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Abstract: Rapid population growth and a rising public awareness concerning environmental issues
over the last few decades have caused a demand for improved performance in water resources manage-
ment. These demands will likely grow and evolve into increasingly severe constraints for managers through-
out the 21st century. Unfortunately, decision makers will be less able to rely on previous experiences in
adapting to these new constraints. Research efforts have demonstrated that optimization can be a valu-
able component of improving performance, but it has not been widely accepted in practice. This paper
explains the foreseen evolution of optimization as we progress into the next century and discusses meth-
ods to overcome the apparent gap between theoretical developments in optimization and implementation
for solving real problems. These methods are based on encouraging transfer of a combined optimization-
simulation technique into practice, providing improved graphical user interfaces, and improving the
relationship between model developers and key decision-makers through interactive communications.
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Introduction

The last 30 years have witnessed a tremendous effort
in the development of a variety of hydraulic simulation and
optimization models for planning, designing, and managing
water resources engineering projects. The water resources
community has widely accepted simulation models, which
are designed to predict the response of a system under a
particular set of conditions. Optimization extends the pre-
dictive concept in order to prescribe a set of decisions for
achieving an optimal response. Despite the proven array
of benefits optimization offers, generalized use of the lat-
ter is still limited primarily to the academic arena, and it
has not been well integrated into practice. The type and
magnitude of benefits vary according to application, but
they could involve improving economic productivity and
ecological sustainability, or simply preventing a myriad of
water related problems that are difficult and costly to
remediate. Why then has optimization not been employed
on a wider scale and in more practical applications?

In a discussion of reservoir system operations, Labadie
(1997) speculated on some possible causes for the lack of
acceptance and limited implementation of optimization
techniques. The same motives are likely to apply to other
problems in the field of water resources planning and
management. These reasons are that (1) decision makers
are unwilling to accept models that require an unrealistic
simplification of the physics of the actual problem in or-
der to reach an optimal solution; (2) there exists a lack of
understanding by managers concerning optimization mod-

els due to the perceived challenge of learning new ana-
lytical and numerical techniques and new model input
requirements; (3) most optimization models are formu-
lated in a way that does not adequately account for inher-
ent uncertainty that is present in water resources systems;
(4) management authorities lack confidence in computa-
tional models that attempt to replace their own judge-
ment in prescribing solutions to difficult problems; (5)
the variety of optimization methods that researchers have
historically applied leads to confusion regarding which
to select for a particular application; and (6) most appli-
cations would require customized program development
since, in many cases, generalized software packages are
unavailable.

These last three decades have also observed a rapid
increase in population growth rates with associated wa-
ter and energy demands, as well as a rising public con-
cern for the fragility of environmental and ecological
systems. Couple these developments with a dramatic de-
cline in the construction of large-scale hydrosystems
projects and it becomes evident that the water manage-
ment profession is being subjected to increasingly severe
constraints. In the majority of instances, the most fea-
sible option will be to shift focus towards improved per-
formance, meaning more effective and efficient
management that is best achieved through optimization.

Based on this need for greater performance-based
accountability and the simultaneous lack of acceptance
of optimization models in practice, we are inevitably faced
with a worsening conflict. Furthermore, since a variety of



90 J. W. Nicklow

IWRA, Water International, Volume 25, Number 1, March 2000

optimization methodologies are already well established,
the primary challenge in alleviating this conflict will be to
overcome the potential reasons for their lack of imple-
mentation in solving real problems. The objective of this
paper is to discuss the foreseen evolution of optimization
and how this challenge might be handled in the future.
Although subjective by the nature of the topic, the follow-
ing sections represent a basis for discussion and improve-
ment among the water resources community. The
discussion begins by explaining a method for and the im-
portance of combining simulation and optimization tech-
niques to solve complex problems. It then continues by
addressing how these techniques might be better formu-
lated and employed in the 21st century.

