
81 ,
" 



Methodologies 
for Intelligent Systems, 4 

Proceedings of the Fourth International Symposium on Methodologies 
for Intelligent Systems held October 12-14. 1989. in Charlotte. 
North Carolina 

Editor 

Zbigniew W. Ras, Ph.D. 
Department of Computer Science 
University of North Carolina at Charlotte 
Charlotte. North Carolina 

North-Holland 
New York • Amstenlam • LoDdoa 



No InpclflUbility ill USIImed by !he publis.IIcr (Of .,., injll., 1ttIJI« 
dama,e 110 propeny IS • maaet of producu liability. IM,I'" 
Of oc.IIerwilc. or from IDY 11K Of' opctItioG 01 lilY mcdIoda. producU. 
imtrII<:tioaI. Of idcu conWned ia !be IIIIlaiaI heteia. 

Eberier Sc:iJeDce PubliIIIiq Co.• lac. 
6SS A'I'CftUC of1he Americu 
New \brt. New 'Volt 10010 

Sole disIn"bulOrs outside !he Uftiled States lad CII\Ida: 
Ebc'vict Sc:ie.IIcc PIIblishers 8.V. 
P.O. 80.. 211. lOOO AE Amstetdam, the NcsherlaDds 

C 1989 by Elsevier Science PIIblishin, Co., Inc. 

Tbis boot hal beea tqistered wid\ the CapJrifhl C'Iaruce c-r.1nc. 

For ftInhcr infonnatioll. pIaM COCIf.ICt the Copyriaht C'Ie:IrMce Caller. lac.• 

SaJem. Massaehuletts. 


UbrIry ofConpess CaIIJosinI-ia·Pllblicaioa Oala 

lntenIatioftll Symposillm OIl MethocIoIoPa for _1Ii.­
Systems (4Ch: 1989 : CIwtot1e. N.C.) 
Proceedin,s of1he founJIlmel"lllioaal Symposium 

OD Mcthodoloaies for blleUiaenc Sysrcms. beld 
Oc:tobef Il-I". 1989. ia C'ltarloac. N.C. 

(Mcthodo1oaies for _iii.. tys&elllS ; ") 
NThe symposium wu... spc:II1$Oftd by UNC-C'Itartone••• 

(eul.J"-Fwd. 
I. ArtifICial ialeUipacc--coaamsa. 2. Reasoa­

in,-COD,raseI. 3. 1Caow1ed&e. nco., of-Coo,rasa.. 
". t..op:. SymboUc: aod mat.be~'. 
l. Rat, Zbi~ D. Uai~ ofNonll CIJoIiaa. 
C1wtone. m. rille. IV. Series: MedIodDIo&ia tor 
iDtellipal systClIII ; Y. ". 

Q3)US76 1919 006.3 89-22991 
ISBN o.4W-OlSl6-1 

Oammt priIltina (last dip): 
109"6S4321 



3'9 


A MlJ1..TISEARCH APPROACH TO SEQUENCE PREDICTION. 

Pawel A. Stefanski and Jan M. Zytkow 

Arlindal Intelllaeact Center, (ieor,t Muon Unlyersity. 

Fairfu, V A 22030. 


ABSTRACT 

In chis paper we de1Cribc MS.SPARC, I mulliJan::ll system dill pm:ticu 
!he next evenl ia I sequenc:e. Events IR collections of IUribute-value pain. 
Predic:tiOils IR made by application of replarities (rheoIy) diSCO¥CnlC! ia Ibe 
sequence. As die reJUlarity or theory becomes IDOR complete. the prcdic:Oocl 
bcc:0'IDet more dctenDln.istic:. Formulaunl a dIeory iDvolva Illumber ~ ac:dYilics., 
indudine derivltiott of awr.ilia:y Ittributes. seloc:tiOCl of focus fot rep.larity 
delCCtion. reJUllrity Fnention. testine Complea:DCSS al!he dIccr1. etC. 1'1Ie whole 
process is complex and bctero,eneous. CluSia, serious control problems u 
reflected ia limited capabilities of die exisan, systems. Ia response 10 lboIe 
control problems our system is ConSlrUCted OIl an explicil combisw:ioll of tntnl 
searches. lISin, mwliscan:h mctbodololY whicb hu been developed n=ceady 10 
support die c:onsa:uc:tion of complex AI S)'Sa:ms. 1be multisean::b appmldllDows 
for a bener understandin, of the tlrob1em sa:uc:ture. (or expa.!ldin, the sysam by 
addition of new searches and for SU1'luiation of other ~uellCC pn:diaioa S)'SIItIDS. 
Narunllocations IR created widlin each sean:h for additional ICII'CIl operan IIId 
heuristics. In addition to die known recu1arity ~medlods. MS.sPARC CIIl 
discover recularities dlat an: composed of partial re&Waritia. dill hold Cor subsers 
of aD eveaD. 

