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Abstract: Agriculture is one of the main economic activities in Brazil. The intensive use of water for irrigated
agriculture leads to water rise demand contributing to increase water stress. Agent-based models help assess
this problem with promising applications entailing an organizing principle to inform us of how to view a real-world
system and effectively build a model. In this work, agent-based modeling is applied to simulate water usage for
irrigation in agricultural production in the Samambaia river basin in the municipality of Cristalina in the Goias
state of Brazil. The use of real data enables analysis of resource availability in a scenario with high demand
irrigation, allowing a greater understanding of the needs of the parties involved.
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Resumo: A agricultura € uma das principais atividades econémicas no Brasil. O uso intensivo de agua para
agricultura irrigada acarreta o crescimento das demandas hidricas contribuindo para o aumento do stress hidrico.
Modelos baseados em agentes ajudam a avaliar esse problema com aplicagdes promissoras envolvendo um
principio de organizagao para nos informar sobre como visualizar um sistema do mundo real e efetivamente
construir um modelo. Neste trabalho foi aplicada a modelagem baseada em agentes para a simulagao de uso
de agua para irrigagao na produgao agricola da bacia do rio Samambaia no municipio de Cristalina no estado
de Goias no Brasil. O uso de dados reais viabiliza analise de disponibilizagdo do recurso em um cenario com
alta demanda para irrigacao, permitindo um maior entendimento das necessidades entre as partes envolvidas.
Palavras-Chave: modelagem baseada em agente — simulagao baseada em agente — irrigagao — recursos
hidricos
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1. Introduction

Nowadays, water scarcity is among the main problems to be
faced by society. Insufficient freshwater resources to meet hu-
man and environmental demands are considered a priority for
global development. Although a vast number of environmen-
tal, economic, and engineering solutions have been proposed
or implemented worldwide, the problem deserves continuous
investigation to satisfy long-term average requirements [1, 2].

The population increase and intensive economic activities
in water use lead to water stress. According to [3], the main
use of water in terms of quantity in Brazil is irrigation, cor-
responding to 66.1% of the total consumption of 1,101 2 /s
(annual average 2018). This use corresponds to the agricul-
tural practice employing equipment and techniques to supply

total or partial deficiency of water for the crops that vary ac-
cording to each crop, type of soil, relief, climate, and other
variables. Traditionally, irrigation allows supplementation of
rainfall regime enabling cultivation in places with specific
periods of drought as in the central region of Brazil.

One of the most used methods in irrigated agriculture cor-
responds to the central pivot. The activity or idleness of the
areas irrigated by pivots is extremely dynamic throughout the
year. Irrigation is of fundamental importance for better char-
acterization of the water balance in the hydrographic basins.
According to the new survey of agriculture irrigated by central
pivots [4], it is currently estimated a total of approximately
7.3 million hectares of irrigated area in Brazil with a potential
increase of 3.14 million hectares by 2030 (45% expansion). In
2017, there were 23,181 pivot points with 1,476,101 hectares



equipped for irrigation by central pivots, which corresponds
to about 20% of the total irrigated area and 30% of the mecha-
nized irrigated area. In this scenario, the three major irrigating
municipalities in Brazil are Una{ and Paracatu (Minas Gerais
state), and Cristalina (Goids state), which form the largest
pivot concentration with 2,558 pivot points occupying 191
thousand hectares.

The plantation’s water demand increases in the dry sea-
son in the central region of the country, particularly in large
irrigating municipalities such as Cristalina (Goids), illustrated
by Figure 1. The effective occupation rate (area effectively
planted under the pivots) in this period is around 30 to 50%
lower than in the rainy season, which reaches 70-98% when
most of the water is supplied by precipitation.

Figure 1. Irrigation pivots for agriculture.

The need for artificial application of water per hectare
rises dramatically during the drought period. That coincides
with the lower availability of water in rivers and reservoirs
becoming a water management challenge. As a water resource
engineering support discipline, computing can assist through
mathematical modeling techniques [5], numerical analysis [6],
instrumentation [7], geoprocessing [8], remote sensing [9],
statistics [10], systemic analysis [11], as well as agent-based
modeling applications [12, 13, 14, 15].

An agent-based model is not only an organizing princi-
ple but informs us of both how to view a real-world system
and how to effectively build a model of that system. Agent-
based modeling (ABM) systems can benefit from computa-
tional techniques that allow an adequate approach to treating
complex systems, particularly involving anthropic action as
socio-environmental phenomena. The use of ABM with simu-
lation enables the analysis of results in a realistic way when
compared to the application of more traditional techniques,
such as simulation of discrete events [16], system dynam-
ics [17], Monte Carlo method [18] and continuous systems
simulation [19].

