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Abstract

Oneof the major problemsin the implementationof the precautionaryprin-
ciple in environmentalcasesis the estimationof the weight of evidence. In this
paperwe proposea formal methodthatdeterminestheweightof evidencebased
on the specificparametersof a given case. The proposedmethodis basedon
an artificial intelligenceapproachcalledfuzzylogic, which is commonlyusedas
aninterfacebetweenlogic andhumanperception,andoftenappliedto computer-
basedcomplex decisionmaking.We useonefuzzy expertsystemthatprovidesa
quantificationof theestimatedenvironmentaldamage,anda secondfuzzy expert
systemthatcomputestheweightof evidencein agivencase.Theproposedexpert
systemcanbeeasilydefinedandadjustedby regulatorsandenvironmentalscience
andpolicy experts.

1 Introduction

Precautionis a principlethatprovidesanintuitively simpleapproachto ensuringthat
humaninterventionin environmentalsystemsis madelessdamaging(Wiener& Roger,
2002). The precautionaryprinciple hasbeenpreviously castasthe guidingprinciple
which ”... ensuresthat a substanceor activity posinga threatto the environmentis
preventedfrom adverselyaffectingtheenvironment,evenif thereis noconclusivesci-
entific proof linking that particularsubstanceor activity to environmentaldamage”
(Cameron& Abouchar,1991).The1992UnitedNationsConferenceon Environment
and Developmentprovided compellingevidencefor the above statement”...Where
therearethreatsof seriousor irreversibledamage,lack of scientificcertaintyshallnot



be usedasa reasonfor postponingcosteffective measuresto prevent environmental
degradation”(UnitedNationConferenceonEnvironmentandDevelopment,1992).

The useof the precautionaryprinciple in internationalenvironmentalagreements
hasexperiencedtremendousgrowth since1980(Woolcock,2002). The precaution-
ary principlecanbealsofound in therolesgoverninginternationaltrade,suchasthe
CartagenaProtocolonBiosafety(CartagenaProtocolonBiosafety,1995).In addition,
theprecautionaryprincipleis increasinglybeinginvolvedat thenationallevel (Hunter,
Salzman& Zaelke,2001).Therefore,it seemsreasonableto saythatthisprinciplehas
beenraisedto a level of generalprinciple dueto its acceptancein many legal areas,
includingenvironmentallaw.

Theprecautionaryprinciplehasa wide spectrumin termsof ”strong” and”weak”
versionsof it (Wiener& Roger,2002;Tinckner, 1996).Theimplementationof thepre-
cautionaryprinciple in its strong versionrequiresdemonstratingthat a specificrisky
activity posesno risk to the environment. In otherwords,the proponentof the risky
activity hasto prove beyondall reasonabledoubtthat it posesno risk. However, the
implementationof theprecautionaryprinciple,asarticulatedin the1992Rio Declara-
tiononEnvironmentandDevelopment(UnitedNationConferenceonEnvironmentand
Development,1992),raisesseveralquestions,suchaswhat is ”seriousor irreversible
damage”?How muchandwhatkind of uncertainty?How canthe termbeappliedto
differentscientificareas?However, the mostproblematicquestionis what evidential
burdenis neededbeforetakingactionto protecttheenvironmentandpublichealth.

In this paperwe proposea new fuzzy logic-basedmethodfor determiningthe
weight of evidencerequiredin the implementationof the precautionaryprinciple in
differentenvironmentalcases. In Section2 we discussthe weight of evidenceand
its role in the implementationof the precautionaryprinciple, in Section3 we briefly
describefuzzy logic, in Section4 the applicationof fuzzy logic to the precautionary
principleis presented,in Section5 wedescribea fuzzy logic basedevaluationof envi-
ronmentaldamage,andin Section6 we presentanexampleusingreal-life dataof an
environmentalcase.

2 Weight of evidence in the precautionary principle

All activities involve risk, which combinesthelikelihoodandtheharmresultingfrom
exposureto anactivity. Uncertaintycanbedistinguishedfrom probability(Wiener&
Roger,2002). While somerisksarewell understood,othersarehighly uncertain.For
instance,deathby cellular phoneradiationandlightning strikesmay both be of low
probability, but the formermaybefar moreuncertainbecausewe areunsurewhether
cellularphonesevencausebraintumors.Obviously, all risksareuncertainto someex-
tent,becausewe cannever know thefuturewith completecertainty. Scienceis accus-
tomedto thisuncertainty. In thefaceof uncertaintyaboutrisk,precautionarymeasures
areoftentaken.

