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Abstract. This work presents a combined analysis of the | Article Info
physicochemical characterisation of traditional and commercial | Received July 13, 2025
Oaxaca cheeses, together with a pilot combinatorial optimisation | Accepted August 12, 2025
study using a multi-objective optimisation algorithm. Cheeses that
best meet nutritional content standards and regulatory restrictions
were selected. Six samples were analysed for nutritional
composition, including moisture, protein, and fat, using methods
established by the Association of Official Analytical Chemists
(AOAC). The field data were used to formulate a linear
programming model with constraints derived from current
regulations (COFOCALEC 733-2013), which concurrently
maximises protein and fat content while minimising moisture. The
results indicate that traditional cheeses contain average protein and
fat contents of 21.7% and 25.4%, respectively, exceeding those of
commercial cheeses (17.14% and 21.2%). The proposed algorithm
was tested in a real case study, where it selected traditional cheeses
on the basis of their higher nutritional value, as defined by the
objective function. This optimal cheese selection methodology
could be applied to problems involving extensive databases (Big
Data) to support the definition of physicochemical characteristics
relevant to the quality assessment of Oaxaca cheeses.
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1 Introduction

Agricultural activities face challenges in decision-making for responsible resource management due to factors
such as market price fluctuations, the variability of raw materials resulting from climate change issues, which
can generate uncertainty in the production process. (Mayorga Castafieda et al. 2012). Quality and management
standards for primary products are presented as tools to address these challenges and promote more informed
and effective decision-making; however, for traditional or small-scale products, this aspect remains unclear,
and alternative methods are being explored to add value to these products. (Aguilar Criado, Sacco dos Anjos,
and Velleda Caldas 2011).

Standards-based quality management systems have been promoted as a fundamental way to ensure the
sustainability and long-term success of companies (Rabinowicz 2018). Standards such as ISO 9001, ISO 14001,
ISO 45001, ISO 50001 support the continuous improvement of systems, and their purpose is to meet global
standards and the satisfaction of the demands and expectations of certain types of costumers, which in turn
drives competitiveness and operational efficiency and serve as tools to face complex challenges in decision-
making. (Reyes Chacon, Cadena Lopez, and Rivera Gonzalez 2021)
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To understand agricultural production systems in this era of global markets, it is essential to look back to the
1990s, when Mexico promoted the mass production and consumption of food, based on ultra-processed food
schemes. (Elizabeth et al. 2020; Ibarra Lidia Susana 2016; Rendon-Rendén et al. 2019). One of the main
consequences has been that the regulations have focused on regulating food without adequately considering the
naturalness of the materials, prioritizing the use of preservatives, additives, and substitutes (Miguel et al. 2015;
Villegas de Gante and Huerta Benitez 2015).

This phenomenon is supported by the dairy industry and its products, which have seen an increase in the
production of imitation cheeses. These products replace milk, in whole or in part, with processed ingredients
that lack animal proteins and fats. (Jiménez-Jiménez, Rendon-Rendon, and Miguel-Estrada 2024).

The quality of cheese can be determined by its composition and the physicochemical properties of its proteins
and fat. (Fox and Cogan 2004). In Mexico, the official standard NOM-243-SSA-2010 (Secretaria de Salud
2012) defines cheese as, the product obtained from the curdling of standardized and pasteurized milk from
cows or other animal species, with or without the addition of cream and ripening enzymes, melting salts and
optional edible ingredients and, depending on its process: fresh, ripened or processed. The Codex Alimentarius
and voluntary standards acknowledge that a cheese is worthy of consideration, even if starches are added to
stabilize cheese production; however, no differentiation is made to support the quality of natural cheeses
(Adolph 2018; Comision del codex alimentarius 2007). Therefore, the aim is to restore food in Mexico to an
incentive for small-scale production, which represents a future for food sovereignty and self-sufficiency.
(Sheinbaum 2024).

In agri-food products, quality is usually evaluated subjectively or under partial criteria (Singham, Birwal, and
Yadav 2015). At the same time, advances in data analysis, artificial intelligence, and optimization algorithms
have provided new tools for decision-making in the agri-food sector. At the same time, optimization models
are applied in the design of feed mixtures, raw material selection, and product classification, all of which involve
multiple constraints and objectives.

The use of optimization techniques allows for the establishment of systematized decisions supported by
objective data, simultaneously considering multiple physicochemical and regulatory attributes, which is
strategic for valuing traditional products compared to industrialized ones or among small-scale productions.
This computational approach allows a systematic definition of combinations of parameters or batches that are
most desirable, for example, maximizing protein and fat while minimizing moisture, all in compliance with
regulations such as the NMX-F-733-COFOCALEC-2013 standard.