The main characteristic of the ABM is the focus on the
agent as a fundamental unit, including the interaction with
other individuals and with the environment, which makes
complex applications possible with an emphasis on social
and socio-environmental phenomena. ABM associated with
computer simulation makes it possible to explore alternative
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scenarios and forecasts. This association promotes a greater
understanding of the relationship between stakeholders and
becomes a valuable tool for conflict resolution. The emer-
gence of agent-based approaches implies two aspects of great
interest as a more robust and better-based decision-making
tool for real-world phenomena. It is considered a scientific
research instrument that offers an alternative method to tradi-
tional induction and deduction. The dual utility - social and
scientific - led to the popularization of the approach [20].

The case study uses the Samambaia river basin real data
in the Cristalina municipality at Goias state in the central-
west region of Brazil. The climate in the region is considered
tropical with a dry season (Aw type according to Koppen-
Geiger classification [21], having mild summers and winters,
with reduced rainfall. The rainy season runs from October
to April and, from May to October, the dry season occurs,
with an average annual rainfall of 1,400mm. Since agriculture
is the most representative socio-economic indicator in the
municipal gross domestic product, representing approximately
40%, the drought period can bring great damage to the region’s
economy [22].

Thus, this work applies ABM for the simulation of agri-
culture irrigated by pivots throughout the dry and rainy season
with different crops (soy, corn, cotton, beans, potatoes, garlic,
onions, tomatoes) in the Samambaia river basin. The agents in
the model are represented by farmers that are the agricultural
producers associated with specific regions on the simulation
map. Farmers are objective oriented agents that consider ex-
penses to choose the crops to be planted to maximize profit as
described in Section 2.2.

Due to the high demand for irrigation water in the Cristalina
municipality, the study carried out serves as a typical example
of the challenge for water management in the country. This
work focuses on three research questions (RQ):

* RQI. What is the total water demand for agricultural
production in the different sub-regions of the basin
considering different periods of the year?

* RQ2. What is the equity generated by the producer?

* RQ3. What is the revenue per crop considering the
influence of water scarcity scenarios?

The modeling of the basin was performed on the GAMA
version 1.8 platform, using the GAML language. GAMA is an
open-source development environment for spatially explicit
agent-based modeling and simulation designed to support
the definition of complex models with strong support for
the spatial dimension [23]. The ODD (Overview, Design
concepts and Details) modeling protocol [24, 25] was applied
to improve the formulation of the agent-based model helping
to make the theoretical foundations more understandable and
reproducible.

The number and breadth of applications for ABM and
simulation are truly remarkable and continue to grow [20].
There are many works that apply ABM to water resources
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analysis [26, 27, 28, 29, 30]. Also, the application of ABM
to agriculture and irrigation have received attention world-
wide [31, 32, 33]. According to our literature review, a
few works applies ABM and simulation to agriculture in
Brazil [34]. Particularly in large irrigating municipalities
in the central-west region, one of the main irrigation hubs
includes Cristalina (Goias state). Cristalina provides more
than 45 different products that go to the table of millions of
Brazilians. Without irrigation, producers would be able to take
a maximum of four products from the land. The Samambaia
River basin is the most important for Cristalina agriculture.
Around this river is a large part of the producers that use irri-
gation. But the past few years have been critical for this part
of the cerrado with the little rain made rivers almost dry, af-
fecting negatively the agricultural production [35]. Thus, this
work fulfills the need for studies in the Cristalina municipality
with agriculture production analysis using pivot irrigation.

The rest of the article is organized as follows. In Section 2,
the materials and methods applied in the work are described.
In Section 3, the case study in the Samambaia river basin
is presented with the results of the simulations using two
different scenarios. A brief discussion related to recent works
is presented in Section 4. Finally, in Section 5, conclusions
are presented and future work cited.

2. Materials and Methods

In this work, individual agents represent agricultural produc-
ers categorized by the number of irrigation pivots available for
their production. For the development of the agent-based sim-
ulation model, some materials and methods were used such
as a simulation platform (Section 2.1) and the ODD modeling
protocol (Section 2.2).

2.1 Simulation Platform

There are several open-source agent-based modeling and sim-
ulation tools cited in the literature. Such tools vary from
complete platforms to language extensions and frameworks.
In this work, we considered some of the simulation tools be-
ing used for water resource management as presented in the
researches of Section 4.

