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Abstract A software tool, which implements a Decision Support System (DSS) for
management of water reservoirs, is presented. It is designed to be used both at the
planning level, by water agencies, to generate management policies and release plans
over various time horizons, and at the management level, by the decision makers, to
take daily release decisions, also using the real-time information provided by a
telemetering network. The DSS algorithm presents multiple choices to the decision
makers, helping them in assessing their impact, thus integrating, not substituting,
human intelligence. The DSS architecture relies on a Model Management System
(MMS) to allow a rapid prototyping of various modelling situations, both at the
planning level and at the management level, while the graphical user interface is
aimed at enforcing this structure.

TwoLe: un logiciel pour la planification et la gestion des réservoirs
Résumé Cet article est la présentation d'un logiciel d'aide à la décision pour la
gestion des réservoirs. Ce logiciel a été conçu pour être utilisé aussi bien au niveau de
la planification, par les agences de l'eau, pour élaborer des politiques de gestion et
produire des plans de lachures selon différents horizons de temps, qu'au niveau de la
gestion, par les opérateurs, pour décider des lachures au jour le jour en utilisant les
données en temps réel fournies par un réseau de télémesures. L'algorithme du
Système d'Aide à la Décision propose de multiples possibilités aux décideurs, en les
aidant à évaluer les impacts de leurs décisions, permettant ainsi une intégration, et non
une substitution, à l'intelligence humaine. L'architecture d'aide à la décision s'appuie
sur un système de gestion de modèles permettant la construction rapide de divers
scénarios de modélisation, au niveau de la planification comme au niveau de la
gestion, renforcée par une interface graphique.

INTRODUCTION
The rational way of managing a water system is by means of a control policy that
specifies for each state of the system the controls that maximize, in Paretian sense, a
set of objectives. In general, an analyst designs this policy by formalizing and solving
an optimal control problem, where the Decision Maker (DM) point of view has to be
captured. This approach was proposed by Maas et al. (1962) in the early sixties and for
two decades academicians worked to refine its definition and the required algorithms,
but the real-world applications were very few. In the eighties it was apparent that even
when available the policies were rarely used in practice: i.e. it became clear that the
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policy approach was failing and that its failure constitutes a serious barrier to an
efficient and sustainable management of water systems.
The reasons for this failure are many and complex, but the most significant one
can be shown to be the basic assumption that the reservoir management problem is
well structured so that unlimited rationality and mechanistic knowledge can be
applied to find its solution. Moreover, the adopted models are in general rough representations of reality: for instance, the structure of the downstream network is usually
drastically simplified. These simplifications are justified, from the analyst's point of
view, to solve the optimal control problems, but the DM may perceive them as not
trustworthy. Therefore it is not surprising that the DM may formally accept the
suggested policy, but refuses to use it in practice, since (s)he is the one who has the
final responsibility of taking the release decision and will not trust a system of which
(s)he has a limited understanding. This last aspect constitutes the second major
reason for the failure of the policy approach: the scarce and unsatisfactory communication between the Systems Analyst (SA) and the DM in the policy design
phase.
In the case of essentially non-structured problems, the idea of computer systems
able to give the "solution" was then substituted by that of software environments
(Decision Support Systems) providing the DM with a set of tools (s)he can usefully
employ to find "his/her own solution". The literature on the subject has grown
rapidly (Sprague & Carlson, 1982; Parker & Al-Utabi, 1986; Guariso & Werthner,
1989; Guariso et ai, 1990; Loucks & da Costa, 1991) and some applications to
reservoir management have been presented (SFWMG, 1987; Loucks, 1990; Simonovic
&Savic, 1989).
In this paper a decision support system (DSS) for water management is presented
which is aimed at the improvement of the level of confidence DMs have in such tools.
Most of the DSSs for water management produce, as their output, a unique value for
the decision to be taken. It may happen that the proposed decision is different from the
one the DM would spontaneously choose. Generally, this happens when there is an
unexpected change from the conditions that had been assumed in the policy design.
The solution approach proposed to increase the level of confidence follows three
guidelines:
First, the DSS structure is mapped to the decision structure of a water agency,
where policies are designed at the planning level, and decisions are taken at the
management level; thus the DM can have an active part in planning the policy that is
embedded in the DSS.
Secondly, the DSS must give up its role of decision manager, and aim to be more a
decision supporter. The DSS should propose a set of alternative decisions, all of which
must have the property of "indifference" with respect to the performance of the
management policy. In other words, the performance does not decrease if the DM picks
one of the decisions in the set; it is therefore possible to accommodate, in a controlled
way, small deviations from the nominal conditions.
Finally the "system's intelligence" is augmented, making the DSS a more powerful
and flexible tool, able to generate and envision many alternative scenarios which can
be explored by the DM, in order to assess the greatest range of management
alternatives.
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A TWO-LEVEL DSS FOR WATER MANAGEMENT
The analysis of the decision organization of a water 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. Anthony (1965) considers three levels: strategic planning,
management control, and operational control (denoted in the following simply as
planning, management and control).
The planning level deals with strategic goals to be pursued in the system management and with the ways to achieve them: management policies are designed at this
level. These policies can be expressed either by closed form rules, resulting from the
solution of off-line optimal control problems, or by on-line optimal control schemes.
The scope of the management level is the utilization of the resources in an
effective way in the short and medium terms, according to the directive issued by the
planning level and to the particular situation the DM is facing (e.g. rainfall and
catchment inflow measurements received from a telemetering network signal an
incoming flood). This is the level were the man-machine interaction is closer and
where conflicts are likely to arise.
The control level has to implement the management decisions in the real-time
operation and it is generally highly structured. It is clear that the decision problems at
the control level can always be formulated as well-structured control problems, so that
the corresponding solutions can be expressed by a set of fixed rules. Thus, the control
level is served by a controller, while the other two levels need two separate DSSs:
DSS/M and DSS/P where M stands for management and P for planning.
The main characteristic of this proposal is that the DSS is a two-level tool (Fig. 1)
(see Soncini-Sessae?a/., 1990).