1. MOTIVAnON 



L PROlLEM DESCRIPTION 

In DW1y pndic1:i«I taW n!qWrir.C pftCl"I1 inodlipnee., Sl.II:b IS st:IDdard ime11ipDCe lUll 
or Elev.sis a.rd pme (21. the main dift'kulry I.ies acilha' ill II.IIderm.ndiftc the e1emetIwy neps aa 
the .....y 10 disc:ovay. IlOl' ill !be capabiliry for PDa'lIin, them. Once I recu1ariry hIS bee. 
detected. il is =lI1y Iriviall) Cft\llDCnte !he M'ICeSSIl'J sreps. The pobIcm COIISisIs in Choosillil 
search melbod thaI Clll sy1rcmaUcally yet flexibly apply v&riGus simple steps. Ideally. such I 
meIbod shou.Id cry ada $OIulioa only once. be able to I"IIda simple solw:iaas fine. be driYell by 
!be dall &lid infet'lDl.'diaf.e reJUlarilics found in the -ence. and stop IS SOOQ IS the complece 
thecry has beel'l fOUDd. Solvinclbe pR!dicdoo probleall;difftcuh because tbe IDCMI rowatds tile 
soludoa are ~ We may say dw they cccur in di1t'1reIII sarcb subsplces &lid lWiIIC 
them toaether ClIISCS contrOl problcms. Olobal COCIcrol is diftlcull because the search shou.kl be 
bolh systematic IDd effieielU. Wc believe thal CtlflCept1141 CO#llplulry is responsible for the 
overall dift'iculry ~ the wit co a larJer elllCllt than ~ compluiry. Cuttilll dowu oa 
cooc:epr:ua1 complwry is die major advancaae of mwtise.trdl approadl. Since pn:dicticn of the 
nc~ event is a complcll. multifaceted wt. it is III i.rue:rc.sIinL::licali<J8 for the muJdsean:b 
approach. The problem is co s~tially repreSCllt differenl IS differenr problem spaces, 
..; lint these spaces lOIether. and impose syuematic yet e6x:iau eonaoL 

J. MtJLTISEARCH METHODOLOGY 

Because die multiseardl methodololY WIS presented Itlcnp elsewhere (3)(11). we 
restrict ounclves 10 the few basics. III a mwtiscar<:h system. different searches are explicitly 
described by sepame su.rdl rempllllu.. Searcb wnpI.a.ces are objea rypcs. whid! are defined in the 
eounc of muJtisean:h prop-am dcvelopmenL InswIces of those templateS. dlat are created at die 
runtime durinl the course of problem soIvinl are c:a.Ile4 UQI'C/t fIOdu. They CXln'espond 10 DOdes 
in the search cree. Tbe system is driYCll by the se41'c/t i.IIWl"'NT • which performs the muJlisearch 
by creaM, the cemplate instanceS. executin, the code included in each inswIce. and maintaininl 
the StICk of active search nodes. AU search cemplateS include the same ,cneric list of sloes. Soma 
slots store !he code IppUeahle al a panieular phase of the search proc:ess. Other s10u are used for 
storinl data that identify a particular seareb state and the tnowled,c relevant to mat state. 
Cace,OrizatiOD of the code into seareb phases provides a lIDiform and useful Stl"UCtllre. 'The 
programmer is free co decide what code to put ill apartic:uIar s1oc. 