Admittedly, precautionlacksa specificdefinition.Theprecautionaryprinciplehas
a wide spectrumin termsof ”strong” and”weak” versionsof it. At its strongestver-
sion,theprecautionaryprinciplemaybeinterpretedto prohibit all activities in certain
ecosystems,while atits weakestversiontheprincipleprovidestheauthorityto consider
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otherfactorsthanenvironmentalrisk (Tinckner, 1996;Soule,2000).Althoughthereis
no cleardefinitionto theprecautionaryprinciple, it hasbeencastastheguidingprin-
ciple ”... Wheretherearethreatsof seriousor irreversibledamage,lack of scientific
certaintyshallnotbeusedasareasonfor postponingcosteffectivemeasuresto prevent
environmentaldegradation”(UnitedNationConferenceonEnvironmentandDevelop-
ment,1992).Thiswordingcanbefoundin internationalanddomesticlegislationssuch
asthepreambleof theCanadianEnvironmentalprotectionAct (1999).

At theprecautionaryprinciplestrongestversion,it is clearwhentheprincipleap-
plies. All activities areprohibiteduntil it is proventhat thereis no harmto theenvi-
ronmentandpublic health. In addition,it requiresin somecasesshifting the burden
andstandardof proof, which meansthatuncertainrisk requiresforbiddingthepoten-
tially risky activity until theproponentof theactivity demonstratethatit posesno risk.
For example,UnitedStatesimprovedpesticideregulationandusesthe precautionary
principle in its strongversionin theFoodQuality ProtectionAct by shifting thebur-
denof proof to the manufactures.Accordingto the act, all pesticideresiduesmust
demonstrate”a reasonablecertaintyof noharm” if they arepermittedin foodproducts
(Rosenbaum,2002).

In betweenthe two extremeversions,eachversionof the precautionaryprinci-
ple hasthe known prescriptionthat scientificcertaintyis not requiredbeforetaking
preventivemeasures.Theseversionsareoftensimilar in form andsubstance,yet they
containminorwordingdifferenceswith potentiallymajorpolicy implications.Swedish
philosopherPerSandinproposed19versionsof theprecautionaryprinciple.He found
substantialvariationalongeachof four dimensions,which hecharacterizedasthreat,
uncertainty, actionandcommand(Sandin,1999). For instance,differentversionsof
theprecautionaryprinciplevary alongthethreatdimension,which definesthedegree
of threatnecessaryto trigger the principle from ”threatsof seriousand irreversible
damage”to ”possiblerisks” (Marchant& Mossman,2005).

No versionof the precautionaryprinciple in betweenthe two extremeversions
is clearon whenthe principle applies. In this paperwe considerthe versionof the
precautionaryprinciple offeredby the UnitedNations(UnitedNationConferenceon
EnvironmentandDevelopment,1992),which raisesseveral questions.Accordingto
thisversion,theprincipleis triggered”wheretherearethreatsof seriousor irreversible
damage”. However, the term ”seriousor irreversibledamage”is not defined. More
specifically, it alsodoesnot specifyhow far in the futurewe needto look in orderto
determine”irreversibledamage”.Anotherissueis thestrengthof evidencerequiredto
establish”seriousor irreversibledamage”.

Sincethereis no cleardefinition to ”seriousor irreversibledamage”,the imple-
mentationof theprecautionaryprinciplebecomesentirelyarbitrary. For example,the
EuropeanUnion advocatesapplicationof the precautionaryprinciple to genetically
modified (GM) food. However, it doesnot apply the principle to organic food or
naturaldietarysupplements,which unlike GM foods,areresponsiblefor many doc-
umentedcasesof illnessanddeath(McHughen,2000). Moreover, somecountriesin
theEU, suchasFranceandItaly, thathave adoptedrestrictive policieson GM foods
basedon the precautionaryprinciple do not apply the principle to restricteconomi-
cally importantactivities suchastourism,even thoughit causesmoredamageto the
naturalenvironmentof thosecountriesthanGM foods(Marchant& Mossman,2005).
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Nowadayswe canalsofind otherexamplesof thearbitraryapplicationof theprecau-
tionaryprinciple. Oneexampleis thegovernmentof Norway, which recentlybanned
Kellogg’s Corn Flakes fortified with vitamins because”the fortification in question
mightbeahealthhazardwheneatenin uncontrollableandunforeseenamounts”(Case
E– 3/00,2001).Anotherexampleis France,thatrecentlyemployedtheprecautionary
principle to ban the caffeinatedenergy drink RedBull basedon a paternalisticcon-
cernthatits citizens,in particularpregnantwomen,wouldconsumetoomuchcaffeine
(CaseC– 24/00,2004). Furthermore,courtscan usethe precautionaryprinciple to
reachquestionableresults. Onesuchexampleis the decisionof an Australiancourt
to prohibit, basedon the precautionaryprinciple, a town from building an important
bridgebecauseof its potentialeffectontheendangeredgiantburrowing frog (CaseNo.
10376.81,1993).Theproblemwasthatthegiantburrowing frog hadnever beenseen
anywhereneartheproposedbridge,having beenobservedseveralkilometersaway on
only two occasionssometwentyyearsearlier, andonanotheroccasionallegedlyheard
nearthebridgesite(Marchant& Mossman,2005).Therefore,withoutobjectivecrite-
ria limiting whentheprecautionaryprincipleappliesandwhatit requires,thepotential
reachandforceof theprecautionaryprincipleareboundless,restrainedonly by arbi-
trarypolitical vagaries.