Establishing a Combinatorial Framework

The formulation of any water resources optimization
problem should incorporate all elements that are signifi-
cantly relevant to system effectiveness. The framework
upon which effectiveness is evaluated consists of three
components: declaration of decision or independent vari-
ables, u, and state or dependent variables, x, at time t; a
discrete-time or continuous objective function, or perfor-
mance criterion, Z, to be minimized; and a series of con-
straints that provide for feasible management strategies.
In general terms, a discrete-time engineering management
problem might be formulated as

 (1)

subject to transition constraints, G

and additional constraints on the design or operation, L,
of the system, expressed generally as

The alternative maximization problem could be eas-
ily accommodated by reversing the sign on the right-hand
side of the objective function. Additionally, the transi-
tion constraints for water resources applications typically
consist of governing laws for physical processes, such as
conservation of mass, energy, or momentum. Also clas-
sified as simulation equations, these constraints are used
to define the stage-by-stage response of a system due to
an imposed decision policy. In contrast, the constraints
represented by Equation 3 are essentially upper and lower
bounds and non-negativity restrictions on decision and
state variables. In an ideal approach, an optimization al-
gorithm could be directly applied to solve the problem
posed in Equations 1 to 3. In nature, however, physical
processes are often represented by large sets of nonlin-

ear, partial differential equations. Unfortunately, this fact
limits the ability of many traditional optimization codes
to solve water management problems and leads to neces-
sary simplification of the actual problem.

An alternative approach for solving complex control
problems is to employ a comprehensive hydrologic or
hydraulic simulation model to solve the transition con-
straints each time the optimization module requires their
solution. Recent applications in the literature demonstrate
that this coupling technique between optimization and
simulation allows the advantages of both modules to be
retained within a single framework. These combinatorial
models are particularly well suited for comprising the core
of decision support systems, of which the water manage-
ment community, as well as other professional fields, has
realized the benefits. Mays (1997) has coined this inter-
facing methodology, illustrated in Figure 1, the optimal
control approach.

As part of the optimal control approach, decision and
state variables become implicitly related through the simu-
lation model. Thus, the optimization code is exposed to
only a portion of the complete list of constraints, and the
size of the nonlinear optimization problem is reduced from
that presented in Equations 1 to 3 to

subject to

The remaining bound constraints, represented by
Equation 5 could be satisfactorily handled by using a pen-
alty function. In this case, the objective function incurs a
penalty when one or more bound constraints are violated.
The solution to the problem is given as the set of decision
parameters that yield optimal performance according to
the objective function.

The significant advantage of interfacing a simulation
model with an optimization algorithm is that the solution
requires no additional simplifying assumptions about the

(2)

(3)

(4)

(5)

Figure 1. Optimal Control Framework.
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physics of the real system. The ability of a comprehensive
simulator to capture the physical and hydrologic complexi-
ties in a realistic representation is fully retained. The limi-
tations in modeling the system become only those inherent
to the original simulation model. Furthermore, the majority
of input data are those required by the simulation model.
Hence, by incorporating a simulator with which practicing
engineers are familiar, the optimal control model should
not present a great challenge for new users. These ben-
efits make the optimal control approach one of the more
promising techniques for solving water resources manage-
ment problems in the 21st century and should, to some extent,
improve the practical utility of optimization techniques.

Applicability in Water Resources

The literature related to optimization models, in both
formulation and research-oriented application, is exten-
sive. Application of the optimal control approach, how-
ever, has been more limited. These include that of Unver
and Mays (1990), who addressed real time operation of
river-reservoir systems to minimize flood damage by cou-
pling an unsteady flow model with an optimization algo-
rithm. Nicklow and Mays (1999) later incorporated a
sediment transport simulator into the approach to deter-
mine multi-reservoir operations that minimize adverse
effects of sedimentation. A comprehensive review of ad-
ditional reservoir-system simulation and optimization
models can be found in works by Yeh (1985), Wurbs
(1993), and Simonovic (1992). The optimal control
method has also been used with aquifer simulation mod-
els for evaluating optimal groundwater management and
remediation policies (Wanakule et al., 1986; Jones et al.,
1987; Culver and Shoemaker, 1992; Wagner, 1995; Yeh,
1992), pipe network models for the design and operation
of water distribution systems (Chun et al., 1987; Goldman,
1998; Sakarya, 1998), and salinity models for manage-
ment of freshwater flows into estuaries (Li and Mays,
1995; Tuncok, 1995). Additional applications have been
detailed by Mays (1997).