Combinatorial optimization is a branch of operations research that allows the identification of multiple possible
combinations, the one that maximizes or minimizes an objective function, while simultaneously meeting
defined constraints. This tool has been successfully employed in logistics, manufacturing, and, more recently,
in agri-food chains to improve selection and quality processes (Karimi-Mamaghan et al. 2022).

In the current context, it is important to identify opportunities to improve the competitiveness of traditional
agri-food products. Small-scale, traditional, or artisanal cheese production is often considered, from an
economic perspective, to be of inferior quality, which limits its market presence due to a lack of scientific
evidence. The objective of this study is to present the results of the nutritional analysis of various traditional
natural cheeses and compare them with those of ultra-processed or imitation cheeses. The aim is to generate
scientific evidence that highlights the nutritional quality of artisanal cheeses produced in family-owned cheese
factories, providing key information for informed food sovereignty. This work also aims to lay the foundation
for a combinatorial optimization model that quantitatively demonstrates the nutritional superiority of traditional
cheeses and supports agri-food revaluation strategies.

This work integrates experimental and computational methods to compare the objective quality of traditional
Oaxaca cheeses versus their commercial counterparts. A physicochemical analysis of six samples (traditional
and commercial) is performed, and a multi-objective linear optimization model is applied to select, using
quantifiable criteria, the cheeses that best meet regulatory nutritional requirements. This combination of
approaches not only highlights compositional differences between products but also establishes a replicable
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methodology for decision-making in artisanal production contexts with extensive data, contributing to Smart
Farming and sustainable rural development strategies.

2 Combinatorial Optimization Methodology

The model’s objective is to identify the combination of cheese samples that jointly maximize nutritional quality
under specific constraints derived from the quality standard (NMX-F-733-COFOCALEC-2013). The
optimization is based on measurable attributes: protein content (P), fat content (F), and moisture (M), which are
linearly combined into a quality index cost function to be maximized.

Let Q denote the set of cheese samples indexed by g = 1,2, ..., n. Let’s define the following parameters and
variables.

2.1 Parameters
B, : Protein percentage of cheese sample q

F,: Fat percentage of cheese sample q

M,: Moisture percentage of cheese sample q

Consider W,,, Wr, W), € R +: priority weights for protein, fat, and moisture in the quality index.

k € N: maximum number of cheese samples to be selected (e.g. due to cost, availability, or logistics)
2.2 Decision variables

Let x4 € {0,1}: a discrete binary variable that takes the value x, = 1 if cheese i is selected, and x, = 0
otherwise.

2.3 Binary optimization problem

This is a 0—1 integer linear programming (ILP) problem, solvable using exact methods (e.g., branch and bound,
cutting planes) or heuristic/metaheuristic algorithms (e.g., genetic algorithms, simulated annealing) for larger
datasets. To operationalize the proposed combinatorial optimization model, a computational procedure was
designed to select the optimal subset of cheese samples that maximizes the nutritional quality index under
regulatory constraints. Thus, the mathematical formulation can be stated as follows.

It is required to find the total samples of cheese according to the maximization of the cost function

n
rr)lcix](x) = max Z{Wp X Py(xq) + Wg X Fy(xq) — Wy X My (xgq)
i=
Subject to:

Py > Ppin Vqsuchthatx, =1

Fy > Fpm Yqsuchthatx, =1
Mg > Mpgy Vqsuchthatx, =1

n

Total Selected Set: Q(x) = qu =k<n , x4€{01}
q=1

Prin = 21%, Fpin = 20% , My, = 51% are minimum/maximum limits defined by the standard NMX-F-
733.
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The weights W,,, W, Wy can be tuned based on nutritional priority rates (e.g., W, = 1.0, Wy = 0.8, W), =
0.5).

24 Pseudo-code algorithm of the proposed optimization problem

The proposed combinatorial optimization model requires a computational procedure that was designed to select
the optimal subset of cheese samples that maximizes the nutritional quality index under regulatory constraints.
The following pseudocode outlines a deterministic algorithmic implementation of the 0—1 integer linear
program previously formulated. It systematically evaluates feasible subsets of cheese candidates, verifies
constraint satisfaction (protein, fat, and moisture thresholds), and identifies the combination that yields the
highest value of the composite quality index J. This approach is particularly effective for small datasets and
serves as a foundation for scalable implementations using exact or heuristic methods in larger-scale scenarios.

Algorithm 1 Optimal Cheese Selection of a Combinatorial Optimization Prob-

lem

1: Inputs: Set of cheeses @ with attributes: moisture, protein, fat, ash,
sodium, calcium.

