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ABSTRACT

OPTIMA (http://www.ess.co.at/OPTIMA) is a EU funded
international RTD project on Integrated Water Resources
Management (IWRM) on the river basin scale, based on
the concepts of the EU Water Framework Directive
(2000/60/EC). The project integrates a set of simulation
models with data bases, GIS, and optimisation and DSS
tools. The fully web-based management information
system is being applied to several river basins ranging
from 240 to 18,000 km2 in size around the Eastern and
Southern Mediterranean. All these river systems are
characterised by varying levels of water scarcity,
allocation conflicts, and pollution problems. The system
integrates a cascade of models, embedded in a framework
for participatory multi-objective, multi-criteria
optimization. Models include a dynamic water resources
(network) model with a daily time step, coupled to one or
more aquifers. The model performs economic evaluation
of allocation scenarios including environmental water
allocation and the reliability of supply/demand; a dynamic
rainfall-runoff model with built-in automatic calibration
that provides simulated flow from engaged sub
catchments; an irrigation water demand model; a basin
wide water quality model with economic evaluation
including environmental and recreational benefits; and
tools for multi-criteria techno-economic optimisation
combining satisficing and reference point methods. Direct
stakeholder involvement is supported with on-line
questionnaires of issues and perceptions, interactive
optimisation tools, but also more traditional workshops.
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1. Introduction

Water is a key resource in the Mediterranean region, and
efficient use and allocation are paramount to sustainable
development, in particular in the coastal zone of the South
and East, undergoing fast economic development, land
use and demographic change [1,2]. Efficient and effective
water resources management is as much a political as a
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scientific challenge, which not only requires a multi-
disciplinary approach, but also the integration of key
stakeholders into multi-objective, multi-criteria decision
making processes. This in turn requires ease of use and
direct access to a shared information basis and decision
support tools that are intuitively understandable for a
diverse user group, and that address not only hydrological
and environmental engineering but also economic and
social components directly. A participatory approach to
decision making in a complex technical domain poses a
few specific requirements that go beyond classical
optimization paradigms [3]. These are addressed by:

e Preserving realism and detail of representation
by using a set of cascading full-featured dynamic
and distributed simulation models as the core to
generate feasible and non-dominated alternatives
in a two-step approach, combining satisficing
and genetic programming with a discrete multi-
criteria DSS [4]. Water technology alternatives
including their cost structure, and economic
valuation of water supply and use.

e Extending the set of objectives, criteria and
constraints by economic evaluation estimating
direct monetary and indirect costs derived with
different  valuation = methods, including
environmental and recreational  benefits,
penalties for shortfalls or flood damages, using
expert systems technology to include difficult to
quantify environmental and social dimensions.

e Putting specific emphasis on local acceptance
and implementation through the active inclusion
of stake-holders in an interactive, participatory
decision making process carefully embedded in
institutional structures, using a discrete multi-
criteria reference point methodology, but also
tools of structured stakeholder involvement such
as dedicated web based tools and regular
workshops.

2. The case studies

The approach, methods and tools are developed and tested
in seven parallel case studies in Cyprus, Turkey, Lebanon,
Jordan, Palestine and Israel, Tunisia, and Morocco, table
1. These case studies span a considerable range of basin
size (from 240 to 18,000 km2), physiographical,



hydrological, and socio-economic conditions. While they
all share similar problems at a higher level of abstraction,
the individual cases are sufficiently different to require a
flexible set of fully data driven models and methods to be
applicable in all cases.

WRM - Scenario Editor
e - pr—
Zarqa_BL_Dw_Tara_Marvenieg

Procgstaton n mvday ) Average dady Tempsratars n degl

Figure:2: Network representation of a river basin

At a high level of abstraction, in all cases water resources
(in both quantitative and qualitative terms) are under
stress, with the current demand (again both in terms of
quantity and quality) barely met by the supply. The
problems, whether current water scarcity, insufficient
resources for further development, or primarily
constraints imposed by low water quality, all seem to be
amenable to Dbetter allocation strategies and the
implementation of a range of policies, strategies or water
technologies contributing to a reduction in demand,
consumptive use, loss reductions, resulting in increased
efficiency of use, reduced levels of pollution by emission
reductions and better treatment.

