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Abstract

The worldwide citrus market has been impacted by various factors in recent years, including
population growth, phytosanitary diseases, high costs of agricultural inputs, and diminishing
planting areas. As a consequence, producers in this sector have attempted to find tools to
support strategic planting decisions, and thus meet international contract demands. This
paper proposes an optimization tool for supporting the strategic planning of planting deci-
sions in citriculture, based on mathematical models and algorithms that address real-world
requirements. The motivation for this study stems from our collaboration with one of the
world’s largest orange juice producers. We consider specific characteristics of the citrus
business, estimates for productivity and eradication, and desired balance levels for orange
varieties and plant age groups. To the best of our knowledge, there are no previous studies
proposing optimization approaches that explore these unique characteristics of citrus strate-
gic planting. We validate the effectiveness of the proposed approach through computational
experiments using realistic instances based on the company’s data. The results show that
our approach provides effective support to decision making and can significantly increase
fruit box production over a 30-year planning horizon while, most importantly, satisfying all
the company’s requirements on varietal and age balance as well as planting and eradication
control.

Keywords: Optimization, Strategic planning, Planting, Citrus, Mathematical model

1. Introduction

Brazil is currently the biggest orange producer in the world, considering both fruit and
juice [1]. Overall, agrifood chains represent approximately 25% of Brazil’s Gross Domestic
Product (GDP), 30% of the country’s jobs, and almost 50% of all Brazilian exports [2].
The citriculture generates an annual turnover of around 14 US$ billion for the Brazilian
economy [3|. The total shipments of Brazilian orange juice from July to December 2022,
which is equivalent to the first six months of the 2022 /2023 harvest, reached a total volume of
586,313 tons, which represents an increase of more than 17% compared to the same period of
the previous harvest (2021/2022), where 500,323 tons were exported [4]. Regarding revenue,
exports of this commodity totalled US$ 1.1 billion in the period, equivalent to an increase
of around 37% above the gain of US$ 803.8 million registered between July and December
2021. The largest production of concentrated orange juice takes place in the Citrus Belt
region, which includes the state of Sdo Paulo and the south of the state of Minas Gerais [3].
Sao Paulo is responsible for producing approximately 80% of the national export volume.
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Orange crops are classified in agribusiness as perennial due to the plant’s life cycle, which
exceeds 15 years. This extended life cycle allows for multiple harvests from a single planting
[5]. This feature introduces several challenges due to variability in production at each harvest,
which directly impacts the management process and financial performance of the crop, often
relying on external investments [6, 7|. It is not uncommon to observe a sharp drop in fruit
productivity at the end of the life cycle of the plants. Therefore, eradicating older plants and
planting new seedlings becomes a critical decision [6]. Additionally, the crop is susceptible
to phytosanitary diseases, with the most frequent being greening (huanglongbing or HLB),
citrus variegated chlorosis (CVC), and citrus canker [8, 9, 10]. The study of these diseases is
not within the scope of this paper, and we refer the interested reader to, e.g., [8, 9, 10]. By
the second half of 2023, Brazil was suffering from the lowest stock of orange juice since June
2011, primarily due to climate change and the greening disease, both of which affect orchards
and reduce the quality and productivity of the fruit. In August 2023, there were 84,745 tons
of juice stored by members of the National Association of Citrus Juice Exporters, which is
40% less than in 2022. This stock balance affects both orange juice and fruit consumers [11].

The above-mentioned situations motivate the need for efficient strategic planning to
support planting/eradication decisions in agricultural management. The present study is
precisely situated within this context, focusing on using analytics and operations research
(OR) techniques to optimize the strategic planning of planting in citriculture. The purpose
is to fulfill the essential and desired requirements outlined by producers while simultaneously
maximizing orange production. Although the same agro-food chain niche has been addressed
in some previous studies [12, 13|, the present paper aims to bridge a gap in the state-of-art
in this literature by introducing optimization approaches for strategic planning. We are not
aware of any study addressing this topic in citriculture thus far.

The contributions of this paper are fourfold. First, we present a systematic literature
review (SLR) on quantitative approaches to aid decision-making in planting and harvesting.
Second, we present a thorough description of the addressed problem based on the interaction
with one of the world’s largest orange juice producers. Third, we propose a new optimization
model to assist in decision-making in the strategic planning of citrus planting. We validate
our model using real-world data provided by the partner company. We considered some
specific company characteristics that are common in the planting field, including varietal
control, the desired age profile, productivity and eradication curves, and planting and erad-
ication limits. Finally, we solve a large-scale problem instance based on real-world data and
present managerial insights for different scenarios.

The remainder of this document is structured as follows. In Section 2, we present the
SLR on the research topic. In Section 3, we characterize and define the addressed problem.
Section 4 proposes a Mixed-Integer Programming (MIP) model to support decision-making
in strategic planning of planting in citriculture. Section 5 presents the computational exper-
iments based on real-world data. Finally, Section 6 presents the conclusions.

2. Literature Review

This section presents an SLR that follows the framework proposed in [14|. The scope,
keywords, and inclusion/exclusion criteria definition are based on [15, 16, 17, 18, 19]. The
selected keywords were harvest, planting, operations research, and similar expressions, such
as operational research and mathematical optimization. The string used in the search en-
gines of the literature databases was: TITLE-ABS-KEY ((“harvest” OR “planting”) AND
(“mathematical optimization” OR “operations research” OR “operational research”)). This

2
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search string was used to search the articles’ titles, abstracts, and keyword fields. The lan-
guage of the articles was restricted to Portuguese and English. No time limit regarding the
publication date of the articles was imposed. We selected the following literature databases:
Scopus, Engineering Village, and Web of Science. For this search, the Scopus base returned
140 papers; the Engineering Village base, 90 papers; and the Web of Science base, six papers.
Therefore, 236 articles were identified for analysis in the selection phase.

In the planning phase of our SLR, we adopted the following exclusion criteria: simulation
studies and guidelines; not within the scope of the research; and no access to the document.
The inclusion criteria were: mathematical models consisting of at least one of the decision
variables related to harvest planning and/or production in agro-food chains; mathematical
models that include decision variables related to agro-food chains’ production planning or
logistics; articles that meet the previous rule, but address other perishable agricultural prod-
ucts, such as vegetables instead of fruits; and articles addressing supply chains of food crops
that provide food for human consumption.

After analyzing the 236 articles and reading the title, abstract, and keywords fields, we
obtained the following result: 18 duplicate articles, 182 rejected articles, and 36 accepted
articles. The high number of rejected articles have the following reasons: (i) the keyword
harvest refers to harvesting; however, shrimp farms use this term for the “harvesting” of
fish; (ii) there is a very high number of articles aimed at planting, harvesting, disposal,
and routing of trees in forests, especially in countries in Europe and North America (not
adhering to the scope); and (iii) due to environmental concerns, several surveys assess water
and climate impacts on planting and harvesting operations.

In the SLR extraction phase, we evaluated the 36 articles selected in the previous phase
to perform a complete reading of them. After this, 21 papers were rejected based on the
following reasons: no access to document; no mathematical model in the article; or not
within the scope. The SLR then resulted in 15 accepted papers, which are discussed in the
following subsections. They were grouped by strategic, tactical, and operational planning
levels, according to the operations management theory [20].

2.1. OR Applications in Agriculture - Operational Level

Higgins et al. [21] and Higgins [22| presented an optimization model and computational
experiments for an application in sugarcane harvesting, considering a mill located in the
state of Queensland, Australia. The model was based on an extension of the generalized
assignment problem, considering the feasibility of transporting sugarcane production by
road and rail in five regions of Australia. Caixeta-Filho [12] was a pioneer in the citrus
context, introducing the first model for sequencing orange harvests. The author considered
two scenarios. In the first, the model aimed to maximize the profit generated by the number
of soluble solids in the fruit, while in the second, the model sought to maximize the profit
related to each fruit box. He et al. [23] proposed three MIP models to support rice harvesting
decisions in one of the leading rice plantations in China. Finally, Escallon-Barrios et al. [24]
developed a discrete event simulation model to measure the impact of uncertain events on
an oil palm plantation located in the city of Mani in the Colombian Orinoquia.