Each seardI node is gcnerated at the runtime IS an in.sta.na: ~ thc correspondin, sea.reh 
template. It inherilS default .elions and operators from ilS ICInplare. unless the defawt values are 
explicidy overwrinen. The values of parameters are particular to the inSWICC and are ICtIerlled 
from the parent node, accordi.nClo the circumsta.nces. AIlfliit a searcb node ~s been ,enemed. a 
sequence of actions is performed possibly resullinl in Icncratioa of cxhcc nodes. ill performinc 
various actions, IdjuSM, hcuristic:s at ocher instances. Cle•• until the exccutioa cermin.ucs &lid the 

. result is returned CO thc parent node. Figun:: I Il1lCCS schcmatic:ally the depth-fint muldsean:h 
process. u implemented 1ft MS.SPARC. 

4. DESCRIPTION OF MS.sPARC 

'The iIfpIM II) the system is a finite sequence ofeventS. Eadl CYCIlt is described IS a set of 
aariblltc·value pairs. All eventS sIwe die same aaribuces. The alD\"butes present in tile input are 
called WiIo. MS.SPARC can deriw new amibuteS fmm those currently preseDl ill the seque:nc:e,
usia, rrustomwioas whose descriptions are in the bowlcd,e but about the domaiD. Those 
new amibufa are called ~ Derived ilmibutes can fu.Uy panidplllll in future cnnsformadoas, 
IbereCore we can have a hicratehy of derived auribuces. The ~ is provided wilh deJcripcions 
01111 domains ofaaribuce values &lid with generic nnsformanoas. Tbey c:onstilUce the IgIowlcdae
IIIK of the system. In addition to buie anribuces "1 inaoduce an independellt attribute 
·positioa-, wbieh COITesponds 10 the event number in the sequence.. This laribute panic:ipaces ill 
lI'IDSformations and re,ularity search to,cthcr wim 0Ihcr amibutes. but no rellIlarity is ever 
aaempted (or the position aJone. since itS neu value is obvious. 

TIle outpul consists of a set of rellIlarities discovered in the input sequenc:e. FcrmaIly. 
each rellliarity is an exccutable expression. k caD be evaluated by the user or applied 
autOmatic:a1ly 10 !X'Cdict the ncxt evcntS in the seQuence. ScmIIltic:ally. a regulariry is a resaictiors 
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Input .equence: attribute CV, value.: 2358 12 .•? 

derive new allrtlute: 
diHereta(CV#i. CV#(,.,)} 
values: 1 2 3 .. 

run time 

caed~O 
Open (adiYe) nodelO 
cal anolher search-­........... 

.... medII: 

... 

cllfenlnClt(CVII.CVI(!- t))e 
position(CVtl)-t 

FiJln 1: Depdl-First Multisearch Scbema ill MS.5PARC 



J6Z 

FleuR 2a: Seardl CONSIDER.AU...BASIC·ATTIlIBUI'U 

F"!pre 2b: Searda TRANSFORM 

other attributes. calliDll FJ:ND.REGULA.RITY search (611ft ]d) lor eacb combiaad.oo 01 
anributet. Diffe:mu c:ombirw:kJas are coasidered because I reraJIrit7 may iImlhe ODe or _ 
anrlbutet. 1'1:10 reJUlarity ((RANK ~J • 10) imolves ODe 1IIn...... bul {(DIFFERENCE (RANK 
:r) (POSITION %)) • (POStI7ON (+ ~ 1m uses POSmON at DIfFERENCE wllicll. in tum. 
is derived Cram die IIInOUtel RAN1t: and POSmON. and YCIJ clfecti~ly allows (0 predia &be 
valueofRANJt 

FJND.R.EGUl.AR.lTY (fipre 2d) taka &be lists of n.lucs lor the attributes dIU TRY· 
DOMAlN sela::fed and tries (0 til diem ., I mamber ofrepImty paaems ormodels. Modularity of 
desip allows (0 use any number of models ill FJND.REOlJI..ARiTY. CurreAdy. t:bn:e models are 
impIemenlled, Qrdered aa:ordiDl to dIeir predictive and simplicity: 

• I conStaDt model. lor inSWlCe ({RANK %) • ror!lIicb says dial all oventS in tho episode 
have the WIllI ruk:, 10. 

http:combiaad.oo
http:CONSIDER.AU


16J 

..... ,\1 • All ..... All .42 ..... .u: • .u:·l 

Fleur. 2.:: Searda TRY·DOMAIN 



aaribuleS are described ill the followin. sectiOIl. Wllell no more plausible eombinatioas of 
amibuIIU r=Wa, the concrol ~NI'IIS II) TRANSFORM.. wbidl evaluara any ~auJaricies dw have 
beea found. 