¢ the Common-pool Resources and Multi-Agent Systems
(CORMAS)! is a platform focused on socio-environ-
mental models, particularly models of renewable re-
source systems [36]. CORMAS is based on the Vi-
sual Works platform for developing programs in the
Smalltalk language. It focuses on the Companion Mod-
eling Approach that consists of the use of the model
by the interested parties themselves, as a Role Playing
Game tool, aiming to provide those involved with a
greater understanding of the system of which they are
part.

! (http://cormas.cirad.fr/indexeng.htm)
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« the NetLogo? is an open-source agent-based simula-
tion environment that uses a modified version of the
Logo programming language. It has a generic scope
of application and it is one of the most popular agent-
based modeling and simulation tools [37]. The NetLogo
was developed in the Scala and Java languages by Uri
Wilensky at the Center for Connected Learning and
Computer-Based Modeling at Northwestern University,
Illinois, USA.

the Repast Simphony? is a widely used free and open-

source cross-platform agent-based modeling and simu-

lation toolkit. The Repast has multiple implementations
in several languages and built-in adaptive features, such
as genetic algorithms and regression. The geographic
information system is provided through geography pro-
jections that, like the other spatial projections in Repast

Simphony, correlate the agents to positions in space.

The Repast was originally developed by David Sallach,

Nick Collier, Tom Howe, Michael North, and others at

the University of Chicago, but it has been under contin-

uous development for over 15 years [38].

the Multi-Agent for Environmental. norms Impact As-

sessment (MAELIA)* platform emerged from the GAMA

platform and has a smaller scope restricted to models of

agriculture and management of natural resources [39].

MAELIA provides a software architecture to address

questions about the interaction between agricultural ac-

tivity, the dynamics of agricultural landscapes, and the
management of natural resources.

+ the GAMAD platform is an integrated development en-
vironment (IDE) for building spatially explicit agent-
based models, especially focused on modeling socio-
environmental systems [40].

Although many modeling platforms ease the work of the
modelers, like CORMAS, NetLogo, Repast, there are dif-
ferences in how they assist in the decision-making process.
In [23], the authors claim that the main reason lies in the
lack of implication of stakeholders in the model design and
exploration (simulation) processes. An approach that can over-
come this difficulty is participatory modeling since it aims
at using modeling in support of a decision-making process
involving stakeholders [41]. The GAMA modeling and simu-
lation platform has participatory tools integrated within, that
allows to build models graphically and develop distributed
serious games in a simple way adapted to modelers who are
not experts in computer science.

The GAMA platform was chosen to develop this project.
GAMA has a high-level language specifically for agent-based
modeling (GAML) coded in Java that supports the geographic
information system and creation of graphical interfaces with
Open Graphics Library (OpenGL), which works on several

2
3
4
5

https://ccl.northwestern.edu/netlogo/)
https://repast.github.io/)

http://maelia- platform.inra.fr)

https://gama- platform.github.io/wiki/Home)
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platforms to render 2D and 3D vector graphics. GAMA pro-
vides modelers with native integration of GIS data [42]. The
project code and documentation are available in the research
group repository®.

2.2 ODD Protocol

The ODD protocol was first published in 2006 to standard-
ize the published descriptions of individual-based and agent-
based models not only in ecology but also in many other disci-
plines dealing with complex systems made up of autonomous
entities [24]. The primary objectives were to make model de-
scriptions more understandable and complete, thereby making
individual and agent-based models less subject to criticism
for being irreproducible.

According to [25] ODD improves the rigorous formula-
tion of models and helps make the theoretical foundations of
large models more visible. We used ODD to standardize the
description of the model, facilitate communication and facili-
tate reproduction. The ODD protocol includes in the model
description three categories (Overview, Design concepts and
Details) which are subdivided into seven elements: Purpose,
State variables and scales, Process overview and scheduling,
Design concepts, Initialization, Input, and Submodels. This
work’s agent-based model description using the ODD protocol
is presented in Sections 2.2, 2.2 and 2.2.

ODD 1 - Overview

Purpose In this work, the use of water-related to agricul-
tural activity in the Samambaia river basin was modeled, to
investigate how producers choose crops according to available
water resources. In particular, we want to explore scenarios of
water scarcity and their influence on the behavior of producers
by analyzing the wealth generated by the producer category
and revenue by culture.