2.2. OR Applications in Agriculture - Tactical Level

Florentino et al. [25] presented a bi-objective optimization model to support decision-
making related to sugarcane planting, considering two objectives, namely (i) minimizing the
cost of transferring the straw from the field to the processing center, and (ii) maximizing the
energy balance of the residual biomass from the sugarcane harvest. Florentino and Pato [26]
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addressed the same problem but using a different solution strategy, called GenSugar, which
was based on a genetic algorithm (GA) meta-heuristic. In a related application, Poltroniere
et al. [27] proposed a MIP model to support decisions in sugarcane harvesting, considering
a specific sugarcane variety suitable for energy generation through biomass.

Munhoz and Morabito [13| proposed a robust optimization (RO) model for the tactical
planning of concentrated orange juice production, aiming to meet the demand signed in con-
tracts through strategic planning. The model considers two stages: in the first, the planning
for processing oranges is carried out, generating intermediate products (juice bases), while
in the second stage, these juice bases are mixed to obtain the final products (concentrated
orange juice). Osaki and Batalha [28| introduced an optimization model to help the planning
process of planting soybeans and corn, considering different sources of uncertainties. The
authors considered two objective functions, where the first aimed to maximize the Gross Con-
tribution Margin (GCM), while the second consisted of minimizing the Contribution Margin
Risk (CMR). To solve the model, they adopted the so-called Minimization of Absolute Total
Deviation (MOTAD) method.

A mixed integer nonlinear programming bi-objective model was introduced by Aliano
Filho et al. [29] to support decision-making in the cultivation of several types of crops (veg-
etables, tomatoes, potatoes, among others). The mathematical model aims to optimize
two conflicting objectives, the first given by minimizing the possibility of spreading phy-
tosanitary diseases (pests) between crops, and the second objective given by maximizing the
plantation’s profit throughout the planning horizon.

2.3. OR Applications in Agriculture - Strategic Level

Darby-Dowman et al. [30] presented a two-stage stochastic programming model to sup-
port planting and harvesting decisions at the strategic level for Brussels sprouts in the United
Kingdom. Catala et al. [6] developed a MIP model to aid decision-making related to apple
and pear production in the Alto Vale do Rio Negro region in Argentina. The model aimed
to maximize the investment project’s net present value (NPV) for the harvest. Brulard et al.
[31] integrated strategic and tactical decisions in an MIP model focusing on small rural pro-
ducers that are suppliers of small markets, farms, and restaurants. The model was applied
to an experimental garden in France. Rajakal et al. [7] introduced an optimization model in
the context of perennial oil palm crops in Malaysia, which was used to determine the ideal
maturity level of the plant to fulfill demands. Two approaches with distinct objective func-
tions were evaluated, namely the minimization of the total cost over the planning horizon
and the maximization of the discounted carbon value (DCV).

2.4. Summary of the SLR

The presented papers reveal a diversity of crops, solution approaches, performance mea-
sures, and objective functions in the applications of OR in Agriculture. Table 1 summarizes
the main features of these papers and presents the classification of our study with respect
to the state-of-the-art. The columns present the article’s reference (Article); the type of the
solution approach used (Approach); whether the study considered more than one variety of
product (Var); the amplitude of the planning horizon in months; the number of farms; the
type of objective function; the crop(s) considered in the study; and, finally, the planning
level classification. The table indicates that our study brings a contribution in the context
of OR in Agriculture, especially in strategic planning of planting in citriculture. We are
unaware of any other study addressing a similar situation.

We observe a balanced distribution of papers among the three planning levels. Specifi-
cally, 27, 40, and 33% of papers addressed decisions at strategic, tactical, and operational
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Table 1: Summary of our SLR.

Article Approach  Var Months Farms Objective Function Crop Planning level
Higgins et al. [21] Heuristics Y 48 — max Profit Sugarcane Operational
Higgins [22] Heuristics 'Y 48 216 max Profit Sugarcane Operational
Darby-Dowman et al. [30]  Stochastic Y 372 1 max Profit Brussels sprouts Strategic
Caixeta-Filho [12] MIP Y 1 320 max Profit Orange Operational
Florentino et al. [25] MIP Y — 1 min EB/ min Costs Sugarcane Tatic
Catala et al. [6] MIP Y 240 1 max NPV Apples/Pears Strategic
Florentino and Pato [26] GA Y 12 1 max Prod. / min Stock Sugarcane Tatic
Munhoz and Morabito [13] RO Y 12 — min Costs Orange Tatic

Osaki and Batalha [28] MOTAD N 60 1 max GCM / min CMR  Soybean/Corn  Tatic

He et al. [23] MIP N 1 min Harvest time Rice Operational
Brulard et al. [31] MIP Y 12 1 max Profit Multiple Strategic
Rajakal et al. [7] MIP N 120 5 min Costs / max DCV ~ Palm Strategic
Poltroniere et al. [27] MIP Y 12 1 max Prod. / min Stock Sugarcane Tatic
Escallon-Barrios et al. [24] MIP N 0,65 1 max Profit Palm Operational
Aliano Filho et al. [29] Heuristics Y 12 1 max Profit Multiple Tatic

This study MIP Y 360 ~30 max Prod. Orange Strategic

Method: MIP = Mixed Integer Programming, GA = Genetic Algorithm, RO = Robust Optimization; Objective Function: max
= maximize, min = minimize, EB = minimize Energy Balance, DCV = Discounted Carbone Value, Prod. = Productivity,
GCM = Gross Contribution Margin, CMR = Contribution Margin Risk; Var: Y = yes, N= no.

levels, respectively. However, different scenarios have been reported in previous studies
[16, 19]. Soto-Silva et al. [16] reported the following distribution among the planning ar-
eas: 15% - strategic, 50% - tactical, and 35% - operational; while Nguyen et al. [19] found
18% - strategic, 50% - tactical, and 32% - operational. This difference from these previous
studies can be explained by our choice of keywords, which is more adherent to the scope of
this study. Moreover, we observed an increase in the number of publications related to the
tactical level over the last five years.

It is worth mentioning that [6] has a few similarities to our study regarding the solution
approach and because it considers varietal control in its MIP model. Nevertheless, the two
studies differ in essence according to several points, including objective function, problem
dimensions and crop. In [6], the authors considered an objective function based on the
investments related to the crop planting while we contemplate the production amount. In
our case, this is justified by the choice made by our partner company in not including an
intricate financial analysis at this decision stage. While Catala et al. [6] considered one
single farm, our study involves around 30 farms, increasing the computational effort of the
solution approach. Additionally, they assumed a planning horizon of 240 months, whereas
we consider 360 months (ten more years), as required by our partner company. Finally, [6]
addressed the planting of apples and pears while we consider oranges. The peculiarities of
each culture led to specificities in the modeling, solution strategies, and analysis.

There are studies related to OR applications in citriculture but not within the scope of
our SLR, as they focus on different aspects of the supply chain. For example, Munhoz and
Morabito [32, 33, 34| presented optimization approaches for aiding decision-making in tactical
production planning of factories that produce concentrated orange juice. As their focus was
on industrial aspects but not agricultural, these papers did not adhere to the presented SLR.
We refer interested readers to these papers and the references aforementioned by them.

3. Problem description

The strategic planning of planting and production to meet the projection of future rev-
enues is one of the main challenges faced by orange-producing groups [13]. As previously
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mentioned, the involved decisions are not trivial because the productivity of the farms de-
pends on various characteristics, encompassing orange varieties, the plants’ life cycles, fruit
maturation, weather conditions, and many others.

The strategic planning process in our partner company takes place annually and consid-
ers essential information, including the number of farms and plots in each of their farms; the
variety, age, area, and quantity of plants in each plot; estimations on the plant productivity
and natural eradication in each plot; and the area available for planting in the farms. Addi-
tionally, the decision-makers define their desired percentages of each orange variety type and
the desired age profile for the trees throughout the farms. With all this information at hand,
they seek to define what should be planted and eradicated in the coming years at each farm
to promote maximum orange production in a time horizon of 30 years. This time horizon is
chosen to give a broad view of the expected results in the long term based on the planned
decisions. Obviously, these decisions are reevaluated every year, and even the decisions for
the current year are later revised in tactical and operation planning processes.

The farms are divided into plots containing only trees of the same variety, rootstock, and
age, as all the trees in a plot are planted simultaneously. Additionally, one plot has a single
irrigation technique and plant density. Thus, each plot has unique attributes that define it:
the age of plants (according to the year of planting), variety, rootstock, irrigation technique,
and density. According to the company practice, we group plots with the same attributes
in a so-called stratum. Hence, in our study, we consider a set of strata, where each stratum
is specified as a tuple (variety, rootstock, density, irrigation) used to represent the group of
all plots with the same attributes in a farm.