The relative importance of different issues is subject to
individual or group perceptions, a socially constructed
reality, as it includes the valuation of very different

aspects of the system performance. To analyse the range
of issues the different stakeholders in each case deemed
important, a set of (on-line) questionnaires and interviews
was used on over 300 institutions and individuals.

Table 1: The case studies

Basin Size Population | Precipit | Country

(km2) ation

(mm)

Dhiarizos River 260 3,550 680 | Cyprus
Gediz River 18,000 1,700,000 700 | Turkey
Lower Litani 600 390,000 700 | Lebanon
River
Zarqa River 4,120 2,720,000 190 | Jordan
Wadi Zeimar, 500 600,000 640 | Palestine,
Alexander River Israel
Melian River 553 390,500 490 | Tunisia
Martil River 1,129 445,000 650 | Morocco

In all case studies, we can identify a set of expectations on
the performance of the water resources system in terms of
multiple criteria and multiple, conflicting objectives and
constraints. At the same time, one can identify a set of
measures, that are thought to potentially contribute to an
improvement of the perceived current and expected future
problems and issues.

To evaluate the expected effects, and the efficiency of any
and all such measures in terms of the criteria, objectives
and constraints formulated, a number of elements in the
decision making process are required:

e A set of (shared, common) models that can
evaluate the impacts of any such measure by
simulating their effects in WHAT-IF scenarios
with a high degree of detail and reliability as the
basis for any further design;

e A clear understanding of the decision making
processes at work and the major stakeholders
that need to be involved to identify the issues,
criteria, objectives, constraints and measure
contemplated in each case;

e An agreed upon "preference structure" that
defines the goals of the exercise, defined
together with the stakeholders;

e Tools to generate and evaluate feasible
alternatives within this stakeholder defined
preference structure using the model tools.

3. The model representation

The optimization uses a web-based water resources
management information and simulation system, that
implements basic concepts of the EU Water Framework
Directive 2000/60/EC [5,6,7]. The primary objective of
the model system is a realistic and detailed dynamic water
budget for each case that is the basis for



e An evaluation of the system performance in
terms of the stakeholder defined criteria;

e Scenario analysis of potential measures, policies
and projects of water resources development or
management;

e The effective integration of all stakeholders in
this process by providing a shared and easy to
access and understand information basis.

The model representation is based on a set of cascading
dynamic simulation models [8]. The central components
is a water resources and allocation model, that uses a
distributed network topology to represent a hydraulically
connected system (river basin including potential inter
basin transfer or shared aquifers); the models operates on
a daily time step, and includes a detailed economic
(e)valuation of water supply and demand. The nodes of
the network representation include inputs such as sub-
catchments, springs, pumped wells and well fields, inter-
basin transfer, desalination, water harvesting schemes.
Structural components are reservoirs, diversions and
confluences. The demand side is represented by nodes for
settlements, and agriculture including irrigation districts
that can also be used to represent environmental water
demand in wetlands, as well as industrial water use. A
class of control nodes (simulated monitoring points) is
used to monitor in-stream flow and quality requirements
but also to estimate flooding damages and provide
calibration points. The nodes representing supply and
demand and connected by reaches (open channel and
pipelines) that route the flow, have their own lateral
inflows and local catchments, and can interact with the
groundwater system through infiltration and exfiltration
with one or more connected aquifers. The primary model
output are the supply/demand relationships and a dynamic
water budget at the level of all individual nodes and at
various levels of sectoral and geographic or
administrative aggregation. Specific detailed simulation
models for (ungaged) sub-catchments (rainfall-runoff)
and a model to estimate the usually dominant irrigation
water requirements can generate daily flow and demand
time series that provide direct input to the corresponding
nodes of the water resources model. Water quality models
can post-process the flow data generated by the water
resources model, both for the entire basin using the same
network topology and a comparable economic
(e)valuation of water quality related costs and benefits, as
well as for more local detailed representation of river
reaches downstream of major emission points. An
optional 2D vertically aggregated groundwater flow and
transport model and a dynamic land use change simulator
round of the ensemble of models.

4. Stakeholder involvement

An obvious prerequisite of a participatory approach is the
involvement of relevant stakeholders. The first step is the
identification of relevant groups and individual, which are
compiled in an on-line web accessible data base together

with a log to monitor interactions. A series of stakeholder
workshops are conducted, that serve to familiarize the
stakeholders with the project, obtain their perceptions
regarding issues and open problems (again with the help
of a web based questionnaire), obtain their feedback on
the model structures developed, and eventually obtain
their preferences as the basis of the optimization
approach.