State variables & scales The model includes six entities

or species, as follows:

* Global - represents the world or the agent simulation en-
vironment, being spatially characterized by the Samam-
baia river basin divided into three sub-basins: Rato
stream, northern Samambaia, and southern Samambaia.

e Farmer - represents the agricultural producer being as-
sociated with a contiguous region of the map with a
certain number of central pivots. The main activity of
the producer is the choice of the crop to be planted in
order to maximize profit. As expenses, the costs of
maintaining the plantations are totaled, with the income
being the return of the harvests. In the simulation, 10
producers were instantiated, divided into three cate-
gories: small size culture - 10 pivots in Rato stream;
medium size - 30 pivots in northern Samambaia; and
large size - 50 pivots in southern Samambaia.

6 (https://gitlab.com/InfoKnow/MASE/guidodutra-
samambaiabasinabms)
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* Field - represents a central pivot belonging to a Farmer
where a crop may be planted (Crop). Each pivot uses
water from the river closest to its location in the basin
(WaterSource) with consumption determined by its cur-
rent size and culture, influencing the maintenance cost.
In the simulation, it was defined that the same crop
cannot be planted in the same pivot twice in a row.
This restriction was defined according to field research
with farmers in the region [15]. Local farmers follow
the technique of crop rotation combined with the di-
rect tillage system to efficiently reduce environmental
impacts [43]. These entities are generated from the
shapefile mapped by the National Water Agency (ANA)
and remain active throughout the simulation.

Crop - represents a planting culture chosen through
field research among the most common crops in the
region. Sales price data were obtained from Compan-
hia Nacional de Abastecimento - CONAB (National
Company of Supplying)’, while data on productivity,
cost and time of production were obtained from several
sources, the main one being the Instituto para o Fort-
alecimento da Agropecudria de Goids - IFAG (Institute
for the Strengthening of Agriculture in Goids)®. Each
culture has a culture coefficient associated with evap-
otranspiration in the environment that determines the
water demand. This coefficient changes during the life
cycle of the crop. In the simulation, four stages with dif-
ferent coefficients were used. The data for determining
stages and coefficients were obtained from Monteplan’s
technical report [44].

Harvest - represents a harvest cycle from the moment
the seeds are planted until harvest. Each entity is asso-
ciated with a pivot (Field) that is generated at the time
of planting and ceases to exist after harvest. A Field
has several entities Harvest throughout the simulation.

WaterSource - represents a water source within the basin
associated with sub-basins with a specific flow and total
water, providing water to the pivots within your region.
These entities are instantiated at the beginning of the
simulation and remain active until the end.

To document the described species of the agent-based
model, UML (Universal Modeling Language) [45] was used,
as shown in the class diagram of Figure 2.

Process overview and scheduling The simulation covers
a period of 3 years and 8 months - from January 2016 to
August 2019 (44 months) - considering that each month lasts
for 30 days. This restriction is due to data available on the
CONAB portal, where dates before 2016 presented many gaps
and low accuracy.

7 (http://sisdep.conab.gov.br/precosiagroweb/)
8 (http://ifag.org.br)
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Crop

+ crop_number: int

+ name: string

+ available_months: list<int>
- productivity: float

- production_cost: float

+ sell_price: float

- dry_penalty: int

- stage_change_days: list<int>
+ harvest_duration: int

- coefficient: list<int>

- display_color: rgh
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Harvest

+ crop: Crop
+ current_days: int
+ current_stage: int

+ calculate_expected_profit(): float
- calculate_expected_revenue(): float

- calculate_evapotranspiration(): float
- calculate_expected_rain(): float

- calculate_expected_water_demand(): float

—_

- has_changed_state: bool
+ current_water_demand: float

- calculate_current_stage(): void
1

1

Field

+ farmer: Farmer

- water_source: WaterSource
+ current_harvest: Harvest

- previous_crop: Crop

- field_area: float

- water_demand: float

+ upkeep_cost: float

n
Farmer + create_new_harvest(Crop): void

+ cash: float - calculate_water_demand(): float

+ current_crop: Crop - update_upkeep_cost(): float

- previous_crop: Crop 1 - harvest(): void

+ number_of_fields: int

- fields: list<Field> / n

- update_crop(): void WaterSource

- daily_payment(): void

- daily_supply: float

- daily_demand: float

- total_demand: float

- flow_data: matrix

- irrigated_ fields: list<Field>

- calculate_daily_demand(): float
- calculate_daily_supply(): void

Figure 2. Class diagram of the model.

