHuy 6bl1 MCNONb30BaH
GAKTOPHBIN 3KCNEPUMEHTANbHBLIN NOAXoa, ANA W3YYEHUA BAUAHUSA TPEX MepeMeHHbIX
baKTOpOoB Ha MOKasaTe/sM KayecTBa MULLEBLIX MPOAYKTOB, BK/OYan codepikaHue benka
(Y1), x,upa (Y2), yrneBogoB (Y3) n opraHonentuyeckyto oueHKy (Y4). Bbiiv BbiBeaeHbl
YPaBHEHMA perpeccum Aaa OMUCaHWA HEeNIMHENHbIX B3aMMOCBA3EN Mexay 3TMM
daKTOopamMM M noKasaTeNamM KadectBa. Mogenn NOJMHOMMUANbHOW perpeccumn BTOPOWA
CTeNeHU NPOAEMOHCTPUPOBAAN, KaK COYETaHWE MepemeHHbIX BAWAET Ha ONTUMMU3aUMIo
peuenTypbl NPOAYKTOB. Pe3ynbTaTbl MOKas3anu, YTO NpUMeEHeHWe MHTepHeTa Bellei B
BEPTMKA/IbHOM 3eMJiee/IM NO3BOJIAET NOJy4aTh LEeHHble AaHHble B PEXKUME PEaNbHOro
BPEMEHMU, YTO MO3BO/IAET KOPPEKTMPOBATb YC/0BUSA BbIPALLMBAHUA 419 MAKCUMANbHOTO
NOBbILEHUA NUTaTeNbHOW U GYHKLMOHANbHOM LEHHOCTM MUKpO3eneHn. MaTemaTuyeckmne
Mozenu, paspaboTaHHble B 3TOM UCCAeA0BaHMK, NO3BOAAIOT NONYYMTb NpeacTaBaeHne 06
ONTUMaZIbHOM COCTaBe MHOTOKOMMOHEHTHbIX MULLEBbLIX NPOAYKTOB, obecneunsas 6onee
BbICOKYIO NUTATENbHYIO LLEHHOCTb, Y/IyYLLIEHHYIO TEKCTYPY M 06LLee KauecTBO NPOAYKTA.

KnioueBble cnosa: I0T, BepTUKanbHOE  3em/efenve,  MWUKPO3esieHb,
MaTemMaTUYecKkoe MoAeNMpPoBaHMe, peLLenTypa NPoAyKTOB NUTaHUSA.
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