The main purpose of the planning process is thus to determine what, how much, where
and when to plant and eradicate at each farm to maximize orange production while satisfying
the desired requirements regarding varietal and age balance. The output has to specify what
strata and how much of them to plant, referring to all the possible combinations of variety,
rootstock, density, and irrigation; where to plant these strata, regarding the available area in
each farm, as well as areas that may result from eradication; and when to plant these strata
in the upcoming years of the planning horizon. As mentioned, the decisions also involve
what areas to eradicate and when. Therefore, given a long-term planning horizon, a set of
farms with occupied and available areas, and a set of strata planted as well as available for
planting, the decisions can be summarized as follows:

Which stratum to plant/eradicate in what area of each farm at each year to maximize total
orange production, considering the varietal and age balance requirements
desired by the company?

This is certainly a very complex decision-making process, with too many variables, scenar-
ios, and possibilities. Empirical decisions are likely to yield poor results regarding production
and the desired level of varietal and age balance levels. Additionally, as reported by the part-
ner company, the fluctuation of orange production throughout the months and the difference
in total production from one year to the next, have been significantly large, which negatively
affects resource management and juice production. To overcome these drawbacks, in this pa-
per, we introduce an optimization tool that resorts to mathematical models and algorithms
to aid the described decision-making process, making it more effective and efficient.

In the remainder of this section, we detail all the main components involved in the
described decision process, also giving the main characteristics and challenges related to
orange cultivation, as elucidated together with our partner company. The different types of
orange varieties and the motivation for requiring a varietal balance in the production are
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discussed in Subsection 3.1. The other attributes that define a stratum, namely rootstock,
irrigation, and density, are described in Subsections 3.2 to 3.4. In Subsection 3.5, we present
the motivation for the desired plant age balance in the farms. Finally, in Subsection 3.6, we
describe an important data input used in the decision process, given by the expected plant
productivity and eradication curves.

3.1. Fruit Varieties and Varietal Balance

Oranges are classified into several varieties that exhibit a wide variability in terms of
fruit characteristics, such as color, taste, yield, maturity date, and many other horticultur-
ally important traits [35]. This variability is the result of field selection, propagation, and
diffusion of selected varieties in different cultivation areas over the years. Each variety of
orange may have different cues for its ripening stages, influenced by environmental factors
and cultivation practices. These stages are heavily dependent on the cultivation environment
and the influence of the rootstock. Understanding the ripening stages is crucial for produc-
ers to determine the optimal timing for harvesting to maximize flavor, nutritional value,
and market appeal. Because oranges do not ripen further once harvested, recognizing their
ripening stages while still on the tree is essential for timing the harvest effectively [5, 36].

The last census regarding the Brazilian Citrus Belt [37| showed that 387,169 hectares
were used for orange cultivation in 2020. The orchards are made up of three groups of
fruit maturation, with late maturation given by 13 to 15 months, medium maturation or
mid-season by 10 to 13 months, and early maturation by 8 to 10 months. In recent years,
the preference of citrus growers for late-maturing crops has occurred to the detriment of
medium-maturing crops, which have lower productivity and multiple flowering, aggravating
the control of pests and diseases [38]. The flowering season of citrus varieties is illustrated in
Figure 1, which indicates that each variety has a specific time of greater fruit concentration.
Hence, the ideal mix of fruit harvest proportion established by our partner company is used to
define the varietal balance levels, promoting the uniform production of orange juice over the
year by the industry. In our study, the varieties were grouped into five classes according to
their maturation cycle and canopy, following the partner company’s practice. These classes
were named using letters A to E, where the main representatives in each class are Hamlin,
Natal, Valencia Americana, Pera, and Valencia, respectively.

- Variety

®» Bahia

= Bahianinha

® Rubi

®  Westin
Hamlin
Seleta
American Valencia
Pineapple
Green Lime
Pera

® Valencia

= MNatal

» Folha Murcha

higher concentration of fruit- . . . . . .

lower concentration of fruit . . - - - .

off season+ . ] . . . . . .

T T T T T T T T T T T T
Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec

Months

Figure 1: Flowering season of orange varieties (adapted from [3]).
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3.2. Rootstock

One of the key factors contributing to the success of an orchard is the careful selection of
citrus seedlings generated through a grafting process using the T-budding method shown in
Figure 2. This method involves combining the graft and the rootstock (matrix plants). The
graft forms the crown of the plant, taken from a specific scion variety — it is the visible part
comprising leaves and branches that produce fruit. The rootstock develops into the plant’s
root system under ground. The two plant parts unite and develop as one. Rootstocks have
influence on orange production, affecting yield, ripening period, ability of the tree to retain
fruit, fruit size and shape, soluble solids, acid concentrations, among many other horticultural
and pathological characteristics of the scion cultivar and its fruits. With grafting, the trees
mature uniformly and produce fruits earlier than those reproduced by seeds - typically
within 3 years compared to around 6 years for seed-produced trees [35, 39]. In our study, we
consider that the adequate match between scion and rootstock is already prescribed by the
agronomists of the partner company, considering several studies carried out over the years by
this company, the Fundacao de Defesa Agricola (FUNDECITROS) and the Luiz de Queiroz
School of Agriculture (ESALQ) from the University of Sao Paulo.

ROOLSTOCK

Figure 2: [llustration of grafting using the T-budding method (adapted from [3]).

3.3. Irrigation

Due to climatic conditions and long periods of drought in recent years, more than annual
rainfall is required to meet all the needs of citrus plants in orchards in the Brazilian Citrus
Belt. Drought may promote water stress to the plants, generating significant production
breaks. In this context, irrigation becomes fundamental for developing leafy and productive
orchards. Therefore, choosing the appropriate irrigation method is necessary to achieve
the expected productivity standards in citrus groves [40]. Four irrigation methods are used
in citriculture: surface, sprinkler, localized, and the absence of irrigation systems, using
only rainwater, known as the rainfed system [40, 41|. According to the partner company’s
practice, we consider two irrigation systems in our study: localized irrigation and rainfed.
The localized irrigation system is carried out by pumping rivers and artesian wells.

3.4. Density

Plots are characterized as portions of rural properties (smaller production units) intended
for citrus fruit cultivation, separated by streets, roads and lanes [37|. The planting density
refers to the number of plants in a given area, based on the spacing between plants in the
same planting row and between planting rows. The spacing in the same planting row cannot
be too short, as the shade of the treetop of a plant can prevent the sun’s rays from reaching
the adjacent plants, harming the photosynthesis process and, consequently, the development
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of the fruits of the adjacent plants. Another crucial point is that the very close spacing of
plants in the same line can lead to competition for soil nutrients in that region — the roots of
adjacent plants can consume nutrients intended for other plants, harming their development.
The spacing between rows is due to the fertilizing, liming, and harvesting operations. The
partner company classifies planting density of their plots according to the following three
classes: Low density (hectare with less than 500 plants); Regular density (hectare with 501
to 800 plants) and High density (hectare with more than 801 plants).

3.5. Age balance

It may not be attractive to keep all the plants in the farms at the same age, as many
would reach the end of their life cycle at the same time, and fruit production would drop dra-
matically. Hence, the partner company considers age balance levels for the plants, grouping
them by age groups. Due to its significant relevance in productivity, age control is treated
as an important requirement in the strategic planning process. The percentages of the age
groups are established according to the absolute total number of plants in the entire orga-
nization to achieve an age balance with respect to the life cycle of the trees. An example of
age groups is as follows: Group 0 (1 to 2 years) - 12%; Group 1 (3 to 5 years) - 12%; Group
2 (6 to 10 years) - 25%; and Group 3 (over 10 years) - 51%.

3.6. Productivity and eradication curves

In agribusiness, crops can be classified into perennial and annual. Perennial crops live for
more than two years; therefore, it is possible to carry out several harvests throughout the life
cycle of the plant without the need for replanting. Some examples of perennial crops include
orange, rubber, oil palm, coconut, sago, coffee, tea, banana, etc. In contrast, annual crops,
as the name suggests, have a life cycle of one year or season before harvest. Requiring annual
replanting costs. Examples of annual crops include rice, wheat, soybean, corn, etc. However,
a point worth noting is that, unlike annual crops, most perennial crops have variable yearly
yields. This variation often depends on the age or maturity of culture [7].