The simulation resolution is daily. Each simulation itera-

tion is equivalent to one day. The daily updated variables in-
clude water demand, crop maintenance costs, farmers’ money,
precipitation, minimum, average, and maximum temperatures,
evapotranspiration. Variables updated monthly include the
sale price of crops and the flow of rivers. The daily variables
vary according to the crop type (e.g., water demand), while
there is no updated information with that frequency for sale
price and flow of rivers. The expected financial return for each
crop is computed by:

* the maintenance cost Cm is constant for each crop and
it is determined by input data as presented in ODD 3
- Details, input data. For pivots without any culture,
a fixed daily cost of R$ 0.01 was estimated similar
to [15].

the cost of irrigation Ci is based on water demand and
the influence of rain during the planting cycle. The daily
water demand is given by the crop coefficient CC mul-
tiplied by the evapotranspiration evp daily (CC X evp).
Considering that each crop has four stages in which

the CC changes, it is necessary to estimate the water
demand for each stage of planting. For this, the evapo-
transpiration value was considered constant, which is
equal to the first day of the stage evp(dayl). To calcu-
late the demand for the Dstage and the total demand
Dtotal we used

Dstage = evp(dayl) x CC
4
Dtotal = Z Dstage
n=1

ey
@)

to calculate the influence of rain C on water demand,
the total rainfall during the planting cycle Ctotal was
considered multiplied by the factor K that determines

the regularity of rain calculated by
C =Ctotal x K 3)

and the total rainfall during the planting cycle Ctotal is
computed by

Ctotal = Cmonth x T 4
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where Cmonth is the total amount of rain during the
reference month (historical data) and 7 is the duration
of planting in days. The K factor is given by

K = Dabs/(2 x Cmonth),K C [0,1], )

where Dabs is the absolute deviation of the historical
series during the reference month.

* the profit for each crop L is calculated by
L=P—(Cm+Ci), ©6)

where P is the average selling price for the reference
month (harvest month), Cm is the maintenance cost and
Ci is the irrigation cost.

e price variability by culture using the variation coef-
ficient CV with the arithmetic mean of the historical
series of monthly prices for each crop given by

L(xi —X%)*/n

x

CV = , @)
where x; = individual value, X = average values and n
= number of values between January 2016 to August
2019 (44 months). If the CV of the most profitable crop
is greater than the farmer’s tolerance, the second most
profitable crop is added, and so on.

* T tolerance to price variability consists of a base value
Th and a pivot value T p given by

T =Tb+ (Tp x Npivos) 8)

where Npivos is the number of pivots that the producer
owns. So the more pivots the producer has, the greater
his tolerance to price variability and the less simultane-
ous crops he tends to plant.

The calculation of the producer profit depends on the
amount and regularity of rain during the planting period. To
model this phenomenon mathematically a precipitation calcu-
lation with a normal distribution coefficient is used

k=D/2P,k C [0,1] ©)

where D is the absolute deviation and P are the total historical
precipitation series. The coefficient represents a value of 0 to
1 for rainfall variability, where O represents the same amount
of rain every day and 1 all rain at a single time. With this
coefficient, we estimate the influence of rain on water use as
P x (1 —k). Note that the greater the deviation of the series,
the greater the coefficient and the lesser the influence of rain,
which is equivalent to a scenario in which most of the rain is
concentrated in a few days, as occurs in the dry season in the
central region of Brazil.

Agent-Based Model for Simulating Irrigated Agriculture

ODD 2 - Design concepts
Basic principles, emergence, adaptation, objectives, pre-
diction, sensing As a basic principle, we assume that pro-
ducers seek to maximize their income in an economically
sustainable way, through the choice of crops, the availability
of water, and other climatic factors that influence this decision.
Thus, the water dynamics used in the basin derives from the
interaction between economic and hydro-climatic factors.
The main objective of producers is to maximize the finan-
cial return even in times of drought. Considering emergence
and adaptation, producers change their planting choices de-
pending on the financial return and their income, but once
chosen, planting remains constant throughout the simulation.
As a simple prediction, there is the choice of planting by
the producers based on the estimate of the profit obtained by
culture. For detection, we assume that producers have access
to data on temperature, precipitation, and availability of water
in the environment.

ODD 3 - Details

Initialization, Input data, Submodels The simulation starts
on Ist January 2016. At this moment, the environment of the
basin, the sub-basins, the farmers, and the pivots are generated.
The pivots are initially without any planting. For each farmer,
one day of the first month is chosen at random to carry out the
planting of the first crop.

