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Abstract: Thetechnologiesandmethodsfor integratedplanningandmanagementof waterresourcesystems
havematuredconsiderablyoverthepastdecades.However, relatively few of themhavebeenactuallyandregu-
larly appliedin realworld decisionalprocesses.We feel this is essentiallydueto a generallackof engagement
of stakeholdersanddecisionmakersat every stageof the decisionalprocess.Innovative methodologiesand
toolsto improveparticipationarepresented,with focusonwaterreservoir systems.

1 I NTRODUCTI ON

It is veryprobablethat thecenturywe have just en-
tered will be rememberedas the “century of wa-
ter”, sincewaterwill beby farthescarcestresource,
the availability of which will constrainthe econ-
omy of nations. In the last �fty yearswater de-
mandin theworld hastrebledandis still increasing
sharplyeveryyearasa resultof populationgrowth,
increasein householdincome, and irrigation de-
velopment. Approximatively 70% of surfacewa-
ter and groundwater is claimed by irrigated agri-
culture, to produce40% of worldwide food needs
(Brown [2001]). Even thoughdemandfor wateris
increasing,rarearethecountriesin which its avail-
ability remainsconstant;more frequently the ex-
ploitationis well beyondtherenewal rateof there-
source.Degradingwaterquality furtherreducesthe
availability of freshwatersuitablefor domesticand
agricultureuseandincreasesthe costof treatment
andreuseof water. Drivenby thesechallenges,the
lastyearshaveseena wide andgrowing interestto-
wardsthe developmentof tools andtechniquesfor
integratedplanningandmanagementof thesesys-
tems(seefor exampleSFWMG[1987]; Simonovic
and Savic [1989]; Loucks [1990]). While in the
1960's the planningwas basedon the assumption
thatwaterwasanin�nite resourceandthemaincon-
cernwasits allocationanddistribution,now theap-
proachmustbe orientedto sustainabilityandmust
bemoreholistic.

Nonethelesstechnologyaloneis not enough,if the
projectsthat it suggestsactuallyremainunrealized:
in facttheaccomplishmentis quiteoftenpolitically
thwartedby thedisagreementof all thestakeholders

that areexcludedby the bene�ts or that fear dam-
agefrom the proposedactions. To overcomethis
risk it is essentialto assessin detail the likely im-
pactsof a projectnot only on thoseobjectivesfor
which it hasbeenconceivedanddesigned,but also
on all thesectorsthat it may in�uence. Thehuman
rolein thedecisionalprocessmustbesupportedand
valuedby exploiting thepower of modelsto deter-
minetheeffectsof alternativeprojectswith low cost
andlow impactcomputer-basedexperiments.The
selectedcourseof actionshouldemergeoutof ade-
bate,that involvestheparticipationof all thestake-
holders. To reachthis goal a formalizedplanning
procedurewas required,a procedurethat guaran-
teesto determinea solution that is equitable,ef�-
cient andsustainable:the so calledEnvironmental
ImpactAssessment(EIA) procedureemergedasthe
mostappropriate.Indeedin the last decadesmany
countrieshave enactedlegal frameworks for EIA,
by specifyingrules,methodologiesandguidelines
for its applicationin differentplanningsituations.

Waterresourcessystemswe will referto in this pa-
perarestoragesystems,composedof multipurpose
reservoirs or regulated natural lake, catchments,
channels,rivers, streams,water users,etc., all of
theminterconnectedby thedownstream�o w of wa-
ter. Watersupplyfor agricultureandpowergenera-
tion areusuallyconsideredthe two main purposes
of such systems;however the water collectedby
thesefacilitiesmayserve severalotherscope,such
as navigation, recreation,�ood protection,down-
streamriver quality conservation, etc. Henceany
decisiontaken on thesesystemsdirectly or indi-
rectly involvesawide rangeof stakeholders.
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Figure1: TheEIA procedurescheme.

2 EI A PROCEDURE

TheEIA procedurecanbeformalizedfor thesesys-
temsasthe � ve-stageprocessoutlinedin Figure1.
Theschemedrawsaconceptualmapof phasesto be
followedby thesystemanalyst(SA).Morein detail,
given a structuralcon�guration of the system(ex-
isting or proposed)andon thebasisof thestrategic
goalspursued,the SA shouldelaborateand com-
parealternativeplanningproposalswith thefollow-
ing procedure:

1. Indicator speci�cation: the strategic goals
aretranslatedinto operationalcriteriaandthe
latter into physical and economicalindica-
tors, which can be then quantitatively com-
puted. For examplethe indicatorsmay eval-
uatethe performancesin supplyingwater to
civil, agricultural and industrial users, the
complianceto river quality standards,and
�ood control targets. Since the operational
criteria re�ect concernsandpriorities of the
stakeholders,they shouldbede�ned by inter-
actingwith them.

