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Abstract

In most regions of the world, irrigation is vital for food production.
However, under increased water demands due to population growth,
economic development, and climate change in recent decades, there is likely
to be a significant reduction in the amount of water available for irrigation.
Therefore, it is imperative to make the best use of water that is available for
irrigation. This applies to: 1) the optimal allocation of land and water
resources for irrigation management to achieve maximum net return, subject
to constraints on area and water allocations at the district or regional scale;
and 2) the optimal irrigation scheduling of available water, as well as
fertilizer, in order to maximise net return at the farm scale. In order to
rigorously address these problems, metaheuristic optimization algorithms
have been used extensively due to their abilities in terms of finding globally
optimal or near-globally optimal solutions and relative ease of linkage with
complex simulation models. However, the application of these algorithms to
real-world problems has been challenging due to the generally large size of
the search space and the computational effort associated with realistic long-
term simulation of crop growth and associated soil-water processes.

In this thesis, general simulation-optimization frameworks for optimal
irrigation management (including optimal crop and water allocation, and
optimal irrigation water and fertilizer application scheduling) have been
developed in order to make the application of metaheuristic optimization
methods to the above problems more computationally efficient. As part of
this approach the problems are represented in the form of decision graphs
which are solved using ant colony optimization (ACO) as the optimization
engine. The frameworks enable dynamic reduction of the size of the search
space by using dynamic decision variable option (DDVO) adjustment
during solution construction. This also ensures only feasible solutions are
obtained as part of the stepwise solution generation process. In addition, the
computational efficiency of the ACO algorithms within the framework for
optimal crop and water allocation has been increased by biasing the options
at each node in the decision-tree graph based on domain knowledge



(represented by a visibility factor, VF). Furthermore, the framework for
optimal irrigation scheduling was linked with a process-based crop growth
model to enable optimal or near-optimal irrigation water and fertilizer

application schedules to be identified.

This thesis is arranged as a series of three publications that present the main
research contributions. The first paper introduces a generic simulation-
optimization framework for optimal crop and water allocation at the
regional or district scale using decision-tree graphs, ACO and the search
space reduction technique based on dynamically adjusting decision variable
options during stepwise solution construction. The performance of this
technique in terms of finding feasible solutions, solution quality,
computational efficiency and convergence speed was compared with that of
linear programming (LP) and a “standard” ACO approach using static
decision variable options (SDVO) on a benchmark case study from the
literature. The second paper extends the ACO formulation for optimal crop
selection and irrigation water allocation in the first paper by incorporating
domain knowledge through VFs to bias the search towards selecting crops
that maximize net returns and water allocations that result in the largest net
return for the selected crop, given a fixed total volume of water. This
improvement enables locally optimal solutions related to the factors (i.e.,
crops and water) affecting net return to be identified, and enables promising
regions of the search space to be explored. The benefits of this improved
formulation were tested on the benchmark case study used in the first paper
and a real-world case study based on an irrigation district located in Loxton,
South Australia near the River Murray. In the final paper, the formulation
for detailed optimal irrigation water and fertilizer application scheduling at
the farm scale is introduced and applied to a case study considering corn
production under center pivot irrigation in Colorado, USA. The Root Zone
Water Quality Model 2 (RZWQM2) was used for this case study to simulate
the detailed impacts of irrigation water and fertilizer application scheduling
on crop growth at a fixed time step. The utility of the proposed framework
was demonstrated in terms of finding better net returns while using less

fertilizer and similar amounts of water, or similar net returns while using

Vi



less water and fertilizer, compared with the Microsoft Excel spreadsheet-
based Colorado Irrigation Scheduler (CIS) tool for annual crops.

Vii



viii



Statement of Originality

I certify that this work contains no material which has been accepted for the
award of any other degree or diploma in any university or other tertiary
institution and, to the best of my knowledge and belief, contains no material
previously published or written by another person, except where due
reference has been made in the text. In addition, | certify that no part of this
work will, in the future, be used in a submission for any other degree or
diploma in any university or other tertiary institution without the prior
approval of the University of Adelaide and where applicable, any partner
institution responsible for the joint-award of this degree.

I give consent to this copy of my thesis when deposited in the University
Library, being made available for loan and photocopying, subject to the

provisions of the Copyright Act 1968.

The author acknowledges that copyright of published works contained
within this thesis (as listed below) resides with the copyright holder(s) of
those works.

Nguyen, D.C.H., Maier, H.R., Dandy, G.C. & Ascough II, J.C., 2016.
Framework for computationally efficient optimal crop and water allocation
using ant colony optimization. Environmental Modelling & Software, 76,
37-53.

| also give permission for the digital version of my thesis to be made
available on the web, via the University’s digital research repository, the
Library catalogue and also through web search engines, unless permission
has been granted by the University to restrict access for a period of time.