Planning level

DSS/M

Management level

Fig. 1 TwoLe, a two-level DSS: the planning and management levels.

DECIDING IN CASES OF SMALL DEVIATIONS: THE SET-VALUED
POLICY
The definition of a management policy has been inspired historically by Feedback
Control Theory. In this field, the policy must allow automatic control (that is, in the
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absence of human intervention) of a given system (e.g. the autopilot of an aeroplane).
This need imposes that the policy returns one (and only one) value for the decision ut,
which is therefore a point-valued function: the control system could not proceed
autonomously if the decisions were more than one.
When the concept of policy was imported into the field of water resources
management, this simple observation was disregarded and the assumption that a policy
should be point-valued was acritically imported. But in the new context this
assumption is no longer needed: the policy is not alone in managing reservoirs. The
policy imbedded in a DSS proposes a value ut for the release to the DM and the last
decision is up to him/her. It would be more straightforward if the policy gave the DM
not only a single value uh but the whole set Ut {safe control set) of all the releases ut
that are equivalent from the management point of view. Thus, the DM would be able to
select the release that responds best to the situation at hand.
Consider an example to illustrate this important point:
A reservoir A is used for hydroelectric power generation, but its release feeds
another reservoir B, built for irrigation storage. The policies regulating A and B will be
computed solving an optimal control problem which optimizes, in a Pareto sense, the
hydroelectric and irrigation performances of the system composed of the two reservoirs
(for instance, measuring the expected values of the hydroelectric and irrigation deficit
in the near future). Suppose that, on a given day /, the transmission line providing
energy to the downstream cities is off-service and therefore it would be useless to
release water to the hydroelectric user. In such a case, a point-valued policy suggesting
only one value ut, creates a serious dilemma for the DM. The DM understands that it
would be appropriate to release less than ut, since any release would be wasted for
hydroelectric use, but also understands that the reduced release causes a corresponding
reduction in the storage in B, which could damage irrigation. The DM would like to
know up to which point is it possible to reduce the release without changing the
irrigation performance; that is, to know the set U, of the releases associated with the
same performance: the DM needs a set-valued policy.
The algorithms needed for the design of set-valued management policies are
developed in Aufiero & Soncini-Sessa (1995a,b,c).
Given the availability of such algorithms and the advantages of set-valued policies
it was decided to consider only that class of policies (note xhat nothing is lost, since any
point-valued policy is a particular case of a set-valued policy). Therefore in the
following the "set-valued" prefix is dropped and each time the word policy appears, it
is to be intended as set-valued policy.