The life cycle of perennial crop plants is not linearly associated with their production
rate. In the first two years of the plant’s life, its productivity is lower and not considered in
strategic planning (it is not considered profitable). After that, the plants evolve and reach an
intermediate stage in their life cycle where stable and economically viable production begins,
which will grow along with the age of the plant until it reaches the highest productivity rate.
The plant remains in this highest production stage for a few years. This level begins to
decline in the last years of the plant’s life cycle until it reaches an economically infeasible
level [6, 27, 35].

The partner company relies on statistical methods to estimate productivity and eradi-
cation curves according to plant age and stratum. Recall that by stratum, we refer to the
grouping of planting plots with the same characteristics regarding variety, rootstock, den-
sity, and irrigation. Productivity curves are commonly piecewise linear, with a positive slope
from years 3 to 12, on average, and a negative slope after that. They estimate the number
of boxes of oranges produced per area unit for a given stratum in a given farm for all the
tree ages. Eradication curves are typically linear with positive slopes and estimate the rate
of trees that are naturally eradicated throughout the years, according to the tree age. These
curves are calculated every year, using specific regression models for each type of curve, and
taken as input data in the strategic planning process. The description of these models is not
within the scope of this paper, as we assume they are defined in an early decision stage and
hence used as input parameters in our optimization model.
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4. Mathematical Modeling

We propose an optimization model to aid decision-making in the strategic planning of
planting in citriculture, following the characteristics and goals described in the previous
section. It consists of a compact MIP formulation that, when solved by general-purpose MIP
solvers, effectively provides solutions that recommend how to plant and eradicate at each
year of the planning horizon, to maximize production while satisfying technical requirements.

4.1. Sets and parameters

Let F be the set of farms used for the orange plantation. For each farm f € F, we define
its minimum and maximum planting area as A}”m and A", respectively. Additionally, Hy
is the fraction of the farm’s area f with localized irrigation, a relevant feature for planting.
Farms are grouped into poles, according to their proximity and resource sharing. We denote
the set of farm poles as £, and the subset of farms in a pole ¢ € L as F({).

Recall that we use strata to characterize a plantation in farms according to the variety
type, rootstock type, density, and irrigation. Let £ be the set of all strata, which is parti-
tioned into two subsets, namely a subset £ of base strata, corresponding to the configuration
of the plots at the beginning of the planning horizon (current plantations in the plots), and
the subset £" of strata that can be used in new plantings, according to technical recom-
mendations. Some strata require localized irrigation, and thus we define £7™ € £ as the
subset of such strata. Additionally, there may be strata that are incompatible with certain
farms due to technical reasons. Hence, set IC(e) specifies the subset of farms compatible with
stratum e € £.

Let V be the set of orange variety types. We denote by £(v) C & the subset of strata
related to oranges of variety type v € V. Additionally, related to the desired varietal balance
levels described in Section 3.1, we define U™" and U™ as the minimum and maximum
fraction of oranges of variety type v € V' in each pole at each time period, respectively.

We define T as the set of time periods in the planning horizon and Z as the set of
plant ages. Note that, even though both sets refer to time, 7 is used to count the years
from the beginning of the planning horizon, while Z is used to specify the ages of orange
trees (according to the year they were planted). We assume that both start at 0, such that
period 0 represents the beginning of the planning horizon and allows us to impose boundary
conditions representing the current planting configuration of the farms. Similarly, age 0
corresponds to the first year of a new planting, as it is only at the end of this first year that
the age turns 1. To simplify our notation, we define sets 7, = T \ {0} and Z, = T \ {0},
which both start at 1. Moreover, we partition set Z into age groups to enforce the plant age
balance described in Section 3.5. We denote the set of age groups as G. To represent the age
balance levels, we define W;m” and W as the desired minimum and maximum fraction
of trees in group age g € G, respectively, at each period of the planning horizon. We use the
notation ¢ € g to mean that age i € Z belongs to group age g € G.

We also need to model the farm’s current situation regarding what strata are planted,
where they are planted, and what area they occupy on each farm. This is used as a boundary
condition and defines the planting configuration at the beginning of the planning horizon.
Hence, let parameter X g.f represent the number of plants of stratum e € £ with age 1 € Z
on farm f € F. Additionally, we define Y, as the total area (in hectares) occupied by the
plants specified by X2, 5

We also incorporate the productivity and eradication curves into the model described in
Section 3.6. They are represented by parameters Py and R, where P.;; represents the
estimated number of orange boxes produced by plants of stratum e € £ with age i € Z on
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Set of farms

Set of farm poles

Set of strata

Set of orange varieties
Set of periods

T+ Subset of periods greater than 0

7 Set of plant ages

i Subset of plant ages greater than 0

g Set of plant age groups

F () Subset of farms belonging to pole £ € £

K(e) Subset of farms compatible with stratum e € £

E(v) Subset of strata that produce the variety v € V

b Subset of strata that is currently planted at farms (base)

En Subset of strata that can be considered in new plantations

girre Subset of strata that require localized irrigation

Parameters

A?”” Minimum planting area in farm f € F

A?W” Maximum planting area in farm f € F

Hy Fraction of the area of farm f € F with localized irrigation

ymin Desired minimum production percentage of variety v € V per pole

u;rer Desired maximum production percentage of variety v € V per pole

ngm Desired minimum percentage of plants in age group g € G

wnar Desired maximum percentage of plants in age group g € G

X§if Number of trees of stratum e € £ with age i € Z in farm f € F
at the beginning of the time horizon

Y9 7 Area occupied by strata e € £ with age ¢ € 7 in farm f € F
at the beginning of the time horizon

Py Estimated production for stratum e € £ with age i € 7 at farm f € F
(in orange boxes per tree)

Reiy Estimated natural eradication rate for stratum e € £ with age i € 7 at
farm f € F

N, Maximum number of plants per hectare for stratum e € E™

pmin Minimum productivity per hectare for each stratum, used for eradication
by productivity

Imin Minimum age for eradicating stratum e € £ due to productivity

e Maximum age allowed for plants in stratum e € &£, used for eradication

M Maximum number of seedlings planted per year

B Maximum area allowed for eradication per year

Table 2: Sets and parameters for mathematical modeling.
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farm f € F; and parameter R.;; is the estimated rate of natural eradication for plants in
the same configuration.

The following parameters represent the technical requirements for planting. The maxi-
mum number of seedlings planted per year is defined by parameter M. The maximum number
of seedlings per hectare when planting a stratum e € £™ is represented as N.. Parameter
17" defines the maximum age allowed for plants related to stratum e € £. After this age,
we have to eradicate these plants. Eradication may also be motivated by low productivity,
when the total production of a stratum per hectare falls below the threshold defined as P™™".
Parameter I™" specifies the minimum age for the eradication decision, as no plant below
this age can be eradicated due to low productivity. Moreover, the maximum area allowed
for eradication per year is defined as B. Table 2 summarizes all sets and parameters defined
in this section.

4.2. Decision variables

We model the decisions involved in the planning process using the following variables:

Zeift > 0 Estimated number of plants of stratum e € £ with age ¢ € Z in farm
f € Finperiod t € T;
Yeift > 0 Area occupied by plants of stratum e € £ with age ¢ € Z in farm

f € Fin period t € T;

Zeist € {0,1} 1, if there is a plantation of stratum e € £ with age ¢ € 7 in farm
f € Fin period t € T 0, otherwise;

Oper > 0 Total production of orange variety v € V at farm pole [ € £ in period
t € T (in orange boxes).

Variables x.;s: and y.;s define the estimated number of plants and area that should be
occupied using stratum e with age ¢ in farm f at period t, respectively. They are defined
as continuous variables because their values result from estimations obtained by applying
the productivity and eradication curves to the number of plants and area at the initial of
the planning horizon or their respective planting year. This becomes clearer in the next
subsection when we define the related constraints. The binary decision variable zf is
related to x.;s+ and ye;r+ and indicates if these two variables are positive, i.e., if there are
plants of stratum e with age 7 in farm f at period ¢. Hence, we should have 2.z = 1 if,
and only if, z¢ipe > 0 and yeip > 0. As we also clarify in the next subsection, this binary
variable is required to ensure eradication when necessary. Finally, 6,4 is an auxiliary variable
that calculates the total production of the orange boxes of each variety, farm pole, and time
period based on the number of plants specified by z.;s and the respective component of the
productivity curve, F,;¢. This variable defines the objective function and constraints related
to varietal balance.

