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ABSTrACT

Neuro-fuzzysystemsbasedonafuzzymodelproposedbyTakagi,SugenoandKangknownasthe
TSK fuzzymodelprovideapowerfulmethod formodellinguncertainandhighlycomplexnon-
linearsystems.TheinitialfuzzyrulebaseinTSKneuro-fuzzysystemsisusuallyobtainedusing
datadrivenapproaches.Thisprocessinducesredundancyintothesystembyaddingredundantfuzzy
rulesandfuzzysets.Thisincreasescomplexitywhichadverselyaffectsgeneralizationcapabilityand
transparencyofthefuzzymodelbeingdesigned.Inthisarticle,theauthorsexplorethepotentialof
TSKfuzzymodelling indevelopingcomparatively interpretableneuro-fuzzysystemswithbetter
generalizationcapabilityintermsofhigherapproximationaccuracy.Theapproachisbasedonthree
phases,thefirstphasedealswithautomaticdatadrivenrulebaseinductionfollowedbyrulebase
simplificationphase.Rulebasesimplificationusessimilarityanalysistoremovesimilarfuzzysets
andresultingredundantfuzzyrulesfromtherulebase,therebysimplifyingtheneuro-fuzzymodel.
Duringthethirdphase,theparametersofmembershipfunctionsarefine-tunedusingaconstrained
hybridlearningtechnique.Thelearningprocessisconstrainedwhichpreventsuncheckedupdatesto
theparameterssothatahighlycomplexrulebasedoesnotemergeattheendofmodeloptimization
phase.Anempiricalinvestigationofthismethodologyisdonebyapplicationofthisapproachtotwo
well-knownnon-linearbenchmark forecastingproblemsanda real-world stockprice forecasting
problem.The results indicate that rulebase simplificationusinga similarity analysis effectively
removesredundancyfromthesystemwhichimprovesinterpretability.Theremovalofredundancy
alsoincreasedthegeneralizationcapabilityofthesystemmeasuredintermsofincreasedforecasting
accuracy. For all the three forecasting problems the proposed neuro-fuzzy system demonstrated
betteraccuracy-interpretabilitytradeoffascomparedtotwowell-knownTSKneuro-fuzzymodels
forfunctionapproximation.
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1. INTrodUCTIoN

Systemmodellingistheactofapproachingarealsysteminordertofabricateatheoreticaldesign
thateasestheunderstandingoftherealsystem.Thegoalisthedesignofcomprehensibleandreliable
modelsthatenabletoexplain,simulate,control,predictorimprovetherealsystem.Inthisregard,
fuzzymodellingisawell-knownapproachtomodelarealsystemusingdescriptivelanguagebased
onfuzzylogic(CasillasandCordon,2003).Fuzzymodelsofferuniquebenefitsinsystemmodelling.
Thesesystemshavetheadvantageofexplicitlyrepresentingexpertknowledgeintheformoffuzzy
if-then rules.Thisenables tomodelvariousaspectsofhumanknowledgeand reasoningprocess
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withoutusingprecisequalitativeanalysis(Jang,1993).Thesesystemsarethereforeusefulinmodelling
uncertainandill-definedsystems.Also,fuzzyif-thenrulesresultinbettertransparencyasitiseasier
tointerpretthesysteminformationallowinganin-depthunderstandingofitsfunctionality.Likemulti-
layerperceptron(MLP),fuzzymodelsarealsocapableofuniversalapproximation(Castro,1995)
butstandalonefuzzysystemslacklearningability.Asaresult,neuro-fuzzysystemswhichcombine
theadvantagesoffuzzymodelsintermsofinterpretabilityandlearningcapabilityofartificialneural
networks(ANN)wereproposed.Incaseexpertknowledgeisusedtobuildafuzzymodelitiseasierto
ensurethatthesystemremainsinterpretable.Ontheotherhandifautomateddatadrivenapproaches
areusedtoconstructfuzzyrules,theinterpretabilityaspectisnotnecessarilyguaranteedasitusually
resultsinafuzzymodelwithpoortransparency.Infacttherearetwomainbutcontradictorygoals
ofdesigningfuzzysystemswhicharealsousedtoaccessthequalityoffuzzymodels:(1)accuracy
whichistheabilityofthesystemtofaithfullyrepresenttherealsystem;(2)interpretabilitywhichis
theabilitytoexpressthebehaviorofthesysteminacomprehensiblemanner(CasillasandCordon,
2003).Inpracticaldatadrivenfuzzymodellingoneofthesetwopropertiesprevailsovertheother,
increasingoneusuallydecreasestheother.During1990’significantproliferationintheresearchon
fuzzymodellinghappenedbutthefocuswasonimprovingaccuracyasmuchaspossiblewithno
attentionpaidtowardsthemainmotivationofusingfuzzysystemswhichistheirdescriptivepower
(IshibuchiandNojima,2007).Varioustechniqueswereproposedthatincreasedaccuracyofthese
systemswhichusuallyincreasedmodelcomplexityalso.Nonetheless,latelythereisashiftinthe
fuzzymodellingresearchtowardsachievingatradeoffbetweenaccuracyandinterpretability(Yen
andWang,1999).