It is well agreedby practicallyall-legalsystemsthatthereis nosuchthingasabso-
lute proof. Instead,relative standardsareused.In criminal law, the legal systemuses
the standardof proof of beyond all reasonabledoubt (probability of 0.99), while in
civil law it usesthebalanceof probabilities(probabilityof 0.51).Demandfor absolute
proofof safetyor harmis impossible.Nevertheless,theUK governmentrequiredproof
”without possibledoubt” in a testcaseon eutrophicationin the Ythanestuary(Mac-
Garvin,2001;Anon,1997).Thereis a wide rangein theevidentialburdendemanded
by regulatorsbeforetakingactionto protecttheenvironmentandpublic health. This
rangesfrom proof without doubtastheabove Ythancase,down to very low levelsof
evidence,suchastheUnitedStatesprecautionaryprinciplebansrelatedto themadcow
disease(MacGarvin,2001).

It is easyto determinethe weight of evidenceat the two endsof the spectrum
versionof the precautionaryprinciple. At its strongestversion,one needsto prove
beyondreasonabledoubtthat theactivity is safeto theecosystems.On theotherside
of the spectrum,at its weakestversion,thereis no needto prove any causationbe-
tweentheactivity andthedamageto theenvironmentbeforeapplyingtheprecaution-
ary principle. Theproblemstartsto evolve whenwe look at theversionsin between
thespectrum.Previouslyproposedformalapproachesappliedfuzzylogic to thelaw of
evidence(Shapira,2000),andsomeapplicationsof fuzzy logic to theancientBiblical
legal systemhave alsobeenproposed(Shapira,1999). In this paperwe proposeto
applyfuzzy logic to themostcitedversionof theprecautionaryprinciple,which is the
onedefinedin principle 15 of the 1992Rio Declarationon EnvironmentandDevel-
opment:”Where therearethreatsof seriousor irreversibledamage,lack of scientific
certaintyshallnotbeusedasareasonfor postponingcosteffectivemeasuresto prevent
environmentaldegradation”(UnitedNationConferenceonEnvironmentandDevelop-
ment,1992). This mathematicalmethodwill help decisionmakersto determinethe
weightof evidencethatis neededin orderto takeprecautionaryactions.

In many legal disciplines,theevaluationof theweightof evidenceinvolvesmany
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parametersthatcannotbeeffectivelyquantifiedandprocessedbyamathematicalmodel.
For instance,determiningthebestinterestof thechild dependsheavily on theimpres-
sionof the judgefrom thepartiesclaiming for child custody, andmany otherfactors
that involveshumanbehavior that might not be easilyquantified. In criminal cases
the judgemight alsowant to considervery many parametersbeforemakinga deci-
sion. Theseparametersarenot well-definedand cannotbe easilyquantifieddue to
thecomplex natureof humanbehavior andpersonality. Moreover, theabsenceof hu-
manjudgmentin casesthat involveshumanbehavior (suchascriminal cases)might
introducemoral issuesthat will stronglycounterthe useof expert systemsin court
decisions.

Environmentalcases,on theotherhand,areusuallymoretechnical.Thepartiesin
thesecasesareusuallya corporationvs. the local government,andthehumanfactor
playsasmallerrolecomparingto otherlegaldisciplines.Thisnatureof environmental
casesmakesthemsuitablefor usingexpert systemsdesignedby regulatorsandenvi-
ronmentalexperts. Theuseof thesesystemscanassistcourtsin makingdecisionsin
this technicalfield that is sometimesbeyondtheir field of expertise,andwill provide
objectivedecisionsthatwill belessinfluencedby theknowledgeandthepersonalpoint
of view of thespecificcourt.

3 Fuzzy logic

Fuzzylogic (Zadeh,1965,1988) is an extensionof Booleanlogic that is often used
for computer-basedcomplex decisionmaking. While in classicalBooleanlogic an
elementcanbeeithera full memberor non-memberof a Boolean(sometimescalled
”crisp”) set,themembershipof anelementto a fuzzy setcanbeany valuewithin the
interval � ���	��
 , allowing alsopartialmembershipof anelementin a set.

A fuzzyexpertsystemconsistsof threedifferenttypesof entities:fuzzysets,fuzzy
variablesandfuzzy rules.Themembershipof a fuzzy variablein a fuzzy setis deter-
minedby a functionthatproducesvalueswithin theinterval [0,1]. Thesefunctionsare
calledmembershipfunctions. Fuzzyvariablesaredividedinto two groups:antecedent
variables, thatareassignedwith theinput dataof thefuzzy expertsystem,andconse-
quentvariables, thatareassignedwith theresultscomputedby thesystem.