2. Model identi�cation: thecomponents(catch-
ments,reservoirs,channels,waterusers,etc.)
associatedwith a given structuralcon�gura-
tion of the water systemare describedby
mathematicalmodels. The choice of these
modelsas well as the degree of detail de-
pendson boththeselectedindicatorsandthe
alternativesto be evaluated,thusthereexists
arecursionamongthisphaseandphase1 and
phase3.

3. Alternative identi�cation: all the feasible
structuraland/or normative actionsare �rst
quanti�ed andthencombinedin all possible
way. Eachcombinationconstitutesaplanning
alternative.

4. Alternative evaluation: for eachalternative
the valuesof the indicatorsare assessedby
simulatingthebehavior of thesystem.

5. Alternativecomparisonand negotiation: the
preferencesystemsof the stakeholdersare
identi�ed. Then,thealternativeproposalsare
comparedaccordingto multi-attributeandne-
gotiationaid techniques.Finally, asensitivity
analysisis performedto checktherobustness
of the ranking with respectto the uncertain
and subjective elements. All theseactions
helpthedecisionmaker(DM) toselectacom-
promisedecision.

The practical applicationof the above procedure
posestwo fundamentalconcerns: �rst, the SA
shouldwidely interactwith all stakeholdersduring
the phasesof indicatorspeci�cation,modelidenti-
�cation andalternative evaluation;second,the in-
formationusedat eachstageshouldbe obtainable
from thepreviousstagesandmadeavailablefor the
successive. More in detail this information must
becomplete,shared,transparent,easilyobtainable,
well structuredand �e xible. The problemis fur-
ther complicatedby the non-strictly serial succes-
sionof stagesandby thediffusepresenceof recur-
sions. Hencethe effective implementationof the
above schemerequiresthe supportof a computer-
basedsystem,a DecisionSupportSystem,which
provides the tools to integratesall the phasesin a
uniqueframework, facilitatesparticipation,anden-
suresthat the informationhastheabove mentioned
properties.

TheproposedEIA schemeis aprocedureof general
validity. It hasbeenoriginally introducedfor a de-
limited classof problems,but it maybeappliedto a
broadrangeof planningcontexts. Its usefor water
systemplanningposesseveralchallengingandsig-
ni�cant issues. In this paperwe will analyzefour
of themandproposefor eachonesomeinnovative
approach.Wewill concludethepaperby presenting
thearchitectureof a DSSwhich satis�estheabove
mentionedrequirementsandimbedsthe innovative
proposals.

3 DYNAM I C AND CONTROL

EIA analysisas well as the Multi-Attrib ute Value
Theory(MAVT) (Keeney andRaiffa [1976]), upon
which it is based,havebeentraditionallydeveloped
andareusuallyadoptedto evaluateprojectsonstatic
systems(or systemsthatareassumedto bestaticfor
modellingreasons).Thenthey implicitly consider



Figure2: The lake Verbanowatersystemand the
two irrigationdistricts.

decisionsas planning actions, that is una tantum
decisions,thatpermanentlymodify thesystemcon-
�guration. This way of doing doesnot lend itself
to the intrinsically dynamicnatureof water reser-
voir systems.To betterclarify this issueconsideras
examplethe Verbanowatersystem(seeFigure2),
locatedon the italian-swissborder(Soncini-Sessa
et al. [2000]). Its storageis primarily usedto pro-
vide water supply to two wide irrigation districts
andseveralhydropowerplants,but it alsoin�uences
a plethoraof othersocio-economicalandenviron-
mentalfactors(lacustrineandriverinewaterquality,
upstreamanddownstream�ood control, lacustrine
navigation andtourism,andso on). Obviously the
volumeof waterstoredin the lake (i.e. thestateof
thesystem)is time-variant.At eachtimeinstant(i.e.
everymorning)theDM mustdecidehow muchwa-
ter hasto bereleasedin thenext 24 hours. Clearly
the volume of water that can be releaseddepends
on thevolumeof watercurrentlyavailableinto the
the lake. The releasedecisionin�uences the lake
storageof the next day and hencein�uences the
next releasedecision. Decisionsare thusconcate-
natedaftereachotherandrecursive, thatis they are
managementactions. Theseactionscanbe formu-
latedin a rationalway by designinga management
policy (seede�nition in the next paragraph),the
choiceof whichcanconceptuallybeincludedin the
EIA at thesamelevel of theotherplanningactions.
Straightforwardly a planningalternative is consti-
tuted by a triple: structuralactions(i.e., dredging
of thelakeoutlet),normativeactions(i.e.,review of

the regulationrangeandimpositionof a minimum
instream�o w) and one managementpolicy. The
identi�cation of the alternative in phase3 should
thereforeinclude the ”quanti�cation”, i.e. the de-
sign,of themanagementpoliciestoo.