Theneuro-fuzzysystemsbasedonTSKfuzzymodellingtechnique(Sugenoetal.,1988)areone
ofthemajorareasintheoreticalandpracticalfuzzysystemliterature.Thesehavefoundsignificant
practicalapplicationsinprediction,controlandinference.Widelyusedneuro-fuzzymodelslikethe
oneproposedbyTakagiandHayashi(1991)andadaptiveneuro-fuzzyinferencesystem(ANFIS)
(Jang,1993)arebasedonTSKmodel.ButTSKbasedneuro-fuzzymodelshavebeenusedinpractical
applicationsmainly to replaceother non-linearmodelswith focusonhowaccurately themodel
approximatesarealsystem,ignoringtheinterpretabilityaspectwhichisthecoremotivationforusing
fuzzysystems.Thisismainlyduetotheassumptionthatafuzzymodelisimplicitlyinterpretable
intheformoffuzzyif-thenruleswhichisnotessentiallytrue.Therefore,thesesystemshavebeen
usedinmuchthesamewayasotherblackboxtechniqueslikeANNswithapproximationaccuracy
asthemaingoalwhichisquestionableasindicatedinNauckandKruse(1999).However,latelythe
researchtrendinfuzzysystemmodellinghasshiftedtowardsobtainingmodelswithhighaccuracy
usingvariousapproachessuchthatinterpretabilityisnotcompromised.Thispaperinvestigatesthe
potentialofTSKbasedneuro-fuzzysystems indeveloping interpretablemodelsofcomplex real
systems.Themethodologyisbasedonemployingtechniquesthatensureinterpretabilityduringthe
twomainstagesoffuzzymodellingviz.structurelearningandparameterlearning.

StructurelearningofaTSKsystemistypicallyadata-drivenprocessinwhichtheinitialfuzzy
rulebaseisgeneratedautomaticallyfromexperimentalinput-outputpatternsusingmethodslikedata
clustering.Thisprocessusuallyintroducesredundancyinthemodelforexampleintheformofsimilar
fuzzysetsofvariablesandredundantfuzzyrules.Thisleadstounnecessarycomplexitythataffects
themodel interpretability.Forsimplifying therulebaseand therefore improving interpretability,
structurelearningisfollowedbyasecondphaseinwhichweusesimilarityanalysisbasedonaset
theoreticsimilaritymeasuretoidentifysimilarfuzzysetsandwhicharethenmerged.Incaserule
baseredundancyishigh,mergingofthefuzzysetsresultsinredundantfuzzyrulesintherulebase.
Tohandlethisproblem,rulemergingissubsequentlydonetofurthersimplifythemodel.

Parameter learning involves the use of a learning algorithm to fine-tune the fuzzy model
parametersformaximizingapproximationprecision.Parameterlearningoffuzzysystemsisusually
performedinanunconstrainedmannerduringwhichhighlycomplexfuzzyrulebasesmayevolve
leadingtodecreasedinterpretabilityofthesystem.Therefore,aconstrainedhybridlearningalgorithm
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