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Temporal Reasoning in Medical Expert Systems 

by 
Isaac Samuel Kohane 

Abetract 

Dileues develop and chanae over time. Much of the distinction between patho­
phyaiolop:al compi.. reeta on the ~ relatiom of their component eventa. 
Therefore, knowledp b.,. that fall to capture the temporal component of the 
coune of diHw om.it uaeful diapomtic bowleqe. Bx.pen l)'Bteml that cannot 
reuon with temporal knowledp are impaired. la ~ bew.n hypothe­
sea and therefore have to explore much lupr probleaMpacem than would a human 
or temporally aoplu.ticatecl a:pen .,.._. TemponUJ naive expert l)'8teml are 
a1ao limited in Ute cnent to which Uwy follow hum diapottlc •trle and provide 
reuonable aut.omat;ed aplanatiom u.d dfapc!'*tc qwtiona. 

The Temporal UUlRy Pechp (TUP) ii a &wnaia Independent utility that is 
d•iped for UN with a wide '9U'iety of bowi.tae Npraentatlom. TUP can fep- · 
resent point., intenala, qualitaiive uid quaaU~ Mm.poral relatiou, aroups of 
pointa, common Maiporal "yardatm: and ~ Mmporal context.. TUP em­
ploy1 a form of conatraint prop9piion to m.ab temporal ~. Aa the infer­
ence computation. srow- rapidly with the nvmh- cl point., TUP enabl• temporal 
deduction.I to be performed locally by "c:hvakiac" the Mlaporal data bue. The 
knowledp atrudure. of the applicadon doa1aln caa be uecl to automMic:ally auide 
thia "chunkin&" procw. C..tabl upect. of TUP'• performance may have their 
parallel in humaa copition. 

THRIPBT m a ~expert 911tem thai ciemoutl'Uel TUP'a application and 
the role of temporal reuoain1 in difrerai pllw of the cliapmtic procw: data 
gatheriq, hypothelia eYOC&tioa, elaborMioa, m.atlalioa, a.ad hypotheeia rankina. 

TUP and THJUPBT lopther illuVate ... telaporal rwonina ia necwary for 
aucc ... ful second paeration medical expert .,.._, and laoto to provide this capa­
bility. 

Keyworda: temporal reuonina, medical diapoaia, expert system.. 
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1. Introduction 

In 1982, Drew McDermott (38} wrote, 

A common dilclaimer by an Al [ArtUlci-1 Intellipnce) author ia that 
he hu nealected tempor-1 conaiderationa to avoid complication. The 
implication ia nearly made that adcllaa. a temporal dimen•lon to the 
reaearch (on enaineerinc, medical d.iapa.ia eic.) would be a familiar' 
but tediou eurciM that would °'*1:&N tile uw maWial pr.-ated by 
the author. Actuall)', of coune, no one hu eYW dealt with time correctly 
in an Al prosram, aad there ia HMaa to belieft thU doina it would 
chana• eYerJthin1. 

There are many reuom why this should be. Phenomena that we auociate with 
time's pwap, l11Ch u chanp, are ubifpdtoua. Thia ia nlectecl in our view of the 
world, and the Wacuce uul 11.0UtioD. we ... to clwribe it. It ahould ~ore not 
be aurpriain& if apert .,...._, bereft of a coacept-1 repr•atation and vocabulary 
of time, u ...U u the necwuy mechgilme to make temporal inferencel, fail in 
general to interact smoothly wWl u. :sxp.t .,... .. performance and knowledge 
acquisition ia at . hen bacomplete aacl at WOIWl fa&allJ flawed if the .,.tern dOfll 
not poa1w a .,n.matic and prindpW -..-itaa*ol" of temporal knowledge. 
Therefore, nen thouala temporal tt"Mlnc II ncK ill -.cl of hllelf autlkient to produce 
satisfactory behavior in expert .,..._, it la a HCWU'J and 1ipltlcant 1tep in that 
direction. 

In contrut to the atate of al'&in in the 1-te 1070'1, delcribed by McDermott, 
in the put 1ix 1-.r11 ......i projcu laave ....... tlae. problem of iacorporatins 
temporal reuo1dn1 ill AI proarams. Tile emphMm of th.ele projecu vary with the 
application domaia. Some areu of bowJedaa _.to he more dependent upon and 
demwliq of t.emporal bowledce tia.a otkere. The initial ~ world• experi­
menu (Ml were achqu&tetJ .....i by a 1imple orMriDa of eventl. Other applica,. 
. tiona require conalclMa.blJ mon llOp)ailtk._. Medical diapoeia and therapy are 
often teleciecl u ten t.b, aot ., madl ....._, ..,. proride realiliic testa of the 
breadth of repr•llliatlcm and the ......UtJ fll $IMt ...,_.. 111a11M1iq mechaniun, 
but becaue withoat auch ~ ,.,._.,. ill daeM dmnaim la poor. 

Within the domaia of meclical apen .,..._, tile dorU in temporal reasoning 
have tended to f0C1Ja on iuuel man reltmtat to inteuift care. That is, domains 

1 



2 CHAPTER 1. INTRODUCTION 

in which there are large amount. of real-time data aw.ilable, and where the values 
of several phyaiolosical varia.blal are known and caa chaap rapidly and often. In 
such applicatiom the em.phuie ia on abatractina poiat data, correctinc erroneous 
information, and makin1 predictiom about futuN ftlw buecl on perceived trends 
[16,32,33). In contrut, the temporal iaues in'¥0lvlna the tuk of patient hiatory­
driven diapoeia, have only been cunorily examiud. TU tuk fa the focus of thia 
th•ia. In the wtiou tJW follow, I justify this .cbola aad brielJ outline the 1peciflc 
temporal illu• involved. 

1.1 The Patient History 

Apart from Mrriq u an invmtiaational tool to ltucly the iaaUll of temporal rea­
sonina, patient biatory-driYea di..,..ia ii a wordlwltBe '8ak in terlDI of the broader 
objective1 of A.JM [Ariilcial Intellipace in M.ud.-j. Tiie pMieat hlltorJ remaiu 
the moet powerful and widely uwl diapmtic tool of ~ pnctlilonen. It 
Hl'V• to narrow the diapoetic poaibWtt.10 \W otJlei., mudl more eXpemive, di­
agnostic modalitiel can be employed aparinclJ'. Ofta, the patient IUaory ii the onlr 
available mean1 for establilhing the dWpcwil.1 Oouequea\IJ, a lipltlcant amount 
of educational ·1'8IOUJ'Cel ia apent to aupwnt aad rebe the cllaician '• ability to 
obtain and uae the patient hiltory. CapturiJls aad atonla&inc nch widely applied 
expertise, Will therefore prOYlcle health-can proriMn wiih an intellectual tool with 
which to muaap m.aDJ' of the pioblema of. tU ..akal ~ exploelon.• 

IncreuinclJ, clinical pndice9-411peciallJ l&rae holpiW. ue attem.ptinc to 
bring patient records, incluGlq t1ae patient lait&oq, oa-liae (2,4,GJ. The aw.ll&billty 
of 1uch data holda the promile Ulat apen .,..._, nuudnc ia ilMa ~d·, 
will be able to ue the patient Ju.ton. to perf'orm. cliapoltic tub without requirina 
special attention or eft'ort from health penou.el. To be able to ~ UM 1uch 
a patient hiatorJ, it ia aec-U'J' that the expen .,. ... be capable of 10phi1Ucated 
temporal reuoning u ii llluaVated below. 

1 For induce, ia ~ broac:Jaioli&il from utlam•, OI' .._,.mi1&bal rbamUoicl .nhrUia 
from 1J9Mmic hapu ~..._, tk. put .. of ....... t.M . ...-... nparte .upi 1M tile oalJ 
a'Vlilable clue. 



1.1. THE PATIENT HISTORY 3 

1.1.1 Time and the Patient ffiatory 

Any pathophyaiolo&ical procea is a creature of many dimenaiom, one of which is 
time. The patient hilltory ill a window onto thHI creature. If thHI window filten out 
temporal information, then erron will be made in ct.cribing the proc .. and dja.. 
tinpishing it from others. Morecwer, it ia often inadequate to aubetitute orderina, 
whether partial or complete, for quanti'9.iive apecitlcatioa of temporal distance, aa 
thia quantification may be eaential to chancterise the proceM. In order to provide 
a flavor of the different fonm of temporal ~ in a patient hiatory, a tran­
script of a flctitioua patient mt is preMD.tecl in the nm MCtion. Following this, I 
diacuu the role of temporal recuoniftf in the taking of the patient history. 

Scenario 

The patient, a'°""' male (J.), laN motAer {Mr•. W.) orul .the phpcian (Dr. C.) 
are in the plapiciora'• o/Jia. The mother reJIOR.t '°"""' WA 1VMiMN, ropid-
6reatl&inf, coup, orul loaa of appatite•. After the prdimtraor, tliuv.iora: 

• Dr. C.: •aow old ii J.?• 

• Mn. W .: "Two yean old.• 

• Dr. C.: "When did he flnt become 'fuuy'?• 

• Mn. W.: -Thia put Sunday, when he woke up, around 8 a.m.• 

• Dr. C.: •waa he coughin1 that momiDg?" 

• Mn. W.: •No, that •tarted later, seven to eiaht houn later. In the early 
afternoon.• 

• Dr. C.: •When did you first notice that J. wu breathing rapidly?• 

• Mn. W.: •1n the morning, two daya later.• 

• Dr. C.: "When did J. atop eating, or atop eating u much aa he usually 
doe11?• 

• Mn. W .: "Monday.• 

• Dr. C.: "A day before you noticed hia rapid breathing?• 
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• Mr•. W .: "No, during the same day he started to breathe rapidly ..• Tuesday, 
I auppoee.• 

• Dr. C.: "Anybody in the family have a cold?" 

• Mn. W.: "Everyone did, J.'1 younpr aister too - but she had bronChioli­
tis." 

• Dr. C.: "la thereat of the f~ly well now?• 

• Mn. W .: "Yea, my husband wu lut to pt it. He'• felt fine for over a 
month." 

• Dr. C.: "Hu J. ever had anything like thia before?• 

• Mn. W .: "Yea, now that you mention it, it happened about the same time 
lut year. The doctor at the time aaicl it could be bronchiolitil or uthma. 
But it cleared up after J. had spent one nicht in the holpitaJ.• 

• Dr. C.: "Anybody in the family have uthma?• 

• Mn. W .: "Yea, both my huaband and my brother-in-law had uthma when 
they were children, but neither have had any attacb aince." 

Upon /urtlacr tDOrlc-up, the pA,,Mcitm dron,lr •Uf*U tAat mAmca u U&c cornet di­
agnoaia. The patient'• reapor&H to tJac,.,. n,,.,,C. UU. ...,Uioft. TM patient and 
hU mother are Hen one montl& later /or follow-up. Dvriftf tlaia Mt, UN following 
conueraation amu. 

• Mn. W .: "Ia J. going to keep having theae attacb?" 

• Dr. C.: "A child like J., diapa.ed u havinc uthma, may follow aeveral 
clinical counea. Some JOUD1 people with uthma will continue to have attach 
during their childhood. Of thoN, a miaority have aAbma in their adult yean. 
Moat probably, your IOll will be 1J1DPMm-free bJ the ad of hil adoleacence­
u wu the cue for your huband and brotller-ill•law. Ma.awhile, we can 
manage thil problem without natricting J. '• u:tiTltlell." 

There are many temporal concepts in adi of the above queriel and ueertiona. 
Among theae: 
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• Referencee to common temporal yvdaticb •uch u the calendar, 1tagea of 
development (e.1. in infancy, childhood ad acloleecence) or numerical age. 

• Relative poeitiona of events, both quantitative (e.1. couahin& •aeven to eight 
hours" after beainninl to behave -ru.Uy. •) and qualitative (e.1. anorexia 
•durina" the period of tachypnea). 

• Temporal •peciflcation with respect to the praent ( e.1. •He'• felt tine for over 

a month." which ii an implicit 1peciflcatioa of the period immediately prior . 
to the present.) 

• Alternate temporal hypoth..... In the above example, the duration of the 
period in which the uthma would be Qmptomatic: depended on the clinical 
coune the patient followed (i.e. whel1-' the dioleue would remolve with the 
omet of adulthood). . 

Expert Sy1tem Performance 

The import of temporal repNM!lWion ia not reetricted to the ranee of expression 
of an expert SJlteln and the •humu.-llke• quality of the man-machine dial<>1Ue. It 
aleo ma.be the performance of the expst .,ntm conalderably more efficient and 
focuaed. To lllutrate thim,. tab the Uaree 8a4iap of jauadice, abdominal pain, 
and blOod trwfuaion. lmacl•• that U... are thHe (u in flcure 1.l(a)) of very 
many flnclinp la the patient hiltory la an aa*-'8&ecl mecllc:al record. A temporally 
naive expert l)'8Mm woulcl haw to include the hypoiheaia of. tn.ufuaioa-bome acute 
hepatitia B hiah la the dlireNDtial diaaac»ia. ft JDiPt be howeTer, that the temporal 
relationahipe in thil caee were nch th&\ to a humaa medical expert, there. would 
never be any qw\ioa, or at the IDG9t a low Ublihoocl Qf tJu. di81D09ia. The jaundice 
may have happened duriq the neonatal period, the abdominal pain could have 
happened after an appeadec~, and the Wwfulkm may have occurred duriq a 
later cMArian 1eetioa. 

Now, if we were. to repla.ce the previou, temporally naive expert 11J11tem with 
one capable of cwt.I reuoning, Ula the ~ .,.tem would be able to ue the 
tempor&l precedence re!Uiom betwWl camal ua--.t and couequeat to dia­
tinpiah between llOIDe hypcK)aw. If 1udl Ill .a:peri IPMm. were liven a patient 
history that incluct.d the awrtiom that a bloocl tramfuion preceded both abdomi­
nal pain and jawulice (u in fipre 1.l(b)), tha ~ hypoth•im of. tramfuion-bome 
acute hepatitia B would apin rank high in the differetial diapoeia. However, if 
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a physician had been told that the transfwlion had preceded the jaundice by only 
one day, a lot of other ca'WMl9 for the jaundice would come to mind, becauae the 
incubation period of the hepatitis B virus is conaiderable longer than one day. 

Were we to go one •tep further, to enable the previout expert system to repret1ent 
and reuon with quantitative temporal informatlon, tht. would •till be inadequate. 
For instance, if such an expert 8J8Hm were siven a patieat hiPory that included the 
auertiona that the jaundice had followed the blood traaafuaion by two months, and 
the abdominal pain had followed the tranafuion by 45 da)'W (u in flaure 1.l(c)), 
then yet again the pJ'Oll'&m would rank a.cute traufuaion.-borne acute hepatitis high 
in the differential diapoeis. lf however, the JMllldice had occv.rrec:l 20 years aao, 
then for the human expert, the diapoeia would not be a )4wUng element of the 
current differential diaposia. 

The point made by th .. exampl• ia that the ability to UM a lar1e variety 
of temporal information permit. a dramatic pruniq of tlae problem space-the 
number of hypotheses to be conaidered. Thia ii importDt beth becauae it lightem 
the computational burden of the expert qatem, ancl allo becauae it cuts down 
requeats for patient information and wta Ulat micJat iaYolYe extra ftnanciaJ coeu 
and unneceuary patient morbidity. TIWI pnminc of the problem apace aI.o hu 
the secondary efFect of produciq a more focuaecl and h.....,;.lllrie diapoatic style, 
as many obviouly unreuonable hypotheH9 an almoat hDDwllately excluded from 
serious consideration. 

1.1.2 Organization of the Dlap.oetlc Tuk 

The examplea above illunn.t.e teme of the dilmmt a-r- of tem.poral esprenion 
that can be found m a patient hiatory. To dilcul • ftrioUI rolel of temporal 
reaaoning in patient hiltoiy-driwn diapoeil, I haw arbltrarllr, divided W. tuk 
into five diatinct phuel. h ct.cribed below, Uaw ph ... -. appeu to follow each 
other in linear aequence, but u cfiacrammed in flpte 1.21 6-e may be mul'liple, 
cyclic paths throqh th .. pU... 

Initial Data Gathering 

The firat phue of the diapoHic tuk ia that of data-collection., or hiatory-taldna. 
The activity in thia phue ia larply driven by the cla.t& coUlcted, radier than by any 
hypotheaia of the patient'• pa&laoplapiological atatu. Thia ia to be diatiDauished 
from the later phaw of the dlacn•tic ~. after the eTOC&tion of hypotheses, 
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when the line of questioniq is directed by the content of the actively conaidered 
hypoth ... 2 The •compiled" data-driven protocol ia an evolutionary product of 
the collective clinical experiace which.._..._ thole que1tiona that are always 
worthwhile uJdna in reepome to a puticular clinical pNMD.tation. For inatance, 
a patient describing chest pain, will unally be ukecl about it. location, radiation, 
and quality. The temporal data will include the duration of the pain,. time of day 
of omet, temporal relation to precipitatin1 even.ta, and if recurrent, the length of 
time between epilOdes. 

In general, to avoid beina misled by erro&eOWI data, the data-pthering phase, 
takiq place u it cto. before much in.vestmmt of diap•tic effort, i8 an opportune 
occuioa to detect erron. Temporal re•mhac can ..,.. in thia effort by iclentifyin& 
at leut one clw of incouiateacy. For aample, in our earlier tn.ucript of the 
flctitiou ofllce vilit, Mn. W. '• •tatement that J. wu tachJpnejc two dap after he 
wu "fuq" {Sunday) contradict. the -'ion th&t the ODIG of J.'• anorexia was 
on Monday and yet occurred at the same time u the ouet of tachypnea (Tueeday). 

Evocation 

Following hiatory-taldna, the next diapoetic phue i8 that of hypothem evocation 
or trigerinc. From the rather larp proble.aHpace of diapOlltic catecoriea, an 
e:xperi-Q11tem (and for that matter, a hUlllUl expert) mut aelect a manageably 
small number of hypotheaem.1 Thia can be addwed by aelectlna cl..._ of hypothe­
.... baaed on charac'8ri8tic conatellatiom of ladinp in the patient hiatory. For 
inatance, if a paliellt ct.cribm swea.tiq, and a wneation -iike a ton of bricb on my 
chemt," W. •hould inmwUa'8ly Viger (brine Into cwldaratioa) the hypotheaia of 
myocardial Infarction (MI). TheM connellatiom of l.ncllnp include characteristic 
temporal patterna. Cheat pain lutiac not more diaa one or two HCOAda or more 
than one or two houn u. conmtent with aeYeral ctiapoetic poemiblHti•, including 
cervical c.teo&rthritia, but i8 atypical for an&ina. 

2Tlaia is illMra&ed ia &pre 1.21 wla .. Ute COldrol arroww illuWak nqu-. for paiiea& in!or-­
ma&ioa a& .......i ...-, .. well .. loops from It~ iawnJaa&ioa &o pro&ocol-driven daa .. 
collection. 

1S.. Newell and Simoa (42) for a diacUlioa of &Jae limiU of copmoa ucl computa&ioaal re10urce 

a.lib m maaacm1 mdiple lln*h-· 
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Elaboration 

Once a hypoth•ia la Vigerecl, the next phue of diapoeia ~,,., Uiat of elabo­
ration. Each trigered hypothU unally coaaWa of a broad cateaorY of dlailnct 
diseu•, uaually with IODle pathophJ*>lolical pMhwap in common. Each diaUnct 
pathophyaiolop:al ~ wlWn the lri&PNcl ~ la a hJpotheaia uato 
itself. The latter h~ will be refemMl to u a ,....,,,,...._ The procw of 
extractins the different aub~ wWtia the Ui••red hJpotheaia ia the proceu 
of elaboration. 

As each aubhypothem repn.enta an alterD&te cliaical coune, it ia uaually the 
cue that each of the-~ hu 4Wwi1Di Mmpenl COMV&int.. A J»Uient 
with an&ina pectoria, for imtwe, JD&7 n.t.11"'-'b' ntrer a ncldea Ml, or Int 
have conpstiw heart failure {CBI') 1Mfole the MI. or Im rdlaWJ Ider a fatal 
arrhythmia. The duration ol the interval from _.. of upna to a local1y atable 
state (death or NCOYerJ) thsefore depacls oa whicla diaical coune·il followed. To 
return to the ollce visit example, the duration. of J. '• uth•a wDI depend on the 
nbpopulation of uth•atica to which he belonp. 

Each of the 1ubhypoth .. mracted from the lri&PNcl hypothelil ia a template 
for a pouible clinical C01UllL To model a particular paiiilRt, the data obtained 
from the patient muat be ltted in 1011Mt war to U.C. aub~, to proride a 
coherent auppon for tile_ cl8IC:riW coaclltioa of tM pa*IMt;-. The procw of con­
•tructina a pM1-t model, metcbinc IDdblp to.,_. la tJae ~'la that 
or m.tantwion, tbe founll fll a. a.. ,.,.. of patieat Mltol7 hued dlap-.. 

Patienkpecilc: data funher comtraiu die ......,..i re&.tlou la the aubhy­
potheae1, and ...., whon tile -~ to t,M. Pf•-"· Ia J.'1 viait to Dr. 
C.'• of&ce, the~ data apecilal ~ dMt ~ n.it occurred fl/ttr th9M 
findinp of anoaa:la ad ..,.,._ ,... not.I, an.cl '-Ion ~ ,,.. iutituMcl. 
Thia speciflcatloa anc1aon ..... ~ w1t1a· •• ..- to &Jae pnllRt •. Thia m&J' 
seem obvioua, and yel it ,_,_ .. um ••oa.&ble dhprdic 1MlaaYior nch u •Hkina 
therapeutic etfed before Uaeapev.Uc: interYm.tioa er uki .. wlaGher J. suffers of 
asthma u ail adult. 

-------------~--- -----
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Rankins Patlent Modela 

After the creation of MVeral patient moc!U, it becomee pouible to proceed to the 
next diagnoatic phue, that of Mlectiag· the COJTeCt diapoail or at leaat rankin& 
these modeJa with !Wpect to their likelihood. MUlJ diapoatic atratesiel can be 
brought to bear in thia phue to facilitate ranking or confirmin& a patient model. 
The goal that theee atrateciel have in eommou ia to determine which datum would 
be JD08t eft'ectlft In narrowiq the mrmber of ctiapcwtic poulbilltiel or further 
dift'erentlatiq Ute more Ubly from the 1- likely. 

Temporal information often cos*8 little to acquire and can al8o HrVe the v&ri­
oua diapodic •traMclel' to ~ Mtwwa patient modela. In diatlnauiahin& 
between an acute and a recent MI, it would be 1Ullful to obtain Mrial SGOT me .. 
auremau to determiae whether the SOOT peak wu appr0Khin1 (the SGOT peak 
occurs within 24-48 houn of an MI) or pat. ID the a.me vein, duriq J. '• visit to 
Dr. C. '• oftlce, a hiltory of recurrence, eapeciaUJ' in u.ociation with a particular 
seuon, would aupport tbe diapoeil of uthma ra~ than bronchiolitia. Othenrile, 
in the acute phue, without theM Mmporal cl-, theee two cllnical entitiem are often 
indiltinpiahable. 

1.2 Technical Goals 

What then muat be required of a temporal repnMDtaiion and reuoner to enable 
the emulation of the breadth of axp:wion aad the behavior delCribed above? 

1.2.1 Breadth of Rapre8antation 

Several etfor*- in temporal reuonina have made UM of heteroaeneoua internal rep­
reMlltationa (26,41} to repreeeat the hetlN:a•uitJ of. Mm.poral exprwion found in 
the patimt hiatory. One of the 1horteomiap· of tu. repNlelltatioDI ii the dif­
ficulty in determinina the order aad combiaaticm in wllidi the different temporal 
repMMlltatioM an to be ued to retrieft Mmporal IDfermation. The d18lculty liel 
in decicliq which c:ombbWion will be the.- elldent, euuriq ~the temporal 
information retrhmMf II couilteat with the Nit of the temporal data bue and u 

'TH paenl Iona of da.- ......... (•·•· a.rm. IUl.l-OUT, uul DIPPlllHUTI) lau beea 
d-=ri'bed bJ Pa&il (41) aa4 PopJe (&Of. -

-- -- --------
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precise u pouible. Makin.a this decision becomea far euier if all temporal ueer­
tions are maintained within a •inal• repNllelltation and ma.nii>ulated by a •in.ale, 
simple inference mechanism. Comequently, one of the earlielt objectivea of this 
research wu the development of a uniform underl.Jinl representation to see if it 
could support the neceaary breadth of expre1aion. 

1.2.2 Computational Feasibility 

The computational burden of temporal -reuonina" increuel rapidly with the num­
ber of events represented in the temporal data hue. Several scheme1 have been 
developed to work around thia problem. Momt of the approaches haft involved vari­
ations on the "divide and conquer" theme. In aucb. c ... , the temporal data base 
is clustered according to a pariicular scheme, into blocU-uually of contiauoua 
intervala. Temporal reuonina ia then re1tricted locally to each block. Allen'• (1) 
clusterina scheme 1eneratel hierarchi• of intenala w1-e each interval m DU&IIG the 
interval that ia immediaHly superior to it in the hierarchy. Vere'• (58) hierarchies 
consist of eventl u.ociated with activitiel of a planner. The temporal hierarchy 
built from the planner'• activitim mirron the pal-eubpal·IUerarchy of the planner. 
In both symtema, retrieval of temporal lnformatioa re!Uina ~ti in different blocb 
involves 10me form of search. 

Each cluaterina IC.heme mU1t be judpd by leftl'al criteria. Fint, to what extent 
do the varioUI applicMion dc>main1 fall naturally into the impoeed hierarchy? Sec­
ond, to what dearee doee the cluaterina tcheme lead to reUMrval of incouiatent and 
imprecile temporal relatiom? Finally, can the clUl*-8 be ...-..w automatically? 
For praamatic reuou, a lot of the wort on· TUP wu doae to wwer the prececUna 
questions. 

1.2.3 Interaction of Temporal and Atemporal Reaaoning: 
Domain Independence 

It wu not at all obrioua, at the onaet of thia project, that temporal data and 
inferences could be n•tly 1eparated from the other conceptual elementa of an expert 
syatem. Cauality, for inltance, would appear to iatriuically impou tome dearee of 
temporal orderina on eventl. It wu therefore uncleal' wwa. temporal reuonina 
could be iaolated and pacbpd separately or would ~ have to be tightly, 
coupled with other reucmin1 mechanillna of a host expert ayatem. If temporal 
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reuoniq could not be i8ol&iied in au autonomous pacJraae with a 1i&ndard interface, 
it would be unlikely that a paeral aolution co1llcl be atiiained to aatiafy various 
expert qstelm whoae repreMlltation. of cauaalit., wu u much at variance u say 
qualitative simulation [29,13,17) ud cauul U90datioa (51,50,48,31). Achieving a 
domain and syatem-indepeadm solution \herefore became a ImJor focus of this 
work. 

1.3 Results 

Which of the precedin.a objectives have been addeved? Fint, the various forma 
Uled to specify temporal position witllin a ,__t hJllory (heretofore called tempo­
ral ducriptor•) llaw been W.tifled. A uaifona npr..-v.tlon, hued on the range 
relation hu bema dnelopecl, capable of...,_.... ._ temporal d-=ripton nec­
W&rJ fer producina a patient hiaory. Ti.. iadode quantitative and qualitative 
relatlou bet.Nm &111 arbitrary c.omhinatioll fll polatll ud intenala, Nferenc• to 
common· temporal yardatic:b, ,---.. . to the Pf••t, ,..._ce and alternate 
temporal Janodtew. A Tena,.,., lhilil, Pu..,. (TUP) hu been consiructed. that 
recopi .. ...nlou of all the patient Jmtory tmlpotal dwrip'°11 and trwlatee 
them into nap relation form. TUP thm performl all tile required temporal rea-
10nina and conaiaMacy chrilna, uiq a form ~ couVa.int propaaation. TUP also 
po889IW a number of temporal retriftal fundiaa8 aad temporal predicates. 

TUP feature. a 1Wlclard laMrface ~ pcmita the boat IJ8Wn to dictate the de­
sired cluaterina of. '1le temporal data 'bw &Ir the 111 t0m of computational feuibility 
mentioned preriouif. Durina· TUP'• ............. it became clear '1aat although 
TUP perm.it. any c1-&erina lldleme to be l......_ted, onlJ the few that conform 
to a pe.dicular ..t of ~ {clilci1•1d al 1eaatJt in tlut followinc chapter) 
will be nccwful in Jie)diac the clelired redadioa ia computatioa&l load. One of 
theae requiremeD.ta Im ~ ..,.. whhln the .... cluaMr be more cbelyl related 
to each other than to nenta in other cl--.. S..&l expert syatem technologies, 
by their aatme, proYide an orpnisiq prlndpJe 1fith which temporal cluaterinc can 
be pWed. .Ia th.le report, an implemmted _,_ .,.._ ii delcribed that uses 
ite caual ._...uion hisarchy (•hmlar to ac.. foancl in other second generation 
expert .,.-.. nc:h • A.BBL (.481) to coaUol the ntemnic pneration of temporal 
cluaten. Plamien, frame.baaed .,.,m., and qulhative siDmlaton also poaess 
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structures that can be employed to automatically pide temporal clustering. These 
latter inatancee are discuued in thia report but have not been implemented. AJao, a 
number of intriguing cognitive analogies to the ~poral cluaterina achemee appear 
in the literature. These are diacuued in chapter 5. 

Reasoning about alternate hypothee•, medical or otherwise, involves examining 
different outcome.. Each of thw outcom• in medicine, ihe pathophysioloaical 
history-bu auociated eYeDt duratiou that uaulb' 'fVY with each hypotheeia. TUP 
provides a context mechaniam that permita ihe wipmMtt of temporal uaertiona 
to alternate temporal hypoth..... TBlUPBT (Ta_,.,., HplNIU Reaaonin1 In 
Patient H•orrr Taaftf} the medical expert IJ8Mm ued u u inv.e1tiptive vehicle, 
automatically createe contexts for each patient model aen-atecl. 

1.3.l Expert Syatem Demonatratlon 

TBlUPBT WU constructed both to demoaatrate TUP'• capabilities and to provide a 
vehicle for inveati&..tiq the properiiee of the ~ ~ when the patient 
models are equipped with a 8}'8temMic NPf••Mation of temporal relationahiP.. 
What TBRIPHT really does ia be.t delcribed by murniaa to the flve phuea of the 
diagnoetic tuk, outlined in NCtion 1.1.2. It ii in tile COUM of the data-sathering 
phue, that patient'• mertiou a.re procwed by TUP &11.d converied into range 
relation form. By virtue of the conaU&int ~ proc.a that followa each 
temporal ....nion, MIDporal inconmtencie9 or contndietioaa _. identified imme­
diately, and the user/patient liven the option. of which UMrtion to withdraw. 

HypotheHI are evoked in the followiq phw bJ meam of -itigen" linked to 
hypothesis templates. Each Uiger te.ta the patient aaertiona accumulated in the 
data-gathering phue. Naturally, the Vigen can test for temporal relations that are 
deduced from the auertiona, nen if not explicitly ....W. The Vigen thesmelvea 
are arbitrary boolean combiaatiom of temporal aad .._ponl predicate.. 

Each hypothlm template is repreMDted u a direct.cl, acyclic &r&Ph of event 
nodes linked bJ U80Ciatioa-1 or cauaal liab. Wltlain each nch '-laplate, exclU1ion 
relationa 1pecifJ which eveata are mutually excluaift. na.e excluaion relations 
are uaed in the hJpothu elaboration procw to paerate dlatinct and mutually 
exclusive aubhJpoth .... 