3.1 The managementpolicy

It' s time to givea moreformal insightson manage-
mentpolicies. We will make referenceto the Ver-
banocaseto be lessabstract. Known the current
lakestorage��� at timestep

�

, thereleasedecision�

�

is givenby:

�
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where ����

� � is a succession,generallyperiodicof
period � , of monotonenon-decreasingfunctionsof

��� , namedcontrol laws. A managementpolicy � is
a succession �
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� ���� " ! ) of
control laws. Givena coupleof structuralandnor-
mative actionsa managementpolicy is synthesized
by solvinganoptimalcontrolproblem,de�ned as:
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whereall thefunctionsareperiodicof period� . The
weights
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onesidenti�ed in phase1, eachoneof which is the
sum over time of stepcosts
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� (e.g.
the in�o w to the lake) and 587:9

�

is a suitablecri-
terion (i.e a statistic) to �lter the disturbance(see
Yakowitz [1982] and Soncini-Sessaet al. [1991]).
The structural-normative actionsare embeddedin
the constraints(2c), (2d) of the control problem.
Thus,given a pair of structural-normative actions,
several(theoreticallyin�nite) differentmanagement
policies can be devised, by varying the weights

J

H

. The setof thesepoliciesconstitutesthe Pareto
boundaryof the problem, that is the set of non-
dominatedpolicieswith respectto themanagement
objectives.



When the water systemis more complex than the
Verbanowatersystem(e.g. it hasmorereservoirs),
its stateis a vector �

� , that containsthe statesof
all the dynamicalcomponentswithin the system.
Thenthemanagementpolicy canbesynthesizedby
a problemanalogousto problem(2), where � � is
substitutedby �

� and �

� is thevectorof all thedeci-
sionsthatmustbedaily assumedin thesystem.

3.2 A two-level decisionapproach

Theanalysisof thedecisionalorganizationof aWa-
ter Agency leadstowardsthe ideaof a multi-level
DSS.In fact, in a WaterAgency, onecanusefully
distinguishdifferentlevelsof decisionmaking.An-
thony [1965] considersthreelevels: strategic plan-
ning, managementcontrol, andoperational control
(denotedin thefollowing simply asplanning,man-
agementandcontrol)(seeFigure3). The planning
level hasto do with the strategic goalsto be pur-
suedin thesystemmanagementandwith theways
to achievethem:managementpoliciesaredesigned
at thislevel. Thepoliciessetupattheplanninglevel
can be expressedeither by closedform rules, re-
sultingfrom thesolutionof off-line optimalcontrol
problems,or by on-line optimal control schemes.
The scopeof the managementlevel is the utiliza-
tion of theresourcesin aneffectiveway in theshort
andmediumterm,accordingto thedirective issued
by theplanninglevel andto theparticularsituation
the DM is facing(e.g. the out of orderof a power
plant).Thisis thelevelweretheman-machineinter-
actionis moretight andwherecon�icts arelikely to
arise. Thecontrol level hasto implementtheman-
agementdecisionsin the real time operationandit
is generallyhighly structured,sothat�x edrulescan
be applied. Thus, the control level is served by a
controller, while theothertwo levelsneedtwo sep-
arateDSSs:DSS/MandDSS/PwhereM standsfor
managementandPfor planning.Theplanningmod-
ule DSS/Pdealswith thechoiceof thealternatives
andits outputsareplanningdecisions,management
policies,andmodels.All of themconstituteinputs
of themanagementmoduleDSS/M.Theinteraction
amongtheSA,theDM, andthird parties(stakehold-
ers) takesplacein the DSS/Pat the planninglevel
and in the DSS/M at the managementlevel. The
schemeof Figure1 canbe embeddedin this two-
level structure,thusobtainingtheschemein Figure
4.