While the optimal control methodology is not the most
appropriate method for solving all problems in the field
of water resources management, it is especially well-suited
for those of a large-scale nature that involve many partial
differential equations or other simulation equations as part
of the constraint set. The broad classes of real-world prob-
lems that could benefit from implementation of the opti-
mal control approach include:

� Design and operation of river-reservoir networks
� Operation of hydroelectric power facilities
� Operation of irrigation systems
� Design of hydraulic control structures
� Management of regional aquifers
� Design and operation of groundwater remediation sys-

tems

� Watershed and land use management
� Design and operation of water distribution networks
� Design of stormwater drainage systems
� Design of sanitary sewer networks

As we progress into the next century, where more
effective and efficient management will become an even
more pressing issue, the applicability of the optimal con-
trol approach has the opportunity to grow and cover a
wider range of problems.

Viable Solution Techniques

There have been significant computational advances
in the development of optimization techniques that could
be coupled with a simulation model to solve the reduced
problem represented by Equations 4 and 5. Some tradi-
tional gradient-based methods include general nonlinear
programming models such as GRG2 (Lasdon and Waren,
1989), differential dynamic programming (Jacobson and
Mayne, 1970), and the successive approximation linear
quadratic regulator (Culver and Shoemaker, 1992). The
majority of these methods, however, cannot guarantee a
globally optimal solution. Furthermore, evaluation of de-
rivative information for the objective function and com-
plex simulation constraints can be time-consuming and
present an added level of difficulty. Some of the most
promising methods for solution to large-scale water re-
sources problems of the future fall into a category of evo-
lutionary techniques. These include the genetic algorithm,
introduced by Holland (1975), and simulated annealing
(Kirkpatrick et al., 1983).

A genetic algorithm is a probabilistic optimization
technique based on the mechanics of natural selection and
genetics (Holland, 1975). Analogous processes of cross-
over, reproduction, and mutation are applied to strings of
decision variables. The fittest strings pass on their ge-
netic information to the next generation of solutions. The
algorithm is designed to produce populations of solutions
whose offspring display increasing levels of optimality
(Goldberg, 1989). Likewise, simulated annealing is a tech-
nique that receives its name because of its similarities to
the annealing process of solids. During annealing, a solid
is heated to its melting point, and once attained, it is cooled
slowly so that thermal equilibrium is maintained. Through
slowed cooling, the atoms of the solid arrange themselves
as to reach a minimum energy state (Kirkpatrick et al.,
1983). A benefit that is unique to both optimization meth-
ods is that they do not require derivative information about
the simulation constraints. For large, multi-objective wa-
ter resources problems, which frequently involve com-
plex partial differential equations, the avoidance of
derivative computations makes these optimization algo-
rithms more attractive than common gradient-based opti-
mization techniques. Additionally, genetic algorithms and
simulated annealing employ global sampling methods and
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have been shown throughout the literature to locate global
or very near global optima for complicated problems with
a high degree of reliability.

Successful applications of genetic algorithms and
simulated annealing to water resources problems are
slowly becoming more prolific in the literature. Only dur-
ing the last decade has the tremendous potential for their
use in the water field become evident. Applications have
included optimal design and operation of water distribu-
tion systems (Goldberg and Kuo, 1987; Reis et al., 1997;
Savic and Walters, 1997; Maryott, 1996; Kuo et al., 1992),
estuary management (Otero et al., 1995), optimal poli-
cies for groundwater remediation (Reed, Minsker, and
Valocchi, 1999), watershed management (Harrell and
Ranjithan, 1997), and reservoir operations (Esat and Hall,
1994; Wardlaw and Sharif, 1999; Fahmy et al., 1994;
Oliveira and Loucks, 1997).

Evolution of New Objectives

Humans have expended great efforts to realize the
benefits in managing water resources. During the last cen-
tury, the majority of these benefits have been measured
according to economic performance and reliability. Con-
sider, for example, the financial incentives in improving
water supply allocation, commercial navigation, and hy-
droelectric power generation. Consequently, management
objectives are frequently formulated according to the eco-
nomics of engineering and technology.

In the context of optimization, these traditional ob-
jectives must now evolve to meet changing needs in the
21st century. Interestingly, the majority of these needs will
be the result of environmental damage stemming from
human activity. Stern et al. (1992) noted that the interna-
tional community has entered a distinct period of hydro-
logical, climatological, and biological change that differs
from previous episodes of change in that it is of human
origin. For example, historical efforts to harness the ben-
efits offered through river and reservoir management have
come at the expense of depleting many socially-valued,
native plant and animal species and sustainable, healthy
ecosystems (Poff et al., 1997; Naiman et al., 1995; Na-
tional Research Council, 1992). Unfortunately, we are only
beginning to realize these expenses. This is not to say we
have failed to gain a significant amount of knowledge con-
cerning water quality, pollution, and environmental protec-
tion, but rather science has only started to quantitatively
understand many aspects of complex ecological phenom-
ena and the direct or indirect impairing effects of anthro-
pogenic activities that are superimposed on dynamic natural
systems.