Temporal information ia uaociated with each event in the bypothe1ia template. 
This information includ• 1pecificati9n of the temporal &11.tecedence of causally an· 
tecedent eventa, event durations and other a priori temporal knowledge. On elab-
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oration, the temporal information is carried forward to each subhypothesis and a 
temporal context generated from tlu. information. ,It ia at this point, during the 
generation of temporal contata, that the temporal data is cluatered. THRIPHT 
communicate. to TUP the caual aareption. information that TUP then uses for 
definml the temporal cluaten. 

Durina ~iation, the patient data is bound to each subhypotheeil. This 
involves employiq the temporal relatlom, o'bieiud ia the initial hiatory-taking, to 
modify the default aaumptiona of the aubhypoti-.. 

Id outlined previoualy, the prim&rJ pa1· of "1e diapostic strateclee of the fifth 
phue of patient hiatory-driven diapoHI la to lad. fet.tUNI of the competing hy­
potheeee that diatinpiah them from one another aad then to obtain patient data 
related to the ditferin& expect&Uona of the ~tive patient models. Timing, of 
course, is one auch f-.ture &ild theniore la adclltloa to clidlqui8hiDc patient mod­
ell by the pre1mce or abHnce of 1upporiiq ...,.., the cllapcwtle 1trateslel eeek 
dift'erencee in teaporal dlaana1 Wwwa ........ Tiu. di.mile .UatesJ loop 
hu only been partially im.plemmted, principally bee ... of the effort required_ to 
elaborate such •tr&teciea, 8"11 wiUM>ut temporally ~icated capabilities. 

1.4 Organization 

The followiq chapter deecribee the repreMAtation aad reuonin& mechaniam of 
TUP. Comparilou to previova work ia ihil area are made u the illuae arise. I 
also dilcuas, la 1eneral terma, how TUP woaW interact with vuioua expert system 
technoloaiea. 

Chapter 3 deecribee the apecific:s of a temporally oriented expert syatem­
THRIPHT-and the temporally explicit patient NCWCI, and how theee interact with 
TUP. 

In addition to the benefit. of added expnMive power and 1enerality of reuoning 
that temporal reumdn1 can brine to an a.pen .,nam, developin& an expert system, 
so endowed, with domain bowledp, plaal a much larpr burden on the knowledge 
engineer. In chapter 4, the challap of -Vacthac temporal bowledce from the 
literature aad deliverina it to aa expert .,._ ii aamlaed. 

There have been Mftl'al nucllel, la the dillcipliae of copitive science, of tem­
poral· reuoniq. It become1 tempting, hecaw of ._.lariti• that appear, to draw 
analo&i• between the experimental Nltlltl of copitift acieace and the h.havior 
of TUP. However, the result. are not without c:oaUoveny, even within the ranks 
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of cognitive ecienti8tll, u is the relevance of theee experiment. to human behavior. 
More on this in chapter 5. 

Chapter 6 recapitula.W. the results of the work. Areu of weakneaa are noted 
and promising directiom for future work in this area are pointed out. 

Appendix A ia a compilation of MVeral tablea, too larae to include in the main 
body of text, and includea conveniou betwWl poim &ad intern.l deflnitiona, and 
the definitions of TUP predicate., Uleriiou and reUieftl fundlons. Appendix B 
contains a list of temporal auerliou used in a cauaal hypoth•ia. Appendix C 
providee selected deflnitiom of the abbreviationa ued in Ulla report. 



2. The Temporal Utility Package 

The Temporal Utilit11 PtUl:afe (TUP) ia deaiped to perform domain and 1y1tem­
independent temporal reuonina. TUP'1 internal repre1entation and reuoning mech­
anisma are delcribed in thia chapter. 

2.1 The Range Relation 

The n.ings relation (or DEL in TUPeee) ia a tint-order object in TUP'• representa­
tion. It ia from thia object that all the ~ typel of temporal repreHJltation are 
built. Ranae relationa specify the upper and loww bounda on the temporal diatance 
between two pointa in time. The ranp relation iii apecifted in TUP'1 IJDt&x U1ing 
the form below: 

Form 1 

(RREL <f ir•t point> <aecond point> 
<lower bound> <upper 'bound> 
<context>) 

Individual pointa are identified in UU. form by llata of qualifier-value pain. The 
qualiflen can specify whether the point repnaata a point event or the beginning or 
end of an interval. QualHlen may UC> apeclfJ' that a point la a member of a clU1ter 
(see HCtion 2.4) or Im a point alone a particular temporal yardatick (Me ..ction 2.6). 

Bounda on the ruap relation. can haw all ftlu. from pomtive to neaative infin­
ity. Numaric:al va1u. can be in any Ume unit flOID 1111C011da, minuw, to centuries, 
even thoqb all thw valw are canonlc:ally atored in MCOnda. The value of the 
lower bound muat however never exceed that of the upper bound. If TUP makea a 
temporal deduction that violates thia rule {tee Mdioa 2.2.4), it is alwayw taken to 
mean that there are inconailteat or contradictorJ Mmpora1 aaertiou. 

Ju mentioned in the introduction, coamta perm.it the repreeentation of alter­
nate temporal UMrtiou. The context apeciW in \he llt&L aaenion of form 1 can 
be any object-atomic symbol or~. If not 1pecified in an uaertion, it 
defaults to llALin. 

17 
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2.1.1 Diagrams and Descriptions 

Some explanation is required for the diagrama and EnaU.h "translations" that ac­
company the temporal ueertiona in the exampl• that follow. The diagrams will ini­
tially only serve to illustrate the araphic format uaecl to cleKribe the UEL. However, 
as the assertions increase in number and more complex featurea are demonstrated, 
these diagrams will become the primary vehicle for analysing the comequences of 
the assertions. The mappin& from llEL to Encliah ia a delicate matter and is the 
major reason for the graphic illustration of ihe temporal relationship. The problem 
stems from the richn .. of meanina of the En1Ji11h language. Thia richness makes it 
all too euy to attach munina to temporal auertiou other than is preHnt in the 
formal syntax (or diaaram). In example 1 (pap 19) for iutance, I am careful to 
avoid makin1 &111 allusion to the poeitlon of irritabWt;y or anorexia with reapect to 
the preaent.1 Specifyina the poeition with re1p«t to the pr•ant would require the 
assertion of at leut one more U!L (u deecribed in eection 2.1.2). Consequently, the 
English translation proridecl should be viewed u an aid In comprehending the tem­
poral relations; the graphic representation however ehould be examined to obtain 
the strict interpretation. 

Regardina the diagrama themaelv•, two different graphical repreHntatiom of 
the temporal relations were comidereci-time-liae and clirected graph, both illus­
trated in Fipre 2.1. In time-line d1aarama the point. an viaua.lly ordered with 
respect to a reference point, with a 1ealed lower and upper bound diaplayed for 
each point. The directed graph diacrama do not DeCelll&rily viaually convey infor­
mation of the temporal order, but rather permit inapction of individual point to 
point temporal relations. Tune-line d1aarama have H'fW&l weab..._, at least for 
the purpOM8 of illustratin& reuonin& with UEI.e. A1' all temporal relatiom are 
illustrated with reapec:t to a reference point, it ii dilkult (without additional di .. 
grams that use other refenace point.} to appreciate temporal relations other than 
thoee that involve the reference point. Thil ia especially tnJe when the upper and 
lower bouncbl do not ahare the nme aip.2 Ahlo, to undentand how TUP mates 
its temporal cleductiou, it ia important to viaualiR the conaectivit;y between the 
RR.EL&. Thia is particularly uaeful in following how TUP clueten the temporal data 
base. 

For the reasons above, except for example 1, I have illuatrated temporal relations 

1 A. in •precec1ec1• or 9will ~. • 
2i.e. a pom* occun befon or.,_ *h• nferu.c:e point. 
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exclusively with the directed graph format. However, to the degree it is possible, 
I have attempted to vU.ually convey the orderinc information uaina the directed 
graph format, by having earlier points above, or to the left of, later time points. 

2.1.2 Examples 

The de1eription of TUP's reasoning mechanU.ma will be a lot clearer and better 
motivated if we first look at several DEL exunplee. 

Example 1 

(RR.EL .~CIAME IJ\aITABILITY)(TYP! BICil·IITEIVAL)) 
CHANE AIOllXIA)(TYPI UD·IITl&VAL)) 
2 DAYS) (S DAYS)) 

Ex•mple 1 corre11ponds to the wertioa that the beginning of irritability precedes 
the end of anorexia by two to three d&19. 

Example 2 

(RREL ((IAMI SLEEP-TIBIOIS)(TYPI IEQil•IITD.YAL)) 
((I.AME AIAIE)(TYPI UD-IITDVAL)) 
(-3 BOUIS)(-1 llOUIS)) 

Example 2 corre11ponds to: the onset of sleep tenon occurs one to three hours 
after the end of awakeneu. 

Example a 

(RIEL ~(IAME ASTIKl. -1) (TYPE DD·IITDVAL)) 
(IA.Ml AITlllA-2) (nPI llGU•IITDYAL)) 
+EPSILOI) (•IIFIIITY)) 
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ANOREXIA> •------tl~--t .... 2-3 DAYS 

---------1~--~•~ Upper 
bowad Lower 

boa ad 

L•l••d( -___ J Tlae polat 

Upper Boaacl 

Lower ao .. c1 

___ ...,..... Relatioa Polarity 

Figure 2.1: Time-Line and Graph Form of Temporal Diagram 
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wlaieh ia synonymous wUla: 

(AWAD>) 

Figure 2.2: Illustration of UM?tion of example 2. 

( ASTHMA.-1> J 

Figure 2.3: Illustration of aaertion of example 3. 
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This assertion has a lower bound E, a quantity that TUP takes to be smaller 
than any numerical value the computer can repreMnt. Temporal reasoning with 
such values is described in aection 2.2.2. The auenion of example 3 corresponds 
to: the attack of asthma epiaode number two can occur &D.J' time after' asthma 
episode number one. Note that although the upper bound of the RIEL is +oo, in 
any complete expert IJ8tem that would uae TUP, UU. bound would be constrained 
to the maximum life expecb.ncy of the individual. In TBIUPBT'• knowled&e hues, 
many event intervala are auerted to occur durina \he interY&l of LIFE. Since LIFE 
(really the DEL that relate. the beainning u.d end of the inierval) has an upper 
bound of lonprity generoualy let at 120 ran u.d 231 da)'B (52)' mOllt temporal 
relations of pathoph11iological event. become tlnite after constraint propagation 
(described in aection 2.2.2). 

Example 4 

(RB.EL ( (IW'SYS CALDDil) 
(IEFSYSfOIN •a p.a., Sunday, April 21th. 198e") 
(TYPE POIIT)) 

((IANI !llITAIILITY)(TYPE B&Gil-IITIJLYAL)) 
(-1 BOUU)(+1 IOUU)) 

Example 4 introduces the temporal "yardatick•. Althoqh any number of 1uch 
yardsticks can be defined, at the moment TUP onl7 iacluda Gebltions of the calen­
dar, ages, developmental ataps, aad life-landmarb. Wi~ln. TUP these yardsticb 
a.re implemented u minMxperU that bow enouch about their own reference sya­
tem (the temporal yardaUet) to be able to UMri 1111.1 betwwa pointl belonainc 
to the same reference ~ of details ia dlf•recl until aection 2.6. 
The CALDDA& reference .,..._ recopjpe all forma that naluMe to point. on the 
date-line whereu DDILOWT accepts all deln.ed .._.. of deftlopment including 
embryonic, fetal, infancy, earl7 aact late chUdla.ood, early .ad late adoleacence and 
adulthood. In referrina to a temporal yardatJck, TUP requin1 a form (WSYSFOIN) 
that evaluate. to a point on the yardstick and a 1eledloll of yardatick (reference 
1yatem or lEFSY8 in TUPele). Example 4 can illenfore be iaterpreted u: the o_,t 
of irritability occun between T aad 9 p.m. on April 27th, lOll. 
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.---------------------~ 
I CALENDAR • 
I 
I 
I 

I' ~· I 
8 P.M.. SUNDAY, It 
APRIL 21TH. 1986 rr 

" ~· 

I 
I 
I 
I 
I 
I 
I 
I 
I t 

~---------------------~ 

(<IRRITABILITY ) 
+1 HOURS --lHOUD 

--... 

-----.---------· 
: Name : 
• • • • 

Retereaee system. 

name aad m.emhership 

-------------

Figure 2.4: Dluatration of u.ertion of example 4. 

Example 5 

(KIEL ((I.AME ASTBMA-PIOll)CTYPE EID-IITlllVAL) 
C (BEFIYSPOlll •£1D·ADO~•) 

(IEFSYI DIYELOPMllT) cnn POIIT)) 
CO YEAIS) CO YIAIS) 
COITEXT-1) 

(KIEL (~IAllE ASTlllA-PIOllB)(~· -IITEIVAL) 
( IUSTIPOlll •DJ>-ADO •) 

&EFSYS DIYBLOPNllT) ( . POIIT)) 
C-IIFIIITT) C-!PSILOI) 
COITEXT-2) 
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An extremely aimple use of the context mecbaniam is illustrated by example 5. 
Two alternate ueertiona are given to -.mbe the relation between the end of adoles­
cence and the end of the utJuD.prone intenal. In the Int usertion, in COITEXT-1, 
the utJuu,.prone period enda with ado1-ceace; in the eecond (COIT!XT-2} it enda 
any time after the end of adoleaceace.. Whereu in example 5, the context slot is 
bound to an iaolated atomic qmbol, it ia ued by TBRIPHT to bind full-fledged, 
structured hypothea•. 
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Although the role of uaerting temporal poeition with respect to the present 
will not become apparent until the aedion de&lm1 with temporal reuoning, ex­
ample 6 preaenta a preliminary introduction. The a.latioaToPr•••nt wertional 
form {form 2) is tranalated to the two BULi ahown. The flrn UIL eetablishes the 
relation between the cummt instance of·the pn18Dt (repreMDted by a point whoee 
event name ia a unique IOI) and the ouet of uihma. The aecond RIEL userta the 
relation between this lat.t inatance of the pr•lllt and the current time obtained 
from the hoet computer. The latter point ia Ueatecl identically to other points on 
the calendar reference eyatem. Ex.ample 6 tha roughly correaponda to: uthma 
began twelve to thirteen montha ago. 

Form 2 

(RelationToPr•••nt 
<point> <lower bound> <upper bound.> <context>) 

Example 6 

(RelationToPr•••nt 
((HANE ASTHMA) (TYPE BECil-IITE&VAL)) 
(+12 NOITBS) (+13 MOITBS)) 

translates to: 

(RREL ~CIANI (CEISYM 101)) (TYPE POI.IT)) 
(IAlll ASTIMA) (TYPE llGil-IITDVAL) 
-13 llOITIS) C-12 tl>ITllS)) 

CUEL C ~UFSYS CALDDA&) 
llF8Y8l'OIM (DATI)) (TYPE POIIT)) 

( IMC (Lateatlow)) (TYPI IEGil-IITDYAL)) 
(0 SECOIDS) CO S&COIDS)) 
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( <ASTHMA J 1::~ I> __ NO_woo __ 1_ 

OSl:CONDS 

OSBCONDS 

-~----------- -----------~ I 
I 

' I 
' I 
I 

' 

"8 p.m. June 2. 1986' 

CALENDAR 

Figure 2.5: Dluatratioa of .-riion of example 6. 

On many occuions, one may wiah to directly ueert temporal relations between 
intervala without explicitly apecif'yinc the pcMition of the onset and end of each inter­
val. Just such a functionality ia provided by the interval-hued temporal reasoners, 
developed by Allen (1] and Vilain (61), that employ thirteen dift'erent interval rela­
tions. These thirteen relationa can be coa'ftlliently uaed in TUP (form 3) u shown 
in example 7. 

Form.a 

(IITl\EL 
<interval one> <

1
interval two> 

<interval relat on> 
<context>) 

Example 'I' 

(IITl\EL ((IANE IllITABILITY)) ((RANE AIOJt.!XIA)) OVERLAPS) 

translates to: 

------------____ ___.:.__ ________ _ 
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(RR.EL ((MAME Ia&ITABILITY) (TYPE BEGil-IITIJlVAL)) 
((MAME AIOREXIA) (TYPE BEGil-IITE&VAL)) 
(+EPSILOI) C+IIFIIITY)) 

(RR.EL ((I.AME Ia&ITABILITY. ) (TYPE EID-IITDVAL)) 
((MAME AIOIEXIA) (TYPE EID-IITEltVAL)) 
(+EPSILON) (+IIFIIITY)) 

(RR.EL ((IAMI IR&ITABILITY) (TYPE D»-IITDVAL)) 
((HAM! AIOllXIA) (TYPE BICil-IITDYAL)) 
(-IIFIIITY) (-IPSILOI)) 

<IRRITABIU'IY 

+O -oo 

+oo 

+oo 

+O 

IRRITABllJ'IY> .._...,_..._ ......... ANOREXIA> 
+I 

Figure 2.6: Illustration of UMltioa of example 7. 

Note that with the IITUL Ullerlion, TUP automatically auerta the 
additional default temporal relationa betweea the besinnina and end 
of each interval (uaina ASlllT-IITDVAL u in form. 4). 

All thirteen converaiom from interval to poillt-bued repreeentation are tabu­
lated in appendix A. TUP alllo provid• a thort-haad means of creating intervals, 
the ASSDT-IITDYAL form (form 4). 

Form" 

(ASSERT-IITEIVAL <interval apec1f1cation> <context>) 

translates to: 
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(RREL ((<point apecification>) (TYPE BECil-IHT!RVAL)) 
CC<point •rcification>) (TYPE 111>-IITl&VAL)) 
(0 SECOIDS (+IKFIIITY) 
<context>) 

27 

The examples above show a variety of temporal uaertions that are represented 
internally in a •inale uniform manner. The method by which this internal represen­
tation performs temporal reuoning is diacu.ed in the followina HCtion. 

2.2 Generating Temporal Inferences 

Every time additional temporal information is acquired, new relations may be gen­
erated or any of the temporal relatlom, currently npreMDted in the data bue, 
modified. In this MCtion, I deecribe how theM inference1 are computed. 

2.2.1 Range Addition 

If an DEL is ueerted that shares a point with another UEL, TUP attempts rang~ 
addition to calculate the bounds on a third lllL-thu between the two unshared 
points. Ranae addition is simply the calculation of the aum of the two lower bound.a 
and the aum of the two upper bounds. The ru1ea for ranp addition for all values 
includina oo and f are liven in table A.2 in appadlx A. 

Let WI tab, for instance, the aaertiona of exam.pie 8, in which the usertion ia 

made that the omet Of irritability precedel the oaet of anorexia by two to three 
days and that the duration of anorexia ill ijaree to four daya. The lower and upper 
bounds on the third relaUon, (diagrammed in Fipre 2.T), u calculated by range 
addition, are five da.ya and seven days respectively. 

Example 8 

(RIEL ~CIANI IllITABILITY) (TYPI BEGil-IITl&YAL)) 
(IAltl llOUXIl) (TYPE BICil·IITDVAL)) 
2 DAYS) (3 DAYS)) 

CB.REL ((KAME llOllXIl) (TYPE BECil·IITllYAL)) 
((IAMB llOUXIA) (TYPE EID-IITDYAL)) 
(3 DAYS) (4 DAYS)) 
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2.2.2 Conatraint Propagation 

If ~ RIEL r1, 1uch that i-!!.+ j, ia auerted between bro points i, j which are already 
related by i-!.!.+ j TUP determinee if r1 conatraina r1• An RIEL ia coutrained if the 
values of its upper and lower bounds are brouaht cloMr together, be it by increaa­
ing the lower bound, decreuina the upper bound or both. A 1tate of maximum 
coutraint ia achieved when the valu. of Uie upper and lower bounds are identical. 
If the lower bound ill lf8&ler than the upper bound, the temporal data hue ia in 
internal contradiction {ii inconailtent ). 

To continue with the example, if it i8 1ublequently auerted that the delay from 
the onset of irritability to the end of uoraia ii _exactly five dayl (u in example 9), 
then the lllL OJicinally computed cui be modiW-or conatrained. Here, the 
bounda on the new wertion (example I) are narrower than thOM of the IULEL that 
wu obtained througb. the ranp-additien of the Ulta of example 8. And eo, the 
lllEL ia conatrained (aee Figure 2.8). 

Example 0 

CR.REL ~CIANI IIU\ITAB. ILITY) (TYPE BIQil-IITll.VAL)) 
CIANI AIOIUll) (TYPE UD-IITDVAL)) 
6 DAYS) Cl DAYS)) 

Every time an RllL ia conatrained, ranp addition i8 attempted with each of 
the llEL'• neiahbon (llELI with one time point in eommon). Thia range addition 
may either conatraia a previouly auerted 1111., create a new one if no prior one 
exists, or do nothlnc if the ranp add.ltioa doel Id comtrain extant bounds. In 
this example, the fint neighbor UW milht be chOIMlll ia the ftnt DEL of example 8. 
Thia l'elultl in a raqe addition of (-3 claya, -2 da,8) and (5 daya, 5 days) for a 
result of (+2 days, +3 daya). Fis. 2.9 lhoww tlW this reault coutraina the upper 
bound of the lllL between the beaivnm1 and end of anorexia to three daya. As 
this proc.m of conatraint and raqe adclWoa ii recunively repeated everY time an 
DEL ii conatralned {whereb1 coutraillt propacation.), thil latest coutraint causes 
yet another ranp addition: {-3 daya,-3 da11) and {5 dafa, 5 dayB) with a result of 
(2 daya, 2 daye) that coutraiu the cornapondlna Ult. u illuatrated in Fig. 2.10. 

Although TUP attempt. the remainiq nap additiou, there obviously cannot 
be any additional conairaint propaption M all three llELI are maximally con­
strained. As Vilain and Kaub [59} haw shown, nch a coutraint propagation 
acheme hu order n1 time complexity. In outline, coutraint propagation cauaee 
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3DA.YS 

2DA: s 
4DA.YS 

3DA.YS 

1---+-:::""::::':'::~:S~ ....... ( ANOUXJA> ) ------
<IRRITABILITY 

Figure 2.8: Initial Comtraint. 

3DA.YS 

2DAYS 

5DAYS 

3DAYS 

<IRRITABILJTY .._ .. ..._~_. ....... 9114AllORIXJA> 
&DAYS 

Figure 2.9: First propagation of conatraint. 

----------....------- -- ---------~ 
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+oo 

+oo +£ 

+O 

IRRITABIU'IY> 
+[ 

Fipre 2.11: Propaption of the •OVERLAPS• Auertiona. 

-E 
-oo 

+12HOURS 
t-t-------...... ~ANOBSXIA> 

+eHOURS 

Fipre 2.12: Conatrainina the "OVERLAPS• werlion. 
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where ,.,, ra are mi.. which were med in a raap addition to calculate the bounds 
on r1, ud 16, "6 are the JWUlt. of. Uaat nap addidon. TheM 1upportl are ued, u 
delCribed in the followiq MCtion, to trace tile i1lfereace p&thll from any DEL to the 
original external uaeniona on which the boa.act. of that BIEL depend.. A similar 
scheme wu dMCribed by McDermott [MJ 

2.2.4 Contradiction Handllns 

If, duriq the proc- of conairaiat propaaation, a coniradiction ii detected, the 
contradiction handler ii invoked. The con&radktion h&1ldler'1 buic atratea ia to 
offer a ~ of extenaa1lJ ...ned lllLa for withdrawal and to continue to do 10 until 
no more contradktiom are detected. 

Withdrawal of u. ...nioa invo1WI more than meN1y deletinc a ajq)e DEL. TUP 
hu to examine all other 1111.a for which die cd&rMllvwlthclrum' lllL (that we 
will call the inootuittenl lllL) wu a auppo.n. If~ withdrawal of support cauw a 
decreue in c:ouvaini in a wand Ull., ihm thil UIL wt ill tum be (timnporarily) 
withdrawn. from all npporta. Thill ~ ,.... un'11 U.. ceaw to be any 
further decreue in comtraint. 8~, all iu. Ila.a Whoile coaaVaint WU 

weakened bJ the withdrawal of the~ 11&1. are autom&tic&lly re-werted 
by TUP (with cowquent comtraint propaption). 

Thia proc.a of. ct.paclenc)'-dinded ~ii computationally expenaive, 
and ii therefore onJ,. iatmded for w la amall appUcationa invol'riq only a few 
hypoU.•. Ot.herwile, for Jarae, ~...._. appUcationa, llUCh u madical 
diacnc-i-, the coated mechuiam ii uae4 11 it pennit9 leftral hypothew to be 

repeaWlJ •uniwl aad compuecl wWa w:1l °*'* a* mhaimal c:mt. 
One of the mDN cballenahal ...... • ,.i ~.la the automatic Mlection 

of the ~t 1111. to be withctrawa. 0.. lllMllod la to Ut.em.pt to withdraw 
thoae premfee, of. thcJee in amtul coatndlctioa, thU are 1ea9' aupponed bJ other 
DELI. Aa 1DAD718da me'1aoda thM ..W, NiJ oa dMI clomain-laclepeadent, syntac­
tic infotmaiioa of the t.nporal clata hw, tJda metJaocl la illcomplete and unreliable. 
Domain bowledp ii required to unclentaacl whf a ,.nicular temporal uaertion 
ii umeNimabJe. We bow for inatwe, daat acute hapa"*ia B would have to follow 
rather Uau precede infection witJa the &apaUtia B viru, but tllil would not be 
obviou from the temporal relatlom aloae "9 laad to bow aometJdq about hep-

'Thu ii, wUlldrawa apliciily by w or ~ .,.... rUlaw tlaaa by TVP'• infereace 
m-Su;.m.. 
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atitia, or infectioaa in 1eneral. It ia preciHly to prOYide Ulla atemal or "real-world" 
knowledae that TBIUPBT ia equipped with temporal templatee for each hypoth•ia 
(deecribed in Metion 3.4). 

Linear Proar•mmtng and Contradlctkm Bandlllag 

Linea.r pl'Olf&IDJllinl baa been conaicised u aa alwaatiw to coaavaint propaaa­
tion [34} to perform temporal cled.uctioa. All Doted Jt,. V&Wfe.P._ [IT), full linear 
prosrammin1 prwnt. aome cWllc:ulti.. One ol tlMle 18 the problem of deftnin1 
which Mt. of ...tiom are in coatrMUctioa. TUP ........ '1ll8 bf traclq back 
the dependenciem that lead to the coawadlc'1cm; it 18 not apparent how tU can 
be accompllahed uaiq the Simplex alpritlm.. OtJa. drawbacb of the full lu.,r 
proarammha1 techniqw include what V.W..P*--.. die "lid of lmplmnan­
tatlonal coapnlallf;)' .• That im, if we NPf••t ....- --. 1101D1 particular 
repH11eD.tation, then the 1111e of Slmpla requiNI llOIDI propctill of U.. event. 
to be repreaented in a Mt of wholly clUrera.t clMa *11ctuna. ~ the two 
repl'eHDtationa can be at the 'ftl'J lelitR dillcult, aa4 .... to bowledae aVuc:turem 
that are 1w '1lUl obvioua to the bowledp 'ftlha11r. Alme, the compleadty and 
unintuitive nature of the operation.I ol the Simplex aliaritha do. not permit an 
expert 8J9te1n which uae1 the alpri'1lm to rwli1y .... aa aplanaUon of it. 
deductive proc:.a. Thil coatruta wiQ. .. dedtidiom maM tJuoqh c:ouvaint 
prop .. ation, where a backwarda trace tluoaah the n.pporU ol aa DBL prorides a 
reasonable expl&lldion of how the bouacll ,... c:ompv.ted. 

2.2.6 Tools for Studylns Coutralnt Propap.tlon 

Durina TUP'1 d-lp, I developed wne too1a to follaw the COllll ..-,eel of conatrai.Jlt 

propapiion upoa the temporal nl&tlom abw1J a-.d bl the kDowledp bue. I 
have sublequatly found U.. toola to be U8llful in pWln1 t.emporal knowledp 
engineering (._ chapter 4). 

Loop Pormatloll 

A loop in TUP ia coutituted of a -* of n a:lcmallr auerW 1111.1 joinins n time 
pointe to form a cbed araph u WumaMMI in Pipn 2.11. The 1implelt loop ia 
that with three llELI, but of courae it caa inftlve UlJ' aumher of UILI. The 
inter•t of loop formation ii that it ia only when loopl are formed th.a DILi are 
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conatrainecl1 and therefore that ihe mderDally .....W UILs an modliled. If this is 
not iJmMdiately apparent, comids the simplmt cue two UII.I, u in example 8. 
The only circu:rna_tance in which a ildrd, dldiact, --...0, -W UIL will cawie 
conatrai.nt propap&ion la if it joina the two polatl (llCIII IIRITABILITY) and 
(DD AIOIDIA) to form a loop. Thia UaJ,d lllL, wlaich. clolel the loop, providel 
an alternate patll for tlle com.putatloa of tM Mmporal cliltaace be._ the two 
point.. 

In the 1en.eral cue, wh.G an externa1lJ ....W lllL ctoe. a loop of any Ilise, 
it proviclem an alternate com.puation path far the l»ouda of all the other 1111.1 
that are members of the loop. Thul in tlMt 1impled cw, tile clonre of the loop 
with the third lllt can couVaia dle two ,.....,... ...necl 1111.a. Conatraint 
propqation will U.O apNld ~t lupr loopl aad can prop.sate to the 
memben of~ loops. 

In the current implemmatatlon. TtJP ldplipt., oa pneratecl graph -diacrams, 
externally ............ ThJI ••b• ................ "'loo:p1 bJ the knawl­
edae enpDMP, and permit. her to diNct Mr •zrtl la bMrWp acquWtioa to tboH 
DELI that micht c1me loops aad ~_.,.*he ._,_al data bue. I liave 
found thia particularly Wpful la mMlfrhae ~ dl81ne hypothela. 

The Con1tralnt Index 

The coutraiat index (CI) ii a meuure of the cona\raiat of an DEL. It la calculated 
by dividina the cliataac. 1*w •• the uppe llUl lower bound. of an mL by the 
sum of the ablolute ftlue of thew bomull. 

Cl== Ja6-lbl 
'"" + ,,., 

For imtance, the &rat UBL of aample 8 U. a C099Uaint index of (3 - 2) da79 
divided by (3 + 2) a,. or 0.2. BJ Ule -fonmda, the DIOl'8 coutrabaed an DEL ii,_ 
the loww it. conatniat iHa:. 

The Cl ii calculu.i 10 dW nen wha. lwo UILI have bouD~- teparated by 
an idmUcal diatwe, tile 111L ~ wu•1 a ..... time l!Cale hu tlae lower CL In 
thia W&7 _the 1111. tlaat ............. ,... .,.n ii,...._ - mole coaatrained than 
one relatiq ...atl montlaa apU't.,.. if tlai9 ...... between the upper and lower 

bound. of both ii an Waadcal nmbc of cl&Ja. 
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( .. [ ___ ) 

__ ....,. • .._ Member of loop - miaJat he eo-traiaed 
it loop la eJOMd 

9 .. All RREL that eoal• eloae the loop 

-----~~ Ad.Utlo•al RREL'a 1•aerated hy TUP 
apoa eloaare of t•• loop 

Fi.pre 2.13: Loop l'ormation 
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TUP can calculate the cumulative sum of the Cl'• for 1peci8.ed groupa of points 
(form- 5). Thia ii mown u the FOUP comuaiat index (or &lobal constraint index 
when it includes the whole ~poral dab. bue). 

Form I 

(CI <point liat>) 

The Cl is uaeful for the knowledae ensineer, becaue it enablee quick identifi­
cation of thOM parta of the Wm.poral bowledp bue that are poorly comtrained. 
With the graphical dilplay of loops, it plVtitlea aa e8lcient tool for building highly 
conttrained bowledp bum. AJ.c>, it can be Ulled for the performance cluaierin.1 
heuristic, deKribecl in ..ction 2.5.4. 

