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This study outlines key trends in modern software for food formulation development. An
algorithm that enables the generation of a set of formulations for meat-and-plant sterilized
canned products and identifies a Pareto-optimal subset thereof based on selected criteria is
presented. The generation is carried out based on a developed mathematical model of a for-
mulation that complies with the requirements of current standards. The algorithm was used

to generate 1,000 formulations, of which 44 were identified as Pareto-optimal.

1. Introduction

The development of multicomponent food for-
mulations is a labor-intensive process that requires
both creativity and knowledge of the chemical com-
position and technological properties of ingredi-
ents. Additionally, it involves numerous calcula-
tions, particularly when accounting for coefficients
and biological value indicators. Currently, special-
ized software has been developed that significant-
ly simplifies and automates the formulation process,
increases its speed, and eliminates potential errors
in mathematical calculations (Lisitsyn et al., 2021;
Musina et al., 2017). Most modern recipe formula-
tion systems typically include the following features
and functionality: built-in standardized parameters
from current regulatory documentation for specific
product categories; integrated databases containing
chemical composition of ingredients and selected
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technological properties of ingredients; capabili-
ty to calculate chemical composition and econom-
ic indicators of formulations; functionality for pre-
dicting certain technological properties of designed
products; optimizing existing formulations; ability
to maintain a registry of active formulations (Kha-
bibullin et al., 2014). Some software solutions also
include functionality for generating labeling infor-
mation blocks. Modern-generation systems are typ-
ically characterized by implementation of cloud
computing technology (Foodworks.online, n. d.),
utilization of artificial intelligence for recipe optimi-
zation (FoodSolver, n. d.), and prediction of product
taste characteristics (NVIQ, n. d.).

In Russia, the first software enabling the design
of multicomponent food formulations was the “Sys-
tem for Designing and Assessing the Quality of
Multicomponent Food Compositions”, developed
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in 1997 by Academician Lipatov N. N. (Jr.) in col-
laboration with Bashkirov O. I. It was Academician
Lipatov who laid the foundations for computer-aid-
ed design of multicomponent food products based
on the theoretical framework of food combinato-
rics (Lipatov and Rogov, 1987; Lipatov et al., 1990;
Lipatov et al., 2001). This software allows for cal-
culating the chemical composition of a product, the
minimum amino acid score, the utility coefficient,
and the comparable redundancy coefficient. How-
ever, the program has significant limitations, such
as the lack of a formalized ingredient composition
database, the manual data entry for each ingredi-
ent, its restricted functionality, and the inconvenient
user interface. These constraints substantially limit
its applicability for broader scientific research and
practical applications. Currently available Russian
software for designing multicomponent food for-
mulations includes Generic 2.0, MultiMeat Expert,
Recipe Constructor, and others (Droficheva, 2023;
Nikitina et al., 2016). Internationally, widely used
solutions are NutriCalc, Genesis R&D, and Emy-
dex Recipe Formulation (Khabibullin et al., 2014).
However, key limitations of existing solutions are
their inability to adapt to specific niche require-
ments, the lack of an option to add custom quality
assessment parameters not pre-programmed in the
software, and the paid access model.

A promising solution to personalize software
functionality for food product development is by
using programming languages, such as Python or
R. Both languages are widely employed in research
due to their open-source nature, extensive libraries
for optimization and data visualization, relative sim-
plicity of use, and abundance of reference and edu-
cational materials. The ultimate choice of language
and environment depends on the user’s individual
preferences and skill level (Hackenberger, 2020).

The objective of this study was to perform
automated generation of a set of synthetic formula-
tions of sterilized meat-and-plant canned products

using the R programming language based on a con-
structed mathematical model, and, through multi-
criteria optimization, to identify a subset of Pareto-
optimal formulations.

2. Materials and methods

The object of this study is the process of gen-
erating a set of formulations for sterilized meat-and-
plant canned products compliant with the Russian
GOST 32245-2013 (Federal Service for Surveil-
lance on Consumer Rights Protection and Human
Wellbeing, 2013) standard and its Pareto optimiza-
tion. The subject is an algorithm in the R program-
ming language that implements the generation and
optimization of formulations.