RcpLaritia are evaluated and compared based 011 their predictive power, meulftd u 
their noa-dcletmiAacy. We preseat ~ oae silnJ)Je eumple ok ilS lISe: let's assume, lJw the 
foilowin, rule was fowld for the baSIC aa:ribu1e SOTr: ((COLOR %) • RED). It doesz!'t allow us 
10 pm1ict !be SUIT aa:ribuce «die next card Mill the l()()li c:auinty, but nevenhdess. it it IlSeful 
u a ~saictioa OG the set of allowable values (it excludes SPADES an4 a.l1BS. leavin, 
DlAMONDS &lid HEARTS). As it doem't distinpish be~ twO different values of the basic 
aaribuce surr. its aon«terminacy measure it 2. The noa~y measure it a fuDction « 
the ~auJarity model. the am'bura involwd. and !heir values. 

The final ~sult« MS.SPARC"s multiscarcb process i. a set« ~plarities (theory). 
wtticb caD be used II) predict the next ewnl A Y1lid prediaioa can be Illy event whose anribuce 
values satisfy all reslrictions presem in die de~ theory. 

5. SEARCH HEURISTICS IN MS.sPARC 

Eacb space in a multisearcb syswu CIII be searched by application of different seartb 
methods. and different spaces can be linked topther ill various ways. The multiscarch approacb 
&cnemes systems thaI can be euily recontipred and conlrOllcd heuristica1ly in the inrcrest of 
computational tnctabiliry. cocnitive modellin.. and the Iikc. The tools include the comroI of the 
depth. the ~hin, factor. selective expansioa of active nodes. die order of node expansiOll, and 
many othen. In the MS.SPARC system u in all multisean:b systems. we CaD distincuitb 
diffe~nt Icinds of heuristics: 
(a) global heuristics ror tbe multisearck, whicb are used to link the searcb templaces an4 
direct the ovenll search. Examples « those heuristic:s include: 

• Il what point and under wtw condilioas a particular search c:alls anochcr. 
• the overall searcb conll'Ol for instana:., dcpcb fim or brudd1 fim mulrUeazdl COIIII'Ol 
• p~defined maximum dcpdllevel for each seaJdl. wbicb can be modif'JCd. if no ~cuWity 
wu found for the previous value· similar II) ilemive deepenin, [4]. 

(b) local beuristics ror tacb seare ... whicb detcrmiDc the method of search (depth-tint, 
breadth-fint. best-tint). overall consU'linlS 011 seartb (maximum depth). and local seartb 
behavior specific to various nodes. The foUowin, examples iDcludc some heuristics used ill 
MS.SPARC: 
(i) global level heuristics. used to select rules 

• global parameter FIRST· STOP whicb coaaols wbecber the search slOpS after lbc tint 
recu1ariry for a live a basic attribute was found., or Dies to continue until either"lbc beR" 
relUlarity it found or all possibilities are exhausted. 

(ii) heuristics tor searc:b nANSFORM 
• transformatioas are selected based OIl their simplicity: unary. tben binary without 
parameten. then binary with p~ten (like "ooItback'"). 
• if the results of a lnnSiormatiOll u applied II) a sequenc:e are OUtSide of expected Rllge. the 
tralIsfonnaaoa it abandoned (like in the case. whell cbe results of DIVIDE tranSformatioa 
are nOl inteFS). . 

(iii) heuristics for sean:b TRY·OOMAIN 
• no derived attribute should be combiDcd with any of its ~son. e.1- (DIFFERENCE 
RANK POsmON) wicb RANK. 
• if the CODStaDt recuWity bas been found for lbc earlier inaoduc:ed aan'butc, there is no 
!'CaSOn II) combine it wicb die cuncm one. 
• if no ~auJarity wu f'ound for cbe earlier inaoduced attribue. try II) combine it,· accordiD, II) COJrIiti'Ye experiments. l'IIIO (Il most) diffamt attributes caD paniciplle in any 
regularity. This heurislic also sipUficandy m1uces die search spICe for TRY-DOMAIN. 