The two-level structureembodiesan interesting
skill: the planning tools are naturally and unex-
pensively updated.In theusualplanningapproach,
oncetheplanningactionis over, theplanningtools
areabandoned;thus,whenlateron a new planning
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actionis required,the constructionof theplanning
toolsmuststartsagainfrom thescratch,with a loss
of money, time and coherence. On the contrary,
in the two level DSS the daily useof the DSS/M
implies that the data baseand the systemmodel
areregularly updated,then,sincetheDSS/Pshares
themwith the DSS/M, the DSS/Pis automatically
updated.

4 SET-VAL UED POL I CI ES

Thede�nition of amanagementpolicy spawnsfrom
ControlTheory, which wasoriginally developedto
control electro-mechanicalsystems. In suchsys-
tems,the policy mustallow for control in absence
of humanintervention,i.e. it mustproducean au-
tomaticcontrol. Examplesof suchpoliciesarethe
autopilotof a jetliner or the speedcontrollerof an
engine. Since control must be automatic,at ev-
ery time stepthe policy must returnoneandonly
onecontroldecision:thereforethepolicy mustbea
point-valuedfunction.

On the contrary, in the managementof watersys-
temsthe policy doesnot operatedirectly on dams
and weirs, but proposesa control decisionto the



DM. It will beup to theDM to acceptthedecision
suggested.Notein factthattheoptimalityof aman-
agementpolicy doesnotreferto therealworld com-
plexity, but to asimpli�cation of therealworld, that
is to a scenario. The scenarioincludesall the ap-
proximationsthat arebeyond the usedmodelsand
theselectedobjectives.For instancethestructureof
the downstreamwaterdistribution network is usu-
ally heavily simpli�ed, thecatchmentmodel(which
generatesthe reservoir in�o ws) is often modelled
as a purely stochasticprocess. Thesesimplifying
assumptionsare justi�ed, from the SA viewpoint,
since they are neededto reducethe optimal con-
trol problem to a solvable formulation, given the
currentmathematicalandhardwaretools, but they
are perceived as deceiving by the DM. Given this
fact, it would be more effective if the policy pro-
posesnot a single decisionvalue �

� , but the set
�

� (safecontrol set) of all the decisionsthat are
equivalent(i.e.,which guaranteein thelong run the
sameperformanceof the policy) from the point of
view of managementobjectivesandfor themodels
adoptedto representthe real world (for detailssee
Au�ero et al. [2001a]andAu�ero et al. [2001b]).
The useof a set-valuedpolicy would thereforeal-
low the DM to chooseat time

�

a decisionamong
the optimal onesby taking into accountnew facts:
e.g. secondaryobjectives(not includedin the ob-
jective

L
H

of problem2a)thatappearto him aspar-
ticularly relevant at time

�

or the currentsituation
(e.g. heavy rainfall on the catchment,power plant
outages,etc.) that hasnot beenconsideredin the
scenarioadoptedin thepolicy designphase.In this
way thelevel of con�denceof theDM in thepolicy
is widely improved.A straightforwardconsequence
of theadoptionof set-valuedpoliciesis thatthecon-
troller wherethepolicy is implemented(seephase6
in Figure4) mustbea DecisionSupportSystemit-
self (that's thereasonbehindtheacronym DSS/M),
in orderto enabletheDM to evaluateandcompare
theeffectsof alternativechoicesof �

� in
�

� .

5 SYSTEM S AND PERFORM ANCES

We have seenhow a planning alternative can be
identi�ed andhow thedesignof set-valuedmanage-
mentpoliciesplaysacentralrolein thisprocess.We
comenow to thequestionsposedby theevaluation
of eachalternative.
Thestakeholdershaving thesameconcernsandpri-
oritiesaregroupedin onesector, to which is associ-
atedan index. This oneis a functionof thealterna-
tive andexpressesthestakeholders'satisfactionfor
it. Theindexesarechosenin phase1 andusedin the
successive phasesto comparethe alternatives. For
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Figure5: More andmorearticulatedwaysof struc-
turinganindex.

a given sectorthe evaluationof the corresponding
index is carriedout in cooperationby the SA and
the so-calledsectorexpert. This is usuallya tech-
nicianswho is expectedto supportthestakeholders
by translatingtheirqualitativejudgmentsinto quan-
titative evaluations.Theoreticallythesectorexpert
coulddirectlysettletheindex valuefor eachalterna-
tive on thebasisof its expertise(Figure5-a). How-
ever this approachfrequently leadsto too subjec-
tive and hardly acceptableevaluations,that might
furtherbecomeimprecisewhenfacingwith a large
numberof alternatives. It would be thenmoreap-
propriateto formalizea procedureto computethe
index valuesautomatically(Figure5-b). Thisproce-
dureshouldreproducetheexpertskills andbeiden-
ti�able throughinterviews.
Thedynamicnatureof awaterreservoir systemim-
plies that its evolution over a given time horizon
may be completelydescribedby the trajectoriesof
thesystemoutputs(i.e.,reservoir waterstoragesand
releasedecisions). Hencean alternative modi�es
the trajectoriesof its outputs.Theprocessof eval-
uatinganindex canthusbethoughof asa two step
process(Figure5-c):