It is an inevitable necessity for sustainability that we
continuously derive and adapt new management objec-
tives as our basis of knowledge and simulation expands.
If new objectives are neglected, problems are essentially
oversimplified and the practical utility of optimization

becomes even more limited. Jensen et al. (1996) stated
that the ability of managers to advance and implement
knowledge over time and the ability to redirect and adapt
management policies to meet evolving public expecta-
tions are vital in evaluating the success of ecosystem
management. These points could seemingly be expanded
to cover a broader domain of water resources manage-
ment problems. Additionally, these objectives must bet-
ter recognize the value of ecological integrity and resource
sustainability, as it has not been given adequate consider-
ation in the past. According to the Ecological Society of
America, current research efforts still focus primarily on
commodity-based objectives, with little attention being
given to sustainability of natural ecosystems that lack a
quantifiable market value (Lubchenco, 1991). Consider
an optimal control problem formulated to maximize hy-
droelectric power revenues through altered reservoir op-
erations. The evolving objectives might be expanded to
cover not only the previous power yield goals, but also
broader ecological and resource objectives such as the
minimization of seasonal water level fluctuations to pro-
mote floodplain habitat restoration and native fish popu-
lations, the control of sediment erosion within the waterway,
or the restoration of natural flow regimes to promote
biodiversity. The new formulation aims to meet traditional
goals, but also extends focus to prevention of ecological
shortfalls. These environmental-related objectives can have
increasing importance far beyond those of singular com-
modity and amenity goals. After all, it makes little sense to
discuss the sustainable use of water resources unless one
refers to systems that are integrated into a multi-objective
strategy.

Integration of traditional and new objectives into a
compatible framework induces added difficulty, although
not impossibility, into the optimal control of water re-
sources. First, in the context of the optimal control ap-
proach, expanded objectives will require the incorporation
of ecological and biological simulation or assessment
models, as well as traditional hydrologic and hydraulic
simulation models. Secondly, applications are transformed
into multi-objective problems in which goals may at times
be conflicting. In this case, the search is for the best com-
promisable management policy, as assessed by decision
makers. The multi-objective approach essentially aims to
integrate interdisciplinary goals held by multiple, and of-
ten opposing, stakeholders into one overall performance
metric. Optimizing water management decisions may re-
quire input from engineers who monitor and regulate flows,
recreation managers who are concerned with meeting
boating needs, fisheries biologists who study fish habitat,
limnologists analyzing lake chemistry, and geomorpholo-
gists who study how flows alter landscapes (Saito et al.,
1999). Obviously, decisions based on any one stakeholder�s
concern are bound to affect the concerns of others. This is
a case where a formalized optimal control approach can prove
particularly useful as a decision support mechanism.
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Consideration of Uncertainty and Reliability

Uncertainty, to some extent, is inevitable in using a
mathematical model to simulate reality. If the reliability
of particular parameters is neglected, a mathematically
optimal solution may be far from optimal when applied to
the real system. For water resources applications, Mays
and Tung (1992) suggest that these uncertainties fall into
the following categories: (1) hydrologic, (2) hydraulic, (3)
structural, and (4) economic. Hydrologic uncertainty re-
fers to the reliability of forecasted demand, streamflows,
and rainfall, while hydraulic uncertainty is related to the
accuracy of using a mathematical model in the design and
analysis of hydraulic controls. The structural category re-
fers to uncertainty regarding failure of a natural or
manmade system due to inherent, unknown weaknesses.
Economic uncertainty accommodates issues related to
construction costs, damage expenses, projected revenue,
operation and maintenance, inflation, and projected sys-
tem life. As we approach the 21st century and increasing
consideration is given to evolving and multiple manage-
ment objectives, the types and extent of uncertainties will
grow. Additional reliability concerns might be attached to
ecological and biological patterns, as well as the geomor-
phic uncertainty concerning land use and its effect on hy-
drologic consequences and water use. Furthermore, in the
past, most ecological and land management plans were
based on existing environmental patterns (Jensen et al.,
1996). More improved models are needed that recognize
the dynamic aspect of nature and its inherent uncertainty.