Thefuzzyrulesdeterminethelink betweentheantecedentandtheconsequentfuzzy
variables,andareoftendefinedusingnaturallanguagelinguistic terms.For instance,
a fuzzy rule canbe”if thetemperatureis cold andthewind is strongthenwearwarm
clothes”,wheretemperatureandwindareantecedentfuzzyvariables,wear is a conse-
quentfuzzy variableandcold, light andwarmclothesarefuzzy sets.Theuseof lin-
guistictermsmakesfuzzy logic a commonapproachthatis usedfor compilinghuman
perception-baseddecisionmakinginto formalmathematicalmodels(Zadeh,2002).

Theprocessof a fuzzy systemhasthreesteps.ThesestepsareFuzzification, Rule
Evaluation, andDefuzzification. In the fuzzificationstep,the input crisp valuesare
transformedinto degreesof membershipin thefuzzy sets.Thedegreeof membership
of eachcrisp value in eachfuzzy set is determinedby plugging the value into the
membershipfunctionassociatedwith thefuzzyset.

In therule evaluationstep,eachfuzzy rule is assignedwith a strengthvalue. The
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strengthis determinedby thedegreesof membershipsof thecrisp input valuesin the
fuzzy setsof antecedentpart of the fuzzy rule. Two commonlyusedrule evaluation
methodsaremin, whichassignsthestrengthwith theminimumdegreeof membership
amongthe fuzzy setsof the rule, and product, which assignsthe strengthwith the
productof all degreesof membership.

The defuzzificationstagetransposesthe fuzzy outputsinto crisp values. While
therearevarietyof defuzzificationmethods,in thiswork weusedthepopularcenterof
mass(Mamdani& Assilian,1975)approach,which calculatestheoutputcrispvalues
basedonthemasscenterof themembershipfunctionsof theconsequentfuzzyvariable.
A detailedexampleof how centerof massdefuzzificationis usedis givenin Section6.

4 The application of fuzzy logic to the precautionary
principle

A fuzzy expert systemcandeterminethe weight of evidencein environmentalcases
basedonseveralobjectiveparameters.Thisapproachcansolveoneof themajorprob-
lemsin theimplementationof theprecautionaryprinciple,whichis thedifficulty to de-
terminetheweightof evidencefor eachenvironmentalcase(Miller & Conko,2000),as
explainedin Section2. Sincedefiningthefuzzysetsandfuzzy rulesof a fuzzy expert
systemis donebyusinglinguisticterms,suchasystemcanbedefinedby regulatorsand
environmentalscience,law andpolicy experts. Implementationof sucha systemwill
probablytriggerdebatesbetweendifferentconceptsandapproachesto environmental
issuesintroducedby differentexperts,whowill haveto reachanagreementabouthow
evidenceshouldbeweightedin environmentalcases.However, oncethefuzzy expert
systemis defined,all courtscanusethesamesystem,sothattheweightof evidenceis
quantifiedin anobjectiveandnon-arbitraryfashionthathasa minimaldependency on
thepoint of view of thespecificpersonor courtmakingthedecisions.Theway such
anexpertsystemis definedis describedin thissection.

Although several different methodsof building fuzzy expert systemshave been
proposedandused(Hwang,1999;Maeda,et al., 1991;Masuoka,Watanabe& Kawa-
mura,1990;Funabashiet al., 1995),thefuzzy expertsystemproposedin this paperis
basedon thetraditionalmax/minapproachintroducedby (Zadeh,1983,1988). More
informationregardingbuilding andusingfuzzy expertsystemscanbefoundin (Siler
& Buckley, 2004;Kandel,1992;Schneideretal., 1996).

4.1 Fuzzy variables

The fuzzy expert systemdeterminesthe weightof evidenceasa functionof four pa-
rameters.Eachparameteris anantecedentfuzzyvariableasfollows:
1. Damage- Thepotentialworst-casescenariodamagecausedby theactiondiscussed
in thegivencase.In theexpertsystemdescribedin thissection,Damagehasfour crisp
setsSmall, Medium, SubstantialandCritical. In Section5 we describea fuzzy expert
systemthatprovidesa formalmethodthatdeterminesthevalueof thisvariable.
2. Time: The time requiredfor the damageto take effect. The domainof this fuzzy
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variableis theinterval (0,� ).
3. Likelihood: Thelikelihoodthat thedamagewill indeedbecaused.Thedomainof
thisvariableis theinterval [0,1].
4. Evidence:Theaccuracy of theevidence.Thevalueof thisvariableis determinedby
thequalityandaccuracy of theexistingknowledgeof theexpertsestimatingthevalues
of the threevariablesdescribedabove. This variableis requiredsincein many cases
theeffect on theenvironmentcannotbeaccuratelydetermined,andtheknowledgere-
quiredfor accurateestimationsis notalwaysavailable.