1. thesimulationof thecontrolledsystemovera
given time horizon,by usingthe mathemati-
calmodelof thesystem;



2. the computationof the index asa functional
of thetrajectoriescomputedin the�rst step.

However the direct identi�cation of an index
throughthe simple observation of the systemtra-
jectoriescould againbe a hard task for the sector
expert.To furthersimplify theproblemoneor more
intermediateindicatorsmay beconvenientlyadded
betweenthe trajectoriesand the index (Figure 5-
d). Theseindicatorsmustmeeta precisecondition:
eachonemustbeexpressedby aseparablefunction
of the systemvariables,i.e. it mustbe the tempo-
ral aggregationof instantaneousindicators(thestep
costs

Q

H

�


���� in equation(2b)), suchthat the one at
time

�

only dependson valuesof variablesat the
sametime

�

. Noticethat this conditionimpliesthat
eachstepcostat time

�

cannotbedependenton the
valueof any stepcostatprevioustimes,i.e. thestep
costscannot bestatevariablesof any system.This
conditionseemsto beparticularlyrestrictive, but it
canalwaysbe met, by suitablyenlarging the state
of the systemmodel(e.g. if the stepcostdepends
uponits valueat a previous time, it cansimply be
includedamongthestatevariablesby addingatran-
sitionfunctionthatexpressesits dynamicsto thethe
model).

More in generalthe indicatorsshouldbeeasilyob-
tainablegiven the trajectoriesand shouldmake it
easierfor theexpertto relatethemto index. Thislat-
terstepis usuallycoveredby thewell knownMAVT
throughthede�nition of utility functionsandthere-
fore it will not be further discussed.We focus in-
steadon model constructionand indicator de�ni-
tion.
Both thesestepsrequirea wide interactionbetween
the SA, the DM and the stakeholders,since they
should“feel” themodelsadoptedaswell asthe in-
dicatorsselected.Only in this way the decisional
processleadsto evaluationsthat will be perceived
as“trustable”: a direct involvementof thedecision
maker herselfin themodellingprocessis theunique
way to make crediblemodels: thesecan in fact be
built only by peoplewhoare familiar with both the
problemand the institutional setting in which the
problemis to beaddressed(Louckset al. [1985]).

5.1 Modelsand indicators

The componentsof a water reservoir systemare
usuallymodelledby meansof models,eithersimple
“black-box” or complex physically basedmodels,

thatcanberepresentedby thefollowing equation:

���

T

�V�XW � 
 �U� �

�

� ��� � �
S �

T

�U� (3a)
�f� ��� � 
 ��� �

�

� ��� � ��S �

T

�U� (3b)

where � � is the statevariable, � � is the output, � �

is the exogenousinput to the component(that is
generallytheoutputof othercomponents)and S �

T

�

is a disturbance.All thesemodelsare markovian
models.Oncethestatetransitionfunction W � 

� � and
theoutputfunction � � 

� � have beenproperlystruc-
turally identi�ed, they canbeeasilycalibratedwith
thewell known techniquesof SystemIdenti�cation
Theory (Ljung [1987]). Considerfor instancethe
catchment:it canbedescribedusingastochasticau-
toregressivemodelsof order �

� where � � is thestate
of thecatchment,� � representstheout�ow (i.e. the
reservoir in�o w) and Sf�

T

� is a disturbancethatrep-
resentsrainfall, temperature,etc.. Both Wf��
���� and

� ��
���� arelinear functions,whoseparametersvalues
might beeasilyidenti�ed from historicalin�o w se-
ries.
However it may occurthat the physicalandsocio-
economicalrelationsthatunderlysomeof thecom-
ponentsarepoorlyknown and/orit is comparatively
expensive to obtain raw datato characterizethem
better. In thesecasesit might be dif�cult to iden-
tify the two functions W