4.8. Objective Function and Constraints

The objective function (1) aims to maximize the total production over the planning
horizon considering all varieties and farm poles.

max ZZZ@M. (1)

veV LeLl teT

Constraints (2) define that the variable 6,4 is given by the total production of each variety
v € V at each pole ¢ € £ and period t € T according to the number of plants of each stratum
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e € £(v) compatible with the farms of that pole (as defined by K(e)) and considering all
plant ages i € 7.

O =Y > > Puptei, YoeVVleLVteT. (2)

ec€(v) 1€L feF()NK(e)

The varietal distribution balance described in Section 3.1 is ensured by constraints (3).
The quantity produced of each variety v € V in each pole | € £ and period ¢t € T must
respect the desired minimum and maximum percentages U™" and U™** considering all
orange varieties produced in that pole.

U'Z)nin Z HU’Et S evft S U:’Lam Z 0’11/&7 \V/U € V,Vg € £7vt € T (3>

V'€V v’ ey

Constraints (4) and (5) ensure plant age balance as described in Section 3.6. In any period
of the planning horizon, the total number of plants in a specific age group g € G, considering
all strata, ages in that group, and farms must respect the desired minimum and maximum
percentages ngm and W;"** of the total number of plants (considering all strata, ages, and
farms). Notice that these bounds consider the whole plantation, including all farms.

sznzz Z Leifft > < ZZ Z Teif ft, v.g S g7vt S T? (4)

ec€ i€l fekK(e) e€f i€g feK(e)
3p3) SRV 3 35 SR
ecf i€g feK(e ec€ i€l feK(e)

Constraints (6) and (7) enforce the boundary conditions regarding the current planting
configuration of farms. Constraints (6) set variable ;s as the number of plants in stratum
e € € with agei € Z in farm f € F at the start of the planning horizon (i.e., Xelf). Similarly,
constraints (7) set ye;s0 equal to the area corresponding to X7, > given by Y £

Teifo = Xif, Ve € E,Vi € I,Vf € K(e), (6)

Yeifo = Yai, Ve € E,Vi € I,Vf € K(e). (7)

Constraints (8) forbid the planting of new seedlings (i.e., plants of age i = 0) of strata
belonging to the base group £° in any period ¢t > 1. These strata are only used to set the

boundary conditions related to the current planting configuration of the farms. Only strata
in £" can be used in new plantations.

Teopt = 0, Ve € E2.Vf € K(e),Vt € T, (8)

Constraints (9) impose a limit on the annual planting of new seedlings due to operational
and financial limitations in crop planning.

> > raop <M, VteT. (9)

e€f fek(e)

Constraints (10)-(12) model the relationship between the variables x.; s and y.; s using the
density of strata in new plantations and the current configuration of the farms. Constraints
(10) ensure that new plantations at any period t follow the technical recommendation of
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density, imposing that the total number of trees (x.os) is equal to the number of trees per
hectare (V) times the total area (yeos:) used for plantation of stratum e in farm f. In
the subsequent years (with age ¢ > 1), the number of trees may be reduced due to natural
eradication. However, the area initially used for planting remains the same, resulting in
constraints (11). Constraints (12) ensure a similar logic, but for base strata only, as their
density is given by Xg(ift) f / Ye%.ft) P defined by the boundary conditions that represent the
configuration of the farms at the beginning of the planning horizon. Note that we round up
this fraction to prevent numerical instability in the solver.

Teoft = NeYeosts Ve e E"VfeK(e),VteT, (10)
Teist < NeYeift, Ve € E" Vi€ I, Vf € K(e),Vt€ T, (11)

Teist < [ X np/Yeliowyg | Weist, Ve € E'Vie I VfeK(e)VteT 1t <i,
Vs > 0. (12)

Constraints (13)-(15) relate variables y.;s+ and z.; and impose limits on the planting
areas at each farm. Constraints (13) enforce that the area used in a farm f for plants of
a stratum e with age ¢ at time period ¢ cannot be less than the minimum plot size A?“'” if
there is a plantation with this configuration of stratum (i.e., z.;;; > 0). Additionally, they
ensure that this area cannot be larger than A", Constraints (14) impose the maximum
area utilization limit on each farm, considering all strata with all ages. Recall that H; is
the fraction of the area of farm f with localized irrigation and £ is the subset of strata
that require localized irrigation. Thus, constraints (15) ensure that the fraction of area with
plants that require localized irrigation is not larger than the total available in the farm.

AP zeire < Yeir < AFzeip, Ve € ENi€ IV € K(e),VteT, (13)
SN yeip < AP, VfeFVteT,, (14)
i€l ec&

Z Z Yeift < Hy AP, Ve FVieT,. (15)

1€L ecENEPTT?

Constraints (16) ensure consistency between variables ;p and z.;f. If there is a plan-
tation of stratum e with age ¢ in farm f at time period ¢ (z.;s+ = 1), at least one tree has to
be in this plantation. Notably, the opposite relationship is guaranteed transitively through
constraints (11)-(13).

Zeift < Teipr, Ve €ENI€INfeFVteT. (16)

Constraints (17)—(19) model the evolution of the number of planted trees according to
their age. They consider the number of trees in the initial plantation and the natural erad-
ication of trees according to the eradication curve values represented by R.;s. Constraints
(17) enforce that the number of plants of stratum e with age ¢ in farm f in period ¢ cannot
be larger than the number of plants in the same stratum and farm in the previous period
t — 1 (when the plants have age i — 1) reduced by a factor R.;s. Constraints (18)-(19) ensure
that the reduction in the number of plants is not larger than stipulated by R.;s, imposing
thus a lower bound for x.;;. Notice that these constraints become inactive if 2z, = 0, i.e.,
if there are no plants of stratum e with age ¢ in farm f. Moreover, constraints (18)-(19)
work similarly and only differ by the type of stratum considered on them (either those in &,
or in &,). This is because the maximum value of z.;5; used to inactivate these constraints,
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given by either Xg(zet) ;s or N.AT*, depends on the stratum type. Note that we round up
these values to reduce numerical instability when solving the model. Finally, it is worth
mentioning that one may wonder why these three sets of constraints are not modeled using a
single set of equality constraints in which x5, is equal to (1 — Reif)@e(i—1)f(t—1)- The reader
should bear in mind, though, that total eradication may be required in a given period (due
to reasons such as low productivity or advanced plant age), requiring z.;;; = 0 even if we
may have Zc;_1)f¢—1) > 0.

Teift < (1 = Reif)Te(i—1)£(t-1), Vee EVie IT,,Vf € K(e),
vVt e T., (17)
Teift > (1 — Reif)Te(imt) f(t—1) — [Xg(l nil(L—zeip), Ve€EVieI, VfeK(e),
Vte Ty i >t X0 >0, (18)
Teift > (1 — Reif)Te(i—1)f(t—1) — fNeA}"”](l — Zeift), Vee€ E"Vie I Vfe K(e),
vVt e T;. (19)

Constraints (20) and (21) work similarly to (17)-(19), but for the area variables ye;f:.
They ensure the continuity of using the area initially allocated to a given stratum along the
planning horizon. Apart from total eradication (e.g., due to advanced age or low produc-
tivity), they would be defined to ensure that yeire = ¥Yei—1)ft—1). However, since we need
to consider eradication in our planning, we must represent this equality through constraints
(20) and (21). Constraints (20) ensure that the area occupied by plants of a given stratum e
with age s > 1 in farm f at period ¢t > 1 (ye;p¢) is not larger than in period ¢t —1 (Ye(i—1)f(-1))-
Together with constraints (21), they guarantee that this area will remain the same size (as
these constraints impose ye(;—1)f¢—1) as a lower bound) unless the stratum is eradicated (i.e.,
Zeirt = 0) and the corresponding constraints become inactive. Hence, constraints (21) are
active only when 2.5 = 1.

Yeift < Ye(i—1)f(t—1)» Ve € E,VZ S IJravf € ’C<€)7Vt € 7-+7 (2())
Yeift > Ye(i—1)f(t—1) — A}nax(l — Zeift)7 Ve € E,VZ € I_,.,Vf S lC(e),Vt € 71_ (21)

Recall that the total eradication area per year, considering all farms, cannot exceed
the value defined by parameter B. Constraints (22) ensure this requirement by taking the
differences of occupied areas between two consecutive periods.

ZZ Z Ye(i—1)f(t—1) — Yeift < 37 vtEﬂ (22)

ecf i€l fek(e

Eradication must also respect the minimum and maximum ages of plants (17" and 7**)
and has to be applied when the productivity of plants per hectare falls below the threshold
P™m_ Constraints (23) ensure that the plants of stratum e with age below I™" are never
eradicated. Constraints (24) enforce eradication by age, as no plant of stratum e can be older
than 17"**. Constraints (25) impose eradication by productivity, ensuring that the estimated
production of orange boxes (P;f%¢;ft) is never below the threshold considering the respective
planting area (P™"y;f).