Althoughsomeof thesevaluesmightbedeterminedin asomewhatsubjectivefash-
ion, environmentalexpertsareusuallyableto handlethembasedonexisting literature.
In thecaseof a debate,theargumentswill bebasedon existing literatureandcurrent
scientificknowledge,ratherthanon anarbitrarydecisionasis oftenthecasein envi-
ronmentalcases,which is a well-known problemin environmentallaw asdescribedin
Section2.

Damage is a crisp variable,andthereforeno fuzzy setsaredefinedfor this vari-
able.ThefuzzyvariableTimeusesthethreefuzzysetsImmediate, ShortandLong, as
describedin Figure1.

Figure1: Fuzzysetsdefinedfor theantecedentfuzzyvariableTime

ThefuzzyvariableLikelihoodusesthethreefuzzysetsLow, MediumandHigh, as
describedin Figure2.

The fuzzy variableEvidenceusesthe threefuzzy setsWeak, Fair andStrong, as
describedin Figure3.

An exampleof theuseof thisparametercanbeacasein whichstudiessuggestthat
acertainactionhasaprobabilityof 0.5to causecritical damageontheshortterm.This
informationcanbeusedasa strongevidencefor theanalysisof anidenticalcase,but
if thenew caseis similar, but not identical,thentheevidencecanbeusedwith a lower
level of reliability.
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Figure2: Fuzzysetsdefinedfor theantecedentfuzzyvariableLikelihood

TheconsequentfuzzyvariableWeightusesthethreefuzzysetsWeak, Balancedand
BARD(beyondall reasonabledoubt),asdescribedin Figure4.

4.2 Fuzzy rules

Thefuzzyrulesaredefinedusingthefuzzysetsdescribedin Section4.1,andarebased
onanintuitiveestimationof theweightof evidence.Sincetheexpertsystemdescribed
in thispaperdefinesfour setsfor Damage, threesetsfor Time, threesetsfor Likelihood
andthreesetsfor Evidence, thetotalnumberof fuzzyrulesrequiredfor theexpertsys-
temis 4  3  3  3=108.Therulesaredefinedusingtheestimatedweightof evidence
neededfor eachcase.For instance,a fuzzy rulecanbedefinedas:

Critical, Immediate,High, Strong � ��� BARD

The rule meansthat if the potentialdamageis critical, the damageeffect is imme-
diate,the likelihoodof thedamageis high andtheevidenceis strong,thentheacting
personor organizationhasto prove beyondall reasonabledoubtthat their activity is
safe.Anotherexampleis therule:

Medium,Long,Low, Medium � ��� Weak

Theintuition of this rule is that if thereis a low probabilitythatmediumdamagewill
becausedonthelongterm,andthereliability of thisestimationis medium,thenit will
be sufficient for the actingpersonor organizationto provide weakevidencethat the
activity is safe.Someof theotherrulescouldbethefollowing:

Medium,Short,Low, Strong �� Weak
Medium,Short,Low, Fair �� Weak
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Figure3: Fuzzysetsdefinedfor theantecedentfuzzyvariableEvidence

Medium,Short,High, Fair �� Balanced
Medium,Short,High, Strong �� Balanced
Medium,Immediate,High, Strong �� BARD
Medium,Immediate,High, Weak �� Balanced
Substantial,Long,Low, Strong �� Weak
Substantial,Long,Low, Fair �� Weak
Substantial,Long,Low, Weak �� Balanced
Substantial,Long,Medium,Strong �� Balanced
Substantial,Long,Medium,Fair �� Balanced
Substantial,Long,Medium,Weak �� Balanced
Substantial,Long,High, Strong �� BARD
Substantial,Long,High, Fair �� BARD
Substantial,Long,High, Weak �� Balanced
Substantial,Short,Low, Strong �� Balanced
Substantial,Short,Low, Fair �� Balanced
Substantial,Short,Low, Weak �� Balanced
Substantial,Short,Medium,Strong �� BARD
Substantial,Short,Medium,Fair �� Balanced
Substantial,Short,Medium,Weak �� Balanced
Substantial,Short,High, Strong �� BARD
Substantial,Short,High, Fair �� BARD
Substantial,Short,High, Weak �� Balanced
Substantial,Immediate,Low, Strong �� Balanced
Substantial,Immediate,Low, Fair �� Balanced
Substantial,Immediate,Low, Weak �� Balanced
Substantial,Immediate,Medium,Strong �� BARD
Critical, Long,Low, Strong �� Balanced
Critical, Long,Low, Fair �� Balanced
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Figure4: Fuzzysetsdefinedfor theconsequentfuzzyvariableWeight

Critical, Long,Low, Weak �� Balanced
Critical, Long,Medium,Strong �� Balanced

Obviously, theserulesaresubjective, andcanbeeasilychangedaccordingto the
reasoningof any givenlegal system.Oncetheexpertsystemis defined,theweightof
evidencein any givencasecanbecomputedusingthefuzzy expertsystem.While the
variablethathasthestrongesteffecton theresultis Damage, thevalueof thisvariable
is determinedin a subjective fashion. In Section5 we describea formal methodfor
evaluatingthemembershipof Damageusingobjectiveparameters.