A SOFTWARE TOOL FOR PLANNING AND MANAGEMENT
Traditional DSSs were focused on the evaluation of management policies that were
usually designed off-line and then inserted in the model base of the DSS; the DM was
then able to test the behaviour of the proposed policy under various scenarios. This
approach is well suited in the one-level DSS structure where the manager and the
analyst are the same person, but in the real world the background and the competence
of these two figures are very different. The two DSS levels propose a solution, but a
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framework for their interaction must be set. A software environment has been designed
and implemented in which the DSS control units share a set of common resources: the
domain base, the model base and the experiment base.
In a traditional DSS the user interaction module gives access to a set of decision
models and rules which fetch data from the database. Our structure provides an enhancement since it divides the database into a set of three modules with separate
purposes.
The domain base contains the data relative to the physical description and
measurements of the system under investigation. The catchment area and the rainfall
measurements are stored in the database.
The model base contains a set of mathematical models, representing the behaviour
of the water system components. Models are created accessing data stored in the
domain base. Different models can use the same data sets and the domain base is structured in order to promote model substitution and model interconnection to allow the
SA to test alternative modelling strategies.
The experiment base stores the formulation of decision problems and their results.
A decision problem is constituted by the union of a set of data with one or more
models, and a set of objectives. A solver (i.e. an optimization, a calibration, or a
simulation algorithm) is applied to a decision problem example to compute its solution. The experiment base is the place in which these data structures are stored to
enable the user to keep track of the decision process and eventually to repeat and
modify the experiments.
The experiment base is accessed via a friendly user interface and the user can
perform operations such as computing the optimal water release and distribution
policies, finding the best set of parameters for a catchment model, and running models
to collect statistics and compute their performances. Each experiment will contain a
complete description of the "experimental data set", that is the combination of the
solver, the models and the data.
Using this framework, the two levels (and thus the systems analysts and the
decision makers) communicate via the domain base, the model base and the experiment base. At the planning level the SAs use the optimization algorithms to produce
efficient management policies and the simulation algorithms to evaluate their performance. These policies are passed at the management level where the DMs employ
them in decision-support algorithms, using real-time data from telemetering networks,
to feed them and thus take daily management decisions.

Tie two-level structure
It was planned that TwoLe should be structured as a two level Decision Support
System: the planning level (DSS/P) and the management level (DSS/M). What does
this imply in practice?
At the planning level, the DSS/P performs editing operations, such as time series
editing (e.g. interpolation to find missing values, joining time series, etc.), editing of
the model structural components (basic domain objects, such as reservoirs and
catchments, and compound domain objects, such as distribution networks and water
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systems), editing of models, basic and compound, including calibration and validation
of catchment models. The DSS/P is especially designed to perform optimization
functions: design of the optimal distribution policy (network optimization) and design
of the optimal release policy (water system optimization). Finally, the DSS/P must
allow simulation of the regulated system (the compound model of the water system and
the regulator) to evaluate the performance of the policies generated by the optimization
functions.
At the management level, the DSS/M receives from the DSS/P a set of catchment
models to be used as forecasters and a set of alternative policies.
The DM can use the DSS/M to perform the following actions: produce forecasts
for the near future; run flood warning policies; compute the daily release decision;
simulate the effects of a release decision in the short term; compare the effect of
alternative policies (computer-generated and user-generated); and forecast catchment
inflows.

The domain base
A component of a water system, such as a catchment, has a set of attributes which
characterize it. The attribute values are stored in the domain base.
Thus, the domain base contains a set of objects which describe the data attributes
of the physical components of the water system. It is the first modelling layer: no
assumptions are made on the kind of mathematical relationships, but only on the data
and their representation. As the data relate to a model of a natural resource such as a
water system, a hierarchical approach was adopted in their classification, according to
an object-oriented analysis paradigm. This means, for instance, that a given time series
is always associated with a corresponding measurement station, thus facilitating either
data management or geo-referencing of data by a Geographical Information System.
The domain base contains basic domain objects (denoted by B a s i c D O b j ) and
compound domain objects (CompDObj). B a s i c D O b j are used to keep together the
data attributes of simple modelling components. Building a B a s i c D O b j is the first
modelling step: raw data are organized in data structures which hypothesize a
modelling structure and purpose.
Among basic domain objects are: measurement stations, catchments, reservoirs,
channel junctions and diversions, water channels, non-consuming water users, consuming water users, and alarm gauges.
The domain base also contains a set of objects which represent the system structure: compound domain objects. A CompDObj is the water system which can be seen
as composed of a number of catchments, reservoirs, channels, junctions, diversions and
water users. A part of it is the distribution network, composed of water users, channels,
junctions and diversions.
This repository was called the domain base, in accordance with the proposal by
Del Furia et al. (1995), since it contains the structural knowledge regarding the objects
appearing in the modelled domain. But the domain base is fully qualified only when
the interactions and relationships among the modelled objects (the model equations)
are made explicit and detailed: this happens in the model base.
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The model base
The domain base contains domain objects (DObj s) whose purpose is to aggregate data
attributes and to establish relationships to create data structures. Domain objects are in
some sense "models" and their own structure presumes modelling choices. They play
the important role of logically separating the physical world from the mathematical
one: different models can be associated with the same domain object.
The purpose of the model base is to provide these modelling alternatives, described
by model classes and their examples (see Fig. 2). The V a l t e l l i n a C a t c h m e n t D O b j has two alternative models (ARX(1,1) and ARMA(1,2) which
differ in structure; the LakeComoDObj has one model which is characterized by the
chosen discretization.
Models can be classified according to their purpose. A first classification based on
model use leads to the following model classes: descriptive models, decision models,
regulators.
Descriptive models are mathematical models of the objects contained in the
domain base, for instance: reservoirs, catchments, channels, streams, water users, and
so on. These models are fundamental, since they cannot be decomposed further. They
are referred to as basic models. On the other hand, they can be assembled to construct
compound models. Typically, a water system is described by a compound model made
of at least a catchment, a reservoir, and a water user.

