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Gomparative Analysis of Oualitative Models When
the Model Changes

s. D. Granthcm srd L' H' Utr8"
DcDt. oi Chcmical En8in.crin8, Univcrsitv of P'nDsvlvania' Philadclphia' PA 19104

An imponant apptication of the rccen y deueloped lechniques in qualilatiue-

mathematical modeliig is to qualilatiuely predicl how chaaget in the operution of

chemical units allect their behatior. weld (19E7' l9E6o,bl hos de'eloped o senes

ol com,aratiue tachntques that analyze the elfect of perturbot iotLs to the I'rtameters

ojf o piuen ouanw,ue in model ln this a icle \|e demonsttale o ststem based on

ii" iohroii* oro""o theory of Fotbus I tg84l, t'hich ettends companiue anal'sLt.

,n lio noyr. iirst, prcdicts fie elfecs of changes in the qualilotiw equat-ions and

in parametet volues. Secondly' il comparcs phlsicol desoipliots' ralher lhan com-

pioiii ^oaat airutty, ondbuildsandcomporcs the associated modelsautomaticall!'

lntroductlon
Rcaoruns *ith qualitativ€ modcls of proc.ss units rs ar

imDonanr componcnt ofinlclliScttl sysr.ms which r€a$n wlln
"d.cD' or "firsl Drinciplcs" knowlcdS. of ch.mical plants

iDalte Mollc c. al.. 1988i Ov.l.v€ and Kramcr' 1988i Rich and

v.nkaEsubramanian, 1987). Comparadv€ an.lvsis h a branch

of quahtal iv. r.asonh I ihat pr.did! how changca to rhc inpuls

of a unir modcl affcct lhc b.havior of mod€l ptrd'€rs lt

can bc vrcwcd as thc qualitarrvc analoS of s.nsilivitv or p'F

rurbaron aralvsr of a .e( of cqua(ions Comparalivc anaivsis

isr.ouircd for many intclLig.n. ivsl.ms. For.xattrplc. in "g'n-

eErc and te(I ,roubleshootins svskms rt 's nc"ssarv to d€-

t.rminc bow hypothcsizcd fauhs would cbarge lh' behavior

of process units (Granlham and Unge' l99o). and in dcsisn

rr rs n.ccssary r o compde I h. rctatrvc cft cr on proccss behavior

of alicmarive design sc.narios (Crantham' t9r9O)'

Comparadve analvsis syst.ms dcmon$rat'd to datc are lim-

ncd (o analyzins the effcct of chdad to Pdamet€r valuesi

rhe adual qualitaiive constraints rhat dcfitrc thc struclur' of

rhc hodel mustremain constart. Thus' althouBh thesc svsrems

canoredicl rhat an increaein lhe input t'mpcrature to a liquid

orchc.rer results in a higher output l€mp€ratur' tn€y cannor

;redict lhar somc oi the liquid bay vaporiz'' N'nher can thev

;rcdicr thar th. addition of caialvsr to lhc inpul would 'esult

in an exothermic reaction which would increase th€ ent tem_

perarure of the liquid and chansc ils composnion'

To make such deducdons comparafiYe majvsrs svstems musr

b€ erren.ted in two ways. First. lhev mu$ recoBnize rhat changes

in a Dhvsical des$iDlion mav resuh in a chdge 'n lhestruclure

of thc oualtaliv. modcl. i.c., th€v mus. lak. oo thc rask of

dodifyinS a dod€l to rcfl.ct changcs in procds conditions

rarh.r thaD .cquirirt it to b. spccificd d p.ioti. S€condlv' lhlv

must b. abl€ to compatc th€ nodi{icd and oriSinal modcls to

dctcrnlioc how thc slrudural chang.s affcct b'havior' lt is' of

cours.. still n..6s.rv 10 trc abl€ to analyzc paramctcr cbangcs

wirhin a sin8lc mod.l.
A comDaradvc analvsis svstcm is prcs€nied hcr' which com_

bincs automadc modcl rtodifica.ion with mod.l'modcl com_

paison. Thb cDablcs th. svstcm to aurcmaticallv dcrcrmnc

ilc cifccts of changcs in proccss condidons, which chanse rhe

appropriat. modcl for process units.

Background
S.v.ral t.cbriqucs hav€ becn prcscnlcd thd qualihtilelv

prcdicr how pcnurbauons to proccss paramct€rs affcd rh'

b.havior of sr.ady-statc qualitativ€ mod€ls of chdnical engi_

nccring syst.br. For exdnplc, SiYen a qualitariv' mod'l of a

h.ar cxchuscr thcy could pr.dicl how chanscs to thc 'nput

temD.ratu6, hcar ransfer co€fficie ' or fluid flow rates

*ouu affecr rne output temperatures. Thcsc include cusal

constraints (D'Ambrosio, l9E9), sisned disraPhs (lri cI al '