(iv) heuristics for ICal1:b FIND-REGULARITY 
• prefereDCe for the models dw caD produce simpler rquIarities. 

(c) domain-dependent beuristics. ~preseQted in the knowledge base. such u: 
• types. arguments. and priorities of tnnSformations. 
• allowable panmeten and dleir priorities for eacb traDSfomwiOll (for example. '100kback"" 
paramerer for the "difference" InIIsformatiOll). 
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• unfeasible models for uch domain (for example. it is worthless IC loot for !he Iinut 
repl.lril)' for rhe aaribuDe COLOR). 

6. ANNOTATED EXAMPLE 

Fipre 3 pmeots rhc process of ftDditIla replariry for die IiYell seqvctICC of numbers. 
Only those dcri'lldaaribU1l:.l which pnwed fruid'ul ill tladinla theory are sbowa. AlrI:r applyiAl 
!he DCVIDE nnsiormaaon rhe s~ realized dw die results are II! irlDeptS. wIIidI aDowed ic IC 
continue doWD dw path and try ocbcr lI'IIISfomw:ions (dUs is one of die local search beurislic:s. 
described above). Ooe of rhcm was die DIFFEllENCE tn.nSfomwion wi!h 100kblck pll"llDCDet 
equll 1. One C!!C)R Ipplicaaon of dUs nnsformalioa lives die COIISCIIlt repllriry I'ar die dcri'lld 
attribuTe. which caD be than propaaa.a:d back and relUmS dcterIninistic: pndiclion of rhc vllue I'ar 
the !lext eYellt. 

51 99 144 115 110 147 .•, 

3 4 S 6 7 

(DIVIDE (VALUE?1E) (POSI11ON !:II)) 

30 11 

3 -1 -S Jf 

Initial episode 

F'tpre 3: Example. 



7. CONCLUSIONS 

One of our min ,0&11 in COGJU'UCQII' MS.SPARC wu to ICII the multisearcb 
mcthodolOfY 011 a new. illlI:testin, dom&iII. wIWc IIIbI: IIIIIC time to prcMk competitiw: solullOG 
IC' thc ~oa problem. AI a 1'CS'IIlI we obWncd a Jys1laD blUed 011 a clear JInICtW'C whicb is 
fleJtiblc IDd cuily modiflable. MillY ocher 'YSlCIl'II CD be simulalled ia MS.SPARC, by 
nsaictin, me nl&lDbet rA anribula aDd aucb mec:/wUs1DL Our IyswD CIA be viewed boch u a 
collcctioD ollllOb far solviDl sequemi&l pndic:tioa problems. and u a _ rA workin, SystmII 
which differ by IClIIle beuristic:s. Bec:wc 01 III u:pJ:icil cambiJwioD ollCw:nJ searthes, 'We 1110 
IChieved a bro.1 xcpe 01 ~ 0tI!cr i.mpanaIu t'caIIIra 01 cur J"Y1'tID arc: 
• the CXlR fYS1IaD is dom'in.jndcpCodMt. wbile a.Il c:lcmaiD-specific: kDowled&c resides iD easily 
mx1ifiabIe dau swcr:ures (dcmain-dependcm Ir:DowJedp·buc). 
• the syuem caa diJcI:mo:z bodI DM:deg;rmjnju4; and d!:tmmjniUi; n:plariDcs. 
• (ollowiDl hWlWl pcr(ormanc:c. the sytlCtD discow:n simple ROlarities tim and only if 
unsuccessful. p1Idua11y incruses the complex.iry (u opposed to SPARe [6]). 
• a1thouab DOl U 0Wb1e u $eek.Wbeoc:e (5). our SysUl caa gptifx the pn:b maICcil!J beiDi 
used. while wutin, 011 the patticular problem. 
• syStem is boda mgdcl. and 4&r&=drim. Se.aR:h (er n:pIariQe. is limited by models available to 
the system. wbile 011 !he odIcr hud. daLl-dependcnt beurimes II'C II$Cd to select plausible 
rnnsformarioas and models. 
• MS.SPARC CID easily incorpon.re more discow:ry methods by insen:in, new sca.tebes and 
adjustinl data tqlmCllwioa. It is then:fcn well modula.rizc:d.lDd with tJlis ~spcct. '" beliew:. 
superior to otbet J)'S1mIS. 
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