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

Abstract. This study aims to develop a mathematical model for optimizing food
formulations that incorporate microgreens grown using Internet of Things (IoT)
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 IoT 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: IoT, 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

140


mailto:shoman_aruzhan@mail.ru
https://doi.org/10.55956/ZIYQ7931
https://doi.org/10.55956/ZIYQ7931

ISSN 2308-9865 Mechanics and Technology /

eISSN 2959-7994 Scientific journal 2024, No.4(86)

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 IoT 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 IoT 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 IoT 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 1,5 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;
(i=f) (1)

The second-order XiXj terms in the equation for i#j 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*X3?

X3, %
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Fig. 1. Spatial surface and equal-level lines showing the effect of factors X2 and
X3 on the optimization parameter Y 1

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 = 3,7069 + 0,5806*X2 + 0,5861*X3 — 0,3333*X2? — 0,025*X2*X3 -
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).

{ Yl = fl(xlr x27x3) — max; (2)
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 y2 v3 V4
Optimal values 86 1 7 19,0194 8,3794 3,1564 | 44127
Lower limit 82 0,5 3 17,12 7,46 2 4,2
Upper limit 86 1,5 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 IoT
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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A.E. lWWoman?, K.K. MakaHfanu?

lAstana IT University, AcmaHa K., Kasakcmanx
1C. Celigpynnux ameiHAarsl Ka3ak a2pomexHUKasblK 3epmmey yHusepcumemi,
AcmaHa K., KazakcmaH

BEPTUKANADI EFMHLWINIKTE IOT KOEMETMEH ©CIPIJITEH MUKPOLLON KOCbIJIFAH
TAFAMAbIK PELEENTYPACbBIHbIH MATEMATUKABIK MOAENI

AHpatna. byn 3epTTey BepTMKanabl eriHWinik *KymenepiHae loT TexHonorusnapbl
APKbI/bl BCIPINreH MUKPOLWON KAMTUTbIH a3blK-TyAiK KOCManapblH OHTalkNaHAbIPYAbIH,
MaTeMaTUKabIK MOAENiH KacayFa barbiTTanfaH. byn 3epTreyge akybizgbiH, (Y1), mangbiH,
(Y2), kemipcynapapiH, (Y3) KaHe opraHonenTuKanbik 6afanayapiH (Y4) KypambiH Koca
anfaHza, Tamak eHiMAepiHiH, cana KepceTKilTepiHe yw aHbiManbl GpakTopablH, dCepiH
3epTTey ywiH GaKToOp/IbIK 3KCNEPUMEHTTIK AM3aliH KonaaHbinabl. Perpeccua Tenaeynepi
ocbl GaKTopaap MeH cana KepceTKilTepi apacbiHAAFbl CbI3bIKTbIK €MeC KaTblHacTapZbl
cunatray  yWwiH anbiHAbl.  EKiHWI  gspeXkeni Kenmylwenik perpeccma  moaenbaepi
aliHbIManblnapablH, TiPpKeciMi TaramM KypamblH OHTaWNaHAblpyfa Kanal acep eTKEHiH
KepceTTi. HaTmxkenep BepTUKanapl eriHwinikte loT KongaHy MUKPOLIeNTiH TafraMAblK,
oHe QYHKLMOHaNAbIK KYHAbIbIFbIH 6apblHLIA apTTbIpy YILiH Bcy KafaalinapblH peTTeyre
MYMKIHAIK 6epeTiH HaKTbl YyaKbITTafbl KyHAbl AepekTepai 6epeTiHiH KepceTTi. Ocbl
3epTTeyfe 33ip/fieHreH MaTemMaTUKa/blK MOZEeNbAep KOofapbl TaFramAblK KyHAbUIbIKTbI,
YKaKCapTbINFaH KypblIbIMAbl X3HE eHIMHiH, *Kannbl canacblH XaKcapTygbl KamTamachl3
€TeTiH Ken KOMMOHEeHTTi TaFamZapablH, OHTalAbl KypaMbl Typasbl TYCiHIK bepeai

Tipek ce3gep: I[oT, BepTMKangbl eriHWINIK, MWKPOLIOMN, MaTeMaTUKa/bIK
mogenbaey, TaFaMablK Kypam.
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MATEMATUYECKAA MOJENb ANA PASPABOTKU PELEENTYPbI NULLEBbIX MPOAYKTOB
C MUKPOS3E/IEHBIO, BbIPALLEHHOW C UCMNO/Ib3OBAHUEM UHTEPHETA BELLIEV B
BEPTUKAJZIbHOM 3EMNEAENUU

AHHOTaumA. JTO WUccnefoBaHWME HaAMpaB/ieHO Ha pa3paboTKy MaTemaTuyecKow
MOZenn ANA ONTUMMU3aLMK PeLenTyp NULLEBbIX NPOAYKTOB, BK/OYAlOLWLEN MUKPO3eneHble
pacTeHuA, BblpalLleHHble C WCMONb30BaHMEM TexHosnorui WMHTepHeTa Bewen (loT) B
cucTemax BepTUMKanbHOro 3emnegenva. B atom uccnesoBaHum 6bl1 MCNOb30BaH
GAKTOPHBIN 3KCNEPUMEHTANbHBIN NOAX0A ANA W3YyY4eHUA BAUSAHMA TPEX MNepemeHHbIX
$aKTOpOB Ha NMOKAas3aTenn KayecTBa MULLEBbIX NPOAYKTOB, BKAOYAn coaeprkaHue benka
(Y1), supa (Y2), yrneBogoB (Y3) n opraHonentuyeckyo oueHKy (Y4). Bbian BbiBeAEHbI
YPaBHEHUA perpeccum AAA ONWUCAHUA HEeAUHEMHbIX B3aMMOCBA3EN MeXay 3STUMMU
dakTopamm U nokasatensmm Kadyectsa. Mogenm NONMHOMMUANBHOM pPerpeccum BTOPOW
CTEMEHN NPOAEMOHCTPUPOBAIMN, KaK COYETaHME MepeMeHHbIX BAMAET Ha ONTUMM3ALMIO
peuenTypbl NPOAYKTOB. Pe3ynbTaTbl MOKAasanu, YTO NpUMMeEHeHWe MHTepHeTa Bellei B
BEPTUKANbHOM 3eM/iefe/iMM NOo3BONSAET NOYYaTb LieHHble JaHHbIE B pPeXMMe peasibHoro
BPEMEHW, YTO MO3BONAET KOPPEKTUPOBATb YC/MIOBUA BblPalLMBaAHUA 418 MaKCMMAbHOIO
NOBbILLEHUA NUTaTeNbHOW U GYHKLMOHANbHOM LEHHOCTM MUKpPO3eneHn. MaTemaTuyeckmne
MoZenu, paspaboTaHHble B STOM UCCNe0BaHUN, NO3BOAIOT NOAYYMTb NpeacTasaeHne 06
ONTMMa/NIbHOM COCTaBe MHOFOKOMMOHEHTHbIX MULLEBbLIX NPOAYKTOB, obecneunsan 6osee
BbICOKYIO NMUTATE/IbHYIO LLEeHHOCTb, YYYLLIEHHYIO TEKCTYPY U 0b6LLLee KaYecTBO NPOAYKTa.

KntoueBble cnosa: loT, BepTUKanbHoe 3emnegenve, MWKpO3eneHb,
MaTemMaTUYecKkoe MoaeNMpoBaHMe, peLenTypa NpoayKToB NUTaHUS.
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