To start the simulation, input data (shapefiles) obtained
from ANA were used including Samanbaia river basin, south-
ern Samambaia, northern Samambaia, and Rato stream basins,
mapping of rivers and pivots. Also as input data, we used
the market price of crops (CONAB), temperature, and pre-
cipitation in the region (Instituto Nacional de Meteorologia -
INMET)?. In addition, water flow in each sub-basin (ANA),
crop productivity (multiple sources), time and cost of produc-
tion (multiple sources) were used as in [15].

There are no submodels in this work. However, due to the
GAML language structure, each species is contained in a file
that declares a .gaml model as presented in the skeleton of a
species file below. In the GAML language, every .gaml file
must declare a model, which implies that by design species
files are not supported, which would be the equivalent of class
files in object-oriented languages. But it is possible to declare
model files with only one species (or species that are related
by inheritance) and import them into other model files (other
species or main model). This was the approach adopted in
this work as illustrated in the species file skeleton.

model ExampleSpecies

import ’./AnotherSpecies.gaml’
species ExampleSpecies {

float basic_variable;
AnotherSpecies speciesReference;
// other variable declariations

9 (http://www.inmet.gov.br/portal/index. php?r=bdmep/bdmep)
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action some_action {
// action body

}

reflex some_reflex when:
/1 reflex body

}
}

some_condition {

Scope mechanisms and namespaces do not seem to be
supported by the GAML language. Nevertheless, it is possible
to import files that give access to the entire contents of the file
in a global scope. Considering the language requirements we
used the following code organization structure:

* separate directories for models, species, experiments,
and data;

e a file for the main model;

* global variables declared in the main model file - it is
necessary to import the main model in all species files
that access global variables;

* one species per file - their species were placed in the
same file as their parents.

The project directories structure is presented in Figure 5
using the GAMA platform interface. Figure 6 illustrates the
GAMA platform interface using the Samambaia river basin
case presented in Section 3.

3. Case Study

Most of the area of the Samambaia river basin is located
in the municipality of Cristalina in the east of the state of

Goids, in Brazil, taking up a small area of the Federal District.

According to [4], the basin covers an area of 88 thousand
hectares of which 20 thousand are irrigated by 228 central
pivots (Figure 3). There is pressure from producers to increase
the irrigated area, but the water supply in the basin is close
to the limit, largely due to the use of water in the Batalha
hydroelectric plant. The Samambaia river basin was chosen
for this work because there is already an initiative between
the producers and ANA to implement the collective allocation
of water. In addition to the growing trend of expansion of the
irrigated area, increasing conflicts as presented in previous
works as cited in [15].

The map of the Samambaia river basin is presented in
Figure 3 and the map of the pivots in that basin is presented in
Figure 4, which is subdivided into three sub-basins (from top
to bottom): Rato stream, Samambaia North, and Samambaia
South. Each pivot on the map is colored according to the
type of cultivation (soy, corn, cotton, beans, potato, garlic,
onion, and tomato) and a number that represents the producer
to whom this pivot belongs. As mentioned in Section 2, the
simulation was instantiated with 10 producers: small with
10 pivots (Rato stream), medium with 30 pivots (northern

Samambaia), and large with 50 pivots (southern Samambaia).
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L)

Figure 3. Samambaia river basin map.

Two simulation scenarios were defined: Scenario 1 with
the current water grant from ANA and Scenario 2 of water
scarcity to verify the influence on the total revenue by culture.

Figure 7 shows the water demand in days considering
different periods of the year in the three sub-regions of the
basin, as well as the total demand for the Samambaia basin.
This figure answers the research question RQ1 (Section 1)
considering the simulation period from January 2016 (zero on
the X-axis) to August 2019 (1325 on the X-axis). Note that
the pattern of water demand is highly variable according to
the periods of drought and rain in the region (Y-axis presents
the water demand in million liters). Considering that the dry
season in the region normally lasts 6.2 months from April 6 to
October 13 note that during January the water demand is low
due to rains in the region. The top graph presents the Cdrrego
do Rato (Rato stream) varying from O to 3.5 million liters,
Samambaia Norte (Samambaia North) varying from 0 to 9
million liters, Samambaia Sul (Samambaia South) varying
from O to 11 million liters and the total varying from O to 25
million liters.

Figure 11 answers the research question RQ2 (Section 1)
presenting a constant development during time intervals with
an increasing pattern in the total assets of producers, repre-
sented by wealth in billion of Reais (R$) on the Y-axis per
time in days on the X-axis. The total assets vary from O to
R$ 14 billion. Note that the slope is stable in some parts

R. Inform. Teor. Apl. (Online) o Porto Alegre ¢ V. 28 ¢ N. 2 ¢ p.113/123 o 2021



®soy
®comn
@Cotton
Beans
@Potato
Garlic

Figure 4. Map of the pivots in the Samambaia river basin.

corresponding to stable equity of the producer category.