ValtellinaCatehment DObj

s>-

CatchModel

aI+i

^

ARX(1,1)

c,+1

"(S

CatohDObj
Q l 964,, 1993 j
( M977,, 1991 )

(

LakeComo DObj

Reservoir Model '••

<E

ResDObj
(Storage Discharge Function j

s,

(Storage Elevation Function ~)

a t +i
"t

Res Discr 2

rt+i
St+l
gt+i

Domain Base
Mode! Base
Fig. 2 Alternative models can be associated with the same catchment object to create a
basic model.
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Decision models are used to define optimization problems, such as computing a
release or a distribution policy. For this reason, they are divided into release decision
models and distribution decision models. Release decision models are in turn divided
into a priori and a posteriori decision models, according to the use they make of
available information. A posteriori decision models compute on-line policies to take
advantage of recent information.
Regulators implement policies and control laws. They are always linked to the
descriptive model (via a decision model) from which they originated. Regulators
implement the solution of a decision model. Editing a regulator is an operation
reserved for only the systems analyst and under particular conditions. In principle, it
is possible to modify a regulator only by rebuilding it. This is to ensure consistency
between the regulator and the descriptive model.
A model, whether basic or compound, is described by a data structure which encapsulates its data attributes and its accessory functions. This is the common objectoriented approach.
The need for the adopted structure for the model base and the domain base is
apparent since the same domain object can be represented by many different
models (e.g. a model of a reservoir can be modified by changing the storage
discretization).

Experimenting at the planning and management levels
The DSS/P and DSS/M use the domain base and the model base to perform their tasks
and activities. The "experiment metaphor" has been adopted to represent the interaction between the user and the DSS. The user (in this case the SA) must define an
experiment and then start filling it with the necessary "ingredients" (data and models).
Finally the user can employ a set of tools (the algorithms) to perform the planning (or
management, according to the level) activities.
For instance, to create a new management policy, the SA must first select one of
the available policy generation tools; supposing the decision falls on an "off-line, risk
aversion, set-valued policy" (see Aufiero & Soncini-Sessa 1995a,b,c for details), then a
water system must be picked from the model base (in this example it is composed of a
single catchment, two reservoirs and a distribution network of water users interconnected by channels). This water system is fed by a source model which characterizes the structure of the external inputs: a set of scenarios must be found in the
database to create the source model. Everything is now ready to ran the optimization
algorithms creating a prescriptive model, which can be stored in the model base for
later use in a management project.
All these steps are supervised by the experiment control unit which invokes the
correct algorithms and checks for data consistency throughout the whole process.
The projects available for planning are:
(a) water system optimization;
(b) distribution network optimization;
(c) catchment calibration and validation; and
(d) water system simulation.
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The algorithms used at the planning level are described in Aufiero & Soncini-Sessa
(1995a,b,c), Guariso et al. (1984), Nardini et al. (1992), Orlowski et al. (1983, 1984),
and Piccardi & Soncini-Sessa (1991).
Water quality models receiving inputs from water quantity models can be used
during the simulation phase, to take into account environmental factors. Moreover, the
scenarios used for optimization can be generated by a climatological model, thus
producing various management policies subject to the effects of climate change.
The management level cannot perform optimization algorithms, since it receives
the regulated models from the upper level, but it has a range of projects aimed at
facilitating the DM tasks:
(a) catchment state estimation and forecast;
(b) flood warning generation;
(c) release plan generation; and
(d) decision support, using real-time data from the telemetering network.

