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PROPOSITIONS

Darko Milutin

Multiunit Water Resource Systems Management by Decomposition, Optimization and Emulated
Evolution: A Case Study of Seven Water Supply Reservoirs in Tunisia.

Doctoral Dissertation: Wageningen Agricultural University, The Netherlands, 19 June 1998.

0 Work expands so as to fill the time available for its completion.
Parkinson, C.N., Parkinson's Law or The FPursuif of Progress, John Murray, London, 1958 (p. 9).

¢ Man can act only on external and visible characters: Nature cares nothing for appearances,
except in so far as they may be useful to any being. .. Man selects only for his own good,
Nature only for that of the being which she tends.

Darwin, C., On the Origin of Species, A Facsimile of the First Edition (1859), Harvard
University Press, 1979 (p. 83).

¢ Natural selection will not produce absolute perfection,...
idem, {p. 202).

¢ ...the imagination that things are real does not represent true reality.

Feynman, R.P., “Surely You 're Joking Mr Feyrmmum!”, edited by E. Hutchings, first published by
W.W. Norton & Company (1985), Vintage, London, 1992, (p. 335).

¢ If you've made up your mind to test a theory, or you want to explain some idea, you should
always decide to publish it whichever way it comes out. If we only publish results of a certain
kind, we can make the argument look good. We must publish both kinds of results.

ider, (p. 343).
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Anyone who switches on the electric light, turns on the television, makes a phone call,
watches a film, plays a record, takes a photograph, uses a personal computer, drives a car or
travels by aeroplane has the lone eccentric to thank, not institutional science.

Milton, R., Forbidden Science, Fourth Estate, London, 1994, (p. 92).

...the space race, however costly, is to be welcomed between superpowers obsessed with
anxieties about their relative rank order. Some day we must find a way of curing them of the
obsession, but until that day comes we must count it as a step forward that while H-bomb was
an agonic signal, the moon landing was a hedonic one. Nation-states still behave far more
irrationally than most of their individual members, but we may cherish a small hope that one
day they may catch up with the chimpanzee.

Morgan, E., The Descent of Woman, Souvenir Press Ltd., London, 1972 (p. 216).

...performance indicators like reliability of meeting the targeted demand, resilience with
regard to the system escaping from failure mode, vulnerability as a measure of the most
severe failure and the likes play an essential role in comprehensive assessment of the
operation of a complex reservoir system.

This thesis.

...it is essential that decision makers are offered a number of alternative plans to be able to
assess how well the individual options meet their preferences. Eventually, they could make a
decision to choose either a single, the most preferable plan, or a group of alternatives that are
to be further analyzed in more detail, or they might even change their preferences towards the
future plans on the basis of the knowledge gained from the given set of options.

idem.
...Systems analysts ought to concentrate on the creation of such models and analytical

algorithms that would be sufficiently understandable to decision makers and potential users.

idem.

Cassius: ... Tell me, good Brutus, can you see your face?
Brutus: No, Cassius, for the eye sees not itself. But by reflection, by some other things.

Shakespeare, W., Julins Caesar, Act 1, Scene I, 1151-53.

Wherever I may be going, whether I'm feasting or fasting,
One thing I cannot forget: I shall never forgive you for the children.

Bora Corba, (a translation of) the first verse of the song “Decu ti ne¢u oprostiti” (I shall never
forgive you for the children), Njifovi dani, SIM Radio Bijeljina, 1996.




SUMMARY

Milutin, D. 1998, Multiunit Water Resource Systems Management by Decomposition,
Optimization and Emulated Evolution: A Case Study of Seven Water Supply Reservoirs in
Turisia. Doctoral Dissertation, Wageningen Agricultural University, The Netherlands.
(xx}+183pp., 26 figures, 31 tables.

Being one of the essential elements of almost any water resource system, reservoirs are
indispensable in our struggle to harness, utilize and manage natural water resources.
Consequently, the derivation of appropriate reservoir operating strategies draws significant
attention in water resources planning and management. These operational issues become even
more important with the ever increasing scale and complexity of water resource systems.

In this respect, the primary cobstacle in the analysis of a multiple-reservoir-multiple-user water
supply system operation is the dimensionality of the problem. Namely, being a sequential
decision making process, the operation of a complex reservoir system over a certain period of
time can adequately be described only if afl the relevant variables and parameters related to
possible system state and decision realizations are taken into account. Clearly, this requirement
tends to grow rapidly with the size of the system considered. The computational burden expands
even more drastically if the processes involved bear unavoidable stochastic characteristics which
are, in this study, assumed to be attributed only to reservoir inflows.

With regard to the problem in hand, the methods proposed and analyzed in the study can be
divided into three major groups. The first group of methods falls into the family of system
decomposition approaches within the optimization and/or simulation of the operation of complex
systems. The second one involves the assessment of the impact various simulation alternatives
may have on the performance of the adopted iterative decomposition algorithms. Finally, the
third part includes the application of genetic algorithms for the derivation of the best water
allocation patterns within a multiple-reservoir-multiple-user water supply system.




vi Summary

The decomposition models proposed and analyzed in this study are known as sequential
decomposition methods. Essentially, to reduce the dimensionality of an optimization problem,
they split up a complex system into its elementary units (i.e. reservoirs). Subsequently, the
operating strategy of the system is derived in an iterative fashion by appiying successive
optimization, simulation and release allocation analyses to individual system elements.

The optimization method employed within all the decomposition models is stochastic
dynamic programming {SDP). Due to the inherent discrete nature of SDP operating policies, the
iterative, decomposition-based optimization models have a certain “inaccuracy threshold” which
directly affects the performance of the system. Therefore, three different simulation alternatives
have been employed to assess the possibility of reducing this negative impact of discretization. It
is shown that, by allowing limited policy violations within simulation, the system performance
can improve significantly relative to the case when the operating policies are strictly followed.

Ultimately, a method based on the theory of genetic algorithms (GA) has been employed to
derive the most favourable water allocation patterns within a multipie-reservoir-multiple-user
water supply system. Since GAs make use of simulation to guide iheir search for promising
solutions, two distinct GA models have been tested: i) the first one assumes that individual
reservoirs are to be operated according to the standard reservoir operating rule; and ii) the
second model simulates the operation of the system according to the policies derived by a prior
application of an iterative decomposition/SDP-based optimization of the system’s operation.

Throughout this study, particular emphasis is given to the appraisal of the system
performance derived by different methods. Since all of the employed optimization and search
models are essentially single-objective optimization techniques, and given the fact that the
operation of a reservoir system cannot adequately be appraised on the basis of a single criterion,
this study makes use of simulation to evaluate the performance of the system over a number of
criteria, and thereby broaden the basis for the comparison of different models. Ultimately, it is
believed that the presented results clearly exemplify the fact that performance indicators like
reliability of meeting the targeted demand, resilience with regard to the system escaping from
failure mode, vulnerability as a measure of the most severe failure and the likes play an essential
role in comprehensive assessment of the operation of a complex reservoir system.

The analyses performed in this study showed that a complex water resource system
decomposition, combined with the appropriate choice of optimization and simulation approaches
coufd provide a sound basis for a transparent, yet efficient and effective operational analysis of
very large reservoir systems. In addition, the application of genetic algorithms to solve a rather
large resource allocation problem of a multiple-reservoir-multiple-user water supply system
proved to be both relatively uncomplicated and remarkably efficient. Furthermore, it is believed
that the coupling of a genetic algorithm resource allocation model with a decomposition-based
optimization model represents a potentially powerful approach for solving highly complex
operational problems related to multiple-reservoir water resource systems.




SAMENVATTING

Milutin, D. 1998. Multiunit Water Resource Systems Management by Decomposition,
Optimization and Emulated Evolution: A Case Study of Seven Water Supply Reservoirs in
Tunisia. Proefschrift, Landbouwuniversiteit Wageningen, Nederland. (xx)+183pp., 26 figuren,
31 tabellen.

Reservoirs vormen een wezenlijk onderdeel van vrijwel ieder watervoorzieningssysteem, en zijn
onmisbaar bij het beheersen, het gebruik en het beheer van natuurlijke watervoorraden. Bij de
planning en het management van de watervoorziening krijgt hierdoor het opstellen van juiste
beheersstrategieén voor deze reservoirs veel aandacht. Het belang hiervan wordt steeds evidenter
met de aldoor optredende schaalvergroting en mate van complexileit van
watervoorzieningsystemen.

De dimensie van het probleem vormt een belangrijk knelpunt in de analyse van een
multi-reservoir watervoorzieningssysteem met vele eindgebruikers. Het beslissingsproces bestaat
uit een aantal opeenvolgende stappen. Hierdoor kan het beheer van een complex netwerk van
reservoirs alleen voldoende adequaat beschreven worden indien alle relevante variabelen en
parameters die verband houden met de mogelijke toestanden waarin het systeem zich kan
bevinden en met eerder genomen beslissingen, in beschouwing worden genomen. Het is
duidelijk dat dit probleem snel groeit met de omvang van het systeem. De hoeveelheid
rekenkundig werk groeit nog drastischer indien één of meerdere processen inherente
stochastische eigenschappen heeft. In dit proefschrift is aangenomen dat dit alleen de aanvoer
van water naar de reservoirs betreft.

Afhankelijk van de aard van het probleem kunnen de in deze studie voorgestelde en
geanalyseerde methoden onderverdeeld worden in drie groepen: de eerste groep methoden
kenmerkt zich door de zogenaamde systeem-decompositie benadering bij optimalisering en/of
simulatie van het exploiteren van complexe systemen, de tweede groep betreft het inschatten van
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de gevolgen die verschillende simulatie alternatieven kunnen hebben op de prestatie van de
gebruikte iteratieve decompositie algoritmen; de derde groep tenslotte omvat de toepassing van
genetische algoritmen voor het afleiden van de optimale patronen voor de bestemming van water
in een multi-reservoir systeem met vele eindgebruikers.

De decompositiemodellen die in deze studic geanalyseerd zijn, staan bekend als de
stapsgewijze decompositiemodellen. Om de omvang van een optimaliseringsprobleem te
reduceren wordt ecen complex systeem opgesplitst in elementaire eenheden (in dit geval
reservoirs), Vervolgens wordt een beheersstrategie voor het systeem op iteratieve wijze afgeleid
door achtereenvolgens optimalisering, simulatie en analyse van de bestemming van
waterstromen naar individuele systeemelementen toe te passen.

De optimaliseringsmethode die in alle decompositiemodellen wordt toegepast staat bekend als
stochastisch-dynamisch programmeren (SDP). Door het inherent discrete karakter van
toepassingen van SDP hebben iteratieve optimaliseringsmodellen die gebaseerd zijn op
decompositie cen bepaald onnauwkeurigheidsniveau, dat het functioneren van een systeem direct
kan beinvloeden. Om de mogelijkheden e onderzoeken de negatieve effecten van deze
discretisering te reduceren, zijn drie altcrnatieven voor de simulatie onderzocht. Er is
aangetoond dat wanneer in de simulatie beperkte overtredingen van de regels worden toegestaan,
het functioneren van het systeem significant verbeterd kan worden ten opzichte van een situatie
waar deze exploitatieregels strikt in acht worden genomen.

Tenslotte is een methode gebaseerd op de theorie van genetische algoritmen {(GA) toegepast
om het meest gunstige patronen voor waterbestemming in een multi-reservoir systeem met
meerdere eindgebruikers af te leiden. Daar een GA gebruik maakt van simulatie om de zoektocht
naar veelbelovende oplossingen te leiden, zijn twee verschillende GA modellen getest: 1) de
eerste gebruikt de aanname dat individuele reservoirs beheerd worden op een wijze die in
overeenstemming is met de standaardregels voor het beheer van reservoirs, en ii) het tweede
model simuleert het beheer van het systeem volgens de regels die afgeleid zijn bij eerdere
toepassing van een iteratieve decompositie en een op SDP gebaseerde optimalisering van de
exploitatie van het systeem.

In deze studie wordt voortdurend speciale nadruk gelegd op de beoordeling van het
functioneren van het systeem zoals dat is afgeleid met behulp van de verschillende methoden.
Alle toegepaste optimaliserings- en zoekmodellen zijn essentieél optimaliseringstechnieken met
een enkelvoudig criterium. Gegeven het feit dat het functioneren van een systeem onvoldoende
op basis van een enkel criterium beoordeeld kan worden, wordt in deze studie gebruik gemaakt
van simulatie om het functioneren van een systeem te evalueren met betrekking tot meerdere
criteria. Hierdoor wordt de basis voor het vergelijken van de verschillende methoden breder
gemaakt. Uiteindelijk wordt gesteld dat de gepresenteerde resultaten duidelijk aantonen dat
indicatoren voor het functioneren, zoals de betrouwbaarheid dat het systeem aan een doelstetling

voldoet, de weerstand die een systeem ondervindt om uit een faaltoestand te ontsnappen, de
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kwetsbaarheid van het systeem gemeten naar de ergst mogelijke faaltoestand en dergelijke, een
wezenlijke rol spelen voor het op brede wijze vaststellen van de exploitatie van een complex
reservoirsysteem.

De analyses die in dit onderzoek zijn uvitgevoerd hebben aangetoond dat de decompositie van
complexe watervoorzieningssystemen, gecombineerd met een juiste keuze van toegepaste
optimalisering- en simulatietechnieken, ¢en goede basis kunnen vormen voor een doorzichtige,
maar efficiénte en effectieve analyse van de exploitatie van zeer grote reservoirsystemen.
Daarnaast bleek de toepassing van genetische algoritmen voor het oplossen van het probleem
van de bestemming van water in een watervoorzieningssysteem bestaande uit meerdere
reservoirs en met vele eindgebruikers relatief eenvoudig te zijn en toch opmerkelijk efficiént.
Daarnaast lijkt het koppelen van een model voor waterbestemming op basis van genetische
algoritmen met een optimalisatiemodel op basis van decompositie een potentigel sterke
benadering voor het oplossen van zeer complexe operationele problemen met multi-reservoir
watervoorzieningssystemen.
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1 INTRODUCTION

The crucial role reservoirs play in the management of the ever-increasing demand for water is an
indisputable fact. By “demand for water” one should not only consider water consumption as the
essential aspect of human life sustenance (i.e. drinking, irrigation and food industry related water
demands) but also other areas of water use (ie. industrial, navigation, energy production,
recreation). Furthermore, reservoirs and reservoir systems also provide the means to alleviate
mounting problems related to the maintenance and improvement of water quality, aquatic life
preservation and environmental protection, the conditions of which have been degrading due to
the decades of irresponsible human actions mainly based on the notion that water, although
indispensable, is still a renewable resource which is never going to be depleted. Ultimately, by
providing a partial control over the temporal distribution of available water, reservoirs enable us
to act upon mitigation of the negative effects of droughts and, with regard to the other side of the
nature’s coin of water related disasters, they play - on a different time scale - an equally essential
role in flood protection.

According to Takeuchi (1996), there are presently nearly 40000 large reservoirs in the world
impounding approximately 6000 km® of water and inundating an area of 400000 km®. Recent
surveys show that this number increases at a rate of approximately 250 new reservoirs each year.
These figures clearly reflect the fact that reservoirs have a firmly established position in our
striving to harmness and manage the available waler resources. Consequently, the increasing
number of reservoirs make the existing water resource systems ever more complex and,

therefore, more difficult to operate in an optimal way. However, despite the recent boom of
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computer tehnology and, consequently, the increasing ability to apply more complex
mathematical methods to the analysis of the operation of reservoir systems it is still very seldom,
even in the developed countries, that novel and more efficient optimization and/or simulation
systems analysis methods find their place in planning and day-to-day operation of water resource
systems (Schumann 1997). This is partially due to the lack of constructive and fruitful
communication between those who carry out the research and development of the models, and
the practitioners who are directly responsible for the operation of reservoir systems (cf. Loucks
and Sigvaldason 1980). On the other hand, many researchers in the field of water resource
management (e.g. Rogers and Fiering 1986, Loucks 1992, Parker et al. 1995} have stressed the
need for making the models less intricate and more transparent to enable their end users to
understand them better and, consequently, to use them in a more efficient and beneficial way.

The need for a comprehensive analysis of the operational aspects of water resource systems
has long become an integral part of any water resource management study, However, the
increasing complexity of the systems considered brings about the inevitable requirement to build
more complex models in order to be able to address the respective intricate operational
problems. Consequently, the models used become ever more complicated, often employing
highly sophisticated mathematical theories and complicated algorithms, thus frequently making
them hardly understandable to their potential users. It is, therefore, not surprising that, as
mentioned in the previous paragraph, decision makers and water resource system operators
seldom find the proposed methods and models attractive and suitable for their intended practical
purposes.

The crucial question thus arises as to whether it is possible to reconcile the inevitable
requirement for the analysis of ever more complex water resource systems and the opposing
desire for the developed models to be as simple, transparent and easy to use as possible. Having
this in mind, the primary objective of this study is to identify, develop, combine and appraise a
number of alternative systems analysis approaches which could enable a more transparent, yet
efficient and effective analysis of long-term operation of multiple-reservoir water supply
systems.

In this respect, it is believed that, by combining various systems analysis approaches, it is still
possible to create effective and suitable models without risking that they would be rejected
because of their complexity and lack of transparency. However, the primary intention is far from
proposing a universal model for such a water management problem. It is rather to identify a
number of relevant aspects of the strategic operation of multiple-reservoir water supply systems
and to propose alternative approaches to deal with the respective problems. These include the
dimensionality of such an operational problem with regard to the number of reservoirs and users
in a system, the consideration of stochasticity of the underlying hydrological processes, the
resolution of the optimal allocation of resources within a multiple-reservoir-multiple-user water
supply system and the identification of the most relevant aspects of a complex system
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performance which should be considered within the process of the analysis of the alternative
operating strategies derived for the system. To summarize, this study argues for the case of a
sensible use of the advanced systems analysis and artificial intelligence methods to develop
models which would draw positive response from potential users, help them understand a
problem they are facing and, ultimately, assist them in finding and appraising the alternative
development, planning and operational options.

The applicability and appraisal of the methods used in this study is tested on a seven-reservoir
water supply system in Tunisia. All the necessary data, which include reservoir characteristics,
time series of monthly incremental inflow volumes into the reservoirs and the estimates of
monthly water demands of the 18 demand centres considered in the study, originate from the
project EAU 2000 (Agrar-und Hydrotechnik 1992, 1993), However, it should be stressed here
that the study executed within this dissertation is an independent academic research and is not a
part of this particular project, thus bearing no particular relation, explicit or implied, to the
results, conclusions and recommendations provided by the original project.

With regard to the objectives set, several systems analysis approaches and one specific
method from the realm of artificial intelligence methods or, to be more specific, from the family
of evolutionary algorithms, are considered in this study. The selection of approaches is made
upon the requirements to address different aspects of a multiple-reservoir water supply system
strategic operation,

Firstly, it is asserted that the dimensionality of a complex system operational problem can
adequately be tackled by means of system modelling based on decompesition of the system into
its elementary units (i.e. reservoirs). In this respect, three alternative system decomposition
approaches are analyzed: 1)sequential downstream-moving decomposition; ii) iterative
dow stream-moving  decomposition,  and  iii) iterative  up-and-downstream-moving
decomposition. Suffice it to say at this point that the principal difference among the three
approaches is reflected in the way they model the interaction among serially connected
Teservoirs.

Within each of the three system decomposition approaches, the long-term operation of a
complex system is optimized by means of an iterative, six-step algorithm. Namely, upon
decomposing a system into individual reservoirs, the operating policies of each of the reservoirs
are derived iteratively by performing: i) estimation of the total inflow intc a reservoir;
ii) evaluation of the demand imposed upon a reservoir, iii) stochastic dynamic programming
optimization of its operation; iv) simulation of its operation according to the derived operating
policy; v) allocation of simulated release to the associated demand centres; and vi) estimation of
the expected unmet demands and supply deficits associated with the reservoir in question.
Depending on the adopted decomposition approach, the within-iteration and iteration-to-iteration
data flow includes different consideration of the estimated time series of non-utilized reservoir
releases and expected supply deficits of individual reservoir units.
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To assess the impact of the discrete nature of stochastic dynamic programming operating
policies on the performance of a complex reservoir system, this study further compares three
alternative simulation options within the proposed decomposition-based optimization models:
simulation strictly following the derived operating policies and two simulation alternatives
which allow limited policy vicolations. Namely, if the release which corresponds to the original
policy recommendation exceeds the selected demand estimate, both policy violation-based
simulation models reduce the recommended release volume to the level of the imposed demand.

Furthermore, a novel search strategy based on the theory of genetic algorithms is applied to
identify the set of most favourable ~water allocation patterns within a
maultiple-reservoir-multiple-user water supply system. In fact, two distinct genetic algorithm
search models are developed. The first utilizes system simulation based on the assumption that
individual reservoirs are operated according to the standard reservoir operating rule. The second
model, however, assumes that the genetic algorithm search parameters can be obtained by the
simuiated appraisal of the system’s performance based on the respective set of operating policies
which are derived by a prior optimization of its operation employing one of the earlier
mentioned decomposition algorithms.

Ultimately, the appraisal of the system performance obtained by different models developed
in this study is carried out over a number of performance-related indicators. Namely, it is fully
recognized that a single value of a certain objective criterion cannot adequately describe, let
alone comprehensively evaluate, all the relevant aspects of the operation of any water resource
system. Therefore, the comparison of the models developed in this study is based on the
respective simulated estimates of seven system performance indicators: i) the expected annual
supply deficit; ii} the time-based reliability; iii) the average recovery time; iv) the average
recurrence time; v) the average monthly supply deficit, vi) the maximum vulnerability;, and
vii) the maximum duration of failure.




2 OPERATIONS RESEARCH IN RESERVOIR MANAGEMENT

Reservoir operation and management problems draw significant attention in water resources
planning. Being practically the only means available to enforce significant changes to the
temporal distribution of natural streamflow conditions, reservoirs play a crucial role in almost all
areas of water consumption, use and management: water supply (domestic, irrigation and
industrial), hydropower production, flood control, water quality improvement, aquatic life
enhancement, navigation, recreation and aquifer recharge. Without diminishing the importance
of other aspects of water management, this dissertation concentrates only on guantitative
analysis of long-term operation of multiple-reservoir water supply systems.

The actual process of derivation and appraisal of alternative reservoir operating strategies
falls into the realm of a mathematical science branch named operations research. The
applicability and the role of operations research in water resource systems planning and
management in general has been extensively researched in the past decades. Incidentally, a
number of terms has emerged, each essentially referring to the same discipline. For instance,
Hall and Dracup (1970:39) referred to it as systems engineering, whereas in Loucks et al.
(1981:14) the authors recognized that the terms systems analysis and management science had
frequently appeared as the synonyms to the former two.

In a broad sense of abstraction, operations research methods can be classified into two basic
groups. On the one hand, various optimization algorithms are employed to identify the subsets of
most promising alternatives out of a broader set of feasible operating strategies. On the other

hand, simulation techniques can be used to evaluate the performance of a reservoir system
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operated under a particular operating strategy. Although both optimization and simulation can
be, and at times are, used independently to analyze an operational problem, they are essentially
two complementary methods. In fact, and this is the case in analyzing water resources systems in
general as well as single- and multiple-reservoir systems, optimization and simulation are used
conjunctively to derive and to assess alternative operating strategies of the system in question
(e.g. Jacoby and Loucks 1972; Mawer and Thorn 1974; Gal 1979; Karamouz and Houck 1982,
1987; Stedinger et al. 1984, Tejada-Guibert et al. 1993; Harboe et al. 1995; Liang et al. 1996).
This chapter presents a review of a selection of optimization and simulation applications to
reservoir operation problems relevant to the work reported in this dissertation. Although the
operation of multiple-reservoir water supply systems is the primary topic addressed in this study,
the following review includes the works involving both water supply and hydropower reservoir
systems. This extension to the area of hydropower systems operation was necessary because
many novel ideas and approaches to the analysis of multiple-reservoir systems operation were
introduced in this field. The first section includes a review of reservoir operating strategies most
frequently used in practice, the methods to derive them and the argumentation for the choice of
dynamic programming as the optimization method used in this dissertation. The second part
presents a selection of dynamic programming based optimization models for multiple-reservoir
systems operation analysis. The following section reviews the advances in the theory of genetic
algorithms and the discussion on the reasons for selecting genetic algorithms to address the
water allocation problem while deriving the operating strategy of a complex reservoir system.
The chapter is concluded by a section on the argumentation for the use of various reliability and

performance indicators in the assessment of the operation of water resources systems.

2.1 Methods to Derive Reservoir Operating Rules
2.1.1 Reservoir Operating Rules

The majority of operating rules for a single reservoir presently in use fail into the category
known as rule curves. The formulation of rule curves assumes the reservoir is to be operated
under stationary cenditions, thus implying that the derived operating strategy is going to remain
unchanged from one annual cycle to another. The devised rule curves generally identify the ideal
storage volumes {or pool levels) of the reservoir or target releases to be maintained during
different periods of a year. Most frequently, the recommendations on what action should be
taken is derived on the basis of the time of the year and one or more of the following three
factors: the known reservoir storage volume, the imposed demand for water and the expected
inflow into the reservoir. The process of derivation of rule curves is generally based on the
previous operating experience, often complemented by additional simulation analyses. The main
disadvantage of rule curves which identify the ideal storage or release targets lies in the fact that
they do not provide any guidelines for making operating decisions under non-ideal conditions.
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Loucks and Sigvaldason (1980) reviewed the existing reservoir operating rules used for
multiple-reservoir systems operation in North America. The authors identified two main classes
of operating principles: those applied to single-purpose multiple-reservoir systems and operating
rules for multiple-purpose multiple-reservoir systems. They concluded that single-purpase water
supply reservoir systems were usually operated according to one of the following principles:

1. Reservoirs in series are operated in such a way that the downstream reservoir capacity is
depleted before the upstream reservoir’s resources are mobilized to supply the common demand.
This approach ensures maximum utilization of the available storage and no unnecessary spilling
from lower reservoirs.

2. Reservoirs in parallel are frequently operated by giving the release priority to reservoirs
with larger drainage area to storage capacity ratios. This principle ensures reasonably high levels
of water conservation. However, it is based on the assumption that the ranoff per unit drainage
area is the same for each of the reservoirs. A more precise way to operate a parallel reservoir
system is to draw the reservoirs down simultaneously, thus minimizing release surplus.
However, this operating principle requires continuous monitoring of reservoir storage volumes
and availability of inflow forecasts.

As to multiple-purpose systems, the authors pointed out the advantages and disadvantages of
reservoir operating strategies which included one of the following four components:

1. Target storage volumes or water levels. The operator is expected to maintain the
recommended storage targets as close as possible while, at the same time, trying to meet the
imposed release requirements. As their main shortcoming, the earlier mentioned remark on
operation under non-ideal conditions is particularly applicable to this type of rule curves.

2. Multiple storage zoning. This type of rule curves is apparently more adaptable to changing
hydrological and reservoir storage conditions than the former one, They generally identify
different reservoir storage or release targets for a number of storage allocation zones (e.g. spill
zone, flood control zone, conservation zone, buffer zone, inactive zone), thus providing the
operator with the guidelines on what to do under different water availability conditions.

3. Downstream. flow ranging. The inclusion of downstream channel flow ranging for each
storage allocation zone enables the operator to maintain “smoother” changes in release rates as
the storage volume of the reservoir falls or rises from one allocation zone to another.

4. Conditional rule curves. This type of rule curves defines the storage volume or release
decisions at different time periods of a year as a function of two parameters: the existing storage
volume and the expected inflow over some predefined time period in the future.

Recent developments in computer technology have attracted numerous researchers to
investigate the applicability of advanced mathematical optimization and search techniques to
reservoir operation and management problems. More sophisticated analytical tools have allowed
the rormulation of more complex operating rules, like those which define functional

relationships between the desired storage or release decisions and all possible combinations of
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the independent variables involved (e.g. time of the year, existing storage and inflow).
Additional advances have also been made with regard to the consideration of uncertainty which
is an inherent phenomenon in the operation of any water resource system. The uncertainty of
hydrological processes and the imposed water demands or energy requirements, economic and
societal uncertainties are just a few of stochastic factors that have major impact on the operation
of water resources systems. The consideration of uncertainty is particularly important in strategic
water resources planning where the estimation of the expected future benefits associated with
alternative development plans plays a crucial role in the selection of the preferred option.
Therefore, due to their inability to address the issue of uncertainty, purely deterministic
optimization methods are not the best choice for strategic water resources planning studies.
However, stochastic optimization methods themselves generally cannot accormnmodate all aspects
of uncertainty inherent in the operation of real-world systems. This is partially due to the
inability to quantify the stochasticity of each and every process involved {e.g. uncertainty of the
structural integrity of the engineering object, economic development, population migration and
the resulting changes in the guantity and distribution of water demands). Furthermore, the
inclusion of several aspects of uncertainty into the analysis would inevitably result in more
complex and costly modelling. Therefore, the formulation of stochastic models is in most cases
concentrated on the explicit consideration of uncertainty of a single, the one assumed most
relevant, stochastic process while addressing other possible random processes through sensitivity
analyses. In reservoir operation studies the uncertainty is most frequently associated with the
stochastic nature of river flows. With respect to the way streamflow uncertainty is addressed in a
model, the developed stochastic optimization approaches can be divided into two groups:

1. Implicit stochastic optimization models combine synthetic time series generation models,
deterministic optimization and multiple regression analysis. Namely, based on the available
historical record of streamflow observations, a time series generation model is used to create a
number of synthetic inflow scenarios. Subsequently, pursuing the predetermined common
objective, a deterministic optimization model is applied to derive the optimal operating strategy
for each of the hypothetical streamflow records. The ultimate operating rule for the reservoir is
then formulated by multiple regression over the family of strategies obtained for the set of
synthetic inflow time series. Implicit stochastic optimization models can easily be implemented
to single reservoir operation analysis. However, they exhibit a number of disadvantages if
applied to multiple-reservoir systems. The major problem arises when river flows to different
reservoirs show strong dependency which requires the development of complex and expensive
time series generation models. Another difficulty associated with implicit stochastic optimization
models is that they are generally extremely time consuming due to the need for repeated
optimization runs over all synthetic streamflow records.

2. Explicit stochastic optimization models rely on the probability distribution of reservoir

inflows instead of using a specific, thus assumed known, streamflow sequence. The stochastic
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inflow process is either represented by a Markov chain using inflow transition probabilities or, if
river flows in subsequent time intervals prove to be uncorrelated, by their respective independent
probability distribution functions. The optimization itself is therefore pursuing the minimum or
maximum of the expectation of the selected objective function. The resulting operating strategy
provides separate guidelines for each time step within an annual cycle on storage or release

decisions for all possible combinations of reservoir initial storage and inflow variables,

2.1.2 Optimization and Simulation Methods in Reservoir Operation Analysis

A comprehensive review of mathematical models developed for reservoir operation analyses was
prepared by Yeh (1985). The review concentrated on both optimization and simulation models,
as well as on operations analyses under deterministic and stochastic conditions. Optimization
techniques included linear programming (L.P), dynamic programming (DP) and non-linear
programming (NLP). The author concluded that both LP and DP optimization models, as well as
simulation and combined optimization-simulation models have been extensively used in
reservoir operation analyses. On the other hand, relative unpopularity of NLP techniques was put
down to three basic reasons:

1. The formulation of NLP optimization models involves much more complex mathematics
than in the case of LP and DP.

2. The computer storage and processing time requirements are rather large for NLP models.

3. In general, NLP optimization models cannot easily accommodate the stochasticity of
reservolr inflows as DP-based models do.

The remainder of this section concentrates on LP and DP applications in reservoir
management. It should, however, be noted here that these two are not the only methods used in
this field. Namely, the fast expanding capabilities of computer facilities have allowed analysts to
explore the applicability of various novel optimization and search methods to reservoir operation
problems. For instance, Saad et al. (1994, 1996) and Bouchart (1996) applied neural networks,
genetic algorithms were used by Esat and Hall (1994) and Oliveira and Loucks (1997), whereas
Shrestha et al. (1996) used fuzzy rule-based modelling to derive operating rules for a reservoir.

Linear programming has established itself as a valuable tool in reservoir operation analysis.
The basic requirement of LP is that the problem to be solved must be linear both in the objective
function and the related constraints. Although the linearity condition may seem too restrictive, it
is frequently possible to apply linear approximation methods {0 make problems containing
non-linear functions solvable by LP (Loucks et al. 1981:57). Roefs and Badin (1970), for
instance, used piecewise linearization to approximate the adopted non-linear benefit function.

The principal advantage of LP models is that they do locate the global optimum with
comparative ease, even if the optimization problem is relatively large. Another argument in
favour of LPs is that the standard computer software is readily available. However, applications
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of LP to multiple-time step and/or multiple-reservoir operation problems can require thousands
of decision vanables and constraints making it too costly to opt for a straightforward LP
optimization. Furthermore, if the consideration of uncertainty is deemed an essential factor in
the optimization problem to be solved by an LP model, the number of decisions and constraints
can easily explode beyond any manageable limits. Consequently, the computation time required
to solve such large problems becomes too high to be acceptable. Gablinger and Loucks {1970),
for instance, reported that their stochastic LP formulation for the operational problem of a single
reservoir required approximately 2000 equations and 15000 variables. In their comparison of
stochastic LP, DP and policy iteration methods for reservoir operation, Loucks and Falkson
(1970) further concluded that the application of LP models to large multiple-time step problems
was computationally too expensive and that their practical purpose was limited to the analyses of
single-reservoir operation problems which involved relatively small number of possible discrete
storage volumes, inflows and time intervals. Similar conclusion was drawn by Roefs and
Guitron (1975) who also compared the same three types of optimization techniques. They
reasserted that stochastic, multiperiod LP models were much more time consuming than the
equivalent DP models. In general, the authors argued in favour of DP as the preferred candidate
for stochastic reservoir optimization models over the other two methods.

To reduce the immense computational load associated with pure LP models, the solution to
such large problems is frequently sought through the development of auxiliary decomposition
techniques (Yeh 1985). Roefs and Bodin (1970) proposed an approach based on LP to optimize
the operation of a three-reservoir hydropower facility over a period of 36 months. However,
their attempt to reduce the dimensionality of the problem by applying both spatial and temporal
decomposition still did not make it sufficiently small for an LP formulation.

Pereira and Pinto (1985) presented an algorithm devised for optimal real-time scheduling of
weekly or monthly energy generation of multiunit hydropower systems. The method applied an
extended Benders decomposition, which is an iterative solution seeking procedure directly
applicable to two-stage linear optimization problems. Thus, a standard LP was used to derive the
suboptimal solutions at each temporal stage. The extension of Benders decomposition was
required in order to incorporate the stochastic nature of river flows into the optimization model.
The stochasticity of inflows was represented by multiple sets of synthetic inflow scenarios at
each stage. The initial assumption was that the realization of a certain inflow scenario at a stage
could be followed by one of the two generated scenarios at the subsequent stage. Consequently,
with the increase of the number of stages, the number of possible inflow sequences would also
increase by branching out along two new “inflow paths” for each inflow realisation at the
preceding stage. The algorithm was illustrated on a four-reservoir case study. The results of the
application of the method to a 37-reservoir hydropower system were also presented in the paper.

It can also frequently be found that a combined LP-DP (both deterministic and stochastic)
optimization method is used to alleviate the dimensionality difficulties posed by a pure LP
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model development. For instance, Hall et al. (1968) proposed a deterministic LP-DP model to
derive the optimum operating policy of a multiple-reservoir-multiple-purpose system. The
objective was to derive the best possible utilization of a multiple-reservoir system for firm water
supply, firm energy generation, dump water supply and dump energy production with respect to
the maximization of the system’s economic return. The system was decomposed into individual
reservoir subsystems and, for the given set of prices for different water uses, the sequences of
individual optimal release decisions for each reservoir were obtained independently using DP,
These policies were subsequently used by an LP model to derive the optimal combination of
reservoirs’ individual allocations for each of the purposes. The derived shadow prices of the LP
duai problem were in turn used in the repeated DP optiunization to obtain the improved
individual reservoir policies. The iterative LP-DP cycles were repeated until no improvement in
the system return could be induced by the use of new shadow prices, or until a new shadow price
set did not differ from the one derived in the preceding step.

Becker and Yeh (1974) combined LP with deterministic DP to derive the optimum real-time
operating trajectory of the complex hydroelectric facility of the California Central Valley
Project. Based on the inflow forecasts provided for each reservoir in the system, the DP model
was used to identify the optimum operating strategy of the system over a period of 12 months.
At each time step, an LP model minimized the accumulated loss in potential energy of the stored
water in the reservoirs resulting from a particular release policy. To generate multiple alternative
release policies at a time step, the authors assumed a number of different levels of peak energy
production for the system. The LP model was run once for each of the peak energy thresholds
resulting in a number of energy production strategies and their respective expected energy loss
function values. Thus, a single-stage LP procedure embedded in a multiple-time step DP model
was used to generate alternative policy paths for the DP’s enumeration search.

On the other hand, Takeuchi and Moreau (1974) combined LP with stochastic DP to optimize
the operation of a five-reservoir water supply system providing water for eight distinctive users.
The LP model was nested in the stochastic DP optimization model to minimize the expected
value of the accumulated future losses associated with the respective storage volumes in the
reservoirs at the end of a time step. The non-linearity of expected accumnulated cost function was
addressed through piecewise linearization.

Vedula and Kumar (1996) proposed an approach which combined LP and stochastic DP to
optimize the operation of a single irrigation water supply reservoir. The objective pursued in
optimization was to maximize the expectation of the relative annual multiple-crop yield, The
method was a modification of the earlier developed model which employed deterministic and
stochastic DP techniques to solve the same type of problem (Vedula and Mujumdar 1992). The
1992-model was defined over 10-day time intervals within a year and consisted of two phases.
In the first phase, deterministic DP was used to optimize the allocation of reservoir releases
among multiple crops in each of the within-year periods. Based on the allocation patterns
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obtained in the first phase, the second step employed stochastic DP to derive the optimal steady
state operating policy of the reservoir. The principal modification introduced by Vedula and
Kumar (1996) was that the temporal discretization for the stochastic model was set to two
seasons within a year (i.e. monsoon and non-monsoon seasons) instead of thirty-six 10-day-long
time steps. In addition to the present season inflow forecast, the new stochastic DP optimization
model also utilized the present season rainfall forecast as a stochastic state wvariable.
Furthermore, the deterministic DP release allocation phase was substituted by an LP
intraseasonal allocation model which optimized the distribution of the seasonal releases among
multiple crops over 10-day-long within-season periods. The authors concluded that the new
LP.DP model provided a better modelling of the crop growth process, resulting in further
improvements of the expected yields relative to those obtained by the formerly devised method,

Each of the four presented approaches reflect the principal rationale behind most of the
LP-DP coupling methods, Namely, a DP model is used to drive the optimization process through
successive temporal stages, thus avoiding the major cause of dimensionality problems in LP
applications. On the other hand, an LP model, embedded in the outer DP procedure, takes over
the task of solving a multiple-source-multiple-user resource allocation problern which is an
extremely “DP-hard” problem. Despite obvious advantages, the coupling of LP with DP stil!
requires rather complicated and time consuming mechanisms to resolve serious non-linearity
problems and to accommodate stochasticity considerations in applications where uncertainty
plays a crucial role in the operation of the system.

Dynamic programming, however, exhibits a number of features that make it particularly
suitable for solving reservoir operation problems. It is a stagewise optimization technique based
on the Bellman’s principle of optimality (Bellman 1957:83): An optimal policy has the property
that whatever the initial state and initial decision are, the remaining decisions must consiitute an
optimal policy with regard to the state resulting from the first decision. Bellman (1957) stressed
the value of DP as a tool for deriving the structure of optimal policies by decomposition. In
essence, DP is a solution seeking strategy which decomposes a sequential decision problem into
a series of subproblem stages consisting of only one decision each. The optimal solution is then
sought recursively over the stages by adding the immediate objective function achievement at
the present stage to the objective function value accumulated over the stages passed so far. In
other words, the applicability of DP depends on whether a multiple-stage decision formulation
can be transformed into a sequence of single-stage decisions each of which depends only on the
decision taken at the preceding stage (i.e. the underlying process atfected by the set of decisions
has Markov-1 property). Nemhauser (1966:76-79) demonstrated the advantages of DP over
direct enumeration methods both with regard to the size of the required data space and the
number of computational steps necessary to arrive at the solution to a problem.

The Markov-1 property requirement posed by DP can easily be recognised in operation of

reservoirs. Namely, the decision on reservoir target storage or release is taken at each time step