Signed: ... Daten L,






Acknowledgements

First of all, I would like to thank my supervisors, Prof. Holger Maier and
Prof. Graeme Dandy, for their supervision, support, and dedication during
my PhD research. | am particularly grateful to Prof. Holger Maier for his
guidance, determination and enthusiasm in helping me to finish the thesis
and improve my research skills (including presentation, writing, and
publication). 1 would also like to thank Prof. Graeme Dandy for his
encouragement, constant motivation and inspiration to keep my morale

positive for the four years of my PhD candidature.

I would like to thank Dr James C. Ascough Il (Research Hydrologic
Engineer, USDA-ARS-PA, Agricultural Systems Research Unit, Fort
Collins, Colorado, USA) and Associate Prof. Allan A. Andales (Department
of Soil and Crop Sciences, Colorado State University, Fort Collins,
Colorado, USA) for their support and supervision involving the provision of
data, crop growth models and technical assistance for the success of my

PhD research.

I am grateful to Darran King (CSIRO Ecosystem Sciences) for
providing the data of the River Murray case study. | am also grateful to the
staff of eResearch South Australia for the kind assistance to run the models

using supercomputers.

I acknowledge my PhD peer, Joanna Szemis, for her support in
developing the initial model. | also acknowledge all the staff and other
postgraduate students in the School of Civil, Environmental and Mining

Engineering who have helped me enjoy my PhD life.
I am grateful to my friends for their encouragement.

I would like to thank my parents (Nguyen Duc Ngoc and Nguyen Thi
Huong), my sister (Hong Chau), my brother (Cong Song), and my family
for their encouragement, love and trust. Finally, I would like to thank my
wife, Hai Duong, for her love and support. She has accompanied me over

the journey of my PhD candidature.

Xi



xii



List of Figures

Figure 2-1. Overview of the proposed simulation-optimization framework

for optimal crop and water allocation.............cocevveiiiiiiciie e 23

Figure 2-2. Proposed decision-tree graph for the optimal crop and water

allocation ProbIEM. ........ouiiii 28

Figure 2-3. A single decision point for area of the decision-tree graph for

FOIMUIBTION L. ..o ettt e e e e e e e e e e e e e e et e e e resneeees 39

Figure 2-4. Example of decision variable option adjustment process for one
decision point for Formulation L..........cccccceeiiiee i 40

Figure 2-5. Convergence of average and maximum optimal solutions
obtaiNiNg fFrOM ACO ... 48

Figure 2-6. Computational effort vs. solution quality for the different ACO

variants, formulations and water availability scenarios. ..........c.cccccvevveenn. 50

Figure 3-1. Decision-tree graph for the crop and water allocation problem.
Nic is the number of crops for season i (i =1, 2, ...; for annual crop, i = a);
Ny is the number of options for the depth of irrigated water supplied to a

Figure 3-2. Summary of the main steps in the methodology of optimal crop
and water allocation using ACO formulation incorporating domain

KNOWIBAGE ... 68

Figure 3-3. Schematic of the sub-areas for Case Study 2 (inset satellite
photo: Imagery © 2016 TerraMetrics, Map data © 2016 GBRMPA, Google;
subarea photo: Imagery © 2016 CNES/Astrium, Cnes/Spot Image,
DigitalGlobe, Map data © 2016 GOOQIE) .........ccocvrriviriiiiiiiiiie e, 72

Figure 4-1. An example of pheromone distribution for of a 7-city TSP....103

Figure 4-2. Overview of proposed optimization — simulation framework for

irrigation and fertilizer scheduling..........cccccooviiiiiii 105

Figure 4-3. Decision tree graph for irrigation scheduling for fixed irrigation

TIMIE SEEPS -ttt 107

Figure 4-4. Decision tree graph for fertilizer scheduling ............c.ccccoeeeee. 108



Figure 4-5. Maximum and average solutions for all computational

BXPEITMENTS ...ttt bbb 121
Figure 4-6. Maximum and average solutions for Experiments 1, 2 and 3.122

Figure 4-7. Comparison of water applied, fertilizer, and net return between
Experiment 3 using ACO and Gleason (2013). The water applied, fertilizer
and total net return used in Gleason (2013) are used as a benchmark and
assigned values Of 10090........ccuveeiireeiire e 124

Figure 4-8. Comparison of water applied, fertilizer, and net return between
Experiment 4 using ACO and Gleason (2013). The water applied, fertilizer
and total net return used in Gleason (2013) are used as a benchmark and
assigned values Of 10090........cuueeiireiiire e 124