2.3 RREL Retrieval 

If, inltead of valw behNen po1itive and nepUve infinity, the bounda of an DEL 
are given u TUP variablea u in form e, TUP a~ to reirieve the valuea fe>r those 
bounde instead of UMrtiq them and bin4a the retrinecl values to the variables. 
If only one of the bounda ·ia an unbound TUP .n.riable, TUP 8J'8l UMrta the DEL 
replaciq the ftriable bound with in8abF {pcmthe if upper bound and negative if 
lower bound), perfor1111 the retrinal ~'and dam binda the retrieved value 
of that bound to the ftl'iable. 

Form& 

(RIEL <point 1> <point 2> ?<LB-Tar> ?<UB-Tar> <context>) 

In a temporal knowledp hue with uha.uMm c:omV&int propap.tion, thia re­
trieval computation 1impl1 returu the one lllL Jinkins the two pointa apecified. 
Al dwdbed below {eeciion. 2.4), the reUieftl procem becmw IOID8What more 
involwd with duateriq. 

TUP alao plVtitlea mrinal· functiom for temporal relationa builti on the RIEL. 
For inlb.nce, if an unbound TUP ftlia.ble imteacl ol aa iatenal tJpe i9 1peciled in 
an IITIEL, TUP taata the lllLa be--. the· two inten&J. and retiutn1 the interval 
relation thati ia conaiatient with the lllL relMionahipe. If, u ia often the cue, the 
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RULs are inadlciently conatrained, TUP l'Muru a disjunction of inMrval relatiou 
that are comiltoem with that ~ of COD8'nblt. Ooawniou &om ranae relUiou 
to inierval relallona can be found in table A.3. 

\ . 

2.4 Restricting Comtralnt Propqatlon 

Temporal reuoniq, u dwribed in the J>l'W*ilac MClioa, ia 1llliform and atnJ&ht. 
forward. Unfonun&Wy, c:omputatioa ol ~ JW•P•t.ioe -...... burden­
some in typical medical appllcadoaa wlLce wlL 11no&lurl1 coataim hUDdreda of 
eventa. With tile flni att-.pta at clfi..-C applcatiw dW w conmai.nt. 
propap.tiq temporal reMOMtl, more ....... U. i... paid to the tractability 

iuue. It hu •--~ '1aM tlMt time vmplalv i. 1a 1arp pan due- to the 
attempt to llChine ~ ol apt•llDll wlaUa ............. aad comlaieilt 
temporal mt..ac.. Valcw.-P"8{1TJ wl VUaia. -a K..u flOJ ..... mmlned thJa 
tradeo• and haw UC> dnehpecl iepr•...Wiau tW ,..aaB Inference with order 
n1 time complexlty while maiatainlna alolM1 comil1 -=>"· 

UnfortunateJr, evea rt.1 coenp\mdfrJ Is IDlldl tao JdP. To ~' in real-time, 
MVeral aimultaaeoua ~. wh m.oMna nu. ult of ..,..ta, requinl a much 
shallower performuca cum. The imPl'O'ftMI ,.,_. ... ii uc•IQ' u TUP ii 
meant to be U .CCMlorf .plQIN8l for aa apll't .,., .. UMi aot tJae primarJ com­
putaticmal activity. 

Other thaa W. pncmatic objectioa to uaawtrkW ~ propaption, 
there are eneral reMODI to Hine daai nch cciNtniA'\ ~ ii not nec-
..ary. ... 

With ~ comtraint ~' all temporal relailou are ued to 
obtain maximum conaValat. Noaetllltl•, •JM._..,. w1'h ·TUP U. ahown ~ 
in practice, onlJ a nnall hctiGa al ....... ........ in. the Gt& bw need be 
UMd to obWa mm••m ......,_ (..,. oa tJaU .... ill &IUI wtlon}. Perhaps 
non-colncideateUr, tllil .......... •111111,.. ev iaWWDa dlM we clo not ue 
or review all oar Nflmk .... ._ .. to •'••• t1ae -.,..i d.iltw.e ·mm. one 
ffen.t to aaotla ... Tldl Wtlea appwa to be .... -· ..,. copWve aperimentl 
deKribed in ~ 5. 

Moet temporal reuOMn w aome form. of •tUricle ad coacper" to allow $empo­

ral infereace to be perform 1• Gil ........ fll ille 011• (.,,,.... ol the .temporal data 
bue} that are lllliall enoap to ..,.... .-. c:oraputMi••I .__ &o. 1Mc:omina 
oneroua. In thoM +.nporal iafereace •si-• ti.at w cwtnmi p'IOJ)9Ptlcm, the 
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unal approach ia to 1eled a cluater of events and then precompute (through con­
straint propepiion) the relationa ~ them. Thua, to overcome the complexity 
of hi8 lntenal-bued coDltraint prop ... iioa aJaorithm, Allen [1) uw the rc/ereracc 
interval to cluater internl. in a duriftf hierarchy. Oomtraint propacation ia limited 
to reference intervala auch that relatio.m between in&ernll in dlft'erent reference in­
tenala must be obtained by me•u of a aearch procedure. Allen note. that •If one 
ia careful about structuriq the refenmce IUervc:hJ, W. (local c:onatramt propaga­
tion and the eearch procedure} can be done with little 1oa of information from the 
original complete propagUion Kheme.• 

Similarly, to manap the steep arowth in execution time of the DEVISER I plan­
ner, Vere [58J employa a form of temporal cluat.inc. DBVISU II uaociates a 
temporal 8COpe with each So&l adtrity. TJu. allowrl ihe planner to ex.ploit the 1oal 
1'iervchJ by Mlectlvely retrieYIDc .,.. witldn the temporal acope of the 1oal 
activity. One of the advantac- of v .. •• eoludoa • ~ it d08I not require the 
knowledp enaineer to perform the diftlculi and laborioua tuk of temporal cluater­
in&. 

Unlike Allen'• and Vere'• temporal reuonen, thole of Mittal (41} and Kahn {25) 
both have heteropneoua reprwntationa and cluter ICllemam. Mlttal'a temporal 
data bw maintaina three wW typel of temporal orpniaation: event cluaten 
(events cluatencl around a aelec-1 time), eplilod. (..eat clutera orpnised around 
key events) and epilode cluten (cluat.n of ncvrat eplloUm). All three of the1e 
aanp.doa llMRhoda pcform a role ........ to ~ by &fOUPin& events 
accorcling to tome particular criteria, .. NUieftl mecbudaa can quickly focua 
on a ama1l auba4R of the total data bue. Kalm'• (21) Minporal reuoner bu three 
parallel repreHD.tatiou: before.after cbaina, iM clate-liae aad the poeition of events 
relative to key neata. The third~ cl.-. UloH ffellts for which the 
key event bu ahared imporiaDce. 

The heteropuoua interaal repnlellt&tiou autrer from fundamental difficulties 
in rebie¥al, nMMly the problem in decidias. which lePl"••Wlona to uae and. in 
which order to ,.. Uiem to obtain the man· pndae temporal baformalion. • In their 
implemm~, nch data baMI wte Mfttal IMurlnia to mate retrieY&I deciaiona, 
for example emplaJiq thoM repr•eatationa or reprwnWion combinations that 
are mmt frequatly auccmaful. · 

In the MCtiou that follow, I delcribe how TUP implements clunen and then 

••·•· ii •• '"°" dilicak *° deCw. wuu.r ~.-on of ....... w ... aa- c:biaa will provide 
men pnciM iafarnaMioa ~ .-rclUac ~ cl.-.liae &o 1Upoac:l &o a ptrik'lllar qu.,.. 
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how these cluaten can be automatically generated. 

2.4.1 Implementation of Cluaterlnss The Reference Set 

In the point apeciflcatloa in an 1111. ....nion, one of Ute qualiflen available ia 
the REFSET that apeciAel reference let membenhip. Eventa can belona to more 
than one refctrenee Ht, and therefore a refereace let qualifier can apecify a liat of 
memberahipa .. in example 11.' 

Example 11 

(DEL (~IAMB OTIPRA) (TYPI llGil-IITDYAI.) 
< m:n9~ .. &"l!,Jl'llxf-Bti&mfo•1•>>> 
· RD•t . nc-aaat-DillUI) >> 

(-40 YIAll) _,, TIAlt)) 

(DEL (llAMI OITIOPllI.l) (TYPE BICil-IITDYAL) 
llPll1' (onaPOlllI8))) 

( llP8Y8POlll • ·-OPAUSl-01811'' •) (llPIYS DEYILOPMEIT) 
TYPB POllT)) 

(-6 YIAll) co YIAll)) 

Definition.: 

• Oateo,,.nia-+ acnGfffl 6one tlcnAtr1. 

• Rlacvmatie /etJer -+ on acute ._..,, tltat follow infection tllitA 
apuifie t,,,,.. of the lfnptooocccl Ndariua ..,,..timu lfMlllint 
to t:anliae inuoltJemam. 

• Rhcu.rnatie Mart -. ... -+ Mart diaeuc • ..- 6w rlacu.rnatie 
/euer. 

• ~ Mortnue of 6reatla. One of the manr etiologiu for 
tJ,,.,..;. . ...,,-... •. 

Given two 1111.a ri and r1 auch that i-!!.+ j and j ...!!+ le, reference ..U modify 
constraint propaption by only calcula.Una the ran.p addition of i-!!.+ j and j ...!!+le 
if the intenection of the ref..ace Ht membenhip of poiJlta i,lc ii non-null. Thil 

7Th .. Mmpanl _..._ an meut to delcribe ....... ia U iadmdaal pMiea& model, aH DcM 

apop~ioa~. 
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effectively 1imite conatraint propaption to ainale reference Mtl uni.. there is a 
aignilcaat depee of overlap between NfeNDce .-. EftD then, u ahown in Fi1· 
ure 2.14, propaption can only spread from oaa ~ IMtt to another if an DEL 
within the overlappiq area ia comtraialcl. Note thM polnte within reference aete 
. are exhaustively interconnecW by llft•. 

" I 
I 
I 
I 
I 
I 

L•1•ad. 

I I 
c:::J Point event 

-~! ~---------... ~--., 

I I 

! .. ----· 

·---· . . a.r....... set ........ 
1 • New eoaatralat 

.. 

.. 
llllBL wlalela ean . be 

aff94ttM by aew eonatralnt 

IUlBL wlalela •anot IM 

atfeetff •y aew eoaatralnt 

Fipre 2.14: Effect of Reference Set Coalpratioa upou Comtraint Propagation. 

Once the temporal data bue ia cluHNd. iato nlereace 1eu, the relation between 
two pointe can DO lODpr he aimply obtained by ............ tM OU UIL u..t directly 
1inb the two. laet•d TUP ...- w a wdaM ~tit.ta .,,.._.,.. cnph aearch. In 
TUP, the ben-lm aeucla attempU to W &Ju.t pM1a Ww 11a tlae two poinu 1pcifled 
that p!O'ridm the -- COUV&laed-... for the t..,..& relation.. Thil H&l'Ch is 
guided by a CCJ9l nalu.k>r ~ determiw wMdl _.. apeneioa (i.e. which llEL 
to aekd) will atve the mlalmum cuaulMlft .-. 

The A• leUCh [19} couW be impWneaW if, in addition to coat of the path 
searched ., far, the eon ..Uuatioa ~ wou.W wtlmUe Ule co.t of the path 
remainin1 to be traftlecl. la tM C1ll'Nat imp......,....ion, only the &rat pa.rt ia 
calculated (by repeaMcl ~). A 119' cat at·obtainiq a function that 
eltim•U. the co.t of the path remaiJlin1 to be trawtaed would be to make ·very 

larp COit •timat. for ihcee ~ '11al U.... nfeawe .U that do not connect 
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to the goal point. 1 -Another, unimplemented, method for increuiq the eftlciency 
of the search would be to make it bidinctional-..tartiq eearch• from both pointa 
and meetiq in ·between (20). 

When the search explores a reference eet, it only requirel one node expanaion 
becat11e of the exhautive interconn~iou within relerence Ntl. AJao, by definition, 
it never taba more than the travenal of one Ila. to mcwe from one reference Mt 
to another. Therefore, in the wont cue, the maximum. depth of the M&rCh i9 twice 
the number of reference 1eta. 

2.4:.2 Coat• of Cluaterina 

Cluterina the temporal data bue do. incur 10111e caste in terma of the quality of 
temporal information retrieffd. Thw coata are minimi..d by judlcioua Mlection 
of the referenee aeta. Dillcwion of the criteria for the Mlection. of reference Ht 
membenhip i9 deferred to Mc:tion 2.4.4. 

As IUtELa in eepa.rate reference ..ta do not atrect1 their reapective state of con-
. straint, an DEL wholly wi~ a reference let ii no loqer paranteed to be max­

imally comtr&ln.ed. In prKtice, if the crii.ia ·for the Mlectioa of reference •t 
membership are followed c)mely, Ul8riiou of 1111.8 within a nfeNnce Mt wW con­
tribute most, if not all the conatrainta within the refermce Mt, and couequently 
little i8 loat by iporing temporal relatiom outside the reference Ht. Even so, if 
the DEL retrieved ii Memed iuufllciently coutraiud. by the uer or expert sys­

tem, a beet-first search can be initi&tecl10 that. will .. information throqhout the 
temporal data bue, rather ihul just within the reference aet. 

For the same reuou that maximum coutraint can no lonpr be guaranteed 
for llELa contained within a aiqJe reference ..t, no para.tee can be made for 
data bu.wide temporal couiltency. Boweftl', lince coutralat propaptioa within 
reference Hta doea ensure local couittency, maDJ' Jaconaiatencies will be detected. 

In the unlikely effllt that an undetected inter .. reference aei iacomiatenc)' occurs, 
there ia no WJ 110lutioa llh.ori of eJiminatlna '1le reference ..ta and permitting 
unre1tricted coaairaint propaaation. Even in th.II rare 8\Wltuality, I think this 
inconsistency will not be of maJor conaequence to the performance of the hoet 

1 A pnc:ompiW ~ map ol r..r.-c:. ..u coUI be ued a..._ P11f'POM· 
9Except oc:c:uioaall7 ia ~ CW ol o-.wlappias nf--.. .U dilc•111d abaft. 

10:a.ca11 '1aal Ute Marc:la ii A*-1Uicall.J ,..._..if~ Wmporal relation d.m.d ii ol\wo poiau 
with aon-ia~1 nferac:e • membenldp. 
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~ SJIRem. Usina the moet recent example, if one of the UEl.a within. the 
rheumatic bean cllleue reference aet were to be iacouiatent with the lllLa in. the 
oeteopolc91a nlerwe aet, W. probably ...ict not impede cliapmm of either of 
the WIG con.ditiona u Iona u dae nlerwe .... ,.... intemally conaiaten.t (which i8 
guaranteed by coutrain.t propaption.). 

2.,.3 Computational Savinp 

What then are Uie computational aviap &bat oae cu~ from the UM ofrefer­
eD.Ce Mta? With hlo hudrecl point .._ .. in a hJpota.il, 1Ul19Uicted coutraint 
propaptlon. would cre&M apprcw•meWy .__. th1•uacl um.. The same two 
hun.drecl poiata duaterecl in.to n.1m, 11fn 1.-.-of te poiata wb. would pn.er­
ate ap~-. illoaRad 1111.a. TW it, tlaa ......._of am.. powm lin.early 
with the n°mber of ev.1a radaer tJaaa wi$h tile....,. of the numb- of events. 

The mpace a&Yin&I an much i.. *ha the..._. in. the time required for prop­
ap.tiq all the couiraiata aiace the comp11tatioa tbae for ·comV&int ·propaption. 
in.creuea with the cube of the II ..... of ...... Willa nt.reace .... of uniform ai.e 
the time for comV&int ~- pe1ra u..riJ' wWl U.. aumber of eveata.11 

The impact of ti.. •'riDll can be 1ppncw.t bJ coukleriq the performance 
of TUP with a hun4recl point eftat9. ~ N&nea Mta, Ule 1pace capacity of 
the machine11 wu eK..ted after more thaa w llom-of compu.Wioa whereu with 
ten reference leta, of Ma pointa eacll, ille time for comtraint propaption. WU 45 
HCOD.da. 

2.4.4 D•lp of a Temporal Cluaterins Beurlatlc 

The OYel'l'idina motWUioa in. the clcaip al a d......_ hea.rilatic wu that it re­
flect the pal QM led to the creatioa of c1wten in. the Int place: computation.al 
tradabilltT. In the contat of ~ ................... reuonen thil mean• 
thM relatiou thU an retrieftcl aft..._.. be 111....,.te&t whereu in.frequently 
retrieftd Nlatiom caa 1pa11 duaMrl uul ~ Ncpaire aeardl. Thia cluateriq 
by hqwy ol NVinal diffen mM'WIJ from.._ tbat duter by temporal 
location. AWaoaP temporal praxlmi'1 or comiplv IDIL'J pMrate cluaten with 

110f C011n1, ..._. ...... will be aDiW fl~ ol&Ja. ...... -~ )>1d to TUPt require 
W..nftnaee•...a. 

12 A xaaox uoa ruau.c D1TUL11P o. 
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the deaired properiiea, there are many domain applicationa where thia will not be 
the cue. 

With moat cluterina Khemea, if the bowledp enginM' ill not careful, too many 
of the relationa retrieved will require the relatiftly a:pemm M&l'Ch procedure. 
In the cue of Allen's reuoner, aince relatiom W.... iatenala wi'1lin the aame 
reference interval are computed locally, there IDaJ mt inf..-. paU. that include 
interval rela.tiom outside the refenmce intenal that.,.... btfer a more cOlllU&ined 
relation. Similarly, incominenc:ie9 that would be dMected DJ tile oriain&l coukaint 
propacation alaorithm mickt be OYerlooUd. The JmowW. raluer mmt therefore 
be careful not to omit fl'Om. a nference inten'al th-. latenaJa and relatiou that 
miaht increw the conatraiat of the relationa coa'8.bwl. Deddlq a priori which 
of the relations will be retrieYed frequently ••• Alie naata, a dllllcult tlak. 
It requiree that the bowleclp eqjn_. undentu.cl uul aticipate much of the 
dynamics of the performance propam. In a medlcal expert .,.am. tlu. involvea 
knowina which temporal Nlatiom miaht be piYo&al in cllfferetlatin1 hfpoth ... 

Tab for example the cw of a •ixtJ-year-old womaa WM hm ncetncl a. blood 
trwfuaion and hu jauadice. An inci4-tal bfliq ol Glteep•la ia noted oa the 
buill of an abdominal X-ray taba duriq the work-up. A. ..neat ~ or ex­
pert system ahould consider the pcmibUitJ of a blood-borae Tiral liYer infection 
and in difrerentiatina W. ~ from. odm cw• of Jau.dice, the temporal 
relation between the tr&mfaion and the omet of jmdke wUl be much more im­
portant thaa the rel&tion betwea the j&unclice ancl --.,.ua. Tile former will be 
therefore retrieved more fnquat1y for compariloa wWt _... hJpotb.eHs tha the 
latter. Foriunately, in many applica&iom mucb iafermatioa .00.t tile mutual im­
portance of events ill alnt.4:r woMd in the bawW. ..._._... T1lil knowledge 
enaineerina practice WM adYOC:&Md by Bobrow .... WlnopaA {I, pap 2G'1): 

One of the fund•JMDW problema in anildal inW.J"8nce la the "combi­
natorial aplo.ion.• A 1arp knowledp bue proriclm aa a.poneatially 
expandina let of pomlble reuoain& chaiaa for ln.U.. Mlind infonmtt­
tion. We believe that the --- to thil probl- ... be fouad by 
dealin1 witll it dindb' ~ a:pllcit coaeera.wltll "'8 ~,of 
information. The NPJ••Wioa lap.Ip ... proricle. the .. with 
a set of facWtiel for coaVoWnc the way In which ......, atructuna 
are stored, 10 that then will be a cor~ Mtw11a -..u.c.• or 
"relevance• aad the baformation acc•ed by proceclw for aearch and 
reuonin& opera.tine under proc-in1 NI01UCe limhatloaa. 
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Even if such correspondence ii not always a comcioua concern of the design­
ers of bowledp repreHlltationa, the demandll of computational tractability will 
frequently push development in that direction.. Othenrile, the combinatorial explo­
sion, mentioned above, will arc-ly impair the performance of the applications that 
UH the repl'eHlltation. 

The pual1el be-... aa1ience and the accemibWQ' of information in knowledge 
•tructw. can be exploited by temporal HMOUl'I to create clUIWn or clU1ter hi­
eruchi• that parallel thOM of the Uemponl atructw.. The Salience Clustering 
Heuristic (SOB) doem juat that. 

To obtain the apectecl improvement in performance with SOB, the knowledge 
structw. muat fulflll the criteria. HIRed below. T1MH are illuatn.tecl in the example 
in Section 2.4.1. 

• Parallel aallence. There mU1t be corretpOAcience between atemporal and 
temporal uJMmce. That Im, in the par\ic1llar appllc:ation bein& c:omiclered, 
there mut be IOIDe explicitly repNMated at,emporal orp1aisin1 principle Uiat 
lfOUpl toptb.er the eftllM linbcl bJ _,__t (frequently retrieftcl) tempotal 
relationa. Al'1aoach la iwt pua-, object-oriented, and procw repreaent.­
tiona such correspondence .W., \lUa ii not; ~ the cue. 

• Cluater Siu. The muimum cluter aiM depeada on the particulu flavor 
and implement&tioa of temporal W.W., the machine it Im implemented on, 
and the mAlmnm time for temporal W..C. iJa&t Im acceptable to the user 
of the performance propam.. 

• Dlajolntn••· If there Im too much cmarlap between clusters, and constraint 
propap.Uon frequen.tb apreaa '1lroqll the .,... of overlap, then the effective 
cluster •hie will be 1ipUlcantb in.creMei. SOB therefore worb b..t when the 
clusters an ID09tly diljolat. 

2.S Automatic Generation of Reference Sets 

TBIUPBT uae1 SOB to deriTe reference Mt membenhip from the causal aaregation 
hierarchy ued la repNHatina each~ (J'lpre 2.15, pap 47). The imple­
mentation detaila are deferred. to chapter 3, pace 12. Here, I diacua whether the 
causal agreption hierarchy la an adequate aubnrat.e for SOB by a:unining the 
applicability criteria itendsed above, but Int, a few deflnitione are in order. 
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Causal linb, u-uaed here, are skeletal veraioaa of thOM used in the ABEL pro­
gram. That ia, a cauaal link ill a relation between two eveaw auda that the onset of 
the causally anMceclent event ia simultaneoua ~' or Wore the omet of the causal 
consequent and the likelihood of the cauaal couequat occurriq la iac:reued if the 
causal antecedent occun.11 Althouah .a truly uable lmplemenWion, of a diapoetic 
medical expert aystem would require a more po!INd'W repr•llli&tilon. of cauaal u­
sociation, I have found thia clebitlon. aufllc:ieat to ~ UMa role of temporal 
reuoning in cauu.1-uaociation-bued llJlltemll. 

A causal agpepte ia a nmm.&rJ of the delcriptioa of a dieease coune at a more 
detailed level. Aa in ABBL, the more detailed leftl la repr1nntecl by a network of 
events, which themMlvel may be caual ~' ia~ by caual llnb. 

Parallel aalleacr. EKh cauaal bk, by ita aalure, U. ui UIOCi&ted 1et of 
temporal coutraiaw, mhdmaUy that the owt of the .e.ct followa, or la limult.­
neoua with the owt of the c&UM. For reUOJUI of computational panimony and 
epistemic auftlciecy, only the relewnt cwal Uab are cplkitlJ :repr•eated. In 
this application, medical diapoaia, the importut caual linka are th.me that are 
charact.eriatic of diHw hJpothw. The time coaatratata hetw.a caw and ef­
fect are intrinsic to this cllaracteria&iion. Smee the orpalsiq principle-caual 
~ation--encapeul&tel am.orb of cwal .llab wiUU. a abnracted deKrip­
tion th .. agrepted liDb mun haw IOllle amhal NMw.e. The pa.nJle1 between 
the relevance of c&Ulal Jinb ancl temporal relatlam __. ._ tmaporal clutan 
bued upon cwal agnptloa will poup mutullJ -...m temporal relatiou. 

An example: u diacramaed in Fipre 2.15, boc11lat1oa an.cl Ja111lclie• will fall 
within the reference set Prodrw/kute·Jl.,.titia. Tile ........... rel&Uomhip 
between the two ia imporiant for aniTIJll at the diapo9il of hep&titia B since it 
perm.its a whole hoet of o~ ~ to be clnitnd (or at Jeut ranked low . 
in the dift'erentlal diapmil). In the cue of a patmt wltll a laiatary of traufuion 
(the putative inoculation) folknrecl by pl'CMiroaalaiauaatlarmPtoma (e-a., malaile, 
chills and fever), if the delaJ' behNen tranafmlaa wl jmtlb ii 1Mtwwl 50 daya 
and 7 montha (a nap can..poadlac to the Wal lncUatiDa ,.W) the hypothesis 
of blood-borne Mp&titill B pim wei&ht. If the prodromal .,_,-... follow the 
tranafuaion by coaple al ...,_, a blood-type m.innatcll ii amch more likely. 

In contrut, Uie Wlllporal relation between the inocv.l&tion and the ouet of 
recovery (which do not ahaN reference sets) ii cooaiderablJ lw UIMlfUl for diapoetic 
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purpoeea becaue it Ua IO variable (and can extend to a lifelJ)&D. if the patient develop11 
chronic acti'ft Mpatilil). Thia Wutratea another property ol parallel ..tience: that 
temporal rela&.8 within cluaten are uually more~ than thOM between 
cluaten. Why thia la 10 ill uncleu: perhaps mon elon ia laft9W la obtalniq and 
auertiq more precille ..thnU. ol the temporal relatlomlaip9 t1lat are chancteriltic 
of a diaeue and on whidl cliapmlm might JUaae. Alt.aatmly, ewmu that are 
clOHly related to a particular cauaal mechaailm miPt Jiaw 1- ftriable ti.mine with 
reeped to one odler than widl re1pect to eveata · tlaM are oaly lndinctly related to 
that mechanlam.1' In any CW; this la 1IHful u h meem that moat of the comtraint 
in the computation of an lllL can be obtained locallJ' withia a cluW. Thia help11 
minimise the to. of infonnation UW Allea __... ,...._. rtfereace intenala. 

Clutter SIM: The n•mJMr of nmu that are hadwW witlUn a ...,._ce Mt 
depeadt upon the numbs of ....- of the c..al ,.,......_ bierarch7 dW SOB 

UM9. With unabl>NriaW amdleal hJpothella, wll caml 1111....- hM Ive to 
fifteen elemenu. In the current implemeat.atioll ol TUP WI ii at the upper bo11nd 
to achieve a.nythiq approachiJac rea&-time performance. Comequatly, THlUPBT 

direcu SOB to pther only the im,,,..tlate elaboration m a cwal agnpte within 
a reference Mt. 

DlaJollltn-: Within a particular hypot)Msil, only one or two evenu are lhared 
by caual -areptiou. The el"ective chaater me ia ~ approximately the 
aam.e aise u the reference let membenhip. 

It Mmll then that 41'Nai9 with the w tlftlll-'itd• caval aarecation Iha.re 
the criterion of relevance n«-UJ' for JlllllD1*lbip widala the w reference 11et. 
Note that temporally dia*at eftDU (• in oar eulllr enepte ol rheumMic fever 
and mitral 1tenom) may aJaan the wna tm...uate c•••I .....-. aacl therefore 
share reference .u. Alllo, the compoaent .,.. ol a cw1I ...,..ate an not 
nec-arily DUIIIG ~ ...... te. ror iMtaace, • immw iwpcrme to a Bepamia 
B infection penW. into the recovwy J*iod. -

2.5.1 Uelna Other Knowledse Repr.entatlom 

Mmt if not all bawleclp lkuctUnl are built with. .,. rep.rd to proc.aing re-
10urce limib.tioaaud thua iBdiredly to the ...._of. the •titiea within lhe Jmowl­
eda• atructUJW.Thia ind.._ the whole lpednm of. ......... repr•at&tiou: 

· caual aanca&a hlerarcJaie9 (41,50}, atruct..t object ••l"••tUiou (e,48,40) 
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goal atructuree of planners (58], qualitative 8)'9tem de.criptiom [17,29,13) and the 
more recent hybrid knowledp repr•mtatiom mch u DYPTON (7) and KL-TWO 
(80). When, u in the prnioua mrvnple from TBltlPllT, temporal Alience follOWI 
atemporal releftac:e, SOR can be brouPt to bear. I outline below 10me of the 
promising cand.idaM8 to which SCH can be applied. 

2.6.2 Qualitative Reaaonlns 

In qualitative 1imulaliom (17,30,13) the number of eventa, and UIOCiated temporal 
relatiom, grows rapidly with the number of proc•• mocleled, e1pecially if there 
ia aipilcant interaction between thw proc••· Williaml'a (84J approach to mat­
ins temporal querie9 computationallJ tract&We la to .--..te j"""fication ltidoriea. 
Th .. hiatoriem maintain the depe.daciel between the quantity values at differ­
ent timem. Temporal reuonina can therefore be ...r.i,. reetricted to Uloee eventa 
that share membership in a juatilcatioa hilltorJ. N...nhei-, in la.rae aimulatlona 
such u modela of human phJaioloo, the extent of interaction between proc­
will create justification ~ that apia coau.ia too ID&D7 eventa for reuonable 
performance in temporal re&llODiq. 

sce, hOWftW, can exploit the .aon alreacl7 inWBted to •chunk" proceu de­
ICl'iptiom o la Qualitative ProceM Theoiy (17} b7 uaiq the ,_.,,..,., hiltoriu (17, 
pap 28) wociated with the Ind!:r14uala in a proaa clwrip*11 (Fipre 2.16) 
to determine refereace 1et membenlalp. By delaitioa, the Iadi viduala (and u­
aociated parameten) in a proce. delcription (•.ct and patla in the example) have 
greater shared relev&n.ce11 than they haw with ·oths in41 •1ctuala in other proceu 
deecriptiona. 

What about SOR'• requirement for parallel tempnral and atemporal aalience? 
Clearly, this depe.ct. on the appllcuioa '° let • take a ~ medical appllcation 
of qualitative aim.ulMion: explanation of the ea...i medaanimn of pathoph,.iological 
phf!DOJDml& [29). 

An 'adequate explanation of the cauaal beha'l'ior of a 8)'9tem muat include a 
partial order, if not quantitative cluonolou', « the wenta in the beha'rior. It ia ... 
pecially imporiaat, if the explanation la to be c:onam-t, that the timiq of eventa 
which are tightly coupled ( clOlely related to a .bared mechanbnn) be u precise 
and comiltent u po111ible. It ii 1- imporiaat to ante precision and conaiatency 
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proceaa: fluid-flow 
Individuala: 

a a contained-liquid 
d a containe4-liquid 
path a fluid-path, Fluid-Connection(a,d,path) 

Preconditions: 
aliped(path) 

QwmtityConditiona: 
A[Pr. .. ure(a)] > A[Preaaure(d)] 

ltelationa: 
Let flow-rat• be a ql&antity. 
flow-ra-. PIGPO&TIOIAL-TO A[Pr.aaure(a)] - A[Preaaure(d)] 

Influencea: 
I+(Aaouat-of(d), A[flow-rate]) 
I·(Allouat-ot(a), A[flow-rate]) 

A fluid path ia aliped only if either it ha• no valv•• 
or every valve ia open 

Figure 2.18: Proc.a n.criptlon of Fluid Flow. 

between event. that are 1- ti&htly coupled or related to completely teparate mech­
aniama. For imiance, Uiere ia a peater Med for precWea ia delc.ribiag the timinc of 
decreued oncotic p19aure11 aad aubMqaat iac:Nue ia ~ion17 Ulan for the 
timin& of decreued oncotic p~ aad the..- of a low proteln dlet.11 Precilion 
in the timina of decreued oneotic ~ aad t1w tremor mm.ta of Parkimon'• 
diaeue ia mm 1- im.ponaat u their nspective 'IUdtudama are cllatantly, if at all, 
related. In tllia lut cw, timm1 inform&tioa woulcl not contribv.te to the under­
ab.ndiq of the dJaamice of either mechaaillll. 