Zeift = Re(i—1)f(t—1)s Ve € S,VZ S I+,Vf S K(e),Vt S 71 1< [emin, (23)
Zeift = 0, Vee ENie I, VfeK(e),Vt e Ty ri> 1, (24)

15



509

5

ey
o

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

P.itTeift > Pmmyeift, Ve € EVi € T,,Vf € K(e),Vt € Ty :i > I™", (25)

Recall that only farms in the subset IC(e) are compatible with a stratum e € £. Hence,
constraints (26)-(28) prohibit the planting of strata that are not compatible with farms.

Teipt =0, VeeEVieIVf¢K(e),VteT, (26)
Yeirt =0, VeeENVieINVf¢K(e)VteT, (27)
Zeist =0, Vee&ENVieIVf¢K(e)VteT. (28)

Finally, constraints (29)-(32) impose the domain of the decision variables.

Ouer > 0, YweV,Vle LVLeT, (29)
Tap >0, VecEVieINfeFNeT, (30)
Yeift = 0, VYVeec ENie I Nfe FVteT, (31)
Zeipt €{0,1}, Vee & VieIVfe FVteT. (32)

These constraints conclude the definition of the proposed model to support decision-
making in the addressed strategic planning process for planting in citriculture. Model (1)-
(32) is hereafter referred to as SPMC, short for strategic planning model for citriculture.
Note that the proposed model implicitly assumes plot aggregation as it focuses on strategic
planning. As mentioned, a plot is a production unit corresponding to a given farm area,
delimited by streets, roads, or other means. As the number of plots in the real case that
inspired the model is very high (more than 3000 in total), it was observed that the division of
farms by plots would be computationally intractable. Furthermore, this level of refinement
is beyond the scope of strategic planning, becoming relevant only in tactical or operational-
level planning. Thus, plots are implicitly represented in the model by strata in an aggregated
way. This simplification was validated by the partner company’s team, who also resorted
to strata to define productivity and eradication curves. Hence, in the model solution, each
decision involving a stratum with a certain age in a given farm and given period represents
a planting area that can cover several plots of this farm, all of the same age and plant
characteristics. These decisions can be refined later in the tactical and operational planning
processes.

4.4. SPMC with soft varietal and age balance

Preliminary computational results using instances based on the data provided by the
partner company have shown that the current planting configuration of the farms does not
satisfy the varietal and plant age balance levels desired by the company. As mentioned,
satisfying these balance levels is challenging because of the many complex decisions and
requirements. One of the main purposes behind using an optimization approach such as the
one described in this paper was to effectively reduce the violation of these balance levels.

Given that the current planting configuration of the farms is used as input in the SPMC
by defining the boundary conditions in constraints (6) and (7), all tested instances were
infeasible due to constraints (3)-(5). To overcome this, we developed two strategies based
on the use of soft constraints. This approach involves relaxing a subset of constraints that
impose goals that are difficult or impossible to achieve, and then penalizing their violation
in the objective function to promote their satisfaction as much as possible [42|. Hence, we
convert constraints (3)-(5) into soft constraints by introducing artificial variables to them,
which are penalized in the objective function. This modeling technique relaxes these con-
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straints at the cost of worsening the objective value when it is impossible to satisfy them,
bringing more flexibility to the SPMC, as the satisfaction with balance levels is now not
obligatory but strongly enforced by the objective function.

The penalties imposed for violations are weights that represent the relative importance
of each soft constraint with respect to the others and the original objective function value.
Hence, soft constraints are treated in a weighted goal programming fashion within the ob-
jective function [42]. The aim is to obtain solutions that strike a good balance between
optimality (concerning the original objective function) and feasibility (with respect to the
soft constraints), using a relative simple yet flexible approach with a single objective function
[36, 42, 43]. This strategy circumvents the challenges often associated with more sophisti-
cated multi-objective optimization approaches, which may require multiple executions of the
model to build Pareto frontiers [44]. Therefore, although the use of soft constraints do not
suit every multi-objective situation, in our case, it proves to be an effective and suitable tool
for decision-making [42, 45].

We propose two different strategies for converting constraints (3)-(5) into soft, called S1
and S2. In strategy S1, the SPMC is modified by introducing artificial variables related
to each single varietal and age balance constraint. Specificaly, we define the non-negative
continuous variables u" and u¢* for each variety v € V, pole £ € L and period t € T;
and wj™ and wj;** for each age group g € G and period ¢ € 7. Then, constraints (3)-(5)
are replaced with:

U Z Ouor — ulgy” < Opg < U Z O + g™, Vo eV, Ve LVteT, (33)

v’ ey v' ey
LA Z Tap — Wit <) Z Tag, Vg EGVEET, (34)
ecf i€l fek(e ecf i€g fek(e
S v < WSS S bl Vg Gvie T (35)
e€€ i€g feK(e) ec€ €T feK(e)
Wi e > (), VeV, eLlLVteT, (36)
Wt wmer > 0, VgeG,vteT. (37)

Notably, the artificial variables represent the violations in their respective constraints. They
are also inserted into the objective function, multiplied by the positive coeflicients ¢{*" and
+7¢, which penalize the violation of varietal and age balance constraints, respectively. Thus,

we replace the objective function (1) with:

maxy D Y O — Y & ( >+ um> > ( > wpin+ m) . (38)

veEV LeL teT teT veEVY LeL teT geg

Strategy S2 is similar to S1, but it aggregates the violation of several constraints in the
artificial variables. We define the non-negative continuous variables v > 0 and u™** > 0,
for each variety v € V; and w;m” > 0 and wy** > 0, for each group g € G. Constraints
(3)-(5) are then replaced with:

U™ " Oy — u™ < G < U Gy + 0™, Yo e VYL ELYEET, (39)
v'ey v'ey

WSS TN dap—wp <> Y Z Teipt, VgEGNVtET, (40)
ecf i€l fek(e) ecf i1€g fek(e
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> Z Tage SWU Y N Y Taptwpet, Vg EGVEET. (41)

ecf i€g fek(e ec& i€l fek(e)
umin mee > (), Yo e, (42)
Wt e > ), Vg €G. (43)

Hence, each artificial variable represents the total violation over several constraints, grouped
by the variety v or age group g¢. Similarly to S1, we define the penalties ¢??¢ and ¢"*", which
are used to modify the objective function as follows:

max Z Z Z ngt _ QSUGIT‘ ( Z UZLZ’VZ _|_ ma;t) ¢age ( Z wmzn maa:) . (44)

veV LeLl teT veY g€y

5. Computational Results

We present the results of computational experiments using a realistic instance of the
problem, designed to verify the effectiveness and performance of the proposed optimization
approach. The SPMC and its variants with soft strategies S1 and S2 were implemented
in the language Python, version 3.10, using the libraries Pyomo, Tkinter, Pandas, Numpy,
Datetime, and Io. To solve the model, we used the general-purpose MIP solver Gurobi
version 9.5.2, with default settings, relative gap tolerance equal to 10~#, and imposing a
time limit of 3600 seconds per call. All experiments were executed in a computer with
Intel Xeon E5-2680 @ 2.70 GHz x 32 processors, 192 GB of RAM, and Linux Mint operating
systems. Detailed computational experiments are presented in Appendix E and summarized
in the remainder of this section.

5.1. Data description

We created a realistic problem instance based on the historical data provided by the part-
ner company as well as on their experience in the decisions involved in the model. The data
refers to a snapshot of their planting situation at the beginning of the year. All parameters
required in the SPMC were set based on this information. Additionally, they were validated
based on the company’s feedback. The provided data includes around 30 farms grouped
into 10 poles and involves around 300 different strata with the full description of the cur-
rent plantation of the company. There is also an expansion area of around 10,000 hectares,
which the company intends to occupy based on the recommendations of this strategic plan-
ning process. The desired minimum (U™") and maximum (U™**) production percentages
of each variety were defined by specific values in the intervals [5%,25%] and [15%, 35%],
respectively. The company uses five age groups, hereafter named as G1 to G5. The desired
minimum (W;“") and maximum (W;"**) percentage of plants in each age group assume spe-
cific values in the intervals [15%,20%]| and [20%, 25%], respectively. Each group is defined
using levels belonging to these intervals. To protect data confidentiality, we cannot present
the mentioned numbers exactly, as requested by the company. All parameter values were
defined according to the data provided by the company, but the results we present in this
section are multiplied by a given positive scalar and presented as percentage deviations to
cope with data privacy.