2: Parameters:

o Moisture limit: 51%

e Minimum protein: 21%
e Minimum fat: 20%

3: Decision variables:
4: xq € {0,1} for each cheese ¢ € Q, where x4 = 1 if cheese g is selected.

5: Objective function: Maximize

Z = Z (Wl . proteinq + W, - faty — Ws - moistureq) ‘g
qEQ
6: Propose priority weights W1, Wy, W3, where W; € R for i = [1, 3]

7. Constraints:
8 for all ¢ € @ do

9: moisture, - z, < 51 -z,
10: protein, - xqg > 21 - z4
11: faty - xg > 20z,

12: end for

> (Optional) Additional constraints if needed:
13: Propose constraints according to chosen standard: R;, Rg, R3, where:
14: quQ Tq<n
15: quQ ashy -z < Ry - qu Zq
16: ) cqsodium, - x4 < Ry - fqu zq
17: 3 eqcalciumg -2 < Rg - 30 o 24

18: Solving: Solve the binary integer programming model.

19: Output:

20: Display solution status.

21: Display selected cheeses and their classification (Traditional or Analog).
22: Display optimal value of the objective function.

Fig 1. Pseudocode of proposed combinatorial optimization method
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3 Case Study: Experimental Selection

An experimental study was carried out in October 2023 in the municipality of Aculco, State of Mexico. Six
samples of Oaxaca cheese were selected: three traditional cheeses (made only with cow's milk) from cheese
producers who are members of the Research and Incidence Collective-PRONACE and three commercial
cheeses (with additives and extenders), acquired in the same study region. Each sample consisted of 500 g; once
collected, they were refrigerated at 4 °C and taken that same day to the Animal Nutrition and Biochemistry
Laboratory of the FMVZ — UNAM. There, following the guidelines established by the AOAC (AOAC 1990),
the corresponding analyses were carried out to determine the percentages of moisture, protein, and crude fat.

4 Results
Laboratory analyses were obtained from six types of cheese, and the results are shown in Table 1.

Table 1. Physicochemical Characteristics of Cheese Oaxaca.

Sample type Humidity (%) PC (%) Crude Fat (%)

T1 43.32 19.83 30.76

T2 47.77 23.31 19.49

T3 45.55 21.97 25.95

Cl1 48.98 17.72 22.58

C2 44.85 19.39 26.92

C3 54.55 14.3 14.11
Standard 733 51 max 21 min 20 min

-COFOCALEC-2013

T=Traditional, C=Commercial

The algorithm evaluated all possible cheese combinations, verifying that they fulfill with the COFOCALEC
standard constraints, and selected the best combination that maximizes the index value of J. As a result, the
algorithm identified that sample T3 is the optimal cheese of the optimization process, as shown in Figure 2.
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Fig 2. Comparison between traditional and commercial cheese samples subject to nutritional constraints

The model confirms that traditional cheeses have better nutritional performance, being richer in protein and fat,
and lower in moisture. The optimization validated that traditional cheeses are preferable based on regulatory
constraints and the nutritional objective function.

5 Discussion

The ability to revalue a traditional artisanal product under industrial standards in the agricultural sector is far
from harmonious, so adapting regulations is the next step in adding value. Quality issues in the food chains of
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traditional products are demanding for the Mexican countryside, while industrialized products manage to enter
the market without questioning their nutritional value. This study integrates physicochemical analysis of Oaxaca
cheeses with a combinatorial optimization tool, which represents a relevant methodological and instrumental
contribution to the evaluation of traditional artisanal foods versus industrial ones. In this regard (Taskmer and
Bilgen 2021), I list a series of contributions to the management of production processes, concluding that
obtaining a quality record requires the development of specific optimization models. And for these models, it's
important to include the variety and heterogeneity of products to observe complexity, as was done in our study.
Qualitative or mixed studies that address how rural communities sustain artisanal production in the face of food
industrialization are approaches that can aid optimization.

6 Conclusions

The obtained results show that traditional Oaxaca cheeses made from cow’s milk not only meet national
regulatory standards but also exhibit superior nutritional quality compared to commercial alternatives, with
significantly higher protein and fat content and lower moisture levels.

The combinatorial optimization model provided a quantitative validation of this nutritional advantage by
selecting traditional cheeses as the optimal choice under multiple regulatory and nutritional constraints.

This study presents robust scientific evidence to support the revalorization of artisanal dairy products,
positioning them as strategic assets in promoting food sovereignty, rural innovation, and the development of
smart agrifood systems. The integration of computational decision-making tools, such as the proposed
optimization model, lays the groundwork for scalable, data-driven applications in Smart Farming, helping
small-scale producers align traditional practices with modern standards of quality and traceability.
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