Observe that we eeem to have more precille temporal information (llELI with a 
lower coutn.im Index) &boat tiahtly coupled .,.. tha abov.t looHly coupled or 
unrelated evata.. Aa in the cw of cw&l-MIOdation aGwoib, tlu. ia libly due to 

11TJU. ....U, nlln to .U OllaCMic srMieU, ICl'Oll a _...,.....w. memhrw, • up by 
co.-R....u of a ms•am RICk • Woo4 • m••nial 1.W. 

17Tlae low of aa ......, ...... laid ICl'Oll a ..................... eo•equeat. &o an omnonc 
or Ja,droaaUc ......-. 

11Whicb, iD anwe caw, c:aa lwl, tl&rn1Ja ......i ~ JDeda19km11 &o dec:reued oac:o&ic .......... 
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with customer ~tive eftllta (•·I· book puzchuea). If the reference 1eta 1en­
erated by~ are too larp Uwy can be auDdi'riUcl umc other taxonomic 
structurea of the lanpap auch u the S.tot Ml IDIJDbenlaip specilcation. 

KL-ONE and ita derivatift9 aUem.pt to clin1apiah hetwem the deKriptive, ter­
minoloaical component of a repnHDtation aacl the ....-tioaal component~ KRYP­

TON implem.eate the former .. the TBax and .. l&tta - '119 A.Bax. The TBox ia 
used to build clelCriptiom oft.he world, ~ fonaal ......... of nnn ,,Aruu euch 
u 'a pereon with at leut t1uee chlldNa' • (7',,... 411} tiOla wh.idl the loskal con­
sequence1 (nch u aubnmption and ~) ol a•lriieu made ln the ABox 
can be retrieftd. TM TBax proriclel a rich w.iaolalJ wWl which to delcribe 
the rol• that concei* Ill aacl t.he muner ia which ~ are specialised. Thia 
terminoloa proridea many dhaenlfcwe witll wlaicb. to poap coacepta with 1hared 
salience. For indwe, coacepta wlaida Ill the w role 

Unlike procemm dwriptiou and caual-link-...... ilJpoth••, thele Jut repre-
1entatiou are much more .--a1 and domaia iaclepaclat. The parallel behNell 
the atemporal ciu.terinc aacl th8 ahancl ..._. ol the t spnl rel&tiom la do­
main depeadeat and may not U..,. hold. n..r.., a b8wWp •al.,.., cannot 
borrow knowledp 1truc:'1u9 from other appUcaUou aacl hope to effectmly ue 
SOB without ftnt verifJinl that the parallel hoklta ia dae MW application. 

Performance Driven Cbuterlna 

All the above c .... w domaha.depa.deat tnowWp of t1ae ..U.t decompoeition 
of the domain bowledp to drift the ciu.t.riq of the tmaporal clatarbue. Could 
this clusteriq be clone automatically and Jet wlaoUJ iaWnalff to TUP without 
knowledge of the ·domain? 

At the beai-niq of the diKwion on cluaterina the temporal datar-bue, I u­
Hrled that creath1 a~ oa the baaia of a pun1J temparal criterion--.pecially 
temporal pmx:l""*'--wu 1IDMlpful u k did 8°' c:aptun -r aotioa of mutual rele­
vance of the DMmk .,.ta of the duW. Bow .. •, ba·tM C01lllM of my work in thil 
area, it hu became apparmt that Tt1P hu ace• to. aftl&l clw to the domain­
dependent lalient decompoeitioa .,_ while nHridlaa itaelf to intrompection upon 
its own operatiom. Fint, \he freqaeaq of retrietU aacl -'ion of certain 11ELa 
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relative to othen in the data-hue provicl. auoq pidellne1 for the correct19 refer­
ence • COllftguration. Second, the pattern of clinribution of the comtraint index 
would &J.o point to the correct reference ..t decompo9ition; thOM connectedlO por­
tiom of the data-bue pwing a 1iplficamly lower CI should be wiped to the 
same reference let. 

A venion of TUP, modified to perform temporal cluatering in the manner de­
scribed above (performance-driven ctuterlnc), would start with a collection of u­
sertiom upon which no COD1traint ~ had bem performed. All retrievai. 
at thia initial 1iap would uae the MUdl. medauMm. After addltlon&l IULI would 
be ....ned, performaace would dearade u U.. --.rch patu became propeuively 
longer. Upon fM«'Jdn1 a threlhold of poor perf'erma;Ace, the performance-driven .. 
cluaterinc venion of TUP would brine to bear ....,al heurWicl for cluterin1 the 
data-bue into nlereuce Htl. Once the r.r.-c. .U were deflnecl, comtraint prop­
aaation would be initiatecl within eacll HnHace let. The bouad.ariel of thw ref­
erence Htl would be re-eftluatecl by Uta heuridla u additional data were ac• 
cumulated and more queries made. AtJ the codpration of th.le reference ~ts 
approached the natural decompOllitioD of tJae bowW. in the applicatlcm domain, 
the reference Ht codpration would becomtt lacrwinalJ' .W.. 

The heuriatiCI that would be em.ploJed woUl haw to be .Precilely tuned so that 
the criteria for reference let membenldp were neither too ltrinpat nor too lax. 
The hiah-level 1trateciel would, howerer, be: 

• If a group of coDDeCtecl, external17 ueerted 1111.1 have an individual aaertion 
rate z timM biper than other 1111.1 to which th.,. are connected, then make 
a reference Ht out of the memben of thla lfOUP· 

• If a group of COD11ected, external17 -1ed IULI have an individual retrieval 
rate 11 timel hisher than oth« UILa to which they are connected, then make 
a reference let out of the memben of thia poup. 

• If a poup of connected, external17 ueerted um.. have an individual con­
maint index • timel 1- than ot.hs lllLI to which they are connected, then 
make a reference Mt out of the memben of tJu. poup. 

lla.caJl ~ llJD'.a nUa ~ ..U 1ft -- ...... to retrieft thu ia .... nferuce Mt 
1111.1 ad tlactlon it ii -....W. to hft ,...._,ati, 1111n.cl uacl ~am.a wUhia a rtferace 
Mt. 

30Poiat. couected by --.ally _.. am... 
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• If a proportion " of the reference Beta have memhenhipe areater than m 
events, modify the thre.hola of the Int three hev.riatia to make reference 
aet membenhip more stringent. 

• H a proportion i of the reference sets have membenhiP9 leM than j events, 
modify the threlholda of the ftnt three heuriftica to make reference set mem­
berahip ~ lax. 

I find this ICheme of performance-driven-cluteriq quite intriauina, becauae ·it 
creates a temporally..orieW "'«llM"'J ihU ~ orpai- itaelf 10 that 
thoee temporal relation. that connect eveatl that ·are do.elJ rel&W. an thOM that 
are the :mmt euily retrieftd. It allo paraaie. ._.. .. ~for thOH tem­
poral relatiou that conaect cloHly nlated ... ta. Ill COllind, tiemporal relaUou 
that are rarely retrined, be$wem neats that are not ftrf ~ to one &no&ller, 
require couiderable effort (search) for retriftal. 

2.8 Reference Syatem11 and Reference Sets 

The earlier deleription of the commonly uwl temporal yardatk:b ( rc/ercw .,.. 
tema) such u the calendar, wu purpcJMfully left iacompWe pedlna the dlacuaion 
of conatraint propaption.aad the the role of,.,. ....... I omiu.1 the fact t.hat 
when the mini-apen of wh rtferace Q8Mm ••rte .......... relatiom 1*11ee11 
members of a reference .,..._, c:ondr&IM Pf01Mpdoa cw• the exhaunive In­
terlinking of all mamben of tllia nlcence .,..._ Thia comtn.lat propaptlon ii 
reatricted to the reference .,.&em b1 the ciatiall of a nfeiwe • tbat contaim 
only memben of the referwe .,nem. nu. ••rare -* 19 creaW b)' the mini- . 
expert which appenda to wll point ....W a nleNDce 119' whme name ii that of 
the reference .,.-. u in example 12. 

Example·12 

CIUl!L ( (IW'IYB CALDl>il) 
(llFITIPOlll ~.r···' May 20th. 1918•) 

~
Ul'lll C:ALllD-)) 

c urns 011.111»1> i-•> IU'8Y8POa •10 p .• . • .,. 20th. ...v 
CllNEr CALIDA&)) 

(2 IOUll) (2 IOUl8)) 
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Theme mini-experts have knowledge of the temporal distance between pointl 
in a panicular reference system and are implemented u black-boxell that only 
provide TUP with the diatance between two pointa, specified in canonical form. 
The inMrnal operation of the1e black-bona ii quite varied, the CALDDAI mini­
expert 111e11 a simple formula to obtain temporal dinance bmreen pointl whereas the 
DEVELOPMDT.lL mini-expert hu ita privUe \emponl context with range relatiou 
from which it obWm ihi8 diAance infonnation. 

Early in TUP'• development, one of the problelm that aroae wu the inability to 
use reference ll)'ltem information from witJUn. (non-reference ayatem) reference aeta 
without havina recoune to a MUCh. In Flpre 2.lT (a) the DEL linkin1 pointl" 
and II la 1- comtrained than the UIL that could be obtained if a lle&l'Ch which 
included the reference ll)'ltem information (alona the pMh 4-+ ell-+ "2-+ 6) wu 
performed. N~, 1ince retrieYal al an Ull. bebleen two point eventl in 
the NIIMI reference M ia done directly and wiihout M&reh, the reference ·system 
information ii not emploYed. 

In 1eneral, one would like to be able to alwaJB use reference SJltem information 
to coutrain lllLa within reference lletl becauae thele reference syateml are ubiq­
uitous, and particularly becaue the conatralnt index of the1e reference systems is 
usually very low. The CALEll>AI reference .,.stem, for inlt&nce, hu a total con­
straint index of wo u all relatiou within that .,.tem are muimally constrained. 

The 10lution adopted involvel addlna point. of a reference IJltem to the ref­
erence Mt of thoM event. to which UwJ' are relaMMi by external weniou (Fig­
ure 2.17 (b)). By dint of conatr&in.t propaption, the IUL between a and 6 is then 
appropriately conatrained by the calendar inform.Mion. Note that becauae of the 
i'eltrictiona on comtraint propaptioa impowl by reference ..U, ranp addition is 
not attempted between lllLll excluaively in the X reference 1et and those exclu­
sively in the C.lLDDA&'• reference let. Therefore the only way that constraint could 
proP&&ate from the X referace Mt to the ClLllDAI'• reference Mt would be if an 
1UtEL wiUU. the nsiOD of reference 1et intenection were to be comtralned. 

Ail nfereace .,._. have a low CI, the dlrectioll of conatraint propaaation is 
uauallJ ftam the ref_._ce ..,.tem. to Uie local referwe let. OnI, rarely dC>e9 it occur 
that UZI.a wi\Jain a reference Mt constrain relatiom in a reference IJSteln. When it 
doea, u miaht happen for imtance, if a~ ae& were to contain an UMrtion of 
early DUTI then OM would want all Nfenna -. that contained eftllt. bounded 
by DEATH to be appropriatelJ conatrained. Thia ia fact la what would happen under 
the rulel of comtraint propaauion u modiW for reference setl. 

----------
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-----, . ' . ' . ' . ' . ' • Gl:NBIIC retlrence aet , 

~-------------------· 
(a) 

~-d 

--------------------, • CALBNDAR ' . • • • • n----- ' • ' . ' . . . ' ' ' . ' . 
' ' ' ' ' . '·--- ... 
' ' :tnei.S1 ·--............... ' ' ' I 
' ' ' 

(h) 

----1•• RREL inferred by TUP 

---••• Ezteraally -rted RREL 

Fipre 2.17: Uae of Reference System Information. 
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Note that the aolution adopted nmaiu true to the leitmotif of reference sets­
that only cloeely related event pointa be in.eluded in the nme reference 1eta. In this 
cue, only thoee pointa in the reference 8J9tem. that are externally uaerted to be 
related to pointa in a reference set are Included in that reference set. 

2.6.1 The PRESENT Reference Set 

Auertiou of the rela.tionahipe of eventa with relpeCt to the preaent are typically 
found throuahout the temporal data,.._, irm>lYiac even.ta of aeveral dift'erent ref­
erence ..u. Alao, u most inaiaaC:ea of the p~ are pnerated by means of the 
lelationToPruent uaertlon, mmt IOW neat. will be directly linbd to a time 
and date. ComequenUy, jut u ref•we .,..._ an a llOUl'Ce of tight coutraint, 
ao are refeNnce9 to the pr•-'· Thenfcn, tM w aolution adopted for reference 
Mta wu imp~ for IOW maw.. TW .. , all imtanc. of IOW are made 
(by lelationToPnaeat) to be memben of Ute PlllDl Nference Mt. A.180, u for 
reference SJ11telm, the ·Hmtl iDataace of 18W ill made a member of the reference set 
of the point apec:iled in the .. latlonToPnaen ....ntoa. Alao, by the mechanilm 
described in the previou action, the rer.n.c. Mt information of thia IOI point 
ill appended onto the reference Mt meml>enhip ·of the CALDDA& point that repre­
senta the current time and date. The Bna1 nn1t ill llluatra&ecl In eumple 13, the 
complete ftl'8ion of example 6. 

Example 1a 

(lelationToPre..nt 
CCIAlll ASTmli) (TYPE IECil-IITDVAL) 

(IEPSIT <tl'ilPIIATO&Y ·DIITllll))) 
(+12 llOITU) (+1S MllTIS)) 

traulat.. to: 

(DEL (lllME (GDSYM IOI)) (TYPE PO.IIT) 
urs&T (PUllJT USPWTO&T•DI8TllSS)) 

C I.AME AITlllA) (TYPI llGll-IITDY!L) 
IEF8&T (llSPW!O&Y-tI811111))) 

C-13 MOITllS) (·12 MOITBS)) 

(U!L ((IW'STS CAI.EID.la) 
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(IEFSYSFOltN (DATE)) (TYPI POIIT) 

~
IW'SET (CALEIDA& PUSDT USPWTO&T·DISTUSS))) 

C IAME _(LateaUow)) (TYPI llGD•IITDYAL) 
ursn cn1•11 mPD.ltaY-Dllftlll>>> 

(0 SICOIDS) (0 llCOIJ>S)) 

2. 7 Predicates and Retrieval Functions 

Up to this point, I have deKribed much of TUP'• fuactioaality, without touchiq 
upon the practical upectl of uing TUP in a medical expert qmtem. Althouah the 
DEL can be used to wen &ad reViewi all t..nparal lafonmtioll, the direct ue of 
the JUtlL form in molt appllcatlou ill at the i.i cv.mbelllome. For thia reuon, 
TUP'• implemeab.tion inclu4.el a b1'0Ml ftlietJ of pNdlc:U. for t.tin& dift'erent 
kinda of temporal relatiouhlpe and a few lp4ldaliwt mrinal fuctiom. 

2. '1.1 Predlcatea 

The nature of the UIL mU. for two kinda of t.tl of t«mpMal relationa. One 
kind det.erm.inel whether tile apeclW coaclitioaa c:oa1d ,.,.;w, be true while the 
other kind ten. whether U.. c:onclltioM are ~true. :Joi' elCla TUP predicate, 
there couequently ii a corNSpODcliaa 1Ukt11 uad a relu8d Tenlon. Tab the 
WITBil-P predicate, it teat. whether two time polat. fall·wWda a IJMICiW diatance 
of one an.other u in form 7. ·Jn the 1Uict ...._ {1-WITIIl-P), the predicate 
returna "true• onlJ if both the upper an.cl lower boaadl of the 1111. between the 
two time point. are 1- Uwi or equal to the tpeclW cliltaace. The relaxed venion 
(IITBil-P), will retutD "true" u lonc M oae eftt..t two bo1llMM ii 1-'1lan or equal 
to the speei&ed cilltance. Su1-queat comtn.lat ~mar further conltrain 
the lU\EL au.ch that the WITID-P pnc1icate millti .""1rn llfalee." By deln.ition, 
u S-WITBil-P .. the •Viet ........ tJae piMlc:ate, it ...... claanc- the value it 
returna from -U..- to -,.._., no matMr Jaow lmlcll tae i.ted. DIL 19 COlllV&ined. 
In practice, the rel&Md predlcw ftllliou an &be .,.......atic claoice for knowledge 
eqineering in applicatioa domaim where temp-al b.owW.. la poorly conHrained. 
All the impi....tecl Tt1P pNdlcU. are dw:riHcl in appeacliX A. 

Form 'T 
(WITBil-P <point 1> <point 2> <diatance> <context>) 

/ 
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2.7.2 Event Retrieval 

TUP implements event retrieval ( u oppoled to D!L retrieval) with the GETEVEIT 
function which hu the form: 

Form& 

(GETEVEIT <point apecifieatioa> <filter> <context>) 

where the filter ia a boolean combination of TUP predicatee. If the point 1peci­
ftcatiou (e-1. reference Mt membenhip} matcla a poiat (or points), and the filter 
returu ~nae•, th9D the point(•) matcW Me Mwaed by the function. Thia per­
mits the reirleft1 not only of events of a particular lJpe or name, but allo with a 
specific temporal relationship widt. reapect to ~ events. 

FIIDBETllEI and FIIDPOSITIOI 

There are 10me applications in which one ia imerelted in the event(•) that occur 
durina an intenaPI and the ordinal po9ition of an fmlllt in a Mt of eventa. The 
FIIDllftDI and FIIDPOSITIOI fu.naiom ( ... form 0) proride W. capability. 

Form o 

(FIIDBETWEEI <point 1> <point 2> <acope> <context>) 

(FIIDPOSITIOI <point> <point aet> <context>) 

The PIIDBITIDI function obt&ins the intenection of all the eventa returned 
by GrtlftlT that are after the Int point, with all the events before the second 
point. There ii a IVict and reluecl ~ of Uaia ftmction, the only difference 
beina whether mict or relaxed BIFOIE·P and APTl&·P predicU. are employed; 
the relaxed venion of FIIDllTRD •da, of coune, to return a sreater number of 
even ta. 

22S. it either a .,.cilc iUenal oa the caladU' nr..ce .,..._ or limply lJae iaMrYa1 between · 
hropoin&....U. 
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When someone Ub, "What hu happened today?• your wwer will depend on 
what cateaorJ ~ eftllta you belleYe the quenioaer ii nrt.riq to. To a doctor you 
might enumerate the ftriou qmptolm you have •P*i.t-.ed, while to a buinw 
auociate you might enumerate the ~ of the clay. The ICope parameter 
of the FIIDllTllEI fundion permit. the apecilc-*k>a of a lln of reference letl to 
which the function ahoulcl be appliecl •. la aclditim to delimitiq the ca~ that 
FIIDBITWDI will be applied to, tJail ICOplq reel-. the ..... of a very expenaive 

computation. Of coune, if wwary the .cope caa be .,.ciW to include the whole 
temporal bowledae-bue. 

FIIDPOSITIOI returm the ordinal pomitlon of a time point in a Hi of time points. 
It doea W. 1imply by couatiq the number of....- ia $MM that an RrOU·P11 

the 1peciled point. There la ao Med for acopiq u \he_,,. illlpUcitly only inclu.t.. 
the point. ~ are membna of the point .-. I ·haft foacl hownw, that in man 
realiatic, 1arp applicatiom, the poiat - la too .... to be diNdly apecUled, but 
imtead ii ued with the rIDRrllll ftmcti. .. in enapte 14 ... Therefore, in 
practice, the FIIDPOIITtal fwtioa iacun applV'hneWJ • mon compub.tioaal 
expeme than FDDllftlll. All &uwd in chapts 5, thil plaeaomenoD hu it. 
parallel in human. copitioa. 

Example 14 

Although ti.. functiou are indeed very expenaiYe ~ to other TUP re­
trieval open.ticma, it ii 1111' experieace, at ie.. in the domain of medical diapoail, 
that they are iafleqamtly aeed.d. 

•n. Rrid ...-. 1-rDlll'Olmo1 ~ w , .. .,.....,ii Mio .. ,...,.., •• 
2'Note Uae ue ol Uae &. bJ *M .... I fudm •...UM *M ...... ol the PUllllftlll 

fudioa. COllMa ... Ja.... m. Wt a& &Mir cWult ftlM. 

--- ------------~-
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2.8 Persistence 

Any event in THRIPHT hu a persistence that ia bounded by the interval in TUP to 
which it ia uaociated. Often there ia aome ~ial bowledp of the extent of thia 
persistence (e.g. we know a priori that cardlaac uclna without iachemia doem not 
last ~al houn) that ia an intrinlic property of tile neat. AllO, the penietence of 
an event ia bound by the penineace of cKher .,._.. (•·I· the duration of diabetes 
mellitws is limited to an indi'ridual'a ......_). Thia la ~ted in TtJP by havin& 
the end of one intenal tied (with an lllL} to~. The mutual reruiction 
of peniatace that tlUa interdepeadena f!IP••• la taken cue of by conatraint 
propqation. For imtance, every time the Ufespan duration la ahoriened, IO is the 
penisteace of diabetea mellitws. 

There are, however, many events whoee peniatence remains completely un­
known. TUP maba the ume wumptioa in W. rep.rd that a ~ot of people would 
make: that the peniatena ateada to ~ IMat UDtil further JmowJedP.. ia 
1ained ~t the intriuic .penialeace of aueh aa ....t or the penlatelace of another 
event to whicb it ii tied. For nample, the antiDa of the blienal that repreaenta 
the peni8tence of the plwt Eanh'a ...... will ltue an upper bound of +oo. To 
hedge the bet, there coulcl be anotJas eYeM Qe clt9truction of the Earth- WhOH 
conwpondblc intenal woulcl hue &ll-.at .......... to the end of the existence 
of the planet. The Jl10llMmt the diKcwelJ wu DUMie that planeta auch u the earth 
had a specified llml~ lifelpUl or that ti... wouN be plaaet&Ty d..VUC:tion in leu 
than inftnlte time, the inlnite penineace of Eanll 'a aiatence would be constrained 
accordiqly. 

2.9 Unresolved Iasuea 

TUP bu been d-iped to a.prma temporal bowledp u pnerallJ u poaible while 
maintainln1 a aim.p .. uacI.binc ...,.al 1111••---· l:YeD to, TUP'a perfor­
muce f.U. ahori ia the rept•atMloa of anaia klaa. of temporal information, 
specilcally: recunmt weata, probablliatic &trlktioa of temporal bounda and 
parameVisation of bound8. 
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2.9.1 Reuonlng With Temporal Uncertainty 

Several temporal reuonin& system., capable of hypothetical reuonin& through the 
use of contexts or eome form of backtnckinr; (or both) are billed u endowed with 
the ability to reuon with temporal uncertainty. In some HDM thia claim is correct, 
but only in a restricted senae-u will be explained 1horily. 

Let us see what kind of reuoning about temporal uncertainty is permitted by 
context and backtracking mechaniame. If die temporal repreaentation is used in 
an auertional mode, a backtracking mechaniaQJ. permits the kmporal reasoner to 
correct prior aa1umptiona u additional, po11ibly unexpected, information is ob­
tained. In this aenae, the temporal reuoner ii handlina uacertaln&y u it reaponda 
to events whoee occurrence cannot be fully anticipaW. If the temporal repreaenta­
tion is used in a deacriptive or terminological man-.r, alternate, distinct temporal 
hypotheaea can be deacribed u well u the lor;ical (temporal) concluaiona that derive 
from specific temporal relationahipe. Here aaain, the temporal reuoner can be de­
scribed u reuoniq about temporal uncertainty, becaw it handlea the uncertainty 
over the ~· timing of even.ti by repiwentin& MVera1 ditrerent po11ible temporal 
conflgurationa. 

TBRIPBT exhibits both the auertional and terminolqpcal methoda of dealing 
with uncertainty in itl uae of TUP'1 reuonina mec:huiam aad repreaentation. In the 
data-gathering (flnt) phue of hiltory-ciriven-cliapo, incouiatenciea detected by 
TUP cauae the withdrawal of one or more um.. and die 1ubeequent recomputation of 
the consequent temporal relationa. The terminolocical repr•eat&tion of uncertainty 
is illustrated by TBRIPBT'• alternate cauaal/temporal hypoth_. 1enerated in the 
elaboration phase. 

Encoding Probablllatlc Information 

Both of the above methodolo&i- for repreaenting temporal uncertainty are too weak 
to expreu more detailed temporal knowledp. In puticular they do not allow an 
experi system to make UM of probability •tim•tel ·of tempcwal relatiom. In this 
aection, I 1btch aome of the chat._.. of prcwidiq nch a capability. 

Let us tab two UELa med in prnioua exunplel, and eupp09e that we could 
U1ign a prior probability of Pl to the temporal relatiouhip of the fint DEL ind Pt to 
the second DEL (see example 15). What would be the probability of the third DEL 
linking omet of anorexia and end of irritability? To be&iD. with, the queation itself 
ia flawed, because the semantica of UEl.e are such that the UEL bounds between 
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two point even.ta a.re not determined probabiliatically, but a.re the fixed limits for 
that temporal relation in a 1peciflc TUP coniext. Any other interpretation renders 
the result. of the range addition operation DJMnin1l•1. 

Example 15 

(RIEL ((NAME IILIITABILITY) (TYPE BIGil•IITl&YAL)) 
((IAME AIOlllli) CTYPI llOil-IITDY!L)) 
(2 DAYS) (8 DAYS) (Prior: Pl)) 

(RIEL ~CIANI AIOllXli) (TYPE llGil•IITDVAL)) 
(IAME AIOIUli) CTYPI ID..;.IITllY!L)) 
72 IOUll) CM HOUIS) (Prior: P2)) 

We can, however, redefine the Mmaaticl of ihe UIL 110 that in our example, 
the interpretation of the first UEL 'bec:.omm: "There ia a probability Pt that the 
temporal diaUn.c:e between the omet of irritabiliiJ &Del the onaet of anorexia lies 
in the ranp of two to three daya.• The operation equivalent to ranp additi~n 
lhould then either calculate the ~ of the third UIL at a p,... probability 
p3 or calculate the probability p3 for· a particular .JNUr of bounds. Either of these 
two operationa really requiree not jun a alncle probability .timate, but in fact 
the probability diltribuUcm of the .._poral cliat&D.ce for each pair of event points. 
Since the probability dilltribution. of a calculaW llBL depe:Dda on the probability 
diatributiona of Ule two lllt.a um for tile cakulallon, thi8 capability would require 
tha.t TUP be capable of performbac U&e ....-t of nmce addition on any pair of 
arbitrary probability diftributieu. 

Let ua go a •WJ> further, ad imacfne that the probability diatributiona, over the 
full range of temporal diataac., were npi•ated for each am.. Jut u in the cue 
of the range additioa calculation, there would 1M lllftl'al combination.a of UE1.I that 
could be used to calculate a panic11l&r prolw.bility 4iatributi.cm. The problem would 
then ariM of kow to remolve the aitfereacel H-... the probability distributions 
calcul&W from dltrenmt 1111. combiau-... 

AlUiouah thi8 is a dllllcult problem, ill the ablence of a 10lution, the manner in 
which temporal reunen deal with temporal mac:ertaiaty will remain, at bemt, ad 

hot: and aubject to iaconaistent iDMrpntatlom. Ia this re1pect, the recent work in 
mathematical reMOJ1inl with partiallJ apeci8.ecl .,.._. of equaiionr' appean to 
be a promillinc line of re.earch. If we couW provide the reuoner with the general 
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form of the distribution (e.g. normal distribution) u well u a few values along this 
curve (e.g. 75% of individuals have symptom z within flve dayw of symptom 11), 
this might sufficiently constrain the set of consistent probability diatributiona to the 
point that Uleful temporal calculations could be made with them.Note, however, 
that in medicine at leut, temporal information of quality IUfllcient to construct 
a temporal distribution ii acarce, 28 and therefore probablliltic temporal reuoning 
would be infrequently UHful. 

2.9.2 Recurring Event• 

Due to the sipiflcant difficulties in providing a general facility for reuoning about 
recurrent evenu, few temporal reuonen have tackled thie problem. Dacribing 
these will be aimplifled by flnt defining a ruurrcncc u Ul eftllt that occun more 
than once in a temporal context. A collection of recurrencem conatitute a recurrent 
pattern. 

In one cut at the problem of repreaenting recurrenc•, all recurrenc. are enu­
merated ( auerted), u ii the interval of the recurrent pattern of which they are 
members (as ii done by Mittal [41)). Aa a result, the recumtnee1 appear to the 
temporal reuoner no differently than other, non-recurring eYeDU. The interval of 
the recurrent pattern similarly appean u just another inMnal with temporal rela­
tions arranged so that each recurrence ii during that intenal. It ii hardly feuible, 
however, to enumerate hi&hly repetitive recurrent patteml with larp numbers of 
recurrencea (e.g. the cardiac rhythm). 

Kandruhina's (26) "T-Model," partially implemented in the VOSTOK l)'ltem, 
follows another approach to the repreaentation of recurrent event.. In this approach, 
several different typea of recurrent patterns (•chain•" in the T-model repreaentation) 
are defined, and a set of pneric relationa between theH p&iMrn.a le specified. Aa in 
Figure 2.18(a), the •chaina" of the P waves and QRB complael are synchronized in 
a particular relationship (ALTDIATIOI in T-model terminoloa) with rempect to one 
other during the courae of the normal recurring pattern of cardiac electrochemical 
activity. 

Where this last approach performs poorly ii in specifJin& occuional modifi­
cations in the temporal relations of the recurrent pattern. Take for example, an 

.. 
28Notable exceptiou include tlae n.rvival c11l'W9 for vuiou ctilew uu1 compildiou nch u the 

Denver Developmental Sc:naiq T• (18) wllic:k chvu &Jae ~ ol paD.au thu maaifat a 
particular sip of dewlopmm u clitl'.,.t agee. 
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p I I I I I I (a) 
QRS • • • • • • .. .. .. • p I I I I I I (b) 
QRS • • • t• • • Iner_ ... P-R la&erTal 

Fipre 2.18: Patterm of P Waw. and QRS Com.pi.. in ALTEUATIOI. 

electronic recordin& of thoun.nda of cardiac cyci., in which one (Figure 2.18(b)) 
or more recummcee have proloqed P-B. intenala. It la diftlcult to UM a gene~ic 
recurrence repreeentation, of the T-model type, to repreeent thia information and 
in particular to make 1uch temporal decluctiona u: 

• The temporal relations between the eventl on opposite 1idee of the perturbed 
recurrence. Thia requhw combiniDc the paeric information of the recurrent 
pattern and that of the local ftriatioa9 of th-* pattern. 

• The total duration of the pattern. 

Obviously, a constraint propaaation mechanism could make all theee inferences, 
but only if all recurrencee were enum.-Ued--hardly aa elecant aolution and gener­
ally not feuible. 

What ia required ia a dichotomows temporal reuonin1 ayatem. One part would 
repreaent, by expllcit enumer&Uon, thoM t.emporal re.latiom that differ from the re­
current pattern. The other aide of the qatml would NpAlellt the generic recurrent 
patterm. A mappiq would have to be munta.iae4, Unkin1 the recurrent patterns 
to the enumerated events. One of the maJor clifllc1IWee in the deeip of such a 
system would be to maintain the mappiq and apottiq inconaiatenciee between the 
two halves of the dichotomoua repr•eaation. 

THRIPHT and TUP togeth• implement a poor man'• version of the above scheme. 
TUP maintains the temporal relations of the enumerated portions of the recurrent 
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patterns. THRJPHT maintains recurrent patterna u abstracted· eventa21 with ad hoc 
specification of the ma.irimum number of referenc• and the bounda on the interval 
containing the entire recurrent pattern. Clearly, tJUs ia not atiafactory, and the 
implementation of the syetem, d.-cribed above, ia one of \he more preuing items 
on the agenda for further reeearch in temporal reuoatn1. 