5.2. Model variants and choice of penalties

To analyze the impact of the varietal and age balance requirements and the different
combinations of incorporating soft strategies S1 and S2 into the SPMC, our experiments
consider the following SPMC variants:
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e No-No: both constraints that impose varietal and age balance are inactive (i.e., they
are removed from the SPMC);

e S1-No: requirements related to varietal balance are imposed using the S1 strategy,
while the constraints related to age balance are inactive;

e S2-No: requirements related to varietal balance are imposed using the S2 strategy,
while the constraints related to age balance are inactive;

e No-S1: inactive varietal balance and active age balance using the S1 strategy;
e No-S2: inactive varietal balance and active age balance using the S2 strategy;
e S1-S1: both varietal and age balance are imposed using the S1 strategy; and
e S52-S2: both varietal and age balance are imposed using the S2 strategy.

It is worth mentioning that experiments with the SPMC in which both varietal and age
balance requirements were active as hard constraints resulted in the model’s infeasibility
because the company’s current plantation did not satisfy these constraints. Moreover, model
variants No-No, No-S1, No-S2, S1-No, and S2-No are analyzed only to demonstrate the
impact of activating the constraints imposed by age and varietal balance.
As mentioned before, the S1 and S2 strategies bring more flexibility to the SPMC. How-
ever, no straightforward way exists to define appropriate values for the parameters ¢y*" and
+7¢ that penalize the varietal and age balance violations in the objective function. Hence,
after running extensive computational experiments with different choices of these parame-
ters in model variants S1-S1 and S2-S2, and based on the feedback of the partner company
regarding the results of each particular choice, we found that the best-performing values for

var and ¢p%¢ in strategy S1 are as follows:

0.0, ift=0,
wr )01, if 1<t <[0.25/71], (45)
Y10, i [0.25|T]] + 1 <t <[0.50|T]],

(10.0, otherwise.

(0.0, ift=0,
we JOL,if 1 <¢<[0.25T]], (46)
Yo )10, i [0.25T|] +1<t<[0.75|T]].

(10.0, otherwise.

for t € T. For variant S2, the best configuration identified for penalty parameters ¢"*" and
¢*9¢ are the following:
¢’Ua7‘ — ¢age — 1‘ (47)

Note that (45) and (46) define the penalties progressively according to the period. The
reason for this is that the solution is strongly influenced by the boundary conditions related
to the current planting configuration in the early periods. Hence, it gives more flexibility
to the varietal and age balance requirements in the early periods, and gradually reduces
this flexibility in the later periods by increasing the penalty for violations. For example,

considering a planning horizon of 7' = 30 years, the proposed definition of ¢y*" uses the
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relatively low penalty value of 0.1 in years 1 through 8 (= [0.257"]), corresponding to the
first 25% of the time horizon. This choice is to avoid significant production loss in the first
years, since the planting configuration is mostly determined by the boundary conditions
that do not satisfy the varietal balance requirements. In the next 25% of the time horizon,
covering years 9 to 15 ([0.257'] + 1 to [0.507]), the presence of plantations imposed by
the boundary conditions is reduced by eradication, and thus we increase the penalty value
to 1.0, enforcing a stricter requirement for the varietal balance in these periods (which has
influence on the decisions related to new plantations in the early periods). Finally, for the
second half of the time horizon, it is highly recommended that the varietal balance be within
their required percentages. Hence, we increase the penalty to 10.0 in these periods. The
company’s team validated the results obtained with these parameter choices as effective and
in line with their goals.

5.8. Production Analysis

Figure 3 presents a chart showing the (scaled) total production in orange boxes at each
year of the planning horizon, according to the solutions of the different SPMC variants.
Each curve in the chart corresponds to one of the SPMC variants defined in the previous
subsection. The x-axis represents the periods (years) in the time horizon, and the y-axis
gives the orange production scaled by the production in period ¢ = 0, to protect the data
provided by our partner company. Hence, in period ¢ = 0 the scaled production is 1, and,
for example, in period ¢ = 10 the orange production in the solution of model variant No-No
is almost 60% greater than the production in period ¢ = 0, as the scaled production is close
to 1.6. Details on computation times and solution gaps for each model variant are presented
in Appendix E.

1.8 = 51-No

Total production in fruit boxes
{scaled by production in the period 0)

Year

Figure 3: Total production in orange bozes in the solutions of the SPMC variants.

Notably, in all SPMC variants, the production increased significantly until the 10th pe-
riod. This increase was not monotonic, as we observed a slight reduction in production
around the 3rd period, corresponding to eradication due to advanced age and low produc-
tivity. From periods 5 to 10, the increase in orange production accentuates in the solutions
of all variants, as the new strata planted in the initial years of the planning horizon start
to be productive (new plantations require at least three years until they reach a significant
productivity level). In some variants, such as No-S1, S1-S1, and S2-S2, the production sta-
bilizes after period 15. However, in variants S1-No, S2-No and No-No, the production drops
significantly after period 13, indicating that age balance control plays an important role
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in keeping the production stable, in addition to bringing several other benefits to recourse
management, as mentioned before.

The best result regarding total production is observed for the model variant No-No, as
expected. However, it does not lead to an attractive solution in practice as it disregards the
desired varietal and age control. As mentioned before, we only included this variant in the
experiments to see what would be the largest total production (considering the summation
over all periods) when the varietal and age balance requirements are not imposed. A negative
aspect of the solution provided by this variant is the oscillation in production throughout
the years, with two peaks of production around periods 13 and 29 and a valley around
period 20. According to the partner company, this oscillatory behavior should be avoided in
practice since it unbalances the use of resources from one year to another. We see similar
behavior in the results of variants S2-No and S1-No, which are the second and third largest
total productions. These observations indicate that ignoring the age balance requirements
may increase the total production over the time horizon but result in large oscillations in
production, which negatively affect the management of resources in practice.

The model variants considering both age and varietal control requirements simultane-
ously, namely S1-S1 and S2-S2, result in solutions that promote stability in the production
amount from period 13 onward. Even though their corresponding total productions were not
as high as in the other variants, they still resulted in a significant increase with respect to
the production at the beginning of the time horizon, without deviating too much from vari-
etal and age balance levels, as presented in the following subsections. These were the main
features sought by the company, as they wanted to maximize their overall production while
having a stable production amount over the years and satisfying varietal and age balance
requirements as much as possible.

5.4. Varietal Balance Analysis

For the varietal balance analysis, we focus on observing the production percentages ac-
cording to a variety of types, considering the desired levels specified by the company. Fig. 4
presents the production percentages of each variety at each period in the solutions obtained
by the variants No-No, S1-S1, and S2-S2, considering one of the poles of the partner com-
pany. The charts for the other variants are presented in Appendix A. As the varietal balance
is enforced by pole, and we have 10 poles in total, we arbitrarily selected one representative
pole and showed the analysis for this pole only. The other nine poles show similar behavior
as in the one analyzed here. Additionally, the dashed horizontal lines in the charts show the
minimum and maximum values (5 and 35%, respectively) that are used in the definition of
the desired varietal balance. For each variety, the company defines specific values inside this
interval, but we are not allowed to reveal them.

The results presented in the charts show that the varietal balance requirements tend to
be significantly violated if not properly accounted for in the model. We observe that in the
solution obtained with the No-No variant, one of the varieties reaches almost 100%, given its
high productivity, while others are not even produced in the pole. Conversely, variant S1-S1
was very effective in providing a solution that satisfies the desired varietal balance levels.
After period 15, the production quantities of all variety types satisfy the desired levels and
remain stable until the end of the planning horizon. Note that the variant S2-S2 was not as
successful in ensuring the varietal balance requirements. Hence, the penalization strategy
S1 was the most effective for the varietal balance.
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Figure 4: Production percentages of each variety at each period for a given pole, in the solutions
obtained with the model variants No-No, S1-S1, and S2-S2.
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5.5. Age Balance Analysis

We now analyze the age balance levels of the solutions provided by the model variants.
As mentioned before, satisfying the desired minimum and maximum levels is a tough re-
quirement in practice. The company’s plantation at the beginning of the planning horizon,
which was used as the boundary condition in the model, cannot satisfy these levels through-
out the horizon. Additionally, new plantations take years to reach maximum productivity.
Hence, finding an appropriate combination of plantation and eradication that promotes the
age balance without significantly reducing production can be extremely challenging.