HELPING THE USER TO TAME COMPLEXITY: THE DSS USER
INTERFACE
While the two-level structure helps to separate the SAs' tasks from those of the DMs,
thus clarifying the decision process, the algorithms implemented in the DSS are quite
complex and data preparation is a very sensitive task. Therefore, particular attention has
been given to the design and implementation of the graphical user interface of TwoLe.
The user interface is inspired by the "toolbox and folders" metaphor. The System
Analyst (the DSS/P user) and the Decision Maker (the DSS/M user) are provided with
a set of tools to perform their tasks. These tools can be applied to items stored in
"folders". The users browse the folder structure as if they are using a normal file
manager application on a graphical user interface of an operating system.
The "toolbox and folders" metaphor has the clear advantage of giving a logical
structure to the user desktop: possible actions always assume that the user has picked
an item from the folders and a tool from the toolbox.
The folder structure is represented by an example prototype in Fig. 3. First the user
must select a site; then the user is presented with a whole range of classes of domain
objects, from basic to compound ones, from water systems to junctions.
In the folder structure each top-level item in the left box can be expanded, to reveal
the meta-domain objects belonging to that class (such as WSys for water systems and
DNet for distribution networks). This structure is recursive: each meta-level object
opens on the real domain objects (such as the Maggiore Domain Object Catchment)
and, in turn, each domain object will be expanded to reveal its models (Model 1 in the
example applied to the catchment case; Fig. 3), which again will be expanded to show
the experiments (calibrations and validations for a catchment).
The TwoLe user interface also reflects the object-oriented approach of its design.
Objects on the screen are the active elements the properties of which can be accessed
either by clicking the mouse buttons on them or by sequences of menu selections.
When the user enters the planning level (DSS/P), initially the area to study is
selected from those available. The DSS/P is typically used by water agencies and can
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therefore be used on a regional scale, where there is the need to analyse and manage
separate catchments and reservoirs. These are the experimental sites and the user must
select one before proceeding.
Once the experimental site is selected, a project alternative must be chosen.
Project alternatives may differ according to the kind of structural modifications and
changes in the water system domain objects. For instance, one could consider a water
system domain object composed of a reservoir with a given set of stage-discharge
functions and another water system which is exactly the same, but for the stagedischarge functions, so that the SA can test how a structural modification of the present
situation would impact on the whole system. In another example, the SA might be
interested in studying the regime of Lake Maggiore from 1854 to 1943, when a new
dam structure was built, and then from 1943 to date. These are two project alternatives
corresponding to the same site.
Editing a project alternative means editing basic domain objects and combining
them in compound domain objects such as water systems and distribution networks.
Models are always related to the corresponding domain object.
In this approach, each basic model is bijectively related to its mathematical
formulation. A different formula identifies a different model. This is also true for
compound models, but, since compound models are made of basic models, part of their
mathematical formulation is "hidden". This means that the mathematical formulation
of a compound model is given by both the interconnection of sub-models, and by the
mathematical formulation of each basic model. In principle it is possible to have two
different compound models which use the same sub-models. Compound models are
coupled with compound domain objects stored in the domain base.
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The users access the model base by clicking on one of the domain objects in the
domain window (which becomes a sort of model window), as shown in Fig. 4. Below
each domain object, there is a list of its models.
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If the user selects a basic domain object, (s)he can create a new model or edit an
existing one. Expanding the basic domain object folder, a list of all the existing models
appears. If no models are present, a new one can be created by selecting from a list of
possible alternatives: models of water systems, distribution networks, PARMAX
models, reservoir models, decision models and regulators.
As an example of the possibilities of the user interface, the case of catchment
models which require a complex and detailed interface is reported, since they can be
characterized by a substantial number of attributes. A "tabbed list" was chosen, as
displayed in Fig. 5, to let the user navigate through the different parts of model editing:
model structure, periodicity, parameters.
Once the users have filled the model base with modelling alternatives, they can
start making experiments. Finally, the user can explore the results of the experiments
(simulation, optimizations, calibration) examining detailed textual reports and
immediate graphical representations. In Fig. 6 an example is reported showing an
inflow scenario plotted together with the simulated release over a time interval.

CONCLUSIONS
A two-level DSS for water management (TwoLe) is presented. Particular attention has
been given to the interaction between the planning and management levels, which
takes place by means of the database and the model base. An advanced model
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management system allows the testing of alternative modelling options, while the
database management system enables the systems analyst and the decision maker to
generate scenarios corresponding to many possible external influences. The control
unit of the DSS is based on the project concept which helps the user to employ the
correct algorithms in the various planning and management activities.
The implementation of the presented DSS is at an intermediate stage of
development. Most of the planning level algorithms have been implemented in C++
code which has been ported and tested on various UNIX platforms (Solaris 5.1, Digital
DG-UX, HP/TJX, Linux). The management level is currently under implementation.
The user interface has been implemented in Java and is therefore platform independent.
Applications of this DSS scheme are currently under development in various sites.
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