2.9.3 Parameterised Bounds 

In a patient history, there rarely it any need, or auftkient medical knowledae, for the 
use of parameteriled bounda. However, when the ct.i.p.ostic domain it one of the 
more thoroughly inveatiaated phyaioloaiel, auch u 11elcl-bue homeG9tuia, there ia 
sufficiently detailed medical bowledp to t..i. Mftllt.,. of pu-ameteriled bounda 
of the kind illuatratecl in form 10. AA ahown, ina*-4 of explicit numerical valu., 
the bounda are repi.emed u funcilou of vecton of quatitiel. 

Form 10 

(RR.EL <point one> <point two> f (Q1) 1CQ2)) 

The implementation of parameteriaed bounda would requ1n that every time the 
value of a quantity chanpd, all lllLa whme ~ clepea.ded upon that quan­
tity would have to be updated. If Uw comkaia.t of ~ mi.a were to increase, 
conatraint propaption would. proceecl u preriou9ly dmcriW. If the chan1e in the 
quantity caued a acrwuc in comtraint in &D1 llltl, TUP would behave u if it 
were withdrawina th .. lllLa. • 

The fact th.a& TUP does not repreaent um.a u probabWty distributions cre­
ates some difllculty in uabaa parameteriMd bouacta. iWia·for tut.nee, the uae of 
parameteriwt bouada to deKrlbe auch fuactiouJ depadmc'- •·the expected pe­
riod of survmu of. &ll wtmdual a:pOHCl to hllll .... of J'Mliation, .. it variea 
with the cum~ apcnre and the auure of W. rad~. Unfortunately, be­
cause the temporal •tbnat. that &rile from p&N1111t.iaed bOuada are uaually of a 

21Whlda '1t.a become dae ........... of .. J!eC11fHW. 

31Thu ii, ~ ~ all ti.o. Dita .._ ...._ el COMtniM clepeluled upon Ute 
•• of 'Jae 1111.a .... c:outniM ... beea .... 1r • .t. 
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probabilistic nature,29 temporal inference errors would be generated, as previously 
discussed. 

29 In the case of the radiation exposure, there is a probability distribution of survival for each 
exposure level. 



3. Application of TUP to Medical 
Diagnosis 

THRIPHT is a medical expert system prototype, developed in order to investigate 
the kinds of temporal reuonina required for the tuk of medical diagnosis. Early 
in its design, I made the decision to avoid a relatively aim.pie sraft of TUP onto a 
"vanilla" rule-baaed system. Thia would have involved adding TUP predicates to 
those already available for the construction of rulel, and p.mitti.q the assertion 
of TUP temporal relationships in the data bue u in example 16.1 A.a the limited 
ran1e of knowledp repl9ellt&tion and the limited control atructure that 1uch a 
system providea would have been inadequate to aupport the scope of the multi-
1tage diapoetic tuk outlined in the introductory chapter, I have instead choeen 
to build a prototype expert· system uaing several of the -..cond generation" AIM 
technoloeiea. Thme include: cauaal agregation hierarchies (e.a. ABEL (46] and 
CADUCEUS (50)), knowledge atructuree for reuoni.q about hypotheaia evocation 
diatinct from thoae employed to perform cauul reumin1 within a hypotheeia (e.g. 
CADUCEUS' constrictor and cauul hierarc:hitw), and the concurrent construction of 
aeveral alternate patient modell rather than bullcllnc and diamiMina hypoth ... one 
after another. Thia ayatem-TBJUPBT-ia akeletal, incomplete and far more brittle 
than the ayatema WhOM concept. it borrowa. n hu the merit, however, of bringing 
together in one 11stem the features that are nec.aary for the investigation of the 
temporal issues in medical diagnoeis.1 

Example 18 

IF (BEFORE-IOW-P 
((MANI JAUIDICE) 

(TYPE B&Cil-IITERVAL))) 
AND 
CBEFORE-IOW-P 

1 Before the medically bowW1eable ruder pro&eeta, I emplluiM thU thia example ia meat to 
illuatrate the w ol TVP pndicat• aad. ..miou in a rale Uld aot clehe &Jae •ec:warJ criteria for 
hepatitia. 

2Ita implementation aJ.o had the merit ol aot exceeclin1 the available (my owa) mu-power. 
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3.1. DATA COLLECTION 

((IAME IV-DRUC-ABUSE) 
(TYPE IEGil·IITIRV.lL))) 

AID . 
cs~asroaa-P <II.AMI IY·D.IUG-AIUSE> TYPE B&GP·IftDfAL)) 

C IMm JMllDIOI) 
TTPI llCil-In'DYAL)) 

'f8a.Efat1oaToPnMat . 
((IM llPiftTII) 
Cm& llOll-?ITDY&L)) 

(+IPSILOI) (+IIPIIITY)) 
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Whereu the pnrvioua chapter dealt priacip&Uy with temporal representation 
and iaolaW a.am.pies of temporal re•nhtc bl the IDICllcal domain, in thia chap­
ter the intenctioll betwwi the timpani 11111nm1.,.._ (TUP) and a medical 
expert ~ (TIUUPBT) and the role cl ta ~ in the ftriou phues of 
diapo1ill is empJaMiwt For tllil ,_, 011, we ....... io the tcheme (elaborated in 
chapter 1) for d.mmpoeina. the Wk of~ .diapo-U.. I repea.t that this 
ia a pracmatic but aw rather ubi\farJ. dtrilkm al. WMr in ~ dlaponic proceu. 
I do nol claim &ll1 doM ......,. to ._ .. copMlon or that· thia IC.h.eme i9 aiiy 
more •correct• thUI otll.en. n --u-•• ~ .orpaiM t.he exploration 
of crur..t types al diap-tic hehaYlar _. .._ fol1ow dle Pwat pattern of many 
•MCond pneratioa• AIM.,.._. 

3.1 Data Collection 

In the coune of A.IM neearch, aeveral dilereAt pvaclicma for obtainina patient data 
have bee experimaied with. On _. ........_ ti... ue iaflo.i.ble, •dictatorial" 
system. that apcifJ wkM iD.formMicaa .-., ...._ wl are unable to perform fur­
ther diltpO'tic actiYitJ uUI daw ~Me--~ On the othel' extreme, the 
puaive QRema Mcep& wha..._ ciata It ptelnM.(or Ill uallable) and then proceed 
to ·mab·whatner eonchwiou are pwl'bla .wltll dail iaformalion •. In between, the 
mixed initWive prOp'UDI 1CC9Pt all iafonretloa Wtlateered but may aJao prompt 
the uer to prori4e-.. pertiaem -.U.. 

In Uie current Implementation of TIDUP1IT, the data-collection phase ia largely of 
the pwive lype, w-.. duriaa the bnMKJat I ...muioll phue it ia of the mixed 
initiative type. In earlier ~ al '.r'JIU'ft, ._ ralad lnliiative pandipn wu 
also ad.Opted for the data.-collectioa plaue IO lbM a few heuriailcl could be used to 
euure the ccmaiatency aad precision cA -- 4ata. If atenaally .....W UEL '• were 
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found to have a CI much higher than average, THRIPHT would phrue a question to 
attempt to obtain more conatra.ined information. Similarly, THRIPHT would check 
selected derived DEL'•· by ukina the uaer if the derived information corresponded 
to her understanding of the temporal distribution of eventa.1 THRIPHT would also 
initiate a "canned" set of questions for significant flndinp; for instance if melena' 
was reported, this would cauae THRIPBT to query the user about related events 
such aa pallor, lou of weisht or anemia. >.. deKribecl u.rlier, THJUPHT hu been 
designed aa if it were to operate in the background of an automated medical record 
system ulna the information pthered to check if Ul7 important or likely diagnostic 
hypoth .... had been omitted. Therefore, the c~t venion of THRIPHT is. purely 
pauive in ita data-gatheriq phue. 

All UMl'tiona that are made to THRIPHT in thia data-gathering phue are as­
serted aa IR!L'a in the l\EALITY context-the default when no context ia 8J)eeifled. 
Constraint propagation ia performed upon the uurtion of each Rl!L. This per­
. mi ts the frequent temporal inconaiatenciee in the history to be detected early in 
the diapostic procea before any significant effort ii wuted upon hypotheeee baaed 
upon erroneoua data. A. thia data-collection occun prior to the pneration of any 
hypothWlll there ian 't any applicable domain bowleclge to pide the cluatering of 
the temporal data bue into reference ...-. During thia phue, ·rererence 1et. could 
only be generated arbitrarily and with a hia)ier n.k of miaaln1 important inconaia­
tenciea. For thia reason, all UBL'• are ....ned within UM same reference set to 
enaure global conaiatency. A. thia phue uually iavolv. no more than 20-30 point 
events, 1 exhautive range addition ia not too compuQ.tionally demandiq. 

Whether implicitly (through the tense of a verb) or explicitly, moat temporal 
asaertions obtained in the patient history contain a reference to the temporal po­
sition of the specified event(•) with N9pect to the preMnt. To repneent thia, the 
lelationToPreaent u.ertion is uaed with virtually every d.Uum. gathered in this 
first phase. For instance, the phrue "the onaet of fever 6tfM two days before the 
rash" not only indicate. the relative position of the fever and tuh but ablo the fa.ct 
that the onset of the fever occurred prior to the preMDt. Example 17 provids the 

3 For iubace if \Jul ~ ~ 'hu the fenr happeud '1to to 'Jane days Wore the ruh 
and 'he ruh foar daya Won the jaudice, the pMieU co.id be ubcl if elae believed ihu the fever 
preceded the jamaclice by lix to ...,.. days. 

'Stool d&ined by blood. pipaeate. 

6Experiaced phyai.ciau will genen'8 a 1mall pup of work.ins hn>O'la- [27) early in 'he '&king 
of a )>Uien& hiatory. 
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equivalent -.uertiona in TUPese. 

Example l'I 

(RREL (tlAME FEVll) CTYP! BEGil-IITBILVAL)) 
C JAME IASI) CTYPI BECil-IITEIYlL)) 

2 DAYS) (2 DAYS)) 

(RELATIOITOPRESEIT ((IAMB FEVEI) (TTPI BECil-IITEIVAL)) 
(+IPSILOI) (+IIFIIITT)) 
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The conaequence of the ubiquitoua reference to the pHHnt ia that all events 
in the history become IOlldly anchorecl with n.pect to the preMDt and indirectly 
(by mea.m of the expaD.ion of the blatioaToPff••t uaertion--see example 6 
on page 24) to the calendar reference Q1Jtem. A.a the calendar reference system 
has a very low overall conatraint index, th.. frequent referen~ to the pHHnt are 
helpful in conatrainin1 the temporal rel&tiona of the patient bi8tory. 

3.2 Hypothesis Evocation 

There usually are D1&llJ hypotheles that Include findinp that correspond to those 
in the patient himtory and yet which a human expert would only brie8.y conaider, 
if at all. One reuon for this is that for a larp clUI of hypotheeee, their temporal 
patterns are wildly at variance with the daroaoloo of the events in the patient 
hiltory. Therefore, to correctly triger ~ for further conaideration, the 
expert 9J1tem muat be eenaitive to Ula temporal conflauration of events in the 
patient history. Unaatilfactory reeults will ... if just Ule preNDce or absence of 
events ia used to evoke a hypoth•ia. This ia clurly illustrated by the three examples 
of mistaken diapoeia of transfusion-borne acute hepatitis B in the introductory 
chapter. 

Temporal Erron In Buman Expertise 

Human beings who ipore temporal coune are subject to the same errors and inef­
flciencie8 to which Wlllporally uuopb.iaiicaW expert 9J1tems are prone. One such 
error will have occurred to anyone who hu taken MVer&l patient histories. A pa­
tient will mention several symptoms, aay a prior episode of jaundice and malaise, 
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and is then uked routine queationa to· refine the diagnoeia--in this cue whether 
the patient hu received. blood transfuaiona. An allrmative uawer will occuionally 
incorrectly lead the interviewer to believe that lhe ia on the riaht track only to 
discover that the event happened at a time other than one relevant to the hypoth­
esis (e.g. the tranafuaion occurred after the jaandice). That ia, the hypotheses the 
interuiewer conaiden may lead her to expectatiom that, without 1ufficient temporal 
cues, will be incorrectly matched to findinp reponed by the patient~ The convene 
phenomenon will alao occur: the patient omitl a qm.ptom. became it ii outside 
the temporal window the patient couiden to be relevant. A claDical cue of this 
is the patient who hu been diagnoeed u haviq had a myocardial infarction or 
end-stage emphyaema and ii uked if he 1mo1-. Often the patient will r.pond in 
the negative, and it only becomea appareftt, later in the inMn'lew, that the patient 
started to abstain a month previously, after a ftfty-year, two-pact-H&y history of 
smoking. 

The Usual Approach 

When a medical expert system is developed, the 11J8tetD'a inability to recognize a 
wide variety of temporal patterns of diaeue leada the knowledce engineer to uaume, 
often implicitly, one or both of the following hvo -.olut1ona•. 

The first aolution is to uaume that the user will go IOIDe distance in arriving 
at a diap.oeis and therefore only -teed• the expert system thOH eventa that are 
pertinent to the pNMD.t illneu. In a complete patient hinory that includea multiple 
visita~ such uaumptiou can lead to erroneous CODCluaiona. For example, MYOIN 

i.ts for a bacteroidea infection with the followina rule [12}: 

If (1) the infection ia prillary-bactenaia. and 
(2) th• •it• ot cult111'9 ia one ot tJae a'tlerileait••· and 
(3) th• auapecte4 p:trtal of entry of tile orpniaa ia the 

gaatrointeatiaal tract. . · 
then there i• aucae•tlv• evidence (.7) that the identity of th• 
organi•• i• bacteroi4e•. 

Regardless of when the primary bacteremia occun it can bind to the correspond­
ing slot in the rule. Therefore, even if the primarJ-bacteremi& happened ~ntha 
before the current culture wu obtained, MYOJM would come to the aame conclusion 

8 Aft.rail, oae of '1ae soak of AIM ii k> prod.ace prosrama 'laat ~ ONI" 'h• whole lifetime of 
a patien' aad thu , .... ba&o accom eveau of cliaic:al impan&ue dtroq)ao.,. 
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u if the bacteremia had happened jut a few houn before the culture. Also, if the 
patient had multiple epiaodes of primary bacHremi&, each of the bacteremia events 

could be matched to the antecedent pan of the rule. The user is therefore expected 
to uaert bacteremi& only if ihe epilode wu recent enough to be relevant to the 
present illneu. In doing so, the UMt hu to enaaae in diapa11tic activity because 
temporal proximity does not neceuarily imply releftnce to the preeent illnea.' For 
instance, an episode of acute rheumatic fever that C&\11119 valvular dileue 30 years 
later should be reported to the expert .,atem. ewm if it ia not temporally proximate 
to the pNMDt ntn ... If we intend to dnelop AIM l)'aiema that can work with naive 
uaera we cannot shift it any of the iwpomtbllity for recognising relevant findings 
from the expert ayatem. 

An alternate solution, and probably the oae DlOllt commonly employed, ill to 
permit the PJ'Oll'&ID to trigger freely upon the whole patient history and let the 
expert 1J9tem. dillccwer' at a later phue that the fada do not quite fit. For instance, 
if the poet-traufuaion hepatitt. B_ hfpotheaim wu trigered by the jaundice that had 
occurred in infancy and &nd a recent Uuafuloa durlaa CMHrlan aection, the f~t 
that the aeroloaies (for the ftriou hepatltia B antlpna ud antibodiel} were all 
negative would JDOBt likely cauae the hepatitim hypotheaia to be ranW low, if at 
all, in the differential diapoeia. Thia meUaod, however, involv• the exploration 
of many solutiona (and requeRa for h:aformation} that are irrelevant at a glance to 
cliniciau familiar with the ditleue chroaolol)'. Often, even if all the atemporal 
information is available and ia uecl, the expert IJBtem will be unable to make 
distinctions for which temporal repl'eHlltati.on ia neceuary. It ia apparent, then, 
that providing expert ayatema with the capability to repreNDt and reuon about 
the temporal coune of diMue permit. a lipi&cut prunin& of the diagnoatic search 
space eftll at the hypothesia U:igerias pbw. 

Consequently, if a 1arp 1caJe diapo1tic program is endowed with the ability to 

'TU c:midlm of MYODI may appear _. liac:e *1ae .,..._ -Nckward-ch..m.- from Uae hy. 
poUa.. '° • clMa wl "*"'°" • lilnbas of~ ...... cu be eaplicR1y ~ by qhl')'in1 
tile ....... TMn an ...wal lawa wi&Jl &Ml approacll: {1) llae .... or du. bue man provide tlae 
specilc Maponl nla&Mr•llaip .... fer; MYCDI C.- W.. die Maponl nlMioulaip from prior 
_.__ (2) ia lllil fann of.,.... ............ , MYClll' . ....W ~ ult qunioaa of the 

Umiq of ...a. ia wla ltno•lmil ...W...t.. Tm it u.aalll*.W. if a pMieat hiatorJ ii to be 
ta.Ma from a paAIU wllaet u.d.erl.Jial ,...W.. ia 11abc-a t.acbwckJaaiaina woald tllea laave 
&o be iaiUUecl from too • ..., ~.... {S) if da. ralie ia .... in a forw~ mode, my 
oritiaal claim, Ula& dae ..,.. ltM &o &u. aa adiw !'Ole ia ....... llae difereatial diapoeil, holda. 

•oa. panly u.mporal pouda. 
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support sophisticated temporal reasoning, ita diagna11tic style shows a greater degree 
of focus; that ia, a more relevant set and amollc,. number of diacnoetic hypotheses 
are considered. 

Bow Much u Gained? 

Let us put uide, for the moment, the reduction in the number of qu•tiom that a 
more focused diap011tiic atyle would briq to uk the foBowina-qwtlon: To what ex­
tent does the UM of temporally sophiaticated hypothelia evocation lead to improved 
expert s11tem performance? 

One way I could show that the computational aavinp are 1ubetantial would be 
to pit THRIPHT 1Cainat an expert ayatem without the capability for temporal rea­
soning. Both ayatems would be preaented with a let of nm-of-the-mill c.._ that 
a ph11ician might aee in the courae of a week'• praciice. The time that each ex­
pert system would require to reach a ftnal dMpcwie on W. iypict.l c .... load would 
provide statistical evidence of the relative performance of the two 1f8teml. Thia 
method hu not been tried because TBRIPBT lacb a broad knowledae bue and, 
u mentioned before, the rukin1 (fifth) phw of di..,.-. ii oalJ' pariit.lly imple­
mented. Nonethelem, the Kope of the reductlon m comp11ta&ion can be conveyed 
by consideriq the three following aeta of hi&h-P~ lndinp. 

1. Take the tlndinp of a non-specific ruh and bae-9tlq. Very many patient 
hiatori• will contain both of theH eveata. There ate many C&UMI of a ruh 
but only a amall percentage of thele will be cw1d by a bee-ating. However, 
if a medical expert 1J1tem ia unable to check whdher the ruh followed the 
bee-sting by a few minutes, it will have to live furiher conaideration to the 
hypothesis of an al1eqic ruction MCODct.ry to a bee-lltiq in moat, if not all, 
histories which contain both tlndinp. 

2. Many women will lactate during the coune ~their lives. The vut ~ority 
will do so towards the ad of their prepancy and dumc aunina. A .phJ1ician 
will not conaider patlaoloaical c&UMS of lactation., ncb u tllJrold diHue or 
a pituitary adenoma, if the lactation occ1118 dariac ti.. periods when it ia 
expected. 0 However, a temporally incompeteat expert Q8tem will have to 

9 Unleu the cliM ... Ja&ft prop'HHd to the point wia.. tJler an cJiaically manifen Ua W&JI other 
than lactation. 

-----------~ ---·------
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further inv.tigate all theH cuea thereby uaing additional computational and 
clinical reeourcee. 

3. Many patients who a.re administered antihypertensive drup will have rebound 
rises in their blood preuure if they are weanecl too quickly from their medica­
tion. This will occur when the therapy ii either terminated or a different drug 
ia selected. The new medication mi&ht be aiva in insufficient doeace or lacks 
efficacy for that patient. A.. there are many other cauaes for increued blood 
pressure, unleea the cha.np in medicMion preced.etl the rise in blood preuure 
by a apecifled period, it ii a wute of computational and clinical reaourcea to 
devote more effort to a hypothelia bued upon changee in antihypertenaive 
medication. 

In aeneral, many flndinp which are common in the aeneral population are alao 
drua 1ide-decta. Each drua hu a cllar&cterinlc delay between ita administra­
tion and the effects/1idHiffect.. If an aped Q'1tem. 19 able to repreeent thil 
delay and then match it aaainat the timins in tJ:ae patient historylO then the 
hypoth .... of drua-induced effects aeed only be conaidered in a 1mall fraction 
of the prevalent CUM of the flndinp. 

Theee exampl• illustrate how hiltorical itelllls lole their 1pecificity if they are 
stripped of the delcription of ~ place in a chancteriatic chronolou. At leaat 
in medicine, prec.clenc:e information alone 18 iuullcim.t to adequately characterise 
1uch chronoloci• and the quantitative timina information imparted by DELI U. 
required. 

Early Solutlon1 

Developera of early AIM progr&m1 were copisant of the need for eome 10rt of tem­
poral representation for trigprina hypo~. The Pnant Dlncu Program(PIP) 
(48) for instance wu modifled [56) IO that featUNI of hypoth•il framea such u 
cauaal ud auociational ll.nb could have a temporal qualiler. To this end, the 
time-line wu divided into five period9: PAST, UCDT·PAST, IOI, IEO-PUTUI! and 
FUroll. This enabled PIP to repreeeat d.ileue chronolosi• nch u the development 
of chronic 1lomeruJonephritil {CGN) in the fVl'Ull from acute alomerulonephri­
til {AGN) IOI. PIP could then auiomatically infer when feature1 eharacteriltic of 

lO And, if DeceMal'f1 derive the DeceMal'f dmiq infcarmaUoa from prier Mloporal UMl'tiona in the 
patient Jaiaory. 

- r -
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a hypothesis could· be expected with respect to the present. Comequently, PIP 

would not ask the mer queationa about feature1 occurring during CGN if AGN was 
hypothesized to occur IOW. 

This ad l&oc solution has limitations: a 1arp number of diaeue states have to 
be created, 11 , calculationa of relative temporal position lead to lou of temporal 
precision, 11 and quantitative temporal information, u op~ to simple ordering 
information, cannot be repreMDted or reuoned with in UU. manner .. Other ap­
proaches have employed the precedence relationa between cauaal antecedent. and 
consequent.. but, with branch• in the causal chaint, many inter-event temporal 
relations are indeterminate. 

THRIPHT'• approach 

TBRIPHT trigen take full aclvantap of TUP'• richn .. of temporal exprwion. A 
THRIPBT triller can contiat of any boolean combinatloa of predi«tta, temporal or 
atemporal. H~ are trigered only if dlanderiat1c collediona Of 1ipl and 
symptoma a.re prete11.t aad only if '1ley ue in a tem.ponl codpration compatible 
with the hypoU.ised diaeue. Example 18 illuatrU. part of the triger for the 
Hepatitis B hypoth•im. Thil example roqhly cornspoadt to "con.aider acute hep­
atitis B aecondary to intnnaou drua abuee if {in addbloa to the other criteria 
not ahown) jaUDclice hu been mau.if.W, intraftDOU8 c1rq abue did not end be­
fore the previout MYeD montha, and the owt of druc al>w preceded. the onaet of 
jaundice by at leut two mont!aa.•11 ObMrve tll&l all pnMikMel (bJ default) t.t 
the WLITY conten. AJ.o, the triger in «omple 18 hu Ma. written with the 
relaxed venion of the TUP predicalel 10 u to make the triger more aenaitive (and 
lea specific). 

Thoee TUP queriell that employ the lelatloaToPruea• reVieval form (aee 18C­

tion A.1.4) pnerate, u Bide .&eta, adclltionl u11rtioat. So~ will not clutter 
up the patient hidory, a query context i8 createcl" for~ aide-effect uaertiona. 

ll:r..pec:ially if ......... ~ latr Ula lJae lw p.-ioc1a pnriMd, an lo be made. 
12e.,. If • dmical ....... x ii _.... '° ocev bl lJae .... IU'IW& wi&lt. ....,.cl '° lhe AGN 

hJPO'heitia, ucl if AON iii MHn.cl to n.. ....... ia dl1* llCllf1'-Hft, P• co1llcl ao& deMrmiae 
if X would occv IOI ar ia lJae llAa-PVl\MI. 

15The hro aad ...,.. mOlllU nf'• to lhe miaimlllll aad muia111D U.C.'ba.Uoa lim•, nspeclivel}', 
of the viru. 

14TBJUPBT aimpl)r adU lJae c:oa&eD apeciica&ioa to '1ae aew poba&I. 
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The query-context aha.res with the l!ALITY context the uaertiona of the patient his­
tory. After the queries are completed the aid&-effecta can be eliminated by garbage­
collectiq the contents of the query context. 

Example 18 

(AID 
(BEP'OR.E-IOW-BY-P 

((I.AME JAUIDICE) (TYPE BECil-IITEIVAL)) 
(+IPSILOI) (+IIFIIITY)) . 

(BUOU-IOW·IY·P 
((I.AMI IY-D&UG-AIUSE) (TYPE RID-IITERVAL)) 
(-IIFIIITY) (+7 MOITBS)) 

(BU'Oll·IY-P 

{
CIANI IV-D&UG-ABUSI) CTTPI llGil-IITERYAL)) 
(IAMB JAUll>ICE) CTYPI BEGil·IITllVAL)) 
+2 MOITIS) (+Ilf'IIITY))) 

Unstructured collections of triggers will tend to cause far too many hypothesis 
triggers to be te.ted and then too many of theme to be aucceufully activated. Several 
achem. have been elaborated, the ID09t nee 1 1ful of which hu been to create 
diaeue cluliflcation hierarchi• ao that only the relcm.nt diseue categories are 
even considered for trigeriq. The scheme adopted for THRIPHT la a variant of the 
one used in MDX [10} in which there is a community of apccial~ programs organized 
in hierarchical fuhlon. In the MDX 171tem., each 1peciali8t attempts to establish 
or refine a diapmia. TBJUPRT instead uw the hierarchy to shrink the number of 
hypotheeia trigereci and then considered for further diap08tic activity. 

In general, each node in the hierarchy repreeenta a cateaory of pathophysiological 
pathway. ( diae ... ) which should be conaidend if certain conditions (the trigger) are 
satiated. Each node really bu three aaociaW trigen: auLE-OUT, IECISSAIY and 
SUFFICIDT. If the conditions of the IULE-OUT triger are aatiafted, the hypothesis 
is excluded from further consideration. In the . current implementation, triggers 
are categorical linb between flndinp and hypoth .. ao that satisfaction of either 
of the IECESSilY and SUFFICIDT trigen e&Ule8 the active consideration of the 
hypotheHI with which they are uaociated. 

Evaluation of trigen proceeda from the broadeat categories to the more specific. 
Every time the triger condition of a node (pathophyaiological hypothesis) in the 

---~--
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Figure 3.1: Part of the Tanaled Hiera.rch7 of Triaen. 
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tangled hierarchy are satisfied, all the trigpn of the 1pecialized iJlltancea11 of that 
node are evaluated to ucertain whether one or more of th .. narrower hypotheses 
should be considered. This is repeated ncunively until the moat specialised nodes 
have been trigered. Once this ia achieYed, only the pathophymiolosical hypothe­
.. at the most 1peeiallsed trigered nodea are procwed in the next-hypothesis 
elaboration-phue. 

Reprdina the Ample tanaled hierarchy in flame 3.1, note that TBRIPBT does 
not compel the 11181' to enter the jaundice u .A.DULT-JMJIDICI or IIFAIT-JAUIDICE 
u many BJ8teml do.18 Rather than fordnc the ...,.tion of many compound terms, 
TBRIPBT enabte. the knowledge eqf-1• to employ TOP predicate. to teat for the 
temporal relation of &ndinp (e.a. jamadice to •)· Th .. temporal relationa may 
have been dincdy .....W in the medical record Of indirectly obtained from other 
temporal relatiou by me•u. of TUP'1 Uaference mechanism. 

3.3 Elaboration 

Hypoth._ that are mgered in the evocation phue are in fact collectiona of patho­
phyaioloaical pathways (Me flcure 2.15, p-ae 4'1). WhU brinp qether these patho­
phyaiolosic:al patlnn.JI depeacla upon the cuiicatlon principle ued in the trigger 
hierarchy. It may be that th .. pathways lhan clbdcal maaifesi&tioM, ahare etiol­
<>11and/or1hare pathophyaioJoaical mechulmw. The purpoM of this, the elabo­
ration phue, and the plauee that follow, ii to manipulate thele pathophysiological 
subhypotheeee so that they may be di8tiapiaW from. one another. The partic­
ular role of the elaboration phue ia to aeparate each of th .. 1Ubhypotheses, as 
diagrammed in lame 3.3. 

Some of the. nbh.JpotheMI are compatible with one another. In the hepatitis 
B hypothena there are 1Ubhypothelem with jauclice and with an immune response, 
each of which can occur by themaelwl or tocether· Other counee, such u immediate 
conftl•cace aftelo the acute phue of· hepatitis, and chronic active hepatitis are 
by delaitioa mutually exclusive. D111ina the elaboraiion phue, the compatible 
pathw&Jw {1Ubhypothew) are arouped tocether in clw• of compatible hypotht1e11 
whereaa muiually excluam aubh.ypotheim an 11P91ated into competiq cluw of 

11a.b. Daupw aoclel ...._ • ._..of &Jae 61- tlaeir .....-(•) Viaca- The daupter aocl• 
an '1Mnfwe liaW to Uaeir ....-(•) by AKO 1ia11t. 

111n ~ ~ wllea a& ..._ tome u Aoc a&&elaP* ia made to iaclude iemporal iaforma&ion. 
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hypotheses. 

3.3.1 Defining Mutually Exclualve Counea 

The exercile of repl'elentina the coune of dileue u an enUty that prop-ively 
chan1ea over time mu• it VVJ clear that few clil••• ue nlJ mutually excluaive. 
A prOIJ'&m that dCMS DOt rept••t cli11•• c:JuoaGMa mfPt repwt m.tabolic 
acidoeia and metabolic &Jhlmil u mutuallf w1-. ~iolo&ic&I diHue 
statea. However, a patieat can have both, u ia dae a. of tile patient tderiq from 
aspirin intoxication, 1*:aw tile mutu&llJ Gduive weat. are not cotemporal. One 
of the criteria for the mutual achusiYity of hJ'potla•• ii thtllfoa'9 the c:oteQlporality 
of mutually exclusiw ...au. Deu'1 (14) t.mponl nw ii d.lped tow&rdl 
detectiq Jut nch ~pon.lity. la pracUce lwwn•, ~ cowmporallty 
of events in independent hypotheHI ii diftlcuk. One pro1>lem la that each hypothelil 
hu to be anchored with reapect to a •hared poim 1n·t1me, ftCh u the pr•mt, which 
the hypoth ... ue not until iaat&n\iatecl u patict modela. Therefore it ia a priori 
almoet11 impo19ible to rui.out the eo-cdetwe of "'9 dll111•, ia ou patient, just 
because the two dile•• coataia mutuallJ ac1-hte ..-ta. The only information 
that we can obtain a priori ii that IOlM ..... micftt oal7 ftr7 rarelJ' occur in the 
nme patient •. Obviously tJda does not haw the 8ame ~ u ...nine lop:al 
contradiction. 