4.3 The computation process

Thecomputationprocesscanbedescribedbestby anexample.Supposethatthedam-
ageis definedassubstantial, andthereis aprobabilityof 0.75thatit will take40years
for thedamageto take effect. In a scaleof 0 to 100,thereliability of thisestimationis
90.

Thefuzzificationof theprobability0.75usingthemembershipfunctionsdescribed
in Figure2 providesthat themembershipof 0.75in the fuzzy setMediumis 0.5,and
the membershipin the fuzzy setHigh is also0.5. The membershipin the fuzzy set
Low is 0. Basedon themembershipfunctionsdescribedin Figure1, thevalue40 has
a membershipof 0.75in the fuzzy setShortandmembershipof 0.25in the fuzzy set
Long. Usingthemembershipfunctionsdescribedin Figure3, thevalue90 is fuzzified
so that its membershipin the fuzzy set Fair is 0.2, and in the fuzzy set Strong its
membershipis 0.8.

Theinferencecomputationassignseachfuzzyrulewith theminimummembership
value.For instance,in thefuzzyruleSubstantial,Short,Medium,Fair �� Balanced, the
membershipof substantialin thecrispsetSubstantialis 1, themembershipin thefuzzy
setShortis 0.75,themembershipin thefuzzy setMediumis 0.5andthemembership
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in the fuzzy setFair is 0.2. Sincetheminimumof thesevaluesis 0.2, thestrengthof
thefuzzy rule is setto 0.2.

In ourexample,theruleswith strengthgreaterthanzeroare:
Substantial,Long,Medium,Strong �� Balanced(0.25)
Substantial,Long,Medium,Fair �� Balanced(0.2)
Substantial,Long,High, Strong �� BARD (0.25)
Substantial,Long,High, Fair �� BARD (0.2)
Substantial,Short,Medium,Strong �� BARD (0.5)
Substantial,Short,Medium,Fair �� Balanced(0.2)
Substantial,Short,High, Strong �� BARD (0.5)
Substantial,Short,High, Fair �� BARD (0.2)

The fuzzy rulesaregroupedby their consequentpart,andeachgroupis assigned
with thevalueof the fuzzy rule that its valueis maximalamongall otherrulesin the
group.In ourexample,all fuzzyruleswith theconsequentpartWeakareassignedwith
thevalue0, so that thevalueassignedto thatgroupis 0. Amongall fuzzy ruleswith
theconsequentpartBalanced, themaximumvalueis ������� , andamongthefuzzy rules
with theconsequentpartBARDthemaximumvalueis ����� .

Thedefuzzificationis basedoncenterof mass(Mamdani& Assilian,1975;Zadeh,
1988).Therefore,thevalueof theconsequentvariableis determinedby themasscenter
of the areaof the membershipfunctionsof the consequentvariableas describedin
Figure5.

Figure 5: Centerof massdefuzzification. The masscenter(the point at which the
coloredareato its left is equalto thecoloredareato its right) in thiscaseis at66.667

Thevalueof theconsequentvariableisdeterminedby themasscenterof thecolored
areain Figure5. Themembershipfunctionsarecoloredbasedonthemaximalstrength
amongall fuzzy rules that have that membershipfunction as consequentpart. The
masscenterof thecoloredarea(thepoint at which thecoloredareato its left is equal
to thecoloredareato its right) is thevalueassignedto theconsequentvariable.In this
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example,themasscenteris around66.667.Thatmeansthattheweightof evidencein
thecaseof this exampleshouldbearound70%(theexactvalue66.667canbesafely
roundedto 70 sincein legal casesit is oftennot practicalto weight theevidencein a
precisefashion).

4.4 Multiple scenarios

In many practicalenvironmentalcases,several scenariosareproposedfor the same
case.For instance,theanalysisof asinglecasecanprovidetwo possiblescenarios:The
first predictsamediumdamageon theshortterm,andthesecondsuggeststhatcritical
damagewill takeeffectonthelongterm.Anotherexamplecouldbedifferentreliability
of theestimations.Oneestimationcanbe basedon strongevidencepredictingsmall
damageon thelong term,but theothermightprovideweakevidencethata substantial
damagewill becausedon theshortterm.

In orderto dealwith multiplesscenario,wesuggestto usethefuzzyexpertsystem
describedabovewith theparametersof all proposedscenarios.Theweightof evidence
for thecaseis givenin Equation1.