Formulation generation, optimization and data
visualization were performed in the R programming
language (R Core Team, 2025) version 4.4.3 (2025-
02-28 ucrt) in the R-Studio environment (Ushey
et al., 2024). The following packages were used:
NutrienTrackeR (Rodriguez-Martinez et al., 2023),
readxl (Wickham and Bryan, 2025), writexl (Ooms,
2025), gegplot2 (Wickham, 2016), and plotly (Siev-
ert, 2020).

As the database (DB) of ingredient chemical
composition, we used the Canadian Nutrient File
(CNF) database of Health Canada, accessed through
the R package NutrienTrackeR (Rodriguez-Martin-
ezetal., 2023).

Since it was necessary to find a subset of opti-
mal formulations by more than one criterion in the
generated set of formulations, we used Pareto opti-
mization (Nikitina and Chernukha, 2018; Becker et
al., 2023). According to the definition of the Pare-
to-optimal set, in the set of formulations Y, a Pare-
to-optimal (dominant) formulation y;eY relative to
formulation y, €Y is one for which all evaluation
criteria are no worse, and one of the criteria is bet-
ter (Equation 1). In the study, we used Pareto dom-
inance without weight coefficients for the criteria.

(x)—max

o) T 00 2 FOIAF0) % Fol R e n

For optimization we selected the follow-
ing three criteria: 1) amino acid adequacy criteri-
on (the rationality coefficient of amino acid com-
position, RAAC (Lisitsyn et al., 2021; Lisin et al.,
2012)). For the calculations, we used the amino acid

composition reference standard from the Food and
Agriculture Organization [FAO], 2013); 2) the fatty
acid adequacy criterion (Euclidean distance of fatty
acids, EDFA) (Equation 2):

EDFA = ZS: J(j,,m —(i;+9-100 + E,)? )
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where j,; ; — reference content of the i-th fatty acid
fraction, %, according to MR 2.3.1.0253-21 (Fled-
eral Service for Surveillance on Consumer Rights
Protection and Human Wellbeing, 2021); i; — con-
tent of the i-th fatty acid fraction in the j-th formu-
lation, g/100g; E; — energy value of the j-th formu-
lation, kcal; 9 — energy conversion factor for fats;
100 — percentage conversion factor. Here, we cal-

culate the distance between the reference point
Jrefi = (P1 P2 P3sPa Ps ), where Pyr -

the reference percentages of fatty acid fractions rela-
tive to daily caloric intake, and the formulation point

» Ps are

actual percentages of fatty acid fractions relative to
the formulation’s caloric value. Thereby, formula-
tions with minimal EDFA values are nutritionally
closer to the reference fatty acid ratio; 3) formula-
tion cost criterion, calculated as the sum of average
ingredient costs. For each ingredient, at least three
price values were obtained.

Since equation (1) represents a solution to a
two-criterion maximization problem, we reformu-
lated the Pareto-optimality condition for the three
selected minimized criteria (equation 3):

;= (91, 92,93 ‘Fr;:‘FE.], where 91 -+ » G5 are the
fi(x)—min
G0 30) ¥V < FOIAF ) # F3r0))] fox) omin G)
fz(x)—>min

where f; — RCAAC criteria, which ought to be min-
imized; f, — EDFA criteria, which ought to be min-
imized (2); f; — Formulation cost criteria, which
ought to be minimized.

The mathematical model for meat-and-plant
canned food formulations (equation 4) was devel-
oped in compliance with GOST 32245-2013 (Feder-
al Service for Surveillance on Consumer Rights Pro-
tection and Human Wellbeing, 2013).

il

03 < Z x; < 0,6,

i€lmeat

th. - p; = 0,06, (4)
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in-fig 0,25,
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where I — set of all canned food formulation ingre-
dients; x; — mass fraction of the i-th ingredient in the
formulation, %; I,..,, = I — subset of all meat ingre-
dients; p, — protein mass fraction of the i-th ingredi-
ent in the formulation, %; f; — fat mass fraction of the
i-th ingredient in the formulation, %.

3. Results and discussion

The algorithm for generating a set of formula-
tions and their Pareto optimization consisted of three
blocks (Figure 1). The input data for the algorithm
is an XLSX file containing a list of selected ingre-
dients and their chemical composition (protein, fat,
carbohydrates, vitamins, micro- and macronutrients,

fatty acids, etc.; 152 parameters total). In Block 1,
data are prepared for subsequent calculations: the
contents of methionine with cysteine and phenyla-
lanine with tyrosine are summed, as required by the
reference standard (FAO, 2013).