Even when two hypoth .. are anc:horecl with ,...,.., to the pwt, it ia not 
euy to de~ if losicallJ' coaUadidory ...U are cot:Ppnral unlw the events 
are tightly cODIUainecl. O\berwille, ..,.wly if tile~ ..,..ii ue of brief 
duration, the temporal infonutioa m&J be ....,. .... cwVaiDed to deWmine 
whether the two even.ii are .trkt17 coteaQponl. 

Even if it can. be deterlaiud that ~ eYaU ue coWm.poral, there 
remains the problem of -.... the temporal nuoa• he of domain-depeadent 
:reuoniq. la the ..-.l cw, it wU1 not· wwk to aimplJ' permit the most recent 
wertion to •clip• the cluatioa of the earlier, oppc-1•1 ...ntoa. What ia ueecled 
ia a domain-depedat !MIDI of ..Uuatiq the relaiift belief ia, or likelihood of, 
the conftictiq eftlail. 

The heuriatlc tolutioa implemented in TIDUPBT ia oae tlW 19 not l&tiafactory 
in the 1eneral cw. That ia, .,_ ft'eD.t pain tbU UM kaowledp •pneer knows 

17 Alm.Oil, bee..---··.,,. ....... QUO$ oc:cv ia ...... ---- ............. 
.. ba tJae cw· ·•-ic lapu .,,. ___ - ~ ~. 
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manifestation of a -causal antecedent many occuionally follow the manifestation 
of a cauaal comequm.t and IO prior uaertiou are not automatically made about 
temporal relatiomhipe between manif..tatiom. 

Con1tralnt1 Set by the Knowledge Enalneer 

THRIPHT permita the knowledae encineer to bind any number of temporal con­
straints to each evm.t and between any two even.ta in a hypothelim. Th .. conatraints 
can be any ....nional form known to TUP. Upo11 elaboration of a hJPOtheeis, all 
these temporal conatralnta are MMried 10 Iona u· theJ conatraln eventa within· the 
same compatible hJPOth•ill cla.-. THlUPHT appencla the ~- clall object to 
each temporal ....nion made 10 that the ·~ dw 'becoa.MI the temporal 
context of thw wertiona. Al a renlt, each b.Jpothella clw beco:m.. paired with a 
temporal context. Tiu. palrinc demoutratel the ~ion between the temporal 
and atemporal parta of each pathoph)'Wioiopcal 1ub-hypothea. 

3.3.3 Generating Reference Seta 

During the pneration of temporal contuta, TJDUPBT prcwidea the information 
that TUP ues to orpnise the eventa into refereace ..ta. In the implementation, 
the REFSET 1pecification is appended to each point speciW in each UBL prior to 
auertion in a hypotheem context. The coutraint propaptioa that follOWI ii then 
reetricted to theme reference Mta. 

Al discuued earlier, the cauaal agreption hierarchy ill ued to determine refer­
ence Mt membenhip. Fint, the value of the 1.a.. clelcriptor In a temporal aaertion 
ii ued to obtain the correspon.diq (event) nocla la the TlllUP1IT cauaal network. 
All that ii then required to obtaia the refereaoe • identilcaiion ii to ftnd the 
node's immecUate cauaal ag:recMion.. If the aode belonp to more than one causal 
agregation, the correapondiq time points will haft multiple reference Mt mem­
berships. 

3.4: Instantiation 

The hypotheeea elaborated from the compo1ite hypoth .. (that were triscered by 
the patient flndinp) are not patient 1pecific. Baths they represent aha.red char­
acteriatica of patient populations with the hypoth•iwl dileue courw. It ii only 
when these hypoth .. are modifted with the information that wu obtained from 
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the patient (hia_.,) that the hypoth•• become patient-1pecific. A hypothesis 
modified with such patient information becomes a paiient (•peciftc) model. 

3.4.1 ConHquencea of Conatralnlns a Hypotheaia Context 

In the creation of a patient model, TDIPllT adda the UIL'11athered in the patient 
hiatort to thoM "' the temporal com.ta .... to wh hypotheaU. (hypotheaia 
context). TUP napoadl u -U to ti.. . ....._. (alleriiou) by 'propaaatins 
the conatnima tlarooah each of ~ c.i•ta. TM aWMJ comtn.in.t index of a 
hypoth•ia coni.n wUI be ~ aa1111i ... the tempon.l relationlhipe 
between .... t. la tlae .-mti hidof7 will be -87 far more conmained than 
the corrt9pondlns nl1tiomhipl la the.,... .... coawxu. 

Ano'1wr cau1...-ce of COll8t.niM pilp•pd-= clvlac iJlltantiation ia that the 
hypotheaia comata \Mcome ancllore4 wi6 "'l*t to the pr•mt. All that ii :re­
quired ii that there be at leut oae lllL la die patilat hiltory that relUel an event 
to the pnNDt or to the ca181lar .1• 

To lllumate, ~hut oae UBL &om llMI llepa*la B chronic-active hypothesill-u 
in example 19. If the patient )&iatorJ ~ ta.. iaformatioa of -ample 20, upon 
ina'-atiation the patleati model will ._ .... tla.t tafarmation that the inoculation 
occurred four wb .., ud the -- el., ,.._ IO to llO cl&JB la&er (that TUP 
will deduce to be appmximaM17 ~to..._ ..... ..U in the future). 

•ample 10 

(B.ela~ioaToPreaeat ((IAMB IIOCULATIOI) (TYPE llGil-IITDVAL)) 
(4 lllKS) (4 11111) . 
WLITY) · 

19TUP w die Nll-&imia dock ol &M U. iJZl•, "1 _,..,fac &Jae CALIJIDAI nfenace system 

( ... ..-,. 2.1.2) '° w. ...... "' ......... c:aladU' willl nip«& '° • pnMJl&. 

----~---
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One imponant eouequeac:e of the connraint propaption during inatantiation 
ia that the comUaiata of the patient utory mar be fouad by TUP to be inconsistent 
with thoee of the ~ia coatat. Thu, 4lft'll Wore the hnoth•il evaluation 
phase, aome patient modell may be diamined lMcaue of. temporal inconsistency. 
In the lut example, if the patient historJ weie allto to contain the information of 
example 21, UU. would plaee the ouet of qmptoma wWlia four weeb of inoc­
ulation which ia incominat with the mm'-· time apeciW in the hypoth•ill 
context (example 19). TUP'• coutraint propaptioa medaanlamwould ditlcover thia 
inconsistency upou wertloa of the ~ IUL. Tiu. Wutratea yet again 
that providiq meclical ~ QSlerm with. a ~ temporal utility can 
greatly reduce the problem apace that hu to be MU'CIMid-ia ihil cue by imme­
diately diamWeJnc temponllf lac:omiaent pa&ieat models • .b AIM .,.tem not to 

equipped would fall to nc,..We that the P8liea& c1Ma of tlaia lut uample wu 
inconaifteat with the Bepa&itil B ~ _. ....W tUrelole IO on to expend 
needlw computatioaal don ia Mtemptinc to c:minD or rule it out. 

Example 21 

(lelationToPreaent 
((IAMI SYMPTOMATIC) 

(TYPI llGD-IITllYAL)) 
(2 DAYS) (3 DAYS) 
UALm) 

Multiple l'lndlnp, Multiple Bvent Imtanc• 

The procw of diKardin& tempor&lly ~ pamat modUI aoem a lon& way to 
aolvinc the ~of Madine aml*iple baa&w. of. latllap la the p&iieat hiatory 
to multiple OCC1lll8Cel ol tile w 1acUq la a ~ coatext. To wit: in 
chronic-actift ..,.tiill .._.111&7 be a febrile., ... ._ dviq da.e acute period after 
inoculation amt. ... ai.,.... laW dvina the cm.le mcU. phue. The patient 
data may a18o coataln. reparte of one or more epm •• of ,__.. A medical expert 
system not equipped with a tmlporal r111aa• laM to aeate a patient model for 
each of the pomible combia•tiou of Waclinp of ....... from the palimt hiatory 
to event. in the dmeue · hJpothw. By emploJlac a temporal reuoner l1lCh u 
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TUP, diacrepanciel between the patiem hJatory and the hypoth•m context20 are all 
detec~ by the comiatency check in the conaUaint propaption proc.a. THR.IPHT ia 
therefore able to diacard all thOM binding conlprt.tiona t11&t are a priori temporally 
untenable. 

3.5 Ranking Patient Modela 

Rankin& hypoth .... in TBlUPHT w rouahl7 pattemecl after the examples of ABEL 

and OADUOBU8, in that the procmm can be Yiewe4 u a repeatina loop which has 
three component.: patient model ·~ flndlac f-.tura ol the patient mod­
ela that me).. them utinct from othen---cli.feranti.tion--and obtainina patient 
informohon to exploit the diatinpiahJq r.atura. TBIUPBT'1 U11e of temporal in­
fOl'JDMion in thJa phw, becaue it KCeat..- the clttrereac. between patient mod­
ela, cauw a moN rapid coaverpace to a •cornet• dliferential diapcww. It aJao 
qualii&tively cbana- the cliapoetic style of the exper1 8)'8tem, u delCribed in the 
follcnriq eectiom. 

Unlilre the four other phuel d.cribecl in W. chapter, W. phue hu not been 
fully implemented-the main il8w inTOlwd in nch an don lie outaide the scope 
of the preeent NM&l'Ch effort. 

3.5.1 Evaluatins Hypoth-

To evaluate a aet of hypoth .. ii to auip a partial order to the memben of tu 1et 
accordina to the depee of belief in the en.t to whida each hypothesw accurately 
reflect. reality-in thJa cue the patient'• 8v.te of heal&h. In the abMnce of temporal 
reuoniq, ~al apert .,.._ focua on ICOrin& 1'Jpothew ba8eCi on the findings 
that match eventl in the hJpoth•• aad tha1e uaaccounted for in the hypothmes. 
TUP, ia addition, ••W. an eftluation of tem.poral couiatency of each hypoth•ia 
with ijaa. patia.t dak nery time the naluatioa...dll.._tiation-information loop ia 
pertoim.l. 

Becal1 the ranp relation ia devoid of probablliatic information, the global 
conaVaiat inda of wh hypothesia conmt eanJM>t be alao UHd by a rank scor­
ing function. That one patieni model 9ho1ild haw a more coutrainecl hypothesis 
context than ano"'8r cto.. not nec..m1y lipifJ a better flt of patient data to hy-

------------------.----- - ---
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potheaized paihophyaioloU. Therefore, other than the comiatency check, temporal 
information, •.::li ia repnMDted in TUP pnwi• little help in calculatin1 a rank 
of a hypoth•ia. Note tiu. does not prevent rankina the h)'pothellia on atemporal 
features, u other AIM procrama have done. 

Information Gatherlna 

Temporal "common aenae" in information gatherina la important. A medical expert 
system does not iupire con&dence when it ~ iaformMion obtainable only in 
the distant future. Nor does it m.ab MDM for nc.h a qatal to repeatedly check 
for the pr.ence of an neat that (to a human) im delaltely in the put. TBRIPHT 

hu the potential to avoid thia IOri of blunder becauae the hJpoiheaia contexta 
of the patient modeJa are almGlt alW&)'8 anchored to the pr•111t. Couequently, 
when some datum i8 to be obtaiM4 to diatlnpJM one patat mocW form another, 
THRIPHT can determine whethv the informa.tloa abocU the cornapondlna event hi 
in the put, atraddl• the pr.mt or ia in the future. BJ ju41cioua UM of a few 
heuristics, thil bowledp can caw TIDUPHT to exbibit temporal •common eenae" 
in its information 1eekin1 behavior. For example: 

• Do not couider (not jut defer) aeekin1 information about events more dbstant 
than m seconds in the future. 

• Defer Mekiq information about event. more diatant than n but cloeer than 
m seconds in the future. 

• If an event hu a temporal relation to the p,_t that hu a lower bound that 
places the event in the pu$ and &11 upper bouad that placm it in the future, 
be peniatent about 1eeldna informamn about thil event. 

• Do not agrwively uad repetitively leek informatioa about put events that 
are reported to be unkaowa. 

In diapcwhaa ajauadicecl neonate, TlllUPBT could then uk if the serum bilirubin 
had fallen but would not ut If the patient'• liver had Jet atb.ined adult function. 

3.6.2 DUFerentlatlns Between Patient Modehl 

The difl'erence1 found between patient modeJa driw9 ttw dkcnoe*ic proc .. in thils 
phase. Th .. dilferenc:ea determine which ~lent data would be Dl09t effective in 
further separatina the KOn1 of the patient mode)a in the dlffereatial diapotill. 



3.6. ANNOTATED EXAMPLE 87 

TUP'• temporal repreaeidation enab1- THlUPBT to diatinguiah between hypothe­
ses tW dift'er in the order of even.ta. For imt&11C1t, the (vaumatic) limb amputation 
that lAda to infection and the infection that leada to (therapeutic) limb amputa­
tion. Diatinctiou made between ~ that mow the aame orderina of events 
but with quantitMmtiy different temporal clia&riba.tion are allo frequently uaeful. 
In neonatal javadlce, if the neonate hu .....,, ma ; ... cc, the serum bllirubin 
(pigment re9p0Uible for jaundice) ceacawamn n. propwively from the fourth 
day of life and readlea a maximum by 11 daJa of. life. Jaundice due to matemal­
infant Rh incomp&UbW'ty ii clink:allJ maaifen ba the Int day of life. PA11aiologie 
jauntl.ice occun after the Int ct.,. of Hie bat eds wiWD a WMk of. birth (in the full 
term infant). Temporal repreMAtatiom nc:h u TUP'9 cu capture theae difl'erencea 
in cHnk:al cour1e aad apert ayaWm8 ncla u TBIUPBT can locate them, thereby 
improviq ~ acuity. 

3.8 

In the precedin1 dillCu•ion, I ha.ft cl-=ribed the ~iama of operation of~the 
individual piecel of ·tile diapoatic enaiae. la c:oatrut, the example below la meant 
to proride a feel for how theM ~ piecel It toaeth• in the proc.a of diapoeing 
a patient. 

Thia annotated tn.ucript deleribel 'Uer cVl8s aad TIDUPBT'a J'elpoDH. Since, 
durina the coune al '111¥ r111uch, I purpcJMlf dW aol touch upon the ilauel of tem­
poral expreaaioll in naival l&npap, TJWPBT lacD a ._._fria.dly" interface. 
Therefore, the EnaliM readerina I laave &i'ND of tlle · dialoc with TBlUPBT, corre­
•pondl to Liap-fonm iatellicible to TUP UMI TBBlPBT. Where appropriate, I ahow 
the forma uecl aad dilpam IOllle al the *8d11f9 .....,ted by TDIPBT. 

The example 19 a lctitiom .. -... in wllidl a p&tlcat'a hlaioty la taken at 8 
a.rn., July 6th 1•. ltm. from the ,.tmt Wlnmr ue rmc1mecl in a sana serif type 
atyle, TDIP1l'l"8 11111 ODI• in bold tJpe a'Fle aa4 .. Co'QIDMU in i"'6iu. 

B,,innifw of Uaa .,_.,.U..ri"f ,,,._. 

0. The patient WU 45 yean old on July 1st. 1986. 

Eqvivalcntl11: 

(DEL C l&IJ'SYSPOlll • • 45 TEAii OU>• ') wan AGI> 
TYPE POOT)) 
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((aEFSYSFOJtN 1100:01 a.a., July lat, 1Q86'') 
(IW'SYS CALUDll) 
CTYPE-POIIT)) 

(0 SECOIDS) (0 SICOIJ>S)) 

Thia auertion permit. TUP to rupond to periu about tlae patient'• age now, or 
at any other time, and tDith rupcct to an11 otlcr event. 

1. The patient received • blood transfusion 9 to 12 weeks ago 

Equivalentl11: 

(llelationToPreaent ((IANE BLOOD-TIAISFUSIOI) 
(nPI llGil•IITllYAL)) co WlllCS) (12 11118)) 

The e:epanaion o/ lelationToPreaent ia given on JIGI• 84. TM (DA.TE) form in 
the ezpanaion tDOUUl cvolucdc to tu current date and time: •1 a.m., Jul115th 1986• 

2. Onset of jaundice occurred 8 to 9 weeks after the transfusion. 

Equivalentl11: 

(RIEL (!IAMI BLOOD-TIAISFUSIOI) 
nPI llCil•IITl&YAL)) 

C IANI JAUIDICI) 
TYPI IECil-IITDYAL)) 

(8 WEEICS) (0 WlllCS)) 

3. The onset of jaundice was first manifest in the mornin1. between 8 and 10 o'clock 
on June 5th. 1986 

Equivalentlr: 

(RIEL ((REFSYSFORN "8 a.a •• June 6th, 1Q86") 

~
IBFSY8 CALDDA&>) 
TYPI POm)) 

C IAMB. JiUIDlCI) 
TYPI llGD-IITDYAL)) 

(0 SICllDB) (2 llOUll)) 

Redundant data an pro/erred. 

4. Incomt.tent temporal Information: ltatemanu 1., 2., and 3. are 
lncon118tent. Pleue withdraw one or more of the •tatementa before 
proceedlng. 
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TUP ddeeu that tl&c 6ound.t ore iru:oruidcnt. Statement. 1. and 2. tDOuld haue the 
iaundica oecurriftf u eorifl cu JVJM 1tla, ontl cu reuntl11 aa the pruent (Jul'J 5th, 
1986).- Tm. u i~cnt tllitl& .catemtnt 3. 

5.Statement 3. is incorrect, the ontet of jaundice wu first manifest at 8 o'clock. in 
the mornin1. on June 28th. 1986 

The 11EL of .catcmcnt 3. u tllitlwlravm and the neto DEL u auertetl toith the 
n:aule aAowm in Fipre 1 .•. 11 

Witl& tlaU aucrtion the data-,atl&crint pluuc tndl, and the l&flPOthuU evocation 
p/&Cll• hfiu. A ,...,.,.,..,. of TBJUPHT '• ,...,Ur&f u onl11 giwn when a condition 
of a tri11er u NllU/ied. 

6. A.a the omet of Jaundice bu occUl'Nd, TRRIPHT u con1lderlng 
jaundlc•auoclatecl 17DdromM. 

The topmoat notlc in tu TBlUPBT '• tri11•r IUcnrteAr, .tl&oum on pafe 78, haa a 
SUFFICIDT condition dud u aatujilfl 6J llH ,.n.nt ""'4: 

(B!FOll-IOW-P 
((IAMI JAUIDICI) 
(TYPI UGil•IITDVAL))) 

Tina condition 6rinta up for t:OfYUlcndion UH 'Md "'°" 1encral notlu wl&oae 
tri111ra cuaumc tlud UN ,.,;ua1 l&idorf iJNI ... UN Oftld of an cpUod,c of 
jau'Nl.iu. 7'laN ,.,,,...,.,_ tM elect of "'' Mt.ion tAcd tlac iaolatlfl cuaertion of 
jaundiu in the fvt•re (i.e. apeculation) will not eauc active c:onaid&Ntion of 
jauntlicc-aaocictefl .,....,,.,.,.. 
7. A1 the qe of tlae pau.nt u sr-ts thaa one year TBIUPBT u , 
comlderlna adult Jauadlce aad bu nW out lnfaat jaundice. 

The adult jatmtlia triftcr laaa a surricIDT CIOIMlition tlaat u aatufied: 

(AID, 
Cam. ((llPSY&rORM •1 year old•) 

S='8POt:t~) 
(~IAMI IMMIT-POIIT) 

21 Ia the dileue ..,._. .. fCll' ~ B, Uae ,......i iaVoclactioa of 'la• iafediou acent ia 
npr111.W bJ' UOCULATIOll rulMr '°8 a ILOID-1'Ulf8'UllOI. TM Vuulfuioa eftllU are con­
~ abl&k-.. ~ iaoaladaa ...-.. A:ltll .... ~ l)'Ull7* mUW.1 co.icl be done 
au&omaticuly, la ~can• implemea.-Oa, In.. to paGric&e UM .u.n.aUoa. 
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8:00 A.M., 
JULYsnt, 

1918 

Fi.pre 3.2: The Patient m.tory 
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. (TYPE POIIT)) 
(0 SECOIDS) (0 SECOIDS)) 

cs-nro11-1ow-P 
((IEFITIPOlll •1 year old•) 

(IEFSTI ACE) 
(TYPE POIIT)))) 
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The fir.t anertion ia mtMle to intcm UN 1 year old point ao that TUP mar then 
perform tlae eoutnlild ~ tJaat ml lint tW age to tlac ealcndar. Recall 
that th.a aMcrtiona 1cnefGtt4 tluriflf TlllUPBT ftHria arc in tlac query contest and 
can taailr IN jfulutl. 

The in/ant javntlicc tri11•r l&Ga • &ULE-OUT ~ tAat ia Ulcnti~ to tlaat of 
the SUFFICIEIT oorulihon o/ aclult ;..-._ NW for U&c au6.ditution of 
s-UTD-IOW /or 1-llPOll-IOW. 

8. A.a the traufuloa pnceclecl the ja'lllhilc:e, THRIPBT la con1ldering 
PilllTIJW.LY-80&11 YIIAL llPATITII. A.a time between the omet of 
jaundlee a11d tramfuloa la anater U... two w.b, TJIIUPBT la ruling 
out ILOOD-TYPl-IICCMtlTDILITT. 

T1ac trincr /or viral laepdilia ..,.- 'r ,,...,.,.,.,. iwwlahon with tl&e uirua l&aa, 
aa • aufiieient ~ • chci tMI Me~,,_ ... ;....-.. Althou1h 
irYtana.t ,,..,. htn ,.,..,,, .. Ac,,.,m. A.,,,.,,.._ irl/ntuntlfl oocw aa • rsault of 
parenteral inoc~ tlN /llfJOl..flftll nHdc ;. ....,. .......an. Nondlaclua, jut aa I 
have omittfNI mMf ,,,.,..,., tAal *"" N .,..-.,_,, I Aow ind"'"4 lacpatitia 
A for clcmorutrrdion. 

The 6loo4-tp incompdi6ilitr tri11cr luu tl&e /ollowi"I IULE-OUT condition: 

(BEFOU-BY-P 

~
CIANI. TlllSFUIIOI) CTYPI llGI.l·IITllYAL)) 
CIANI JAUIDIC&) CftPI llGil·UTDYAL)) 
2 11118) (+Ill'IIITT)) 

Note tJaat tJae dove contlition "-' nol tul tAc NlflDon to.tlae pruent airue thia 
luu Nn 4onc 6t Uac JAUIDICl-AllOCilTll> IYIDICl8I tri11er. 

9. Aa tJae traufualoll pncecMd tJae Ja......- b.r more than two weeb 
a11d leu than UO ~a, TDIPBT II ......... IOI-A. IOI-I BIP.AnTIS • 
.A1 the traulualaa pnceded tba Jaudlee br' .0.. than IO clq1 and lel1 
than 180 dq1, TBIUPBT la comlderlas ••tITll nPE I. A.1 the 
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tranafualon pneedecl the Jaundice by more than 41 dqa, THRIPHT hu 
ruled-out HEPATITIS A. 

The thru trigger• laaw •ufficient and rule-out corulitiona tlaat tut for the 
ruputive dcla,,. bcttHen Uu oud of ja.unditJe tllMl tAc trarufuion. 06•crve tlaat it 
ia onl11 the h~ of ,.,.nterallr inoc.w.I ,..,_.A u..t #au 6ecn ruled out, 
not all etiologiu of lacptditU A. q tJU esample .,.,. to 6c complde, I woultl show 
how another hcptditu A Awoe1 .. n. {witll a _,.n,,, inoctllaticm mechani•m) waa 

triggered tlarou,Ja anotAcr pdA cfotm tlac triner Aierorclr. 

A• the lacpditi1 B antl no....A,non-B Ae,,.eitU trincr• art terminal notlu in the 
trigger hicrarclafl, UN ,._,..... flNOCioted tllitJa tl&uc tri1,.r• .,.. evobcl and the 
elaboration pl&GH N,iu.• 

10. HEPATITIS TYPE B hu been elaborated Into three mutually exclusive 
aubhypoth .... IOI-A, IOI-I llPATITIS )au hem elaborated Jnto three 
mutually excbulve •ubh)'pothes•. 

A• illuatratetl in Jipn l.1S (,,.,. 41), tM 1&c,.,;tU B A~ Ml thru 
mvtua.1111 contradkto,, covau. Tu flr.t ..,,,. B1 fOU from actde tliaeaac to 
raolvtion In the •ceoM ..,., B 1 tAc Gllde epiMlc u fellow4 6r a period of 
amolderint dUcuc--cAronic cactiw. TA. tAirvl ,...,,,,.,.i.,,,,;M pathwa11 Ba 
include• clinical ruolution witA tAc maint.,._. of a cluonic oarrier state. In 
fa.et, there arc more tlaan Uarcc altcmate eow.r~ ht tlaac arc not motleletl. 
Ela6oration cNCdu a..,,,.,.., daa {a-....,, ea,.,. lfJ) for eacJ& mvtua.1111 
culuaiuc h,,,,,,,,,.._. nc .....a u IAown in Fif'IN 1.1. 
To tl&oac ,.,..,, wAo.,.. •n•rir&f st\atAer tAc _,.lodf {anli·H&} to the 
hcpatitu B aurfaoe •iicn (Bs.A,) "°""' nol 6' ...- ,,....,,,, aeluiw to tl&c 
chronic cactive or cl&ronic ,_...,.,., .. ,.,,, I,..., M tA4d Marw care t:OBU where 
the a.nti6od11 Ml icen ddedflll in tl&uc clmnUc ..,.,.. ht onir men tAc HB•Ag 
antigen Ml not •• 4dedttl {41/. TBJUPHT '• ....,.,,,. -. rwjlccta t1aia 6r 
auertin1 tlaal tAa ....i of fAa ""°" of tlcttda61c llBIAt ,,.,_,,, Ute hfinni"f of 
the period o/ 4ettlfa61• _..llS.. 

:as A1aia, for~ pupu11, I laaw ipond Jano&~•• wlaiclt UcMaW. be c:ouid-.d, nea 
ia th• ablac• of ..witioul clMa. A pJapidaa WRld, ill &WI cw, Mio•lllr ODMider tlM laypolJa.. 
ofdlemical~ 

24e.1. TIM c:laroaic acUft 8*Me cu, ia w cu., propw to nco.•1 or a chronic c&nWr aw 
aad then allo ii a cJaronic ~- na&e. 
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... 
== 

Figure 3.3: The ela.boraW ~ia for hepatitis B 
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Figure 3.4: Trigered hypotheem for aoa-A, non-B hep&titia 
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11. IOI-A·, 101-B VIIW. HEPATITIS hu been elaborated into three 
mutually e:xclu•ive aubhypoth .... 
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The non-A, non-B hcpatitia laptlauia laat e1 nmilar cauaal atrueture to hepatitia B 
(Figure a.4). At tlaia level of detail, U.. onlr di6ereru:c ia that there are no antigena 
or antibodiu. None arc modeled a tlae JJfUWftM .,.n1 lwu not been identified. 

12. Now beaJ.nnlng lnatantlatlon of all aubh)rpoth8H8 ... 
For r.aela of tlae mutuall,, ez.:luaiw niA,,.cAua, THIUPHT create• a temporal 
contn:t. TM IUl.a are li""-' to evctd 4ucrif1Ciou" encl therefore U!l.1 attaehul 
to mutuallr euluaiw evcr&U are GNarCed in dil•re'fd eontem. For Hi, the DELa 
GAOCiated tllitla tlae ewnt. of tl&c n6A,,.,,.._ on lialetl in appandi% B. 

Eaeh point in .uh DEL ia then fiwn one or more refcrenu act mcm6crahipa 
VJhiela it aluJtw villa all • .,.,.,. tltat Marc ....... _..., "',,..,.,c(1). TBRIPHT 

then acndll the IUL• to TUP to 6c .... ,.,., MMi U..ir ocmdrainn propafated. The 
reault, for Hi ia "'°""'in Fipn 9.S. OhcrH #low IOB laaa tabn tl&c •ehunJAng• 
pattcm of the cauol "f~n hicrwehr of UM Bi Awothuia alUl tronalated i~ 
into reference aeta. Clearlr, tlu protiNrnc/actd•·l&c,,,.ntia referenu aet ia tlae 
largut tDitla fiw in:tentala {10 point.). 7'Ac immune r1,,onae arul viral replication 

re/crenec aeu ""'"" 6c of comparable .UC if 11144 motlcled the mcmr antigcna and 
antibodiu that are ,,,.u.u;• durint can in/edion. 
Su61eftt.er•tl111 temporal GNerCicma of tAe ,.n.nt IU&orr are odtJed to r.aela contest 
and proptlfGtetl. Note tlMd nncc tl&c eftntl of Ute Jltllian:t Mllorr are aru:laored tDith 
rupcet to tAe preHnt, tl&c ewnn of tAe iul.m.ted· ,.,,_,,...., 6ccome anelaored aa 
VJell. For irutanec, if the patient Ju. into Bi "°'""otion of patient. witl& hepatitia 
B, U.. end of jaundice can 6c UJ*tetl from ttOO .,..., 6cfore to 4 tHeU a,/tcr the 
prucnt {tlae time .Un tlae laidorr.., t•n). 

Thia proecu ia uccvted for all auih,,.,,.,.u. 
13. Now b•lnnlag hypoth•la ranking ... 

The Implementation of the lut diapo1tic phue ia incomplete. Nevertheless, 
given the iDlliantiated ~ in this example, I will take the opportunity 
to demouVate that even when a.temporal differenc• between hypotheHll can be 
found, they are often inaulicient. 

26 A. impltmaMcl, 1111.a an added to a 1a7Po'Meit bJ uin1 a moue to CJ>u&ton• aa even& in a 
p-aphical c&plaJ- of &JM caual craph and ._ adctiac a TOP ....-. &o the ~poral ....rtion alo& 
o1 &ha& .... , Bod. ia 'Jae srapla. 



l z 
I • t • ... • 
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The legibili~ ol the iactifttul poW w1 n1-. W.. U. tt.. 8llCri&c.d '° It dae 
COBYU OB OM ,... IO .W ..... ol c-a ··1191i1a .... Mlnlponl c:l1llMriag 
m&J be obwwd. 

-----~-------
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To ~e whether the pNllellt Uln- wu non-A, non-B hepatitil or hepati­
tia B i~ would be help TDIPBT to lml out if and whea mt.AG and/or anti-JI& 
had been cWKW. To an a.pst .,._, witlawt TUP'• capabilltits at hand, cor­
rectly PG9in& the qu.enion tad thea lnt11p1rhta the mwer would be YerJ difllcult. 
SuppOH both .. ,._ aad aatUJoe, W 'b-. dMecW. Wlle'1w Wa reprelellted 
a. bout of hepMitill B prior to the pr••* Illa• or tM n10lution of the preeent 
illnw would depmd on the timiq witk r..,ld to the pn8ent of ti.. eYentll. The 
HBeAc would haw to be de&ec:W ....._ ou to two moa~ after the tramfulion 
and the anti-BBi would haw to be .._.. "'- tbe llBIA.a. 

So, eYen whea a IMhla ii apecllc to - 61 ... , the temporal dimenaion may 
be needed to iaMirJ>M *4a Andina'• ablmc:e or Pl••nce. 



4. Temporal Knowledge Base 
Engineering 

The capability for temporal reuoning aipiflcant)J impl'Off9 an expert 1Y1tem'1 

performance: the number of hypotheaes couiderecl d.ecNUel dramatically (see 
page 74), diap.oetic style becom.ee more human-like, ancl ....- tin_. ill achieved 
in dU.tinguiahiq between hypotheaee. The caet of auch an imprarement ii a much 
laraer effort in b.awledp bue enaineerlna than required pMrioaalf. The~ part 
of the eft'ori ma. not in the Uak of coaaVudina the bowlecl&e IVuctur., but in 
obtainiq the requirecl Mmpora1 information. Ia W. chapter, I point out 1101De of 
the difBcultiem that a knowledp enain-r will haw ia creatiac '8mporally-oriented 
knowledge b..... I aJ.o diacua how I have clealt with ti.- ohaac1- ~urine my 
experience in uajq TBIUPHT. To illuatrae soaae of U. tecluUctw ued, I examin49 
(in section 4.4) an excerpt from a medical text and proceed to identify the temporal 
information it containl. 