�������� � �"! (1)

Where � � is theweightof evidenceof scenarioi, ascomputedby thefuzzy expert
system.That is, theweightof evidenceof thecaseis simply themaximumweightof
evidenceamongall testedscenarios.

5 A fuzzy logic-based evaluation of environmental dam-
age

Themostarbitrarypart in the fuzzy expert systemdescribedin Section4 is the esti-
mationof thedamage.Thatis, without a definedcriteria,whatseemscritical damage
to onecourt might be evaluatedasmediumdamageby another. Therefore,a formal
modelthatdeterminesthescopeof thedamageis required.Weproposeto estimatethe
damageusinga fuzzyexpertsystem.Theresultsprovidedby theexpertsystemcanbe
usedasthemembershipof theantecedentvariableDamage (of themodeldescribedin
Section4) in thesetsSmall, Medium, SubstantialandCritical.

Thedamageis estimatedbasedon threeantecedentfuzzy variables:Theeffect of
thedamage,thenumberof individualsaffectedby thedamage,andthe time it would
taketo repairthedamage.Thefirst variable,Effect, is theeffectof thedamage,andhas
thefour crispsetsdeath, lethaldisease, diseaseandwildlife death.

The secondvariable,Individuals, is the numberof individualsexpectedto be af-
fectedby thedamage,andhasfive fuzzy setsNone, Few, Town-scale, Country-scale
andGlobal, asdescribedin Figure6.

Thethird fuzzyvariable,Repair, definesthetimeit wouldtaketo repairthedamage,
andhasfour fuzzysets,Short, Medium, LongandIrreversible, asdescribedin Figure7.

Thefuzzy rulesarebasedon thecrispandfuzzy setsdescribedabove,andcanbe
thefollowing:
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Figure6: Fuzzysetsdefinedfor theantecedentfuzzyvariableIndividuals

Death,Town, Long �� Critical
Death,Town, Irreversible�� Critical
Disease,Few, Long �� Medium
Disease,Town, Long �� Substantial
Disease,Country, Long �� Critical
Wildlife, Few, Short �� Small
Wildlife, Few, Medium �� Small
Wildlife, Few, Long �� Small
Wildlife, Few, Irreversible�� Medium
Wildlife, Town, Short �� Small
Wildlife, Town, Medium �� Medium
Wildlife, Town, Long �� Medium
Wildlife, Town, Irreversible�� Substantial
Wildlife, Country, Short �� Substantial
Wildlife, Country, Medium �� Substantial
Wildlife, Country, Long �� Critical
Wildlife, Country, Irreversible�� Critical

Obviously, in thispaperwepresentonly theformalmethodologyof theestimation
of the weight of evidence. The fuzzy rules and fuzzy setsdescribedabove can be
modifiedandadjustedto thespecificreasoningof any legalsystem.

Thecomputationprocesscanbebestdescribedby anexample.Supposewe eval-
uatethepotentialdamageof anoil spill nearthecoastof Alaska,basedon theExxon
Valdezincidenton March24,1989(EPA, 1989;AlaskaOil Spill Commission,1990).
TheExxonValdezoil spill wasthedirectcauseof thedeathof some500,000birdsand
mammals(Spiesetal.,1996).Therefore,whencomputingtheestimateddamageusing
theproposedfuzzyexpertsystem,themembershipof theantecedentvariableEffect in
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Figure7: Fuzzysetsdefinedfor theantecedentfuzzyvariableRepair

thesetWildlife is 1, andthemembershipof thefuzzyvariableIndividualsin thefuzzy
setsTownandCountryare0.53and0.47respectively. Theestimatedrecovery time is
30years(Petersonetal.,2003).Thefuzzificationof thevalue30usingthemembership
functionsdescribedin Figure7 providesmembershipof 0.875in thefuzzysetMedium
and0.125in thefuzzysetLong.

The rule evaluationassignsa positive strengthonly to rulesthat includethecrisp
setWildlife. Thestrengthsof the lasteight ruleslistedabove are0, 0.53,0.125,0, 0,
0.47,0.125,0. Amongall fuzzy ruleswith theconsequentpartMedium, themaximal
rule strengthis 0.53. Amongtheruleswith consequentpartsSubstantialandCritical,
the maximalstrengthsare0.47and0.125respectively. Thesevaluescanbe usedby
theexpert systemdescribedin Section4 asthe membershipvaluesof theantecedent
variableDamage, suchthatthemembershipin thefuzzysetMediumis 0.53,themem-
bershipin thefuzzysetSubstantialis 0.47andthemembershipin thefuzzysetCritical
is 0.125. This providesa smootherandmoreformal evaluationof thedamage,rather
thanselectinganarbitraryvaluefrom adiscretesetof four elements.