Block 2 starts with the determination of the
number of recipes to be generated and the ingredi-
ent group type, which specifies the mechanism for
assigning mass fraction to an ingredient. There are
two types of this mechanism. For some ingredients,
such as salt and pepper, the mass fraction is constant
in every formulation. For others, the mass fraction
varies. For example, equation 4 assumes the con-
tent of meat ingredients is in the range of 30.00 to
60.00%. The mass fraction within specified ranges
is determined using a pseudorandom number gen-
erator (PRNG). The second subtype of the variable
mechanism is when the mass fraction of an ingredi-
ent is defined by another ingredient. For example,
the type of plant ingredient defines the amount of
added water by a specific coefficient. We then estab-
lished rules for selecting ingredients from different
groups or ingredients. It was assumed that one or
two meat ingredients and one or two plant ingredi-
ents could be selected in each recipe. After this, the
process of assigning mass fractions to the ingredi-
ents starts. First of all, obligatory ingredients with
constant mass fraction are assigned. Then, the mass
fractions of ingredients determined by the first sub-
type of the second mechanism (meat ingredients, fat
ingredients). The unoccupied reminder of one (first
line in equation 4) is distributed by the second sub-
type of the second mechanism between the plant
ingredients and water. The chemical composition of
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the recipes is calculated by matrix multiplication of
the established mass fractions and chemical compo-
sition of the ingredients. Formulations falling out-

side the acceptable range, as well as those with an
amino acid score below 100%, are excluded from
further consideration.

Block 1 Block 2 Block 3
Nutritional data Formulations set Formulations set Pareto
preparation for further generation optimization
calculations

/7 I
Input: XLSX Output:
file with - Pareto-formulations
selected visualization;
ingredients - XLSX file with
formulations and

chemical composition

Figure 1. Algorithm for generation and Pareto optimization of meat-and-plant
canned food formulations

Block 3 performs Pareto optimization of the
generated set of formulations (equation 3) using
three minimization criteria. The Pareto-optimal sub-
set is then visualized in a 3D plot using the ggplot2
(Wickham, 2016) and plotly (Sievert, 2020) packag-
es. Figure 2 displays 1,000 generated formulations,
of which 44 were Pareto-optimal. The block outputs

an XLSX file with four sheets: complete set of gen-
erated formulations; chemical composition of each
formulation; Pareto-optimal formulations; chemical
composition of Pareto-optimal formulations. Two
examples of Pareto-optimal formulations are pre-
sented in Table 1, while Table 2 shows the optimiza-
tion criteria values.

Table 1. Examples of generated Pareto-optimal formulations.

Mass fraction, %

Ingredient - x
Formulation 1 Formulation 2

Pork heart 31.65 -
Pork liver - 15.93
Turkey liver - 14.08
Millet groats 23.25 20.92
Buckwheat groats - 10.05
Onion 2.87 2.36
Pork fat 4.97 8.16
Vegetable oil 3.28 -
Salt 1.40 1.40
Black pepper 0.04 0.04
Water 32.54 27.06
TOTAL 100.00 100.00

Table 2. Values of optimization criteria for two generated Pareto-optimal recipes

Criterion Formulation 1 Formulation 2
Rationality coefficient of amino acids (RAAC) 30.25 % 29.72 %
Euclidean distance of fatty acids (EDFA) 13.04 10.51
Formulation cost per 100 g 6.81 RUB 8.73 RUB
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Figure 2. 3D visualization of all generated (gray points, N = 1,000)
and Pareto-optimal (red points, N = 44) formulations across three
optimization criteria, i.e., the cost (in rubles), the rationality coefficient of
amino acids (RAAC), and the Euclidean distance of fatty acids (EDFA).

4. Conclusion

Food formulation development involves var-
ious costs, including time, financial resources, and
other expenditures. Modern computational technol-
ogies help mitigate these costs by enabling rapid
processing of large datasets with specified precision.
Depending on the objectives, practitioners can uti-
lize either specialized software or broader program-
ming tools. The latter approach allows for personal-
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