I 

4:.1 lmpllclt "Common Senae" 

It happens, not infrequently, that a neophyie kaowled.p eqineer will set out to 
represent a body of expertiae, expedlnc. that the domain bowlecl1e will be found 
in some document. used by the domain expen or Wied to ualn domain experta. 
What she soon diacoven, empecially if the appllcMion ia brold and realiltic, ii that 
a larae fraction of the b.owledae needed tO malra tlae ..,-. IJ9Mm emulate the 
expert'• behavior ia not to be found in any documeat. Nor wlll it be elaborated by 
the expert at leut dmiq the Int few attempt. at debrie8ac, or protocol analymia. 

4.1.1 "Common Sen.M" Temporal Knowledse 

One of the reuom for thia phenomenon is ihat Uiere ia a ~ of •expert'• knowledge, 
that ii routinely needed for IUl'Viftl in the world, IO commoap1ace that we are rarely 
CODICiOUI of our UM ol it. That &D object ahould COD.tiaue to ........ when it ii not 
perceptible to our aenw, thM Ui.-e ia a distinction betw •• iatemal (intr&p1Jchic) 
event. and event. external to the individual are not inhereatly obvloua concept. to 

98 
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an a.pert IJ'ltem. or to a new-born child. To fail to acquire auch knowledge of the 
world ia to fu.adUMDtally hudicap ~. Du to iu alm09t univenal uae, 
8UCh apertiale w known u "comn._ w.• A 1arp body of temporal knowledae 
ill common lleDle aad II tllenfore d1fllcWt to w.&if.Y' ud formalise. 

In medicine, in Mlclltion to t1ae eonmwt we bowledp that Dl08t people ahare, 
there w the buie medical bowledee '1aat ia ICql1lnd early in meclic:al IChool edu­
catio11 and upon which further lmowWae ......... clepeada. In the profwional 
literature, the buic concepts an -uallJ lift implicli ud Ulerefore require that the 
reader be •uflicieUJ trained to ...._. _.. explicit informaticm. There ill no 
surprille, thell, if an experi .,.._ ..W, built from t1ae illformMion 1n· a medical 
refera.ce book alaoaW fail to mmalate a .,.,._,. performu.c.e. Thia ia alao true 
of the temporal compowa.t of medical JmowW&e. 

In a com.peacllum of the infec:Uou 61u•, the duration of the incubation pe.. 
riod and the duration of. the ~· m.iPt 1M documated with the implicit 
undentandJq that the omet of t1Mt lacuktioa. ,..tocl precedel tbe omet of the 
diaeue prodroDt. Similarly, in a dilc11•ica m tlae pwible clinical courw of ·~7-
ocardial infarction, ~ ap.,.._'1J olmoal temporal relatiomhipm between iachelJli& 
and hypaxemia Jlla7 be amiu.d. -

The .,.. , ..... _ and '991.uma of um lmplldt informatkm mean• that for ev­
ery temporal NlatiouJalp obWned flom ._ ..... G)*t or domain document.. 
tion, ihe bowWae •lin_. U. to ccwrl• wlaat ..._..temporal relatiomhipa 
miaht be aken for ..-W and Jaow ndt. ialermstioa II to be obtained. 

4.2 Adherence to TUP Semantics 

In chapter 2, I npleined how airict adMnace to TUP Mm&Dticl wu weeaary if 
TUP'• infenmce1 we to be at; all "!MnlnafV.l. I 411Cw hen a few of the circum-
1tance1 ia wbicll a bowWp -air•• mfP' be W iato dittoninc thlle aemantica. 

4.2.1 RIEL Bounda 

Great. c:ouVaiM of the temporal context ia a IDldlcal taowledp bw permiu 
more acute ~ beilNell hno*b••· la tlae coaatructlon of a bowJ.edae 
bue, it ia tlnNfere ......... ..._.. to w.n ..... wWl bouac1a that are u 
constrained u pwlMe. It ia bnponaat how ... ,.- to·do ao in contravention of 
the UEL bowid Md'antica. Jor imtaace, oae can lad ia a medical text book that: 
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Treatment (of Hamophilua tluereri infection) with ~acyclinea or 1ul­
fonamidem often result. in heallna in 2 weeb {24, pqe 215}. 

The temptation ii to conairuct an DEL aa in example 22 with an upper bound 
of two weeb. Recall however ihai RIEL boancla are ihe Umita on the separation 
between evenia within a hypothem. If the bouncla of temporal relaiiona ihai are 
"often" oblervecl are aaerted in TUP, all c:omequeai tem.poral blferencel no lonpr 
have the expected meanin1. It then becom. impoaible to know what to make of 
an inconailtency or in fact any temporal 1nt'.ence. 

Example 22 

(JUl!L ~(IAMI AITIBIOTIC·TllATMllT) CTYPI llGil-IITIRVAL)) 
CIANI llEALIIC) (TTPI DD-IITDYAL)) 
+EPSILOI) (+2 'lllltl)) 

Even if probabiliatic information could be encoded in WI.a it ii not clear how 
this notion of "often" would be encoded. lnatead, the bowWp enaineer mui 
determine what the mi.me val1M9 are for etdl of the bouncla, in thil cue the max­
imum delay between ouet ~ treaimellt &ad clinical cure. If tJaw mreme valu• 
cannot be ob~ed, and no lafe •tim•te caa be made, the Jmowledce encineer may 
have to be aaiilfted with jua1i encocUaa the pncedeace iaform&tioa (a lower bound 
of +IPSILOI and an upper bouncl of+ IIFIIITY). Thill prececlwe iaforrnatlon alone 
will go a long way in helpina to diliinpiah ~- Alie>, u a:plaJned in chap­
ter 2, other conatrainte such aa llfempu wUI c&1111e all eYail with iaftDite bounda to 
be considerably conatraiud after coaaUalnt Pf'OP"P*lon~ A.a a nnlt, iDliantiaied 
hypoih•• paiient model8-do not contain -1iou that tM patient will heal in 
infinite time. 1 

4.2.2 LooM Bounda and Alternate Context• 

TUP providm two wa,. of repn1mtina uncertain. temporal bowledp. One way ii 
to wen a ranp wiWn wJlich the temporal relaliao mwt Be. The other way ii 
to wert aevenl 1111.1, one in each coatext to repi•mt .... a1 clilferent pcmible 
ranpa. Althoqh it ii not ·alway8 clear-cut, there an tome reliable pidelin• by 
which one can decide which method to me. 

-- ----- ----'----------
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Settiq- boundll of a temporal relation ia equivalent to ueertina that no sub­
population of individuala can be identitled within the larpr population about which 
more preclae (or comvained) wertiona could be made. If, however, nch distinct 
subpopulations a.re identified or at leut known to exilt, then the boundll particula.r 
to each sub-population can be UMl'ted in IULa in alternate context.. For example, 
the delay between the onset of clinical hepatitia and the inoculation with virus, 
might be some function of the host'• bnmune IJlteln activity, nutritional status 
and numerous other constitutional factors. Until medical science dillcoven what 
this function is, or identillea populatiou of p&tleat whh dliferent incubation times, 
all that can be aaicl of the delay is that it i9 bouac1ecl by IO to 180 daym. The state 
of knOwledp 18 cWfaien.t for the dvatioa of cletecW>le l8l'UJD Bep&titi8 B Surface 
Antisen (HBIAa). Here, 118\W'al diltinct populatioM ue bowa to exiat and have 
been identified. ID the population of patienu whme dil1ue fully nao1"', B&Ag 
disappears approximately within a year of viral a;ponre. ID thOM unfortunate 
enoqh to develop chronic-active hepatitil, the mt.A.a leveJa may penin for aeveral 
yean. It ii appropriate in thia cue to ...t an am. for the duration of BBaAa in 
each population, each in its re1pective context. 1 -

Subpopulation• of Temporal Pereea&U. 

Contexts permit a limited repNHDtatioa of the a priori probabilitiea of bounds on 
ll!La. They a.re of 80me WMt in thOM few occ .. iom when systematic population· 
wide studi• have been made of the lemporal prop••ion of events in life and diaeue. 
The Denver Developmental Screeains Teat (DDST) (18) i9 OM nch 1tudy. 

The DDST ia dtaiped to provide the pedi&tric:ian with a Mt of landmarb that 
will permit the eftluation of the deftlopmmW prop- of the child. The DDST 
providea, for each behaTior, the time by whidl 21", SO%, 759' and 90% of the 
population will haw a reached the atap at whidl the behavior can be observed. 
This information could be repreaented in TIUUPBT by havin& a 1eparate context for 
each diatinct percentile. There would then be a hypoihemla for chlldren falling in 
the first quartile, tee0nd quartile, third quartile and 10 on. If a child wu found to 
begin to l&J t&mama• or •dada• after aj mamba, the percentile knowledge would 
enable TDJPBT to cletermiae that for that particular t..t of lanpace, the child 
wu in the 11owest quartile. 

21f ta ii not dew, c:ouidtr ~ oace a clil&Uaa •b-popaJMioa ii id..UW, it is a aew hypothu 
Wlio iUelf and ila ..... nqainf iii on. .,.. mocW w:l wodatecl Ulllpanl coakld. 

--- -------------
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4.3 Volume of Relevant Information 

After just a brW experience with temporal b.owledse encineeriq, it becom• clear 
that for every event/1tate in the atemporal bowledp bue, then are very many 

temporal relations that have to be encoded. Ou of the reuona for thia ii that the 
global comtraint index of a TBIUPBT hypothem hall to be quite low to simulate the 
temporal precilion with which humaa Wnp dktiapW. ......_ dltferina. diaeli1e 
chronologi•. UIUally, incllvldual lllta (Won CODRraiat prop1aption) have rela­
tively hiah conatr&int indeue, 10 that in pracUce the W&J to achieve a low alobal 
conatraint index ii to ~ MVel'al DBI.a between wa ..,., ancl the other evenu 
in the hypoth•• IO that there ii a greater c:hance of loop CNatlon and comequent 
comtraint propacation. • 

Althoqh intuition ia often 1uftlcient to determine whetller the event positiona in 
a dileue chroaoloo have beeD. 1ulkiently ~' in practice the b.owledp 
eqineer may be mialed by common ..... bowledaa' a.ad ONrlook 101De relatiom 
that would 1ipitlcaatly NCluce the alo'bal CODllUabt.t index. I have foUDcl in the 
development of the T1DUPBT b.owledp -- tMt Iii it bed. to 1119 TUP u u 
interactive tool to deMrmlne if &D. adecaate umber"' nflldently comtrained tem­
poral relationa have bee entered. TUP ca.a ~ loop creation, meuure 
the alobal coutraint inda ancl verify whether tile ......_ have produced the 
expected orderiq of eYenU in the hypodleaia. 

4:.4 

The example I have chG9ell to Wutrate Mme of the ~ in teuiporal knowt.. 
ed&e acquilition hu hem tu. verbatim. from a wkWJ ..... ~ of medicine 
[22). It ii part of the dwripUon al~ chical "'M"llWlw of pint&-& akin 
infection with a chronic coune. The oalJ JDOflllcatioa of tile tatbook material ia 
the W1e of bc>ld-face, iUlk foata ud underlinina to Wemif,r ...__t VI* of tem· 
poral informuialt. Uadailniq hi&hll&h• .,..., iWica daote temporal cu• and 
boldface indic•MI altermM coatexta. 

The incubalicm period in .xperimental pint& ia 1 to •1 .,,.. In man, 
the inm.l mpiftffNiop ia a amall paeu1e ,,...,._, bJ pteuion or 

3TJw ii, &Jae ... of NWl'&1. weak ~cu -~ .... ,... .... cou&raiaU. 

'•·I· Su •• &.a for P"aMed tkM Tira mc.baiioa follow ta iaoc111Mioa. 



4.4. EXAMPLE 

by coalwcence with 1atellite lMiopa into a 1ealy mac:ulopapular lesion. 
The.re ia f!lional lymphadenopat!J. A generalised !!f!hro!quamowi 
mll dct>dop. three· to nine monlU o/t•r ipfg'1ga and can be of the 
"wandering" type... One to tm. ,_,.. ti/Ur the initial lesion, sizable 
dyschromic: m•ul• dcwlop. TheM late leekm• a...IOfl from HCOAdary 
pintidem oriadependently, and ,... from •'•te blu1 tlt.rou,A Y»llt to 
brown and !!biH:-the final aduomic pl!ue of tlie P!thoaenic procw. 
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This ia the clinical coune of the popvJCien of indtriduala 1uffering from pint&. 
Thia correaponcls to TBRJPBT's compmiie hypoth... Since only inatantiated 
hypoth•• patient m.odei..--contam w.tl th&t actually happen to a 1pecific in­
dividual, only a patient model can COilum temporal relatiom with respect to the 
preaent.1 Conaequently, in the above ac.pt, there are DO nierenCM to the present. 

At tlni, the natural laquace equnumta to the eftllta and temporal relatiom of 
TUP miaht be 1urpriaiq. Ia TUP'• repwtatioa, a event ii any intenal or point 
in time that ia identifiable or diatincuitW in ..... W&J' from contipou temporal 
pointa or intenalm. Ia this .... r=' ?C!MI wWa a*tdllte leekw ia u much an 
event u the incubation~· ~ ._ n6naal to nenta are elliptical; in 
the example, the color tlMt blpe ii an ellipm ·for 9\he psiod duriq which there 
are slate blue akin aiona.• Care hu to be talren to enave that paraphruea of an 
event (e.1. late lMiQDI and lilable ~ manlee) be either tranalated into 
the same canonical event in TUP or that die paraplar.-1 eveata be made temporally 
equivalent.• The temporal cues are Yo DOt tlloM one unally U80CWM with the 
specification of temporal position; nonethelml, ini#el, ftrtlll u well u the verbs paaa 
and developa communicate much of the temporal information in the example. 

It ia apparent that the author of the ~ qaoted aboYe hu made 80llle (reuon­
able) uaumptiom about the mecilcal bowWp of the Nader. The uaumptiou, 
however, leave pp1 in the temporal Jmowledp bue that the unwary knowledae 
engineer may mill or have diflkulty with. For iaaaace th .. ii .in the example the 
stat.emeni that "There ii r!Jioaal lym.p!~.· To locUe thia event'• tempo­
ral po9itioa in the bowleclp bue requinl9 MdiUoul (-umed) knowledge-that 

6m.. ~ llaiiJ ill uully lJae c ... , it ia aot t&ric&ly U... A pop111Uioa ~ could 
d-=riM llM nladoa "*-a a cliaical IJlldroae w:I a lp4ICilc daM (e.1. dM hiP bacideace of 
Parkilo.- .ta. ~ 1911 oUlnak of mt---.) ad TVP woUl c:oapate lM potkion of all 
evau in llM ~ wil1l NII*' to Uae ,.. • .-. 

8i.e., 11 tlae ennu an in~, DILi an ...W llt.a& make '1le Guel ud end of the paraphruea 
simukaaeou. 
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Preaumably, the purpoee of a medical text is to suliciently inform the clinician so 
that he will have at leut the minimum information NqUlred to make a diaposia. In 
thill liaht, the fact that JD011t temporal relations in the eum.ple a.re of the qualitative 
ordering variety tella us that even relatively unconnrabaed temporal relations are 
sufficient for much of the diapostic tuk. Only thOM few relations that a.re critical 
in diff_._tiatinc one dileue from otiler are liven numerical bounds. Note that 
moat of the temporal quallflen in thia example oaly apecify the ordering of the 
onset of intervall, rather than the relatift position of int«val endings. Thia may 
be becaue the latter ordering providem i- cliapostic information. 9 

4:.6 Growth in the Number of Contexts 

The bold-faced items in the example mark branc:h9 iuto alternate subhypotheaea 
and u.ociated temporal contexts. At nery n.ch branch, the number of J>091ible 
contexta doubles. In the example, there are Ulree branch points and, th.COre, 
ei&ht contexts are required to reprwnt the '8mpor&I relations of all the poeaif>le 
pathoph111ioloaical proareuions. · 

Large hypotheaes, such u I have developed for diaeuea like hepatitis B, will 
obviously generate a very laqe number of contexta. Fci- this reason, if real-time 
performance ia expected of the expert .,aem, the the more likely subhypotheses 
(and auociated temporal contexts) would have to be heuristically selected. 

4:. 7 Summary 

The purpo1811 for which thill chapter wu written include pidance and forewarning 
in neaotiating some of the difB.culti.. of temponJq 10phiaticated bowled&• engi­
neeriq. I end the chapter by emphaaislq the fonwaraina. The example I have 
UMCl i.... is one llDl&ll part of the aftilable bowledp of a relatively uncomplicated 
diaew coune. Full-tledpd hypothme9, nc:h u are NqUired to diagnose diae ... on 
the order of the hepatitict. or ilc:hemic ha.rt clinue, are maJor endeaYOn requiring 
at lean double the el'ort of their aM!nporal veniou. Thia effort ariaea not in the 

up. 

9Me>M probably becaue tlae dva&ioa &ad tlaenlon eadiq ol tile nriou iaterftla ii much more 
variable, aacl tlaenfon lw tpeeilc, tJaaa tJaeir ~. 
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entry of such knowledge but in identifying and acquiring the knowledge. The payoff, 
of course, is quantitatively and qualitatively improved diagnostic performance. 



5. Time In Human Cognition 

Well into completinc my work on TUP and TIUUPHT, I became curious u to what 
wu known about the copitive mec.hudama Ul&t human beinp might employ for 
temporal reHc>nlng. My in~t wu quite apecilc: I wiahecl to ... to what extent 
the fundamental computational limltalioaa of Mlmporal reuoniq that I had been 
faced with in TUP'• development (•-&· the ex.pa.ion of the number of pouible 
temporal deductions) and the solutiou I had found, (e.g. reference setl) had their 
analos* in the human copitive procw. Thil ia not to aq that I had a literal­
minded expectation of an electrochemical equiw.lent of the DEL 1Ubject to waves of 
conatraint propa&Uioa 9prea.cliq ~ aemoaal networb. I wu inatead looking 
for the mani!eatatiou of the pneric pro'blema .aoclated with temporal reasoning. 

There hu been a 1ipilcant eft'ort made in copitive ac:ience in the area of 
temporal reuonlq and repreeentation. Much of it ia contested even within the 
diacipllne. For iutance, in attempt.baa to delae ~ attribu• of information that 
give ua our notiou of time, MVeral ~ ~- been prc>polMld with varying 
degr111. of IUCC- and amount. of IUpponiac Gptlimatal evidence. Amoq these: 
the amouat of memory 1torap SJ)Ke ocev.pied by an lnierftl of time [.U], the effort 
required to retrieve the event (5} or tlMt lntrinllc ordar of the eventl repNMllted [39]. 

5.1 EXtent of Temporal Computation 

To obtain the temporal poaition of one event relative to another, all event relations 
that are 1tored can potentially aerve to deriw thl8 information. Only a few of 
theM relatiou will proyide the mmt pnciM emm•te of teinporal pmition or one 
sufBciently p:reciae to be ueful. To Ind ti.. few ueful ~poral relatiom, a large 
compuWional inveetment hu to be made. Thia lnwnmmi can be made when the 
temporal ·data ia Int accumulated . (u In c:omVaint prop.cation), upon retrieval 
(u in ..arch) or both (u implemeated in TUP). Eric:bon [15) poatulatel that 
in the proc .. of reapondlna to a temporal query, there are diatind 1ubproce11es: 
retrievinc information from memory, codinc order information and comparing the 
retrieved order inform.Uion with that in the quary. Blankeuhip [3) argues that 
"encodinc information in loq-term memory doea ROI automatically incorporate 

107 
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information about tOlacn the storace1 took place.• Order judgments may have to 
be inferred usina various context-dependent aepena ndu. Michon and Jacbon 
[39} point out that there are aeveral cu• uaociated with eYents that permit the 
retrieval of order such u causal antecedent/couequo.t relatiomhi]>ll. 

Regardleu of when and how this computatioaal iaveMm.ent occurs, it grows 
rapidly with the amount of temporal information (number of nents) stored. The 
critical quantity of information beyond wkich the computational burden becomes 
unacceptable dependa on the reuoniq mechanienw, the ntpN9elltation of temporal 
information and the performance expected. I feel aafe in hJpo$heljsina that this 
critical quantity i8 1- lhan the total &1DOW1t of temporal Information atored in 
the human memory. That i8, it would be au.m.ly nrpriliaa if the Sem.poral 
information recardina all eftllts stored in the brain were 1llMMl to determine the 
relative position· of two pvticular evenu. 

A aurvey of the copitive 11eience llterUure reveal8 •tron& evidence that aup­
ports the notion of local temporal reuonina conteiaed wkh1a ~unked• lfOUP8 
of events. One line of e'f'idence. invoW. the relatlwlJ recmt wort on ·copitive 
1treamin1. When the human information pl'OCWDI' hu to simultaneously handle 
an overwhelmina amouat of information, the informUioa ii apllt into Mftfal iDfor­
mation paUeru-copithe .v.m.. Atteation ill npWlJ awltcW betwWJ. nreum 
to maintain an illusion of -reU-time". ~ ...... (9) la hill Mminal work 
on auditory IVeama prOV"ld. IUoaa nppol1i for the hno$1t:•il ~ .v.amiq oc­
cura in the auditory procw. Amoac the facton that ...,... to which of the 
streama auditory events are added, Brep»u clelcribm aim1larltJ of. apecVal com­
position. Moreover, he find8 aipitkaat dUl'erwel in the ~ and accuracy of 
the perception of orderina of auditory eYGta in differm& --- u compared to 
events in the same aiream. That ia, the accanq of the ,....ticm of. orderina is 
more accurate between eYellt. that &re more ci..ly related. 

Michon and Jacbon (391 haft further inwdipW copitift nreum and the 
recall of temporal ordmiaa Information u it la atrecW b7 eftllt (word) cateflo­
rization. In their experimeata an at~ wu made to Induce capitive atream­
ing by preaentln1 the aubjects ~ larp n•mMn of. .;. •• la a relatively abort 
period. Of particular mter.t, the experimeatal nideaa 11111W to clemoutrate 
that the separation of -.ta into copiUYe .__ do'9 la fad happen, but only 
if the events are cioHly related (what MidloD and J..-. Nier to u mtcmira,. 

10f &ll nm ~ i., tM nbjed ill nakitlM. la m .......... ..,......., '1ae evea*t 
were jipaw pauJ. lMb. 
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/ulnua) which in th-. experiment., aipil• aha.red word catqory membenhip. 
Signiicantly, between-catepry ordmq jw:lpwtt. are correct leu frequently than 
with~ orderina judpnenu. In a aimilar vein, Blanmlhip'• [3, page 40) 
experb:unu lhow that pair order judpne• are much more accurate, and· arrived 
at much futer, if the event pain have a •conicn. 91 

Although I cannot 10 &DJ further thu. notiq the analogy, it ia at the very 
leaat intriauin& that TUP'• eolution for manacina the temporal relation.a between 
large number of nenu ia to pup .._._ ~ in reference aeta. Temporal 
relations bet.we.a ft'elltl in dUl'eeat nlerwe _. are no& paranteed to be consis­
tent and furthermore the performaaa piM apcte4 from :reference Mt. are only 
accrued if the JDmlhen of refeNnce •• ahare llOIDI orpnlsinc f.uure or Alience­
meaniftf/vlua or •CODtext. • 

One of the reuona to be careful in puahin1 the analogy any further than I 
have ahu.dy ii that the humaa perfonuace la teaneoraJ reuonin& may be jut a 
epiphenomenon of Ute more paeral eteea of •cimnkina" oblerved in the mem0ry 
•torace procw.1 For aample, Pah•IND, Mcltr• &1ul Mancller [47} have thown 
that ahoner laterrelpoue ttm. (DtTt) occu.r belwem ltema la the wne •chunk" 
than between itema in dm..nt chuUI. TM powth of. die duration in between- . 
IJ'OUP IR.Ta clepmda upoa the ewdl iaedleamn 1ll8cl and la more contrcmnial. 
Pollio, B.ichardl and LUc:u (40) aad PUtenoa d el. (4'1} for lnaaace have devel­
oped a prob&bUlatlc -.rch model to WOtallt for ~ obwftd aponentlal p-owth 
of between-lfOGP lllTa with output pcJeitioa. wller1u McCauley uul Kellaa [35} 
obeerve a llw powth. It Is bee .... el ti.. ,_.... betw-.i the performance 
characteriltica of thw paenl nmiRal ~ •d ._ ol.teaneoral recall that 
it ii diftlcult to llol&M the decu o/. the h111D&a ...,._ .. reaamaln1 mechania1111. 

2Ia Blukw"'ip'1..,........, ...u wi&la a coa&a& ..... jipaw pu1Je 80lYinc ~ ia -Which 
the •blect - ,... ... ,. _. wl _. (of tile Wei......,.. TM "aoa-coatai• puule wu .... ..,, ........ --......... ..... 

8Bwa -, I c:uao& kt polat M& tlaU TVP'a .......... ol &aaporal nla&io..W,. ia&o refereac:e 
Ml ii Uo j1llt a Hltcdoa ol tM ......... ......-U .......... ol dle domaia IPplica&ioD, 
be i& Tb.IPllT'a cawl ~. a XL-Oii& cb 1 l•Mi• ....... •a plea,...,• toel &ne. 
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5.2 Constraint from Background Temporal Infor­
matton 

When THRIPBT imtanti&tel a hypoth•ia ao that it becomes a patient model, the 
temporal relatiom in the patient himtory may couVaiJl thOM of the pathophyaiolog· 
ical hypoth•ia and vice vena. Thil procea repr..-te a mappina of certain eventl 
in the pathophyaioiop:al hJPOlh•ill to reporW eYeDU in. the patient hiltory. If 
the mapping is a corNCt one, then the Mmiporal information from theM two 90urcee 
may make reciprocal conmbutiom to the knowledp of orderiq/pmition of eventl 
from each aource. If a patient repona malaile &ad fftW after a blood trwfusion 
(without atatin1 how much earlier the tranalUlion oc:cuned), If non-A, non-B hep­
atitis ia1 one of the h~ conaidered, then the period' bettween malaiM and 
tranatu.ion can be boundecl between foriy-flve aacl alxty clap. Moat pnerally, if 
TUP is given two different temporal ..U of lllL '1, aad th.a a few evenu from one 
set are temporall11 u.ociated to eYentl in the other Mt, very often the relatlom of 
both sete of ltlEL '• will be comtrained if thq are -W ia the 1&111e context. 

A parallel phenomenon mq have been oi.en.d ia h1Ull&ll nbjec:te by Gu.enter 
and Linton [21). Subjecta were lhown HqU8DCe9 of warel&ted plctm. ud then uked 
to recall the temporal location of theae picturem. If a recorclecl ah.on ator, that bore 
no relation to the pictures wu pl'OYided aimultaeouly whh the projection of the 
pictures, temporal performance wu impnwed. Guenter ud Linton view the atory 
a.s having provided tempoNl ta,, for the pictur.. My view, which ill conailltent 
with Guenter and Linton'• iaterpretation, ia that the •t of 1tory phr .... had more 
conatrained1 temporal relatioaahipe to one uaothv than Uae picturea had between 
each other. Comequently, the 8tory line could coutrala the temporal relationahipe 
of the pictures, analopua to the manner in which the lndlap obtained from a 
patient with hepatitis, comtraim the temporal relatlou of. the hepatitia hypotheeia. 

5.3 Relative Performance of Retrieval Tasks 

Of all the temporal retrieval operatiou that TUP can perform, the one that requires 
the lea.st computational telOU1'cel ia the determination of the. po1ition of one point 

'Only withha &Jau ~. 
1SiDce the plaruel ... re1a&ecl *° oae aao&Jaw u pan of a Mory liae ulib the pid1INI thu 

wen 1Ull"ela&ed to oae ano&Ja ... 



-- .-:'· 

5.3. RELATIVE PERFORMANCE OF RETRIEVAL TASKS 111 

in time relative to another. If the two point. are in the a.me reference set, all that is 
required ia a direct retrieval of the one DEL that llnb the two point.. If the point. 
are in dliferent reference Mta, a M&l'Ch ia performed. The qualitative• equivalent of 
the operaticm ia known in the cognitive lldence literature u &11 order judgment. 

The d.etermbWicm of which lei of event. occur between two time points is 
performed by the TUP FIIDl&Tllll function; the copitive acience equivalent is a 

la, judpnent. Thil function ia comiden.W, more ..,..ma (for TUP) tha.n rana• 
relation retrieval u it involv• determinina ihe paalticm of each of the events with 
respect to the two time point.. 

An event'• ordinal poei$ion in a lei of neau can be obtained U1inl TUP's 
FIIDPOSITIOI &Imo known u a ,,..m. jud.pJ-t. It hu about one a.nd a half of 
the COit of a FIIDl&IWDI computation, u clwrihed in wtion 2. 7.2. 

Thia rankin& of computational etrori ia neither iuritable nor nec.u.ry. If event. 
were repl'elented by specifying, for eadl 41ftat, a n.t of thoee event. that occurred 
before it and thoee that occurred after it, then pmltion judpwnt would require the 
leut eft'ort Out countiq how maD.J ennt. prec:eried a particular pobd in tbm). 
Order would be nm in computatloaal a:pm11 the point with the ahoner ·~· 
Uat would be the earlier point. Lac WOtalcl be mad expeum (inWn9ction of the 
"after" lilt of the earlier point wllll the -wore• Jin of the later point). 

In the developm.ent of. TUP the choice of tempanl relatiouhip for the primary 
underlying reprelelltamn, wu determlaed by wb&t I perceived to be the kind of 
temporal informatloll aftil&ble (ia the medical JiW&ture) and by the kind that was 
m01t important and IDOlt frequently ued la maldft1 temporal distinctiona between 
(medical) hypothel•. 

Experimental evidence points to the aimilarity in the orderin& of difliculty of 
these tub in humaa be1Dp to that in TUP. TU work of Jacbon and Michon [23), 
for instance, lhOWI orderiq judpenta to be 1- dUllcult than poeition a.nd lag 
judpnenta. Lac jucfcmnta U.O appear to Nq11ire 1-Uaae tha.n poeiticm judgments. 

Althoqh teleolacical arpmenta. are not VVJ helpful in 1upportiq hypothe1e11, 
the cohenmce the, prvride ia nonethelm9 ...,,..._ In tbil apirit, one could hypoth­
eeise tlW the Dlldluilllm cleTeloped tluo1111l lbe biololkal, evolutionary proceu 
would aelect thole c:opitm mechH.._ that produce the belt performance for the 
kind of '8m.poral reuo1dn1 \hat man _. hquatlT performl. It miaht be then 
that recopisin1 the orderiq of evait pain-is much more frequently necwary than 

- ----- -------
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are lag judgment. in 1oina about the bu.in .. of survival. 

5.4 Summary 

Artificial intelligence and cognitive science are eiater diaciplinea. Althouch the 
methodology and some of the aoals may difrer, there ia a •hared interest in the 
mechaniam1 of copition. However it ie only in a limited number of areu, auch 
aa vision, that the com1Q01l interest hu produced aome qnergiatic interactiom 
with inter.ting reaulta. My own brief •Ul'ftf of the literature of copitive acience 
sugeata that temporal ruaonin1 ie another area that may be ripe for the multidia­
ciplinary approach. In thla chapter I touched upon uaJop. in the performance of 
TUP and human beinp. Bow thJa analogy in performance bean on aimilariti• in 
representation. or reuonin& mecb.aniams ia not at all apparent, but augeata further 
investigatiom to be punued in this area. 