Repeated workshops and the analysis of questionnaires
within and across cases are designed not only to facilitate
ownership and acceptance by the intended end users, but
also to improve convergence and normalization of
assessments within and between case studies.

5. Aspirations and preference structures

A key element in the stakeholder involvement is the

elicitation of (consistent) preference structures as the
basis of the multi-attribute optimization approach [4]. The
first step consists in the identification, classification and
ranking of issues also used to ensure a relevant model
representation of perceptions on how the system works
and what is wrong with it. To structure and eventually
quantify these views, more questionnaires, interviews,
and workshop meetings were used to identify and agree
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a credible model representation.

Figure 3: on-line issues and criteria questionnaire
The criteria offered cover three main groups:

e Directly water related criteria such as
supply/demand ratio (global and sectoral or node
specific), reliability of supply, overall water
content change and measures of sustainability,
and a number of measures of allocation
efficiency, losses, or unallocated water.

e Economic criteria that are related to direct
monetary costs and benefits: they measure the
cost of supply and structures in terms of



annualized investment and operating costs, and
the (production) benefits of water demand met
[9,10].
e Indirect economic criteria. These describe non-
monetary costs and benefits or those that are
very difficult to estimate and contain a considerable
amount of subjective elements, such as the cost of
shortfall (not meeting specified flow or supply targets
at any given location, expressed by a  non-linear
threshold function, for example, penalties for
violations of (quality) standards, flood damages, etc,
but also benefits like in-stream recreational
benefits, environmental water supply (minimum flow
or supply to wetlands, etc.), environmental water
supply  (maintaining in-stream minimum flow or
supply to wetlands, etc); Estimates for the costs and
benefits for the non-market values are derived from
contingent valuation methods that again involve the
stakeholders as the primary “economic agents” in
each basin [11]. The repertoire of cost functions
associated with all nodes types provides a rich set of
instruments to reflect stakeholder expectations on
systems performance.
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Figure 4: node-specific instruments, cost functions

From this set of criteria (a total of 25 were formulated at
the basin level that can be applied to individual nodes or
sectors as well), any number of derived criteria or indices
can be generated, examples would include various
measure of (economic and water) efficiency, different
estimates for the cost of water (services), or measure of
equity by comparing sectoral or node specific criteria.
These criteria provide the language with which the
stakeholders can express their preferences or
expectations. In the first round of a two stage optimization
approach this is based on a satisficing paradigm [14], i.e.,
exclusively in terms of constraints expressed in natural
units for the criteria. This is an intuitive and easy to
understand expression of preferences that doe not require
any more abstract concepts like weights or comparative
ranking, pair-wise comparisons, etc.

6. The optimization approach

The dynamic simulation system and the stakeholders’
preferences form the basis for the optimization and
decision support approach developed in OPTIMA. This
simulation based DSS approach [12] is implementing
concepts of satisficing with a modified reference point
paradigm for multi-criteria, multi-objective problems
[13,14] using an inverse problem solving approach in a
simulation based Monte Carlo framework [15], extended
by concepts of evolutionary programming and domain
specific heuristics [16].

The basic approach of OPTIMA is one of participatory
decision making within this multi-criteria framework. The
basic DSS approach is based on a satisficing paradigm
[14], chosen and further developed specifically for the
participatory approach. The basic model paradigm is
dynamic mass budget simulation as a straight forward
implementation of the conservation laws of classical
physics, even though the system representation for the
optimization can be understood as a simplified
Hamiltonian set of state space “fiber bundles”, and in it
possible probabilistic extension as a Riemannian manifold
representation of the state space. As part of the mass
budget approach, the model calculates a cumulative mass
budget error over all nodes and time steps — the mass
budget error results from the simplified river channel
routing, and the mixed use of difference and differential
equation and their numerical integration, respectively.

The multi-criteria optimization is based on a two stage
approach. In the first step, and given the models structure
and stakeholder preferences identified, we generate sets of
feasible solutions that meet all the criteria.
The procedure is as follows: The starting point is a
baseline scenario that includes the basic economic
(e)valuation so that all the criteria accepted by the
stakeholders are generated as part of the models results.
On this basis, optimization scenaria are formulated. These
consists of

e  The set of CONSTRAINTS described above

o The set of INSTRUMENTS that can be applied

to the baseline system.