Figure 4-9. Irrigation scheduling for the best-found solution from ACO
Experiment 3 and those obtained from Gleason (2013)........cccccevvvveiiennnn. 125

Xiv



List of Tables

Table 1-1. Linking of each of the papers to the objectives.............cccocvennen. 7
Table 1-2. Classification of the papers by the different features addressed.. 8

Table 2-1. Details of crops considered, crop price, fixed costs of crop and
the seasons in which crops are planted (from Kumar and Khepar, 1980)....33

Table 2-2. Optimization problem details for each of the two problem
formulations CONSIAEred. ..........cccvveeiiiiiie e 36

Table 2-3. Crop water production functions (from Kumar and Khepar,

Table 2-4. Details of the ACO parameter values considered as part of the
sensitivity analysis and the optimal values identified and ultimately used in
the generation of optimization results presented...........ccccoovcvevvieeniiinecinnnn, 44

Table 2-5. Comparison between best-found solutions using the two ACO
formulations (ACO-SDVO and ACO_DDVO) and those obtained by Kumar
and Khepar (1980) which are used as a benchmark..............ccccceevveiiinnnne 45

Table 2-6. The number of times feasible solutions were identified out of ten
trials with different random number seeds for different numbers of function
evaluations, constraint handling techniques and water availability scenarios

for the two different formulations of the optimization problem considered.

Table 3-1. Economic Data for Crops and Crop Production Functions in

Case Study 1 (from Kumar and Khepar, 1980) .........ccccoovvriieiiiniieniiennnn 69
Table 3-2. Sub-area Details for Case Study 2..........cccceviviiiienneniieineenn, 72
Table 3-3. Economic Data for Crops in Loxton, South Australia®............. 73

Table 3-4. Crop Production Functions for Crops in Loxton, South Australia

Table 3-5. Maximum and Minimum Areas for Different Crop Types for
CASE STUAY 2 .. 74

XV



Table 3-6. Summary of Computational Experiments Conducted for each
(08 eI [0 YR SURRPRR 77

Table 3-7. ACO Parameter Values Selected Based on a Sensitivity Analysis

Table 3-8. Pheromone Importance and Visibility Importance Factors (a, B)
Selected (for each ACO Formulation, Percent Water Availability, and Case
Study) Based on a Sensitivity AnalysiS..........ccocceviiiiiiiiiiniiienieie e 77

Table 3-9. Comparison of Average Objective Function Values (Total Net
Annual Return in Rs Year™) Obtained over 30 Trials, the Deviation of these
Values from the Best-Found Solution (in Parentheses Below the Average
Values) and the p-Values for the t-Tests comparing ACO Formulations
With and Without VF for Different Evaluation Numbers for Case Study 1.

Table 3-10. Comparison of Average Objective Function Values (Total Net
Annual Return in AU$ year™) Obtained over 30 Trials, the Deviation of
these Values from the Best-Found Solution (in Parentheses Below the
Average Values) and the p-Values for the t-Tests comparing ACO
Formulations With and Without VVF for Different Evaluation Numbers for
Case Study 2 (River Murray — Normal Precipitation Years)..........cccc.c...... 82

Table 3-11. Comparison of Average Objective Function Values (Total Net
Annual Return in AU$ year-1) Obtained over 30 Trials, the Deviation of
these Values from the Best-Found Solution (in Parentheses Below the
Average Values) and the p-Values for the t-Tests comparing ACO
Formulations With and Without VVF for Different Evaluation Numbers for
Case Study 2 (River Murray — Drought YEars) .........cccevverveereenieenneenns 84

Table 3-12. Details of Best Solutions Obtained Using Linear Programming
(LP) and ACO-DDVO-VF for Case Study L........cccceevvreviireiiieesiieesiinnnn 89

Table 3-13. Details of Best Solutions Obtained Using ACO-DDVO-VF for
CASE STUAY 2 .. 90

Table 4-1. Economic data from 2010-2012 for agricultural production in
(070] (o] - 1o [ TR0 1 TR 112

XVi



Table 4-2. Details of computational eXperiments. ..........cccoecvvrieeieennnennn 118

Table 4-3. The ACO parameter values considered as part of the sensitivity
analysis and their values Selected...........cccoovvviiiiiiniiei 119

Table 4-4. Comparison between best-found solutions for 2010-2012 (over
the 30 trials from different starting positions) of the various ACO
experiments and those obtained by Gleason (2013), which are used as a
DENCAMAIK. ... ..o e 120

Xvii



	TITLE: Optimal Water Allocation and Scheduling for Irrigation Using Ant Colony Algorithms
	Contents
	Abstract
	Statement of Originality
	Acknowledgements
	List of Figures
	List of Tables