�

���� and �

�


� � . The SA is

thusforcedto formulateunrealisticsimpli�cations,
themajority of which arebasedon theassumption
thattheprocessesarewell known anddeterministic.
But thisassumptionis oftentooreductive.Consider
againtheVerbanowatersystem.A suitableway to
low the waterdemandsof the irrigation districtsis
to reducetheinef�cienciesof theirrigationsystems.
A lower downstreamwaterdemandshouldin fact
reducethe waterstoragerequiredto reacha given
level of supplysatisfactionand,asa consequence,
inducesa reductionof �ood risk on thelake shores.
ThustheDM might wonderwhetherandwhatlevel
of �nancial incentive will encouragethe farmersto
adoptmore water-ef�cient irrigation systems. In-
tuitively what the DM expectsis that the farmers'
bentto modify their irrigation systemsdependson
thevalueof theincentive. But how canthis bentbe
formalizedin amodelor in aindicatorsothattheef-
fectsof a givenvalueof the incentive on thewhole
agricultureproductioncan be assessed?Further-
moretheuncertaintyof thephysicalprocessesthat
in�uence waterdemand(e.g. net radiation,canopy
cover) coupleswith a behavioural uncertainty(the
pronenessof farmersto change). How can such
mixtureof uncertaintiesbedescribed?
A solution to tackle with thesetwo different un-
certaintiesis to adopt BayesianBelief Networks
(BBNs) (Jensen[1996],[2001]). BBNsaredirected
graphicalmodelsin which nodesrepresentrandom
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variablesand the lack of arcsbetweentwo nodes
representthe conditionalindependenceof the two
variables.Giventwo nodes

�

and � , onecanregard
anarcfrom

�

to � asindicatingthat
�

“causes”� .
The modelcanbe identi�ed by specifyinga Con-
ditional Probability Table (CPT) at eachnode. A
CPT lists the probability that the child nodetakes
on eachof its different valuesfor eachcombina-
tion of valuesof its parents. BBNs can be effec-
tively usedto model thosecomponentsof the sys-
temfor which theknowledgeis limited or unstruc-
tured,andthecause-effect relationshipsarenot ev-
ident,asin thecaseof theabove example.The in-
suf�cient prognosesonthis typeof processeswould
result in a weakdescriptionby simpledeterminis-
tic or markovianmodels.On theotherhand,for the
componentsof systemon which the knowledgeis
high and well structured(e.g. the hydrologicand
hydraulic systems),the Bayesianapproachwould
becumbersomeandredundant,while thestochastic
descriptionis perfectlysuited(think for instanceto
the conservationof massequationrepresentingthe
reservoir dynamics).
To give an ideaof how a BBN works considerthe
network of Figure6, which describesan irrigation
district, suchtheoneof theVerbanoexample. Re-
lease,solarradiation,air temperature,soil stateand
biomassat time

�

(dark gray boxes)arethe inputs
of themodel,while the�nancial incentive (squared
box) is theplanningvariable;soil stateandbiomass
attime

�	�

c arethemodeloutputs(light grayboxes).
Inputs and planningvariablesare called evidence

variables,sincegiven their valuethe (probabilities
of the) valuesof all other the variablesof the net-
work may be inferred through evidencepropaga-
tion. Sincesoil stateand biomassappearboth as
input andoutput they arethe statevariablesof the
BBN, and the BBN can be seenas nothing but a
particularwayof writing equation3. Noticethatthe
BBN in Figure6 containstwo distinctsub-models:
the �rst describesthe farmers' behavior, the sec-
ond the plant growth. The farmers,via the sec-
tor expert, are directly involved in identifying the
�rst sub-model. They have to identify the items
(parentsnodes)that could in someway in�uence
their choices(alreadydonein Figure6 andthenex-
pressthe probabilitiesof irrigating their �elds and
adoptinga particularirrigation systemconditioned
to theseitems. The CPTsof the other sub-model
maybe�lled eitherby interviewsor by usingaclas-
sical compartmentalmodel(e.g. CROPSYS,Cald-
well andHansen[1993]). Theprocessof �lling in
the CPTsis conceptuallyanalogousto the calibra-
tion of a markovian model. It is now apparentthat
BBNs are nothing but a generalizationof marko-
vian models(Smyth[1998]). In conclusionBBNs
appearto betheright instrumentto representthere-
lationshipbetweenthe watersystemvariablesand
the indicators:whenthe relationshipis of dynami-
cal naturetheequations(3) areusedboth(andthen

��� is partof thewatersystemstate),while if there-
lationship is non dynamicalonly equation(3b) is
active (since ��� is not existing). The �rst casehap-
penswhenthe farmers'indicator is the biomassat
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Figure7: A BBN staticmodelof an irrigation dis-
trict.

crop time, the secondwhenit is the supplyde�cit
(seeFigure5.1).