Figure 10 presents the wealth distribution per category
using pie charts. The left side chart presents the medium pro-
ducer with 12,221 billion R$ correspondings to 66% (blue),
the big producer with 4,745 correspondings to 26% (green),
and the small producer with 1,484 correspondings to 8% (red).
The average wealth distribution per producer category (right
side pie chart) presents the big producer with 2,372 billion R$
correspondings to 54% (green), the medium producer with
1,495 correspondings to 34% (blue) and the small producer
with 0.495 correspondings to 11% (red). In short, on aver-
age the big producer produces 54% of the total wealth at
Samambaia basin (R$14 billion).

Figures 8 and 9 answer the research question RQ3 consid-
ering two different scenarios (Section 1). Scenario 1 considers
the current grant of water by ANA [46]. While, the Scenario
2 has water scarcity with 50% of water reduction.

The (a) in both figures present the total revenue per culture
(billion of reais R$ on the Y-axis) at the top and the production
per culture (thousand tons on the Y-axis) considering the
production of soy, corn, cotton, beans, potato, garlic, onion
and tomato (left to right). The (b) in both figures present in the
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top part the revenue per culture during the dry period (billion
of reais R$) and the bottom part of the production per culture
during a period (thousand tons kg). It is interesting to note that
some crops disappear in the scenario of water scarcity. The
tomato crop has the highest production in all scenarios, and
the scarcity of water affects over 50% revenue even without
the proportional decrease in production.

As Figure 8 shows total revenue (R$) and production (kg)
per culture for the total time of the simulation and Figure 9
the same data for a water scarcity scenario, in the simulation
the total amount of available water in the basin was multiplied
by a parameter k, which was set to 0.01 (k = 0.01). But, this
parameter can be tweaked in the GUI experiment screen in
GAMA.

In the water scarcity scenario (Scenario 2) the production
quantity and profitability are significantly different. Although
tomato is the most profitable crop in both scenarios, it is
relatively less when water is scarce. A similar effect happens
for garlic. This result is in line with the field research carried
out in [15], where it was reported that garlic is very sensitive
to environmental changes, such that a small period with sub-
optimal conditions may cause a whole harvest to be lost.

Considering the water scarcity scenario (Scenario 2) there
is an important restriction that affects the model. During the
dry season the water supply exceeds the water demand since
we are not considering the water allocated to other activities
such as to a nearby hydroelectric plant (Batalha hydropower
plant - BHP). The region is simultaneously managed by vari-
ous agencies and by the Watershed Committee, making it dif-
ficult to get aligned water resources management data. Thus,
further work must be done to parameterize the simulation to
this state. This might be because the real-world water avail-
ability for farmers is given not by the total water available in
the basin, but by the grant given to them by ANA, which is
significantly lower, as water in the basin must be allocated to
other activities. There are multiple conflicts caused by water
uses described in the literature, but the conflict between hy-
dropower generation and irrigation is an example that there
are no references of solution and management success being
the subject of further study [47, 48].

4. Discussion

In this section, we present related work involving agricul-
tural water management applications lightning how the use
of agent-based modeling and simulation allows an adequate
approach to investigate problems and propose solutions to
water resource problems.

In [34] an agent-based simulation is adopted using COR-
MAS platform [36]. To represent feedback processes between
water availability and water use for irrigation, system compo-
nents related to topography, hydrology, storage, and water use
for irrigation are included. The approach was tested for the
Jaguaribe basin located in the semi-arid Northeast Brazil. Re-
sults present the existence of positive and negative correlations
between water availability and water use exist. It was found
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Figure 5. The project structure in GAMA platform.

that increasing wet season water use in times of drought ampli-
fies water stress in the following dry season. Authors conclude
that their approach allows representing spatial-temporal vari-
ability of water availability that is influenced by water use.

Authors in [27] present the Agent-based Modeling of Re-
sources (Aqua.MORE) platform developed in NetLogo [37].
Aqua.MORE simulates the water resources in a demand and
supply system, whereby water fluxes and socioeconomic ac-
tors are represented by individual agents that mutually interact
and cause complex feedback loops. The platform can support
understanding, interpretation, and scenario development of
resource flows in coupled human—water systems at the catch-
ment scale. In this article, the authors describe the key steps
for developing an agent-based model of water demand and
supply using Aqua.MORE and illustrate the modeling pro-
cess in an idealized Alpine valley, characterized by touristic
and agricultural water demand sectors. Authors corroborate
the potential of Aqua.MORE as a decision-support tool for
sustainable watershed management.