Figure 5 presents charts with the percentage of plants in age groups G1 to G5 at each
period of the time horizon in the solutions provided by model variants No-No, S1-S1, and
S2-S2. The charts for the other variants are presented in Appendix B. The dashed horizontal
lines in the charts correspond to the minimum and maximum values for desired percentages
(15 and 25%, respectively), but different specific values may be imposed by the company
for each group within these two levels. In these charts, we observe large violations of these
percentages at the first time periods, as during them, the age balance requirements are
relaxed or lightly penalized in the objective function. For variant No-No, these violations
are observed throughout the whole time horizon, while we see that S1-S1 and S2-S2 could
better control these violations after the middle of the time horizon. In particular, S1-S1 was
very effective in satisfying the age balance levels, reducing the violation of these requirements
to zero from period 18 onward. Variant S2-S2 was not so effective, as we observe that the
percentage of certain age groups above or below the desired percentages in all periods of
the time horizon. Therefore, strategy S1 is the most appropriate for imposing the minimum
and maximum age balance requirements, as it resulted in a solution that reaches the levels
desired by the company.

5.6. Planting and Eradication Analysis

In this analysis, we focus on managerial insights regarding the influence of varietal and
age balance on planting and eradication. Planting requires high investments in machinery,
agricultural inputs, workforce, and seeds. For this reason, the annual planting is limited to
4 million plant seedlings. Likewise, eradication is limited to 5.000 ha/year. Note that the
measuring unit used in the planting effort is the number of plant seedlings, while the unit in
the eradication effort is an area in hectares.

Figures 6 and 7 show the total amount of new plantations and eradication, respectively,
according to the solutions obtained with the SPMC variants No-No, S1-S1, S2-S2 (see Ap-
pendix C and D for the other variants). In these results, we observe that the solutions of
all model variants present similar behavior up to period 5 because of the system’s initial
state before the optimization process. Moreover, planting is directly related to the value
of the objective function through the constraints (2). Thus, SPMC prioritizes planting the
most productive strata, maximizing the productivity required in the objective function (1).
Furthermore, the results indicate that variant S1-S1 achieves the best result, as this is the
only one that promotes a stabilized planting (after period 5), keeping the amount of plant-
ing seedlings around 2 million every year. We observe that this variant, is the only one
resulting in a stabilized eradication level too (from period 13 onward). Again, these results
were evaluated as extremely positive by the company, because this solution allows them to
effectively manage the resources related to planting and eradication, including a better cash
flow management to invest in the annual harvest.
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Figure 5: Percentages of plants in the five age groups at each time period in the solutions obtained
with the model variants No-No, S1-S1, and S2-S2.

6. Conclusion

We have proposed an effective optimization approach to support strategic planning deci-
sions in citrus planting. It was motivated by the partnership with one of the largest orange
juice producers in the world. This company was interested in optimizing its fruit produc-
tion while satisfying important requirements such as varietal and age balance, maximum
plantation, and eradication efforts, among others. To support this complex decision-making
process using formal and scientific techniques, we introduced a mixed-integer linear opti-
mization model, named the strategic planning model for citriculture (SPMC), considering
the main characteristics, requirements, and goals of the company’s strategic plan. It is worth
mentioning that this model is not restricted to the partner company only but can be used
by other companies in the citrus and related sectors.

We analyzed the proposed approach through computational experiments using a realis-
tic, large-scale instance created from real-world data provided by the partner company. We
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Figure 7: Eradication at each period in the solutions of model variants No-No, S1-S1, and S2-52.
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created seven variants of the SPMC model using different ways of enforcing the varietal and
age balance requirements in order to evaluate the influence of these requirements on the
solutions. As expected, the solution with the largest total orange production was obtained
when we completely ignored the varietal and age balance requirements in the model. How-
ever, this solution does not meet the company goals, as the production significantly violates
the desired minimum and maximum levels related to the varietal and age balance. Addition-
ally, the production showed a highly oscillatory behavior through the years of the planning
horizon, which has a negative impact on resource management.

Conversely, gradually penalizing the violation of the balance and age requirements through
the years in the objective function of the SPMC resulted in a solution that was considered
very effective by the partner company. Although it does not result in the largest total
production, it still significantly increases the annual orange production with respect to the
production observed in the plantation of the company at the beginning of the planning hori-
zon. More importantly, this is achieved while completely satisfying the desired varietal and
age balance requirements after a few periods from the beginning of the planning horizon.
This solution also results in stable production values after period 13 and in stable plantation
and eradication efforts. The resulting varietal and age balance, together with stability in
production, planting, and eradication, were the main goals of the partner company. There-
fore, the proposed optimization approach offers a successful tool to aid decision-making in
their strategic planning process.

As is typical with optimization models, the solutions derived from the SPMC are sig-
nificantly influenced by the input data and initial conditions. For example, the specified
percentages for varietal and age balance can heavily impact the decisions and may lead to
different production outcomes. Consequently, it is important for decision-makers utilizing
this approach to accurately define input parameters and explore different scenarios that en-
compass relevant variations in the input data and parameters. The use of a computer-aided
optimization tool like the one suggested in this paper offers an advantage as it enables man-
agers to swiftly conduct experiments using diverse input data, thus allowing them to make
decisions based on the best outcomes for the most likely scenarios. As indicated, each run
of the SPMC can be performed within practical computation times. Given the periodicity
and importance of the strategic planning process, the results of many different scenarios can
be evaluated beforehand to support informed decision-making.

We can foresee interesting research opportunities regarding extensions of our study. First,
one can investigate more efficient ways of ensuring the varietal and age balance requirements
using soft constraints. One possibility would be using multi-objective techniques to deal
with the conflicting objectives/requirements when maximizing production and minimizing
varietal and age balance violation. Moreover, to improve the computational performance of
solving the SPMC model, one should resort to decomposition approaches (e.g., decomposing
by strata or periods). Alternatively, one can rely on model-based heuristics, such as rolling
horizon approaches, Relaz-and-Fiz, and Fiz-and-Optimize. All these approaches may help
to resolve larger and more challenging instances.
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030 Appendix A. Varietal balance results for other model variants
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Figure A.8: Production percentage of each wvariety at each time period in a given pole of the
company, in the solutions obtained with the model variants No-S1, No-S2, S1-No, and S2-No.
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o1 Appendix B. Age balance results for other model variants
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Figure B.9: Percentages of plants in the five age groups at each time period in the solutions
obtained with the model variants No-S1, No-S2, S1-No, and S2-No.
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022 Appendix C. Planting results for other model variants
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Figure C.10: Planting of new seedlings at each period in the solutions of model variants No-S1,
No-52, S1-No, and S2-No.
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o33 Appendix D. Eradication results for other model variants
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Figure D.11: FEradication at each period in the solutions of model variants No-S1, No-52, S1-No
and S2-No.
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Appendix E. Details of computational experiments with the SPMC

We present the details regarding the experiments with different variants of the SPMC
model. Table E.3 presents, for each variant, the final value of the objective function and the
relative gap of the best solution obtained when the solver achieved the time limit of 1 hour.
Note that the solver could not prove optimality in any variant and, hence, all experiments
finished due to the time limit. For this reason, we do not present computation times in Table
E.3.

Table E.3: Computational results of different variants of the SPMC model.

Variant Obj. Func. Relative gap

No-No 1.98E+21 0.1883%
No-S1 1.87E+21 0.7659%
S1-No 1.78E+21 0.5090%
S1-S1 1.67E+21 1.4736%
52-No -2.16E+21 0.6385%

No-S2 -6.47E+21 21.3896%
52-S2 -1.14E+22 15.1255%

We observe in Table E.3 that the model variants S2-No, No-S2, and S2-S2 have negative
values in their respective objective functions. This occurs because, in these experiments,
these variants models highly violates the varietal and age balance requirements, which are
penalized in the objective function. Moreover, the last two variants still show large relative
gaps when the solver terminates due to the achieving the time limit. These results reinforce
that the penalization strategy S2 did not provide good solutions. For the other four model
variants, we observe that S1-S1 has the smallest objective value, mainly because it effectively
satisfies the varietal and age balance requirements in the last periods. Additionally, it has
a slightly larger gap among the four, indicating the difficulty of solving the SPMC with
penalizations on both varietal and age balance violation.

34