6 Example Application to Real-life Data

In order to demonstratehow the proposedfuzzy expert systemis appliedwe chose
to useit for calculatingtheweightof evidenceusingreal-lifedata.Theenvironmental
issuethatwaschosenfor thispurposeis theprotectionof thesturgeonpopulationin the
MuskegonRiver. Overfishingandpollution areconsideredastheprimary reasonsof
thesturgeonpopulationdeclinein theMuskegonriver, whichdecreasedfrom about1.5
millions in the1800sto lessthan5000in 2005(Zollweg et al., 2004). If overfishing
andpollution continues,the remaining5000 long-living fish will becomeextinct in# 15years.

Accordingto theproposedfuzzy expertsystem,thefirst stepis estimatingtheen-
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vironmentaldamage.This canbedoneby usingthefuzzy expertsystemdescribedin
Section5, wherethenumberof individualsexpectedto beaffectedby thedamageis
5000,the effect of the damageis wildlife death, andthe damageis irreversible, due
to previouscasesthat introducedsignificantdifficulties in recoveringfish population
(Bronteetal., 2006).

Thevalueof theantecedentvariableIndividualsis 5000,andbasedonthemember-
shipfunctionsdescribedin Figure6, thedegreeof membershipsin thefuzzy setsFew
andTownare # 0.9 and # 0.1 respectively. Basedon therulesdescribedin Section5,
the rulesthat will be assignedwith positive strengthsare(Wildlife, Few, Irreversible
�� Medium),which is assignedto 0.9,and(Wildlife, Town, Irreversible �� Medium),
which is assignedto 0.1. Therefore,themembershipin thefuzzy setMediumusedby
thefuzzyexpertsystemdescribedin Section4 is 0.9.

The estimationis that it will take 15 yearsuntil the sturgeonbecomesextinct (if
overfishingandpollution continues).Therefore,the membershipof 20 in the fuzzy
setShort is 0.75, andthe degreeof membershipto the fuzzy set Immediateis 0.25.
Degreesof membershipto all otherfuzzysetsdefinedontheantecedentfuzzyvariable
Timeare0.

Theprobabilityof theextinctionof sturgeonif overfishingandpollutioncontinues
is 1.0, sincethecurrentknowledgecandeterminethat overfishingandpollution lead
to extinction of species,suchastheextinction of lake troutsin the lower greatlakes.
Thedegreeof membershipof 1 in thefuzzysetHigh is 1, and0 to all otherfuzzysets
definedon theantecedentfuzzyvariableProbability.

Theevidencein thiscaseis 100%,sincetheeffectof overfishingandpollutionhas
beenwell studied,andextinctionof fishdueto bothoverfishingandpollutionhasbeen
recordedin thepast.Thedegreeof membershipof 1 to thefuzzysetStrongis 1,andthe
degreeof membershipto all otherfuzzy setsdefinedon theantecedentfuzzy variable
Probability is 0.

Consideringthefuzzy ruleslistedin Section4, theonly rulesthatwill beassigned
with a positive strengthvalue are (Medium, Short, High, Strong �� Balanced)and
(Medium,Immediate,High, Strong �� BARD). Thestrengthsof therulesare0.75and
0.25 respectively. Using the center-of-massdefuzzification,the weight of evidence
determinedby thefuzzyexpertsystemin thiscaseis # 55%.

Basedon the computedweight of evidence,a court using the proposedsystem
shouldallow any activity in theMuskegonRiver, giventhatthepersonor organization
providedevidenceof 55%thattheactivity doesnot involvea risk to thesturgeonpop-
ulation. Alternatively, evidenceof 45%thatshows risk shouldbeenoughto stopthe
activity. In practice,theMichiganDepartmentof NaturalResourceslaw enforcement
division decidedto forbid fishingactivity in theMuskegonRiver (MDNR, 2004),but
did not specifytheweightof evidencerequiredfor stoppingotheractivities thatmight
introducerisk to thesturgeonpopulation.

Sincefuzzy expert systemsare usually implementedusing computerprograms,
courtsusingthisapproachwill nothaveto gothroughthecalculationsdescribedabove,
but simply type in the numbersand get the determinedweight of evidencefor the
specificcase.
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7 Conclusion

Determiningtheweight of evidencein environmentalcasesis a well-known concern
in environmentallaw. Standardweightsof evidenceusedin criminal cases(0.99)or
civil cases(0.51)arenot availablewhenimplementingtheprecautionaryprinciple. In
thispaperweproposeda formalmethodfor determiningtheweightof evidencein en-
vironmentalcasesbasedonseveralobjectiveparameters.Thecalculationis performed
by usinga fuzzy expert system.The fuzzy logic modelshouldbedefinedby regula-
tors,with theassistanceandcooperationof ateamof environmentalscienceandpolicy
experts.Oncetheexpertsystemis defined,all courtscanusethesamemodel,sothat
theweightof evidenceis quantifiedin anobjective andnon-arbitraryfashionthathas
a minimal dependency on thepoint of view of thespecificpersonor courtmakingthe
decisions.
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