6 COM PARI SON AND NEGOTI ATI ON

Onceall thealternativesgeneratedhave beeneval-
uated,theSA canproceedto performtheir compar-
ison(phase5). Themostcommonapproaches(e.g.
Saaty[1980])determinethebestcompromisealter-
native in two steps: �rst the stakeholdersof each
sectorexpresstheir preferencesamongthe sectors
by meansof weights,thentheDM expresseshis/her
preferencesamongthe stakeholders.In a way that
dependson theadoptedapproach,thesesystemsof
preferencesare merged into one, thus obtaininga
vector of weights,one for eachindex. By means
of thisvectorthesetof alternativesmaybeordered,
ranking themfrom the most to the leastdesirable.
To adoptone of theseapproachesit is mandatory
thatthereexistsoneDM only, to whomthepolitical
power of specifyingthesocialrelevanceof thedif-
ferentsectorsis given, i.e. to whom the resolution
of thecon�ict amongthestakeholdersis delegated.

Often this is not thecase,asit is not in thecaseof
the Verbanosystem:sincethe systemis a transna-
tional one,thereareat leasttwo DMs, thegovern-
mentsof Italy andof Switzerland.In this casethe
bestcompromisealternative is the result of a ne-
gotiation processbetweenthe two DMs. To sup-
ply the negotiationthe setof alternativeshasto be
skimmedby identifying a setof compromisealter-
natives, eachonepreferredby agroupof stakehold-
ersandpossiblyrefusedby others.Obviouslywhen
thereis only onecompromisealternative, it hasno
opponents:thereforeit is also the bestalternative
andthe DMs have nothingto decide. On the con-
trary, it is theDMs' taskto determinethebestcom-
promise. To accomplishthistaskthey haveto know,
not only which arethealternativesof interestto the
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Figure8: Thealternativecomparison.

stakeholders,i.e. thesetof thecompromisealterna-
tives, but alsofor eachalternative who arethesup-
portersandwho theopponents.

This information can be producedby establishing
a negotiationprocessamongthe stakeholders,that
aims at identifying alternatives the consensusof
which is as large aspossible. Consensusdoesnot
imply completeagreementof the supporters,but
meansthat eachsupporterfeels reasonablycom-
fortable and acceptsthe alternative as a feasible
compromisewith othersupporters.A procedureto
identify thesealternativescanbe derived from the
so called Pareto Race(Korhonen[1988]; Korho-
nenandWallenius[1988]). In its original version
it is a proceduredevisedto help onesingleDM to
searchfor the bestcompromisepoint on a Pareto
boundary, without determiningthewholeboundary
in advance. We do not have suf�cient spaceand
time to describethe modi�ed ParetoRaceproce-
dure (seeSonciniSessaet al. [forthcoming]). We
may only sketch the procedureby sayingthat the
SA invites onestakeholderto indicatethe alterna-
tive (s)heprefersamongall the alternatives. Then
the SA shows a diagram(Figure6) of the utilities
producedby the alternative in eachsectorand in-
vitesthestakeholdersthatfeelunsatis�edto specify
thereason.Thesetof alternativesis thenexploredto
�nd out a new alternative that improvestheutilities
of theunsatis�edstakeholders,withoutloweringtoo
muchtheutilities of the favorableones. If suchan
alternativedoesexist theprocedureis iteratively re-
peated,until it doesnotexist, thenthecurrentalter-
nativeis acompromisealternative. By repeatingthe
procedurefor eachoneof thestakeholdersthesetof
thecompromisealternativesis �nally determined.



7 DSS ARCHI TECTURE

Wehavealreadyseenthatthecomplex andrecursive
natureof thedecisionalprocessrequireacomputer-
basedsupportsystem(DSS).In order to complete
the picture,we will shortly describethe main fea-
turesof its architecture,makingreferenceto a pro-
totype,namedTwoLe (Soncini-Sessaet al. [1999]),
thatimbedsmany (notyetall) of theideaspresented
in thispaper.