Few, if any, natural systems are certainty equivalent.
Using deterministic methods may provide general guide-
lines, but they are inadequate for establishing accurate
water management decisions. An alternative and more
favorable approach is to use stochastic methods that es-
sentially simulate a range of potential outcomes (Bryson
and Ho, 1975: Stengel, 1994). This includes chance con-
strained programming (Ko et al., 1992; Carriaga and
Mays, 1995) and reliability programming (Simonovic and
Marino, 1980; Strycharczyk and Stedinger, 1987;
Rangarajan et al., 1999). Unfortunately, applications of
the stochastic approach within an optimal control frame-
work for large-scale water resources problems have been
quite limited. If we are to improve upon current manage-
ment techniques and improve opportunities for implemen-
tation of optimization, uncertainties must be included in
the formulation and solution of water resources problems.

Narrowing the Gap Between
Theory and Practice

Component methodologies associated with combined
optimization-simulation techniques, as well as overall
decision support systems, are fairly well established.
Widespread implementation in practice for solving real
problems, however, has been limited. While the benefits

of the optimal control approach, along with incorporation
of evolving objectives and uncertainty, will likely alleviate
some of the reasons for their lack of use, a distinct prob-
lematic issue remains. That is, the abilities of managers to
utilize an optimal control model and their confidence in its
results may be the most difficult aspect of the problem to
address.

Practicing water resources professionals will need to
find better ways of responding to new environmental and
ecological constraints in the next century. Unfortunately,
their past experiences may offer little guidance in meet-
ing these new constraints. It is vital then that we take steps
to improve the relationship and build a sufficient level of
confidence between those in optimization research and
decision makers. The key to this relationship is interac-
tive involvement and communication throughout the pro-
cess of support system development. This ensures that
the concerns and objectives of various stakeholders are
incorporated into the model. Interactivity also allows the
model developer to understand the needs and experience
of decision makers and thus select the appropriate opti-
mization techniques, as well as simulation models, to in-
corporate into the overall optimal control model.
Simultaneously, managers must recognize that optimiza-
tion techniques represent tools for guiding operations and
generating alternative solutions. They are not intended as
tools for forcing decisions that replace operator judge-
ment and experience.

The final aspect of improving the practical utility of
optimization in water resources revolves around better
packaging of associated computer software. Goulter
(1992) noted that this is a primary requirement before
decision-making models can become useful in an office
environment. Decision makers are more likely to accept
optimization if they are comfortable in their abilities to
employ the computational model and if the model has an
interactive graphical user interface (GUI). Developers
must give adequate consideration to their selected mod-
eling environment and should focus on user-friendly ap-
plications. Additional emphasis should be placed on
providing well-documented models and technical support
for their use.

Conclusions

The water resources community is faced with a diffi-
cult challenge that originates from an increasing public
demand for improved performance in managing our re-
sources. Management strategies that were previously
based on decision maker experience or on �trial-by-fire�
will not survive these changing demands in the next cen-
tury. Historically, application of optimization techniques
and the optimal control approach has been limited to the
academic and research community. The benefits of these
techniques, however, have been made quite clear. Hence,
the key to overcoming this challenge we face is to better
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encourage the transfer of these techniques and advertise
the benefits that they are capable of providing into pro-
fessional practice.

The optimal control approach in particular provides
a more complete modeling approach that can solve many
large-scale water resources management problems that
previously required simplification. The approach is ame-
nable to inclusion of evolving multi-purpose and ecologi-
cally-minded objectives that are inevitable in the 21st

century, as well as uncertainty issues related to system
performance. Additionally, by incorporating familiar
simulation models, and limiting additional data required
by the optimization code, managers should more willingly
accept optimization as a common utility. Thus, the inter-
facing technique between optimization and simulation is
capable of overcoming several reasons for the general lack
of acceptance of optimization models. Overcoming the
remaining reasons will hinge upon better packaging and
an improved user interface for these models and an im-
proved level of trust between model developers and key
decision makers. The latter of these items is undoubtedly
the most difficult to overcome, as it is heavily based on
sociological factors. However, interactive communica-
tions and thorough involvement of managing stakehold-
ers throughout the development stages can significantly
improve this relationship.
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