The instruments or measures will affect the behaviour of
the individual nodes or classes or nodes. Typical example
will be alternative irrigation technologies, canal lining,
upgrade of pipe networks, water saving appliances,
recycling and re-use of water, awareness raising
campaigns, improved enforcement of regulations, etc.
Structural measures include alternative reservoirs,
modified allocation/diversion rules and strategies,
increased inputs (e.g., bigger pumps, inter-basin transfers,
desalination, water harvesting) and alternative production
technologies and waste water treatment on the quality
side. The instruments are loaded from a data base of
generic water technologies.
Each of these instruments or strategies is defined by a
cost function (investment and operating costs) and effects.
These may relate to different aspects of a node's



behaviour and include water demands, consumptive use,
or losses, or alternative physical properties of structural
system components.

The optimization model then uses a heuristic method to
generate and evaluate alternatives. Scenarios are
generated by applying the alternative instruments (for a
given node, they may either be combined or mutually
exclusive) to a (initially) randomly selected degree with a
user defined interval of a minimum and a maximum
application rate or percentage. The initial a priori
probability of selecting a specific instrument can be
affected by a weight defined in the optimization scenario.
With an increasing number of scenarios generated,
simulated, and evaluated, a co-variance (cross-
correlation) matrix of decision variables versus
performance criteria can be built.
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Figure 6: plotting alternatives

With that, and using concepts of genetic algorithms and
machine learning [17] to speed up the search in a
discontinuous decision space, the a priori probabilities for
selecting and configuring instruments can slowly be
adjusted for a more efficient search in decision space,

increasing the efficiency with which feasible alternatives
can be generated. The optimization continues until a user
defined counter for the maximum number of trial runs or
a minimum number of feasible solutions has been
reached.
If no feasible solutions can be found, the scenario must be
modified to

¢ Add more and more effective instruments

e Relax the set of constraints.
The second step of the optimization is then a discrete
multi-criteria assessment of the set of feasible solutions
generated in the first phase using a reference point
methodology [18]. This can be done automatically, using
UTOPIA as the default reference point, and all initially
generated criteria simultaneously or interactively with a
final round of stakeholder participation.

7. Discrete multi-criteria: stakeholder
participation

In the final round of optimization with stakeholder
involvement an efficient or compromise solution from the
set of feasible solutions can be found. The first step is
performed automatically: we can separate dominated
from pareto optimal solutions and eliminate the
dominated subset. Dominated and non-dominated subsets
however, depend on the choice of the (sub)set of criteria
the stakeholders can agree to consider. Another form of
interactive control is the introduction of secondary or a
posteriori constraints on the feasible set. And finally, the
users can move the reference point away from UTOPIA
which basically implies a weighting of criteria for the
trade offs [18]. In all cases, the software can show the
consequences of any such change in the preference
structure immediately and graphically. The main power
and function of the methodology however, is not so much
the efficient manipulation of large and complex data sets,
but to stimulate and facilitate the discussions between the
stakeholders that have to explain and defend their choices
and preferences made explicit now.

8. Discussion

A river basin a or water resources system is complex,
dynamic, non-linear, distributed, and subject to numerous
views, perceptions and expectations which leads to a
multi-criteria representations and a multi-objective
expectation on its performance. The behaviour of such a
system given the numerous and often highly correlated
and antagonistic decision variables is (very) non
differentiable.

At the same time, this representation is needed to provide
a sufficiently detailed and realistic representation in terms
of natural concepts that are directly relevant to the
stakeholders who will usually preclude any aggregate and
simplified, linearized representation.

It is critical to strike a balance between necessary detail
and ease of use or at least understanding, which is



essential for the involvement of stakeholders that
typically have a ©broad range of non-technical
backgrounds. Another important closely related aspect is
the explicit treatment of economics. While all the physical
and hydrological details is necessary for a reliable and
detailed representation of the systems functions, the
ultimate criteria relevant to the decision making process
are monetary. Costs and benefits are easy enough to
interpret and understand, and are directly relevant to all
stakeholders.

In summary however, the utility and power of quantitative
analysis i.e., modelling and optimization notwithstanding,
their primary role is not so much to provide ready made
“optimal” answers, but to facilitate more open, informed,
and participatory decision making processes.
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