A traditionalDSSgivesaccessto datafrom anun-
structureddatabase;we think it is more appropri-
ate that the databasearchitectureis tailoredto ob-
tain independencebetweendata,modelsand pro-
cessingalgorithms. For that reasonthe database
of TwoLe has beenpartitioned in three different
modules: the domainbasethat containsthe struc-
tural knowledgeregardingdataandtime series;the
modelbasethat containsthe descriptionof math-
ematicalmodels,both descriptive (simulationand
forecastmodels)andprescriptive (decisionalmod-
els, i.e. multi-objective optimal control problems);
theexperimentalbasethatstorestheformulationof
modelidenti�cation and/orpolicy designproblems
as well as their results. In other words data are
storedfollowing a hierarchicalapproachand ma-
nipulatedaccordingto anobject-orientedparadigm.
Data in the domainandmodelbasesareclassi�ed
into basicandcompoundobjects.Building a basic
objectdomain,e.g.acatchmentor areservoir, is the
�rst modellingstep,whereraw dataareorganized
by hypothesizinga modellingstructureandits pur-
poses;thena setof basicobjectscanbegroupedto
constituteacompoundobject,asawatersystemor a
distributionnetwork. On thesameobject,eitherba-
sic or compound,differentmodelscanbebuilt: the
purposeof themodelbaseis in fact to promotethe
modelsubstitutionandinterconnection.TheDSS/P
andDSS/Musea commondomainbaseandmodel
baseto performtheir tasks.Finally, theexperiment
metaphorhasbeenadoptedto representtheSA ac-
tivity: an experimentstartsby choosingthe nec-
essaryingredients(dataand/ormodels);continues
by formulatinga modelidenti�cation problemor a
multi-objective optimalcontrolproblemor a simu-
lation; andendsby solving theposedproblemand
storing the results. To computethe problemsolu-
tion, a tool (eitheran identi�er or anoptimizeror a
simulator)is applied,which canbepickedup from
a tool box. TwoLe providesa setof standardiden-
ti�cation tools,a wide choiceof policy designop-
timizersanda bunchof simulators. The latter in-
cludesdeterministic,markovian and Monte Carlo
simulatorswhile theoptimizersarebasedon differ-
entalgorithmssuchasstochasticdynamicprogram-

Figure 9: The TwoLe GUI: calibration of an
ARMA.

ming (Bertsekas[1995]), neuro-dynamicprogram-
ming (Bertsekasand Tsitsiklis [1996]; De Rigo
et al. [2001]) or Q-learning(Watkins and Dayan
[1992]); Castellettiet al. [2001]). All thesealgo-
rithmshave beenconceivedto dealwith setvalued
policies.

TheDSScontrolunit allowsthecommunicationbe-
tweenthe two levels of the DSS and the domain,
model and experimentbases. In the presentver-
sion of TwoLe, by meansof the DSS/P, the SA
caneditdata,design,calibrateandvalidatemodels,
produceoptimal distribution policies(network op-
timization)andoptimal releasepolicies(watersys-
temoptimization),andevaluatetheperformanceof
alternativesby meansof simulation.In otherwords
it supportsall theactivitiesrequiredto completethe
phases2-4 in boxA of Figure4. In thefutureit will
alsosupportphases1 and2 in box B. The DSS/M
(box C) canpresentlydealwith forecasting,by us-
ing real-timedatafrom atelemeteringnetwork, and
computethedaily releasedecision.
Finally Twole hasa friendly user interface(GUI)
to help the SA in datapreparationand algorithm
choice. The GUI is inspiredby the toolbox and
foldersmetaphor(seeFigure7): theSA canbrowse
the folder structureas a normal �le manager, and
chooseatool to performits tasksontheitemsstored
in a folder. Thefolder structureis recursive: at top
the level itemsaremeta-domainobjects;eachone
openson realdomainobjectsand,in turn,eachdo-
main containsits modelsand, for eachmodel, the
experimentsthatweremadeonor with it.



8 CONCL USI ON

In thispaperwehavebrie�y review themainphases
of the well known EIA procedure,pointing out
some challengingand signi�cant concernsposed
by its applicationto planning and managingwa-
ter reservoir systems. For eachone of theseis-
sueswe have proposedand analyzedsomeinno-
vative solutions. In doing so we have stressedthe
key role playedby a wider involvementof stake-
holdersandDMs at every stageof decisionalpro-
cessandsuggestedhow this involvementcould be
technically pursued. Finally we have described
somestructuralfeaturesof TwoLe,a two level DSS,
which imbedssomeof (not yet all) the ideaspre-
sented. TwoLe has beensuccessfullyapplied to
the planningof Verbanowatersystemin Northern
Italy (Betti et al. [2001]) and is currentlyadopted
in the recently startedEU project MERIT (Man-
agementEnvironmentalResourcesusingIntegrated
Techniques)aimedat exploring theapplicabilityof
BBNs asanintegratedmanagementtool.
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