6. Conclusion 

6.1 The Problem 

Very early in my atudy of automated diap01tic qstems and in particular medical 
expert syatema, it became rather obriou that a cruci&l component of the diag­
noetic armame.ntarium.-diaeue chroaololf-wu not acc .. ible ulna the available 
knowledp-aciuerina tooJ.. Al& 611 .. &re not aatic collectiou of aip8, aymp­
toma ud pathophyaioloskal atuee, but clyaamic procw• with 1peciftc temporal 
pattern., 1uch a delciency appeued to be a fundamental obatacle to achieving 
human-like atyle and human-Wre performance. 

Without accw to temporal information about the patient and temporal knowl­
ed1e of dilew, expert l78Mlm coaalcl. ~ lhat account for the findinp 
but not in the particular order or temponl codpaUion obeervecl. From the per-
1pective of the human expert 1uch u expen system ub queationa that have no 
apparent bearina on the p&iiat'a coacUtioa. Tiu. rdecta that, in the abaence 
of temporal information, many ~ are punued that would be otherwiae 
quickly dimriateel by a human expert, or temporally eophiaticated expert syatem. 
Even if the &temporal diacrepwiel '*"-- the patiat data and the expert 1)'1-

tem.'1 hypotheM9 wentually become pGl9 couch to permit the aclUlion of the 
incorrect hypotheMs, too many ~ we ..W and too much computational 
N80Ul'CeB &re expended in cloin& IO. 

UJlDAICelAl'Y a-eruion of qwtiou dvina an expert syatem'• performance ia 
intrinaically undtmabla. MUJ qumloraa m&J MqUire c:liapostic procedure1 that 
have their own c:oet-dlKomfort, morbidiif, :mortallt, and laan.clal. Alao, an expert 
ayBtem that ub too mu.y qwtiou, _,. of wWdl may aeem unrelated to the 
patieat'I problem will be unaccept&We to the. llealtll-care provider because of the 
attention the QWtem would demand aad becaw aadl performance would enaender 
a lack of conldeacie la the d......,_lc eoac..._. Temporal bowledae by no mew 
eliminat. all auperluou ~'but it -.. prune a )up proportion of theae. 

Lack of temporal repNNDtation a1lo lmpn. a lack of a principled distinction 
between put, pnmet aacl future. ror the diapoetic procram, thia again leads to the 
generation of obviouly unanawerable qwtiou, for inatance reprdiq the dia~t 
future. It alao excludee the posaibility Qf a temporally quantified proposia. For the 
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medical expert syatem which plans therapeutic interventiou, lack of knowledge of 
the position of_ eventa with respect to the pnMnt will lead to absurdities such as 
making plans to modify the put.' 

The crux of expert 11J9tem technoloo ia the explicit repre1entation of all the 
knowledge that a human expert U1e1 to perform. It ia not aurprising that in the 
abaence of an explicit repNMnt:ation of an upect of human reuoaing u ubiquitous 
u temporal reuoning. the expert 8)'8tem 1hould fail to conaiatently model expert 
performance. Thia failure ia not restricted to dlain01tlc: and plannlna performance, 
but extends to juatiflcation, explanation and outcome repreaentation. 

6.2 The Plan 

In the current literature of knowledp-bued 1yatema, there J. an almOlt ritualiatic 
paying of obeilance to the merit of temporal npr11eat&Uon or the probleml that 
arise in ita ablence. In IDOlt c ... , thia ia the edat of the concern with the 
issue. Frequently, an ad laoc .olution will be ct.cribed that worb for a panicular 
application for ID09t of the teat c .... On the other- a.d of the mpectrum, a number of 
coherent and principled temporal losicl have bea cLnlaed ~ uaually prOYide little 
guidance or wurance about the use of such .,..tw in implemen~ the necessary 
functionality (in AI ayatema that deal with real-world aituatlom). The deaign and 
implementation of TUP and TBIUPBT wu aimed at providbac and demoutrating 
this functionality without ncriflcina pnerality. 

While I developed the tooJa that would enable expert ayatema to perform tem­
poral reasoning, three IDIPjor iauee became apparent. The ftnt ia the tuk of sup­
porting the heteropaeity of temporal exprwioa ns1 W for real-world appllcationa. 
My intent wu to do BO with a llDall number of '8mporal primltivea, manipulated by 
a few temporal opera-.. Panimoay and aim.plicitJ in the unclerlyina repreaenta­
tion was emphubed becauae of the need for a well-underltood, uniform method to 
determine the combin&Uon of temporal ....nioDa that produced the ID.Olt precise 
estimate of '8mporal location. The wne simplicity would UC> permit temporal 
couiatency to be re.dlly cleterm.ined. 

The aecond ilaue or problem manifested itaelf in TUP's initial triale. It wu 
apparent that the number of temporal deduciiom made in realistic applicatiou 
made temporal reasoning pragmatically infeuible. The obriou solution wu to 
divide the temporal knowledge bue into smaller, manapable pieces. The real 
challenge lay in devising a method for temporal clutering what would minimise 
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statechange .• : For the one shot form, A or T ii required only momen­
tarily. 

Ignoring the gating conditions1 TBRIPBT could model a continuous causal link 
with a vanilla THRIPHT cauaal-link and the following constraint.: 

(RIEL ((IANE A) (TYPE llCil-IITllVAL)) 
((IANE S) (TYPE llOil·IITllVAL)) 
(+EPSILOI) (+IIPIIITY)) 

(RIEL {CIANI A) (TYPI. llD-IITE&YAL)) 
(IAMB 8) (TYPI DD·IITDYAL)) 
0 SECOll>S) 0 81COIDS)) 

Similarly, a one shot caunl link would be modeled with theae temporal constraints:' 

(DEL ((IAMB A) CTTPI BIC. 11-IITDVAL)) 
((IAMB S) (TYPI llCil-IITllYAL)) 
(+EPSILOI) (+IIFIIITY)) 

(RIEL ((I.AME A) (TYPE llD-IITEIVAL)) 
((RANI A) (TYPE l&Cil-IITllYAL)) 
(0 SECOll>S) 0 SICOIDS)) 

The separation of the temporal repreMDtation from the caual repHMDtation 
makes it feuible for THRIPBT to repl'eMDt the full (inflnite) ranp of pouible tem­
poral conftauratiou between cause and effect iutead of nshidlna th .. to two 
· categori•. Moreover, TUP tr.. the cauaal reuoner from the detaila of manaaing 
temporal information by automatically performina thOM temporal inferences that 
derive from any combination of came-effect temporal relatiomhipe. 

Thoee aspects of expert ayatem rea10nin1 that were found to be purely temporal 
and domain-independent were pthered into a pacbp of utilitiea-TUP. TUP builds 
its repreeentation on top of two object primitivel, the point event and the range 
relation. lntervala, pointa, qualitative and quantitative temporal relatiom, poeition 
with respect to the pl'eMDt, common temporal yardaticb, peniatence and alternate 
temporal confipratiou are all supported by the TUP primitives. The simplicity of 
the underlYina repnMDtation maba it euy to determine the precision and comis­
tency of temporal information in the knowledge-hue. It allO enables TUP to readily 

3 Th ... could be added '° Tll&lPBT'• caual lhab, bu ia uay cue Qeir pnMDce ia n<>* relevam 
to the preMDt cli8culion. 

'In the MCODd am., d-=ribbac the dva&ioa of tu action A, tM 1Soe1 ha the bouda could be 
replaced by +' dependbag on the baterpretatioa ou withed '° impo1e. 
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retrieve the combination of temporal relatio.Da that la moat precise in calculatin1 
the temporal location of an event (with r•pect to another event). 

TUP'• cluaterin& acheme-reference ..--WU arrived at 10mewhat serendipi­
tously. Examination of a nm.pie temporal bowledp bue revealed that clustering 
that followed the performance criterioa1 would parallel the clustering of the atem­
poral portion of the domain bowledp bue. In retrospect, the parallel between the 
atemporal and temporal decompoaiUon of the knowledp bue la not surprising. As 
explained in chapter 2, both type8 of cluaterlq are driven by the need to establish 
correspondence between "salience• or "relinance• and the 1tructure of the knowl­
edge bue ao u to permit eftlcient acc:w to the knawledp. THIUPBT illustrates how 
the atemporal clecompoeitio:n of the clom•in bowledce-cauaal aaresation-can be 
used to automatically pide the temporal decompc-1tion. It hu aince become clear 
that the cwal ...-cation hicrudrJ ii Jun oae of the knowledp atructv. that 
are available to pide temporal cluateriq. A. prerioualy diacuaed, the structure 
of the frame-buecl 8)'8teml, plana, the hybrid k:nowledae repreaentation languages, 
and procme delcriptio:na can aerve the IUDI pvpo11e. _ 

In addition to inc:reuing the power of an expert ayatem, temporal reuoning 
considerably · Woee:na the bonda thU lw expl99iw expert syatema place on the 
knowledae enaineer. Temporal knowledp ii 10 ubiquitous that to attempt to fit it 
into an tMl laoc repnMD.tation of temporal aequence iii ·1ruauating. Although TUP'• 

pneral-purpoee temporal repr•entation eliminate. thill problem, it creates a new 
obligation for the knowledge enaineer to ao out and extract thili aame ubiquitous 
temporal information. 

6.4 Complications 

TUP'• design and implementation addreaea many of the iasu• in automated tem­
poral rea10Din1, with IOllW notable exceptio:na. Of Uiw the one I feel to be the 
moat important ia the lack of an elepnt and pneral utility for representing recur­
rent eveata. In the abaence of auch a utility, I have had to aettle for a very limited 
capability u c:leacribed in HCtion 2.9.2. N~, in the 1&me aection, I mention 
IODle piomiaiq :methoda. 

TUP'• temporal relation, the ranfe relation iii devoid of probabilistic information. 
In many domain applications, ayatematic temporal probabilistic information ia not 
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available. Thia ia fortunate becauae implementing the capability to reason with 
probabilistic temporal information ia a formidable tuk. The goal8 of 1enerality and 
robuatneu require, however, that the repreaentation and reuonin1 mechanisms for 
such a capabHity be eventually implemented. 

6.5 The Prognosis 

Early in the development of expert systems technology, it wu recognized that ex­
plicit representation of domain-specific knowledp enabled the 110lution of a large 
claaa of problem. that were intractable uainc pner&l purpo1e problem aolvera. From 
the initial realisation that •Jn the knowled.p U.. the power" there bu developed a 
corollary axiom (or article of faith): the performance of an expert 1J11tem ia lim­
ited and brittle to the extent to which the tnowWp repreHDtation compels the 
knowledse engineer to distort the eemutica of the domain knowledge. That ia, 
a representation languaae muat mirror the le!ll&D.tica of the type of knowled1e it 
represents. 

Thia ia not only true of the expert 1J11tem.'a performance, but also of its de­
velopment and debuainc. Conaequentl:y there hu been a broad eft"ort to create a 
nmology of the different typee of knowledp that an expert 111181 and therefore that 
an expert 1J11tem ahould a.pllcitly repreaent. The study of the dUferent types of 
knowledge in an expert ayatem bu included: identifyinc and repNMnting expert 
system strategies [ 11); explicitly repHMntiq the pnlerence9 th.at lead to the goal 
structure of a decision-maker [63); explicitly repre1•tin1 the cauaal aareaation 
hierarchy of hypothelel [50,48], repreaentiq the domain princip1- that juatify the 
expert performauce (54] and explicitly repr--.tiq apt.tial relatiomhips (37). The 
work th&t bu led to W. tb.ia hu bean •imilarl7 ~; I haYe llOUlht to iden­
tify that part of the bowledp bue Uaat in'YOlv9 ...,_.i information and then 
gone on to provide an autoaomom utility for reaMDina about it in a conaiatent and 
principled mamier. Aa temporal bowledp ia ubiquiioul, and particularly ao in a 
patient history, the need for auch a capabWty ii pU. Neftlihei.e, lib the other 
types of reuoninc jut mentioned, temporal reuoniq ia nec-ary but not suffi­
cient. My goala will therefore have been well~ if UM the knowledge gained 
here becomee part of the knowledae eqineer'a armamntarium for the development 
of the next generation of expert IJ'ltema. 
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A. Tables and Summaries 

A.1 Predicates and Retrieval Functions 

The list below RIDIDAliMI the notlatioa u-1 to clMcribe the predicMe9 ud functions. All 
deecriptioml omit UM coated .,.cilcm., which i8 a oplicmal argument. All predicates are 
shown in their relaacl Yeniou. The mid wniou iacNde a -s-• prefix to the predicate 
name. 

• <pt>, <p2> and <poiat> are point epecillca.Uou. 

• <lb>, <11b> are lower ud upper bowada ~ftly. 

• <11•1 t> i. • tingle bound. 

• <acope> i. a li9' of refereace ....... 

• <poiat Ht> ii a mt of poime. 

• Tl and TY are TUP nriable9. 

• <iatt> uacl <iat2> are inMrftl tpeeiflcatiom. 

A.1.1 Predicates 
• (BIPOll•P <pt> <p2>) 

.. <pt> Won <p2>? 

• (APTlll-P <pt> <p2>) 
.. <pl> after <p2>? 

e (llPOll·IY-P <pt> <p2> <11» <U>) 

Ia <pl> Won <p2> bJ. the .,.aw amount? 

• (.&FTll.·IY•P <pt> <p2> <l'b> ~) 
.. <p1> after <p2> bJ the .,.aw ...... u 

• (WITBil-P <pt> <p2> <11.ait>) 
.. <pl> wi*hin the <liait> dinaac:e of <p2>? 
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• (BEFDJlE-IOW-P <p1>) 
Ia <p1> in the put? 

• (AFTEll-IOW-P <p1>) 
Is <pl> iu the future? 

APPENDIX A. TABLES AND SUMMARIES 

• (BEFDJlE-ROW-BT-P <pl> <lb> <ub>) 
Ia <pl> in the put in the apecified range? 

• (.AJ'TEll-IOW-BT-P <pl> <lb> <ub>) 
Ia <pl> in the future in the apecified range? 

A.1.2 Assertions 
• (lllL <p1> <p2> <lb> <ub>) 

Aaeert raqe relation between <p1> and <p2>. 

• (ASSDT-IITDVAL <iat1>) 
Allert the end point. of the intenal with bounda of o,+oo. 

• CIITREL <iatt> <1nt2> <interTal relatioa>) 
Awrt the two interval. with UILa 1*w91D d'9 end point. of the intervala corr• 
1ponding to the apecifted intenal relation. 

• (l.elaticm.ToPreaeat <p1> <lb> <llb>) 
AMert the DEL between <pt> and the pr.eat. 

A.1.3 Point Functions 

• (GITIVIJIT <p1> <filter>) 
Obtain the point couinent with the <pt> speciflcation if filter ia true. 

• (FIIDBEtwlll <p1> <p2> <acope>) 
Obtain the point. between <p1> and <p2> that are in acope. 

• CFIIDPOSinm <point> <point Ht>) 
Obtain the ordinal position of point in point Ht. 

A.1.4 Relation Retritmll 

• (lllEL <p1> <p2> ?I ?T) 
Return the bounda on the DEL between <pt> and <p2> and allO bind the returned 
valuee to the TUP variabl•. 
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• (IBTaEL <1nt1> <1nt2> ?I) 
Return a 1iat of iaMnal rel&Uou which are c:oaaiatent with the UELa between int1 
and in.t2. AJ.o bind the returned mt M> the TUP variable. 

• (llelationToPre .. nt <pt> ?I ?T) 
Return the bounda OD the DEL betw..n <pl> aad the current instance of NOW &nd 
bind the returned ftlue M> the TUP ftriable. Eft1'J time· thia query is evaluated a 
new inatan~ of JtOW is pneratec1. aacl iU relatNnzHp M> the current time, obtained 
from the ha.t compuw real-time clock, i8 --.I. Tm. aidMdreci is neceaary for 
an accurate auwer. 

• (LB-OF <p1> <p2>) 
Return the lower bound OD the DEL~ <p1> and <p2>. 

• CUI-OF <p1> <p2>) 
Return the upper bound on the 1111. behuMll <pt> and <p2>. 
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A.2 Range Addition 

The table below illuatratel the rul• of range addition for all the c:Wferent valu• for the two 
bounda. l ,n and m can be any lipec1 number of 1eCODd8. I i8 di8tinpiahed in that it can 
be any number other than Hl'O. 

First bound Second bound 
-E e are 

+E -E 
E if the two boudi bound.. 

+E " l l 
0 +E +E 
0 -E -E 

+E +E +E 

" m ft+m 
ft +oo +oo 
ft -oo -oo 

-oo -00 -oo 
+oo +oo +oo 

-oo are -oun 
' +oo -oo 

+oo if the two bouada are upper bound.. 

Table A.l: R&np Addition 
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A.3 Interval to Range Relation Conversion 

Interval Relation 

(IITUL 

u:=:B 
DRIIG) 

Equivalent II.ILi 

(DEL ((I.AMI A) (TYPI DD·IITDVAL)) 
((JAMI 8) (TYPI -Il·IITDVAL)) 
( +IPSILOI) ( + DPIIITT)) 

(DEL ( (IAJll l) (TYPI UIIl· IITllLVlL)) 
C (1.&111 I) (TTPI DD-IITDVAL)) 
c-nrrIJITJ) (-IPIILOI)) 

(DEL ( (IAMI A) (TYPI IUil· IJITDVAL)) 
C (IAMI. B) . (TTPI •D· DTDVAL)) . 
C-llFillTT) (-DBD..OI)) 

(UIL( ( (IAlll(l) (TYPI llD· IITD)Y)lL)) 
C l&MI I) TTPI DD•ll'D&VAL 
C+IP8IL01> c+mnm>> 

Table A.2: Interval Relation To llEL Conversions 
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Interval Relation 

(IlfTREL u== t~~ 
COIT.lIRSS 

(IlfTUL 

U:=tAB 
OVEl.LAPPED-BT) 

APPENDIX A. TABLES AND SUMMARIES 

(IUL ( (IAMI .l) (TTPI IUII· IITD.VAL)) 
((IAMI I) (TYPI llQD·UTl&VAL)) 
(+IPIILOI) (+IIFUm)) 

(IUL ((IAMI .l) (TTPI llD·DTDVAL)) 
((IAMI I) (TYPI ID·DfUVAL)) 
( • IIFDm) ( ·INll.OI)) 

(DIL ((IAMI A) CTYPI HGD·IIT.DYAL)) 
(Clim. I) (TTPI •D·IllDVAL)) 
(+IPIILOI) (+IIFDM)) 

(BIL ( (IAMI .l) (TYPI ID· 111'RYAL)) 
((IAIS I) (TYP& BUU·IITl&YAL)) 
( • IIFWTT) ( ·IPlttol)) 

(IUL ((l.&111 A) (TYPI llD·XITll.YAL)) 
((IMS I) (TYPI --DTl&YAL)) 
(+IPIILOI) (+IIFDITf)) . 

(JUL ((lilm .l) (TYPI mlU·DTl&YAL)) 
((IAlm I) (TYPI llGil·DTDYAL)) 
c-mDITY) (-IPlll.OJl)) 

c-mJiiT cti..1'11-11. . il'IffJAL> > 
c-mum> C-IPIW>I>> 

(IUL <CIANI .l) cnn llQU•IITDYAL)) 
(CUI& I) Cm& llCID•DIDfAL)) 
(+IND.Oii) (+ID'UIT'f)) 
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Interval Relation 

CIITllL 

U:t=AB 
STBTED-BY) 

Equivalent lllLa 

CUil. C (I.AMI J.) (TYPI llGD-DTDVAL)) 
CCI.AMI I) (ml 11811-IITllYAL)) 
(0 llCOID8) '(O llCOIDI)) 

(UIL ( (IAlll .l) (TYPI llD-IITllYAL)) 
C (I.AMI B) CnPI llD-IITRYAL)) 
(+IHILOI) (+IJIPDITT)) 

(UIL ((I.AMI .l) (TYPI B&Gil-IITDVAL)) 
C (IA.ME B) C't!PI llGD· lll'DYAL)) co llCOIN) (0 l&COIDI)) 

1&111 I ft'PI 18·.-,,.,.VAL (1111.~ ( C (1'8) J.l) (TDI !!!;_~)~):&I.)) 
-IJIPDITT (•IPllLOI)) 

(BIL CCIAlll .l) (TYPE llD-IITDVAL)) 
((IAMB I) {T'fPI -·DTDYAL)) 

' (0 llCODI) co llCOlll)) 

(Ult. ((UICI A) ('?'fPI -D-DTDV.&L)) 
((IAMB I) CTTPl--P-IITDY!L)) 
( - IJPIIITY) ( •IPIILOI) 
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Interval Relation 

(INTUL 

Hlt=AB 
FIHISHID-BT) 

(IHTUL 

u:=:~B 
EQUALS) 

(IITUL 
((MANE A)) 
((HANE B)) 
MEETS) 

(IlfTUL 

U:i:l~B 
MIT-BT) 

APPENDIX A. TABLES AND SUMMARIES 

Equivalent lllLI 

(IQL CCIAMI A) cm1 llD>-IITDYAL)) 
( (IAa I} CnPI DD-IITDVAL)) 
(0 ftCOli>I) (0 llCOIDI)) 

(UIL ((IAMI B) (TYPI llGD-InDVAL)) 
((IAlll A) (TYPI IUD-IITDVAL)) 
(-IllPIIITJ) (-IPIILOI)) 

(IQL ((IAJll A) (TYPE BEGil-DTllVAL)) 
(CIANI I) Cm& IUD·IITlllVAL)) 
(0 llCOIDI) (0 •COllDI» 

(Ult. <CIANI I) (TYPE DD-Ill'DVAL)) 
((IAIS A) (TYPl-·tlTDYAL)) 
(0 SICOJIDI) (0 llCOIDI)) 

(Ult. CCIAlll A) CTYPI UJ>•IITDYJL)) 
<CIANI I) (T!PI 11111-IITllYAL)) 
(0 SICOIDI) (0 --) 

CIQL CCIAlll A) (TYPI IUil-IITllVAL)) 
((I.US I) (T!PI DD•DtUfAL)) . 
(0 llCOIDI) (0 llCOlm)) 

--------~ 
-~----
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A.4 Range Relation to Interval Relation Conver-
• - SlOD 

1111.EL .A.ertion 

(lllL ((IAMB .l) (TYPI llGll-IITDVAL)) 
((IAJll I) (TTPI BIGil-IITD.V.lL)) 
(+IPSILOI) C+IIPIIITT)) 

(~ ((I.AMI .l) (TYPI IUD-IITDY.lL)) 
(IAMB I) (TTPI llGU-IITDVAL)) 
O SICOIDI) (0 llCOID8)) 

CDIL ((I.AMI .l) (TYPI B&CID-InDV.lL)) 
((JAMI I) (T!PI JUD-IITDYAL)) 
C-IIFIIITT) (-IPIILOI)) 

ClllL (CIANI .l) (TYPI BICID-IITllY.lL)) 
((IAMB I) (TTPI DD·IltDV.lL)) 
(+IPIILOI) (+Ilf'IIITT)) 

BIFDU OVBILAPS 
NllT8 Con'.lilfS 
FDISBID-BT 

st.UTS 
STDTID-BT 
EQUAL 

il'TD 
OVllLAPPID-BT 
llllTI FIIISRIS 
DU&IH 

BIFOI& OVDUPS 
Mini 
OVllUPPED·BT 
FDISBll STUTS 
PDIIBID-BT 
STAaTID-IT 
COIT.lIIB 
COIT.lillD-BT 

Table A.3: UEL to Interval R.elaiion Conversions 
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IUlEL Aaeertion 

(IUlEL ((IAMB .l) (TYPI UGil·IITDYAL)) 
( (IAMI B) (TTPI lll)•I.ITDY&L)) 
(0 SECOIJ>I) (0 81COIDI)) 

(:a:aEL CCIAMI A) (TYPI BUil·IITDYAL)) 
((KAME B) (TTPI llD·IITDYAL)) 
C-IIFIIITY) (-IPSILOI)) 

(DEL ((BA.Ml .l) (T!Plt llD-Il'!'DVAL)) 
((NI.Ml B) (TTPI llGll-IftDVAL)) 
(+EPSILOI) (+IIFIIITY)) 

(IUlEL C (IAMI A) (TYPI llD· DTDYAL)) 
((IAMI B) (TYPI 11111-:mn&YAL)) 
(0 SECOIDI) (0 IBCOIN)) 

IQUAL lllT·IY 
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(UIL ((IAMB !) (TTPI UD·IITDYM,)) 
((IAlll I) (TYPi WD·DtAfAL)) 
(-In'IIIft) (-IPIILOI)) 

(lllL ((IAlll !) (TYPI 111>-IllTDYAL)) 
((IMS I) (TTPI lllD•D!DfAL)) 
(+IPIILOI) (+IlrDin)) 

(DEL ((IAMI !) (nPI DD-IITllVAL)) 
((l!MI I) (TTPI llD-IITDYAL)) 
(O SICOIDS) (0 llCOIDI)) 

(DEL ((IAMB .&) (TTPI UD·IITllVAL)) 
( (1.&MI I) (T!PI DD• DTllYAL)) 
(-IlfDin) (•IPIILOI)) 

Coui8tent IllTIELI 
·1"11· OYllUPS 

OYDUPPBD-BY 
COIT!Ib DU&IIQ 
MIT-IT IQUAL 
FDI8118 
FDIIBID-BY 
STD.TS 
STAl.TID•BY 
Bll'OU OVDU.PS 
NllTI DU&IIG 
IT&aTI 

IQUAL FIIISBES 
FIIIIBID-BY 

COIT!IIS 
CJVllUPPBD-BY 
UTD NIT-BY 
STD.T!D·BT 



,· .. -,. 

B. RRELs of the Annotated 
Example 

B.1 RRELs of a Subhy­
potheaia of Hepati­
tis B 

(DEL (!I.AMI IIOCULl. TIOI) TTPI llGD-IIDIYAL)) 
C I.AMI DOCUUTIOI) 

(TTPI llD·UIAfAJ.)) 
(& MIIUTll) (1 DAY)) 

(R1lEL (!I.AMI D&ea-BIPAT.IC·PUICTIOI) 
TTPI llOD•DT:aYAL)) 

( IAlll J>ICl•BIPAUC-PUICTIOI) 
TYPI ID·DTl&Yil.)) 

(1 NOlll'lll) (t ... IHI)) 

(DEL (ti.AMI DIAG) 
TYPI llGD·DTBIVAL)) 

( I.AMI DU.Cl) 
(TYPI Dl·IITllYAL)) 

( 1 NOll'l'HI) (7 ... , ) 

(DEL ((I.AMI DTI ·DI) 
(TYPI IUU-IJTD.YAL)) 

c~= lr.ift'.l,an 
C+EPSILOI) (+IllDITY)) 

(DEL ( !IAMI ~-UROll&~ TYP1 ----DiDf&L) 
( IAM& ~-llPmll 

c+IJ.'Mltf!llllm>> 
(DEL (II.AMI VIUL·llPLICATIOI) 

TYPI BIGD·Il'tl&fAL)) 
C I.AMI YIUL;:.ClttOI) 

TYPI llD-U · W> 
(1 llOlllD) (t ... )) 

TYfl IUD•IITDVAL)) 
(lllL ( llAlll UCOYDT) 

(UISllGO'fDY) 
TUI ... lftDVAL)) 

(+IPIILOI) (+IllUITY)) 

(lllL (ll.1111. BIPATITIS B) 
TYPI lltll·IITllVAL)) 

( ...... &TIUl I) 

c+U.'tJ!·r+BJI~~h > 

TTPI -D-DTDVAL)) ClllL (!l.AMl.JAUDICI) ( = il:°dfivAL)) 
(O llCQlll) (4 RID)) 

TYPI lll·IITllVAL)) cu.a. <i•- B1Ae1> 
c uman-m> TtPI lllD•DTllVAL)) 
(0 llCOIDI) (2 WlllS)) 

(lllL (.ll!lm.· .DOCUUTIOI) TYPI .. D•DTDVAL)) ( = .llUIDICI) 
(IO DA,.:rar.-=tt->> 

T'fPI -U-IITDVAL)) 
ClllL (!I.AMI KATH) 

( l.&111 llPlTITII I) 
t1PI llD-DIDYAL)) 

(0 .... ) (0 llCOIJ>S)) 

CUii. ( !IAIS DOCULATIOI) ml -D-DTDYAL)) 

< Mft lltr.Dlal~AL>> co llCfW) (0 8ICOID8)) 

130 
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(lllL (1---i-~-,' __ ACUTl·lllPATITIS) m-InllYAL)) 
< -_ ---_- • -ubavAL>> 
( - - (+IPSILOll)) 

-~--------------~------------
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B.2 Notes·on the RRELs 

1. HBSAG ana DTI-BIS refer to detectable levels of the hepatitis B surface anti­
gen and antibody rmpectively. 

2. IMMUIE-l!SPOISE ia an agregate of the caunlly-connected set of events that 
are part of the immune 1J8Mm'1 rmpow to the •iral infection. For the 
purpoM of demonatration., I have not repnMD.ted &DJ' of theee component 
events except for the llTI-BIS in either the lllLa or in the atemporal causal 
hypoth•ia. 

B.3 Temporal Assertions from the Patient His­
tory 

(B.elatioaToPreaent CC•AMI I•OCUL&TIOI') 
CTYPI UGD-IITllYAL)) co WllD) (12 WllD)) 

(DEL ( i•AME IIOCULlTIOI) TYPI UUl·IITISV'1.)) 
( IAMB .JAVD!CI) 

TYPI •D·U"IDVAL)) 
(8 Wllll) (0 WllXI)) 

CDEL c ~11Fsm0111 • • 4& YEOS oLD, '> 
UFSTI 111) 
TtPI POUT)) 

c mn•a111 • •00:01 1.11 .• JULY 11t. 1988' '> 
Cuntl CAI llDA&) 
CTYPI PODT)) 

CO SICOIDI) (O llCOIDI)) 

(DEL (~IAMB J1UIDICI)_ 
TYPI 11911-:rnn.YAL)) ( llFl'f... i7 l:io .l. II. • JUll 28TB. 1988' ' ) 
~Brl1!,.f!!ri1). 
co~iiitf ...,.,, 

B.4: Notes on the Asaertlona of the Patient His­
tory 

1. In the dileue hypoih•ia for hepatitis B, the parenteral introduction of the 
infectious agent ia repreMDted u IIOCUUTIOI rather than a blood tranafu-
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sion.- Although thia synonym matchina could be done automatically, in the 
current implementation I have to prcwide the substitution. 

2. Observe, in Figure 3.2, that the CAI.UDAil mini-expert calculates the tem­
poral distance between the three date pointl. TUP's constraint propap.tion 
algorithm does the reet. 



C. Abbreviations 

Abbreviation Definition 

lUlEL The Raap llelation la the TUP primitma ~ repreaenting the 
temporal dlstwe betwl8BD. nm poiata. 

R!FSET The B.ef--.ce Set ..uicta coutn.im propaption to thoee 
point. that ..... - memberaJUp. 

R!FSYS Refennce · S)'8teml are commoaly \Ulecl temporal "yardaticb" 
1uch u the calead&r, ... , or .._. ill h\1.ID&ll deYelopment. 

SCH The Salimce Clut.riq 1leurinic apleha tile eorrtsp0ndence 
betweea the lalieace of informatloa and ita acc-ibility in 
knowledp atru.eturea and the panllel betlnm atemporal and 
temporal lalience to p.ide the automatic pneration of refer­
ence letl. 

TUP The Ttmponl UtWty PKl&ap npporta UMl'tiou and queriea 
to a data bue of temporal infonnMioa. 

TBRIPBT Temporal BfPO$belia Reuonlnc la Patiellt llMRory Taking: a 
diap09Uc madical expert .,..t.n prototfpe built to demon­
atr&te the ue of TUP. 

Table C.1: Abbreriatiou 

l:W 
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