In [32], authors aim to integrate systemic and social com-
plexity aspects proposing a methodological framework (S>CE)
for evaluating different alternative actions using the MAELIA
multi-agent model [39]. The framework hybridizes an inte-
grated assessment and modeling exercise, with a deliberative
multi-criteria evaluation and concludes with a reflexive stage.

Application to agricultural water management illustrates the
use of SZCE. The computer simulation was used to enrich
collective deliberation by helping stakeholders form and trans-
form their value judgments, and by raising critical questions
about options that appeared consensual. The method was
applied to a French watershed experiencing ecological crises.

The work of [29] simulated hydrographic basins of Sao
Gongalo and Lagoa Mirim with georeferenced data for water
resources analysis using GAMA platform [40]. Their agent-
based model considered agents as regions and rivers where
its water can flow among neighbor regions. The authors con-
cluded that each agent significantly interferes in the shared
environment. When decision-making is carried out in a par-
ticipatory manner the involved parties tend to improve their
conditions or stay stable in the face of possible problems, but
in the opposite situation, most of them achieved great loss
or total loss of its production. For future work, the authors
cite the definition of a mathematical water flow model for the
basin to address real water distribution between the studied
regions, water quality, and other environmental impacts.

The water demand increase in the presented Samambaia
river basin case drives projects for water management by users
born out of partnerships among ANA and the Rural Union of
Cristalina (e.g., Samambaia Project). Actions that have not
yet been implemented and intend to be included in the project
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Figure 6. Samambaia river basin case in GAMA platform.

cover the rational use of water for irrigation, organization of
irrigators and management-oriented monitoring. Although
the presented ABM is limited, we intend to contribute to
ANA’s action plan since the simulations reflect the claims of
different producers (especially small producers) concerning
their productivity allied to the irrigation pivots considering
the current grant of water by ANA. Besides, the presented
approach can be applied to other critical basins in the country.

5. Conclusion

ABM is applied to simulate a range of water resources en-
gineering disciplines by representing the problems of water
users, stakeholders, and decision-makers. Agents can cap-
ture decisions and behaviors around water use, water supply,
wastewater services, and stormwater runoff. But, there is a
gap of works in the literature applying ABM and simulation
to agriculture in Brazil. Particularly in large irrigating mu-
nicipalities in the central-west region of Brazil, one of the
main irrigation hubs in the country. This work fulfills this
gap developing studies in the Cristalina municipality in Goids
state of Brazil.

In this work, an ABM was developed to simulate the
water use for irrigated agriculture by central pivots in the
Samambaia river basin located in Cristalina. Three research
questions (RQ1, RQ2, and RQ3) related to water demand
were answered, generated assets, and revenue by producer
category in the various sub-basins of the Samambaia River.

* In RQI1 the water demand for agricultural production
in days considering different periods of the year in the
three sub-regions of the basin were presented: Cdrrego

do Rato (Rato stream) varying from 0 to 3.5 million
liters, Samambaia Norte (Samambaia North) varying
from O to 9 million liters, Samambaia Sul (Samambaia
South) varying from O to 11 million liters and the total
varying from O to 25 million liters.

The equity generated by producers (RQ2) is presented
in Figure 11 with an increasing pattern in the total assets
of producers varying from 0 to R$ 14 billion. Also, in
Figure 10, the wealth distribution per producer category
is presented using pie charts.

* The influence of water scarcity in the revenue per crop
is illustrated by two different scenarios (RQ3) as pre-
sented in Figures 8 and 9, with the current grant of water
by ANA and with 50% of water reduction, respectively.
The production quantity and profit are significantly dif-
ferent in both scenarios, but for the tomato crop, there
is a slight reduction of production with the water reduc-
tion, considering that it is one of the productions with
the highest financial return.

As future work, we intend to collect historical data on the
price of crops and agricultural production in the Samambaia
basin to validate the model. Different case studies can be
conducted like the semi-arid Northeast of Brazil presented
in [34] to highlight more serious problems of scarcity of water
resources. The Samambaia river basin case can be developed
using the Aqua.MORE platform [27] to evaluate the results
as a decision-support tool. Besides, the resulting simulations
can be associated with the S>CE methodological framework
of [32] to integrate systemic and social complexity aspects
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Figure 7. Water demand in the Samambaia basin.

for evaluating different alternative actions for the problem of
watershed management.
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