l9?9; Umeda €( al., l980i Ov€lev€ and Kramc" 1988)' atrd

confluencc models (Rich and v€nkatalub.amanian ' 198?; ove_

l€ve dd Xrm.r, l98E) These svstems ar€ [mned in rhal th€v

onlv consder sr..dv 'rale behavrot< do not consider rrcn'j_

rions inro D.w qualitalivesra.es. and assum€ rhal lh' peamele!
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Charg6 ro lhe qualiiative model arise when rhe e.ccss con,
ditioos are modified such rhar th. physics or chcmistry un-
dcrlyinS thc bcha!,ror is cbang.d. This may occu 'n rvo
circumst nc.s: eidcr whcn a nep objecl is iniroduc.d in.o thc
proc6s d.scription (for €xample, addirioo of caralysr ro a h€ar
€xchang.r slream) or whcn a paramdcr mak6 a rraosition to
a n.w quditadve vslu€ (for examplc, rhc liquid srr€am of a
hcar exchangcr uncxpecredly rcachiry irs boiliq point bcfore
rcachins thc cxit).

Thc sysl.m compris€s the followidg componctrG, which will
bc considcrcd in dclail in th. followitrg sectionsl

. Mappitrg hom chan86 in procds condidons |o changcs

. Compuins modified ed onsind modcls

. P..dicrinS thc r.suharr chansd ir b.bavior (i.e., .elativc
chdg6 ar cach transirion, changcs ro inrcrval durarions, and
chang.s in transiliotrt.
B.havior which consisrs of a singlc qualirativc slarc wilt be
prcslntcd first. W. will thcn show how tbis can b. cxt€ndcd
ro b.havior which is dcscrib.d by a s.qucncc of qualitativc

Torminology
Following thc tcrminology of Kuipcrs ( l9E6), lhc qudilativ€

b€halior ofany systcm is dcfincd by rhc vrlucs of c.ch variablc
and its dcrivativc at and bctwccn an ord€r.d scqucnc. of dis-
ringui3hcd tim. poin.s (l). A dirtinguishcd rim. poinr is an
in$anr ar \r,hich somc variabl. (or irs dcrivarivc) changcs qual-
irarivc vdu.s. For cxamplc, rh! vaDorizcr dclcrib€d in rhc
prcvious sccion isdcscribcd by thrc. disdnguishcd iimc point8
co.r6ponding ro thc rimc of cdtranc. to rhc pipc (disrancc = 0),
limc .l which vaporizarion firsr occurs (.mpcrarurc = boiling
poin0 and rhc timc of cxit from $. pipc (disuncc = pipc l€nglh).
Tbc bchavior ofa vafiabl., q, al any dm€ poinr, I,, is dcscribcd
in tcrms of a qualitativc valuc. QS(q, I), and rh. sisn of its
dcrivativ., eDlR{q, I). Similarly, rhc b.havior ofa variablc
ovcr rhc inrcrval bctw..n two disringuish.d rimc poinls, land
l.,, is dcscnbed by s valuc. Qs(c, l, ?i,,), and a dciivadvc,
QDIR(q, T" 7,.).

Forcxample. lhc b€havior o i thc r€mDcrarur. of an clcmcnral
volumc of nuid as it pals€s through thc vaporizcr k d€scribcd

QDIR
Tin.Point/lni.frrl T.mp, OsTd!.

G* ̂ '""*-l
r_1"-. __J

I
G;;--)
e1::j1:l

Flgu,! 2r- Slmplltled darcdptlon ot th. ltDnom.non

Flgu.!2b. modal bulldlng rnd aolutlon ullngquallt. vo
p.oc'aaa thaory.

For .rmpl.. an iffr.:sc in rhe rimc ral.n bds..n dtrcnng
th. vaporizs ard achi.ving boilirS poilt would t!€ dcs.nb.d
at RC.DURITi r,)- +. Fimlly, lct us dcfidc a uaruruon
\aliab|', Tvlq, 4), ar a variablc whos. chds. of srarc is
associa!.d wilh thc distinguish€d dmc point ?i. In rhc var,oriz€r
cxamplc, th.rc arc two tra$ition va-riabl.s a$ociar.d eirh rhc
dislinguishcd rinc poinr I,: fy(tc6p.rarurc, f,) and
IKboilins poi , I,).

Slnglo-Sl.to Bohaviol
Mapping lmm chang.s ia procest conditions to

Our systcm is bascd on Forbus' qualiladvc proc6s cngin€
(QPE) (1988), *hich is an implcmemation of his qualirarivc
pro{.$ thcory (QPT) (198-1). This alloss rhc dcfi don of a
s.l of fuDdamental physical ard chcmical phcnom.da (Figur€
2a), which rhc sysr€m can use to build causal modcls f.om a
physical dGcription of tbc substances pr€scnr and pro6s con-
ditions prevalmr (FiSure 2b). this enabl$ rhe comDararite
analysis sysrem to automaticaily change rhe consrrainb of ihe
causal model ro accounr fo. chanees in proces conditiotrs.

Ir", a,l
T1

lr,, r,l

0 < T.hp. < boilins pt.
0 < T.mp. < boiling p1.

0

Modifying the tcrminoloey of W.ld (l9EE). changes in thc
qualitative behaviorofvariables d. delincd in rcrms of rclariv.
chans6. For exalnp,., RC'QDIR(q, ?i, ?1.,)= + