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Abstract: The technologies and methods for integrated planning and management of water resource systems
have matured considerably over the past decades. However, relatively few of them have been actually and regu-
larly applied in real world decisional processes. We feel this is essentially due to a general lack of engagement
of stakeholders and decision makers at every stage of the decisional process. Innovative methodologies and
tools to improve participation are presented, with focus on water reservoir systems.

1 INTRODUCTION

It is very probable that the century we have just en-
tered will be remembered as the “century of wa-
ter”, since water will be by far the scarcest resource,
the availability of which will constrain the econ-
omy of nations. In the last fifty years water de-
mand in the world has trebled and is still increasing
sharply every year as a result of population growth,
increase in household income, and irrigation de-
velopment. Approximatively 70% of surface wa-
ter and groundwater is claimed by irrigated agri-
culture, to produce 40% of worldwide food needs
(Brown [2001]). Even though demand for water is
increasing, rare are the countries in which its avail-
ability remains constant; more frequently the ex-
ploitation is well beyond the renewal rate of the re-
source. Degrading water quality further reduces the
availability of freshwater suitable for domestic and
agriculture use and increases the cost of treatment
and reuse of water. Driven by these challenges, the
last years have seen a wide and growing interest to-
wards the development of tools and techniques for
integrated planning and management of these sys-
tems (see for example SFWMG [1987]; Simonovic
and Savic [1989]; Loucks [1990]). While in the
1960’s the planning was based on the assumption
that water was an infinite resource and the main con-
cern was its allocation and distribution, now the ap-
proach must be oriented to sustainability and must
be more holistic.

Nonetheless technology alone is not enough, if the
projects that it suggests actually remain unrealized:
in fact the accomplishment is quite often politically
thwarted by the disagreement of all the stakeholders

that are excluded by the benefits or that fear dam-
age from the proposed actions. To overcome this
risk it is essential to assess in detail the likely im-
pacts of a project not only on those objectives for
which it has been conceived and designed, but also
on all the sectors that it may influence. The human
role in the decisional process must be supported and
valued by exploiting the power of models to deter-
mine the effects of alternative projects with low cost
and low impact computer-based experiments. The
selected course of action should emerge out of a de-
bate, that involves the participation of all the stake-
holders. To reach this goal a formalized planning
procedure was required, a procedure that guaran-
tees to determine a solution that is equitable, effi-
cient and sustainable: the so called Environmental
Impact Assessment (EIA) procedure emerged as the
most appropriate. Indeed in the last decades many
countries have enacted legal frameworks for EIA,
by specifying rules, methodologies and guidelines
for its application in different planning situations.

Water resources systems we will refer to in this pa-
per are storage systems, composed of multipurpose
reservoirs or regulated natural lake, catchments,
channels, rivers, streams, water users, etc., all of
them interconnected by the downstream flow of wa-
ter. Water supply for agriculture and power genera-
tion are usually considered the two main purposes
of such systems; however the water collected by
these facilities may serve several other scope, such
as navigation, recreation, flood protection, down-
stream river quality conservation, etc. Hence any
decision taken on these systems directly or indi-
rectly involves a wide range of stakeholders.
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Figure 1: The EIA procedure scheme.

2 EIA PROCEDURE

The EIA procedure can be formalized for these sys-
tems as the five-stage process outlined in Figure 1.
The scheme draws a conceptual map of phases to be
followed by the system analyst (SA). More in detail,
given a structural configuration of the system (ex-
isting or proposed) and on the basis of the strategic
goals pursued, the SA should elaborate and com-
pare alternative planning proposals with the follow-
ing procedure:

1. Indicator specification: the strategic goals
are translated into operational criteria and the
latter into physical and economical indica-
tors, which can be then quantitatively com-
puted. For example the indicators may eval-
uate the performances in supplying water to
civil, agricultural and industrial users, the
compliance to river quality standards, and
flood control targets. Since the operational
criteria reflect concerns and priorities of the
stakeholders, they should be defined by inter-
acting with them.

2. Model identification: the components (catch-
ments, reservoirs, channels, water users, etc.)
associated with a given structural configura-
tion of the water system are described by
mathematical models. The choice of these
models as well as the degree of detail de-
pends on both the selected indicators and the
alternatives to be evaluated, thus there exists
a recursion among this phase and phase 1 and
phase 3.

3. Alternative identification: all the feasible
structural and/or normative actions are first
quantified and then combined in all possible
way. Each combination constitutes a planning
alternative.

4. Alternative evaluation: for each alternative
the values of the indicators are assessed by
simulating the behavior of the system.

5. Alternative comparison and negotiation: the
preference systems of the stakeholders are
identified. Then, the alternative proposals are
compared according to multi-attribute and ne-
gotiation aid techniques. Finally, a sensitivity
analysis is performed to check the robustness
of the ranking with respect to the uncertain
and subjective elements. All these actions
help the decision maker (DM) to select a com-
promise decision.

The practical application of the above procedure
poses two fundamental concerns: first, the SA
should widely interact with all stakeholders during
the phases of indicator specification, model identi-
fication and alternative evaluation; second, the in-
formation used at each stage should be obtainable
from the previous stages and made available for the
successive. More in detail this information must
be complete, shared, transparent, easily obtainable,
well structured and flexible. The problem is fur-
ther complicated by the non-strictly serial succes-
sion of stages and by the diffuse presence of recur-
sions. Hence the effective implementation of the
above scheme requires the support of a computer-
based system, a Decision Support System, which
provides the tools to integrates all the phases in a
unique framework, facilitates participation, and en-
sures that the information has the above mentioned
properties.

The proposed EIA scheme is a procedure of general
validity. It has been originally introduced for a de-
limited class of problems, but it may be applied to a
broad range of planning contexts. Its use for water
system planning poses several challenging and sig-
nificant issues. In this paper we will analyze four
of them and propose for each one some innovative
approach. We will conclude the paper by presenting
the architecture of a DSS which satisfies the above
mentioned requirements and imbeds the innovative
proposals.

3 DYNAMIC AND CONTROL

EIA analysis as well as the Multi-Attribute Value
Theory (MAVT) (Keeney and Raiffa [1976]), upon
which it is based, have been traditionally developed
and are usually adopted to evaluate projects on static
systems (or systems that are assumed to be static for
modelling reasons). Then they implicitly consider
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Figure 2: The lake Verbano water system and the
two irrigation districts.

decisions as planning actions, that is una tantum
decisions, that permanently modify the system con-
figuration. This way of doing does not lend itself
to the intrinsically dynamic nature of water reser-
voir systems. To better clarify this issue consider as
example the Verbano water system (see Figure 2),
located on the italian-swiss border (Soncini-Sessa
et al. [2000]). Its storage is primarily used to pro-
vide water supply to two wide irrigation districts
and several hydropower plants, but it also influences
a plethora of other socio-economical and environ-
mental factors (lacustrine and riverine water quality,
upstream and downstream flood control, lacustrine
navigation and tourism, and so on). Obviously the
volume of water stored in the lake (i.e. the state of
the system) is time-variant. At each time instant (i.e.
every morning) the DM must decide how much wa-
ter has to be released in the next 24 hours. Clearly
the volume of water that can be released depends
on the volume of water currently available into the
the lake. The release decision influences the lake
storage of the next day and hence influences the
next release decision. Decisions are thus concate-
nated after each other and recursive, that is they are
management actions. These actions can be formu-
lated in a rational way by designing a management
policy (see definition in the next paragraph), the
choice of which can conceptually be included in the
EIA at the same level of the other planning actions.
Straightforwardly a planning alternative is consti-
tuted by a triple: structural actions (i.e., dredging
of the lake outlet), normative actions (i.e., review of

the regulation range and imposition of a minimum
instream flow) and one management policy. The
identification of the alternative in phase 3 should
therefore include the ”quantification”, i.e. the de-
sign, of the management policies too.

3.1 The management policy

It’s time to give a more formal insights on manage-
ment policies. We will make reference to the Ver-
bano case to be less abstract. Known the current
lake storage ��� at time step

�
, the release decision � �

is given by:� �����	��
 � �
� (1)

where ����

� � is a succession, generally periodic of
period � , of monotone non-decreasing functions of��� , named control laws. A management policy � is
a succession � ����
�����������
������� ! " !�#�%$'&(��

� ���� " ! ) of
control laws. Given a couple of structural and nor-
mative actions a management policy is synthesized
by solving an optimal control problem, defined as:*,+!-.0/ +"*�21436587:9 �<;>=�?�@�@�@ ;
ACB�=ED,FG H!I �KJ H<LMH 
 � �ON (2a)L H 
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 � P � � P �
S P�T �U� (2b)��� T �V�XW � 
 ��� � � � ��S � T ��� (2c)� �KY[Z���
 � ��� (2d)S\� T �V]X^ �(
�S\� T �`_ � �a� � ��� (2e)� �b������
 � �
� (2f)

p � � � � 
�������� � 
������� ! ! "��� $'&(� 
����O) (2g)

where all the functions are periodic of period � . The
weights J H ( 9 �dc`�� ! ! "��e ) expresses the relative im-
portance of e indicators

L H 
 � � , chosen among the
ones identified in phase 1, each one of which is the
sum over time of step costs Q H� 
���� . The set Z � 
 ��� �
is the set of feasible controls (that may vary with
the storage � � ); ^ ��
�S\� T �f_ � ��� � �O� is the conditional
probability distribution of the disturbance S`� T � (e.g.
the inflow to the lake) and 587:9 � is a suitable cri-
terion (i.e a statistic) to filter the disturbance (see
Yakowitz [1982] and Soncini-Sessa et al. [1991]).
The structural-normative actions are embedded in
the constraints (2c), (2d) of the control problem.
Thus, given a pair of structural-normative actions,
several (theoretically infinite) different management
policies can be devised, by varying the weightsJ H . The set of these policies constitutes the Pareto
boundary of the problem, that is the set of non-
dominated policies with respect to the management
objectives.
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When the water system is more complex than the
Verbano water system (e.g. it has more reservoirs),
its state is a vector � � , that contains the states of
all the dynamical components within the system.
Then the management policy can be synthesized by
a problem analogous to problem (2), where � � is
substituted by � � and � � is the vector of all the deci-
sions that must be daily assumed in the system.

3.2 A two-level decision approach

The analysis of the decisional organization of a Wa-
ter Agency leads towards the idea of a multi-level
DSS. In fact, in a Water Agency, one can usefully
distinguish different levels of decision making. An-
thony [1965] considers three levels: strategic plan-
ning, management control, and operational control
(denoted in the following simply as planning, man-
agement and control)(see Figure 3). The planning
level has to do with the strategic goals to be pur-
sued in the system management and with the ways
to achieve them: management policies are designed
at this level. The policies set up at the planning level
can be expressed either by closed form rules, re-
sulting from the solution of off-line optimal control
problems, or by on-line optimal control schemes.
The scope of the management level is the utiliza-
tion of the resources in an effective way in the short
and medium term, according to the directive issued
by the planning level and to the particular situation
the DM is facing (e.g. the out of order of a power
plant). This is the level were the man-machine inter-
action is more tight and where conflicts are likely to
arise. The control level has to implement the man-
agement decisions in the real time operation and it
is generally highly structured, so that fixed rules can
be applied. Thus, the control level is served by a
controller, while the other two levels need two sep-
arate DSSs: DSS/M and DSS/P where M stands for
management and P for planning. The planning mod-
ule DSS/P deals with the choice of the alternatives
and its outputs are planning decisions, management
policies, and models. All of them constitute inputs
of the management module DSS/M. The interaction
among the SA, the DM, and third parties (stakehold-
ers) takes place in the DSS/P at the planning level
and in the DSS/M at the management level. The
scheme of Figure 1 can be embedded in this two-
level structure, thus obtaining the scheme in Figure
4.

The two-level structure embodies an interesting
skill: the planning tools are naturally and unex-
pensively updated. In the usual planning approach,
once the planning action is over, the planning tools
are abandoned; thus, when later on a new planning
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action is required, the construction of the planning
tools must starts again from the scratch, with a loss
of money, time and coherence. On the contrary,
in the two level DSS the daily use of the DSS/M
implies that the data base and the system model
are regularly updated, then, since the DSS/P shares
them with the DSS/M, the DSS/P is automatically
updated.

4 SET-VALUED POLICIES

The definition of a management policy spawns from
Control Theory, which was originally developed to
control electro-mechanical systems. In such sys-
tems, the policy must allow for control in absence
of human intervention, i.e. it must produce an au-
tomatic control. Examples of such policies are the
autopilot of a jetliner or the speed controller of an
engine. Since control must be automatic, at ev-
ery time step the policy must return one and only
one control decision: therefore the policy must be a
point-valued function.

On the contrary, in the management of water sys-
tems the policy does not operate directly on dams
and weirs, but proposes a control decision to the
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DM. It will be up to the DM to accept the decision
suggested. Note in fact that the optimality of a man-
agement policy does not refer to the real world com-
plexity, but to a simplification of the real world, that
is to a scenario. The scenario includes all the ap-
proximations that are beyond the used models and
the selected objectives. For instance the structure of
the downstream water distribution network is usu-
ally heavily simplified, the catchment model (which
generates the reservoir inflows) is often modelled
as a purely stochastic process. These simplifying
assumptions are justified, from the SA viewpoint,
since they are needed to reduce the optimal con-
trol problem to a solvable formulation, given the
current mathematical and hardware tools, but they
are perceived as deceiving by the DM. Given this
fact, it would be more effective if the policy pro-
poses not a single decision value � � , but the set

� � (safe control set) of all the decisions that are
equivalent (i.e., which guarantee in the long run the
same performance of the policy) from the point of
view of management objectives and for the models
adopted to represent the real world (for details see
Aufiero et al. [2001a] and Aufiero et al. [2001b]).
The use of a set-valued policy would therefore al-
low the DM to choose at time

�
a decision among

the optimal ones by taking into account new facts:
e.g. secondary objectives (not included in the ob-
jective

L H
of problem 2a) that appear to him as par-

ticularly relevant at time
�

or the current situation
(e.g. heavy rainfall on the catchment, power plant
outages, etc.) that has not been considered in the
scenario adopted in the policy design phase. In this
way the level of confidence of the DM in the policy
is widely improved. A straightforward consequence
of the adoption of set-valued policies is that the con-
troller where the policy is implemented (see phase 6
in Figure 4) must be a Decision Support System it-
self (that’s the reason behind the acronym DSS/M),
in order to enable the DM to evaluate and compare
the effects of alternative choices of � � in

� � .
5 SYSTEMS AND PERFORMANCES

We have seen how a planning alternative can be
identified and how the design of set-valued manage-
ment policies plays a central role in this process. We
come now to the questions posed by the evaluation
of each alternative.
The stakeholders having the same concerns and pri-
orities are grouped in one sector, to which is associ-
ated an index. This one is a function of the alterna-
tive and expresses the stakeholders’ satisfaction for
it. The indexes are chosen in phase 1 and used in the
successive phases to compare the alternatives. For
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Figure 5: More and more articulated ways of struc-
turing an index.

a given sector the evaluation of the corresponding
index is carried out in cooperation by the SA and
the so-called sector expert. This is usually a tech-
nicians who is expected to support the stakeholders
by translating their qualitative judgments into quan-
titative evaluations. Theoretically the sector expert
could directly settle the index value for each alterna-
tive on the basis of its expertise (Figure 5-a). How-
ever this approach frequently leads to too subjec-
tive and hardly acceptable evaluations, that might
further become imprecise when facing with a large
number of alternatives. It would be then more ap-
propriate to formalize a procedure to compute the
index values automatically (Figure 5-b). This proce-
dure should reproduce the expert skills and be iden-
tifiable through interviews.
The dynamic nature of a water reservoir system im-
plies that its evolution over a given time horizon
may be completely described by the trajectories of
the system outputs (i.e., reservoir water storages and
release decisions). Hence an alternative modifies
the trajectories of its outputs. The process of eval-
uating an index can thus be though of as a two step
process (Figure 5-c):

1. the simulation of the controlled system over a
given time horizon, by using the mathemati-
cal model of the system;
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2. the computation of the index as a functional
of the trajectories computed in the first step.

However the direct identification of an index
through the simple observation of the system tra-
jectories could again be a hard task for the sector
expert. To further simplify the problem one or more
intermediate indicators may be conveniently added
between the trajectories and the index (Figure 5-
d). These indicators must meet a precise condition:
each one must be expressed by a separable function
of the system variables, i.e. it must be the tempo-
ral aggregation of instantaneous indicators (the step
costs Q H� 
���� in equation (2b)), such that the one at
time

�
only depends on values of variables at the

same time
�
. Notice that this condition implies that

each step cost at time
�

cannot be dependent on the
value of any step cost at previous times, i.e. the step
costs can not be state variables of any system. This
condition seems to be particularly restrictive, but it
can always be met, by suitably enlarging the state
of the system model (e.g. if the step cost depends
upon its value at a previous time, it can simply be
included among the state variables by adding a tran-
sition function that expresses its dynamics to the the
model).

More in general the indicators should be easily ob-
tainable given the trajectories and should make it
easier for the expert to relate them to index. This lat-
ter step is usually covered by the well known MAVT
through the definition of utility functions and there-
fore it will not be further discussed. We focus in-
stead on model construction and indicator defini-
tion.
Both these steps require a wide interaction between
the SA, the DM and the stakeholders, since they
should “feel” the models adopted as well as the in-
dicators selected. Only in this way the decisional
process leads to evaluations that will be perceived
as “trustable”: a direct involvement of the decision
maker herself in the modelling process is the unique
way to make credible models: these can in fact be
built only by people who are familiar with both the
problem and the institutional setting in which the
problem is to be addressed (Loucks et al. [1985]).

5.1 Models and indicators

The components of a water reservoir system are
usually modelled by means of models, either simple
“black-box” or complex physically based models,

that can be represented by the following equation:

��� T �V�XW � 
 �U� � � � ��� � �
S � T �U� (3a)
�f� ��� � 
 ��� � � � ��� � ��S � T �U� (3b)

where � � is the state variable, � � is the output, � �
is the exogenous input to the component (that is
generally the output of other components) and S � T �
is a disturbance. All these models are markovian
models. Once the state transition function W � 

� � and
the output function � � 

� � have been properly struc-
turally identified, they can be easily calibrated with
the well known techniques of System Identification
Theory (Ljung [1987]). Consider for instance the
catchment: it can be described using a stochastic au-
toregressive models of order � � where � � is the state
of the catchment, � � represents the outflow (i.e. the
reservoir inflow) and Sf� T � is a disturbance that rep-
resents rainfall, temperature, etc.. Both Wf��
���� and
� ��
���� are linear functions, whose parameters values
might be easily identified from historical inflow se-
ries.
However it may occur that the physical and socio-
economical relations that underly some of the com-
ponents are poorly known and/or it is comparatively
expensive to obtain raw data to characterize them
better. In these cases it might be difficult to iden-
tify the two functions W � 
���� and � � 

� � . The SA is
thus forced to formulate unrealistic simplifications,
the majority of which are based on the assumption
that the processes are well known and deterministic.
But this assumption is often too reductive. Consider
again the Verbano water system. A suitable way to
low the water demands of the irrigation districts is
to reduce the inefficiencies of the irrigation systems.
A lower downstream water demand should in fact
reduce the water storage required to reach a given
level of supply satisfaction and, as a consequence,
induces a reduction of flood risk on the lake shores.
Thus the DM might wonder whether and what level
of financial incentive will encourage the farmers to
adopt more water-efficient irrigation systems. In-
tuitively what the DM expects is that the farmers’
bent to modify their irrigation systems depends on
the value of the incentive. But how can this bent be
formalized in a model or in a indicator so that the ef-
fects of a given value of the incentive on the whole
agriculture production can be assessed? Further-
more the uncertainty of the physical processes that
influence water demand (e.g. net radiation, canopy
cover) couples with a behavioural uncertainty (the
proneness of farmers to change). How can such
mixture of uncertainties be described?
A solution to tackle with these two different un-
certainties is to adopt Bayesian Belief Networks
(BBNs) (Jensen [1996], [2001]). BBNs are directed
graphical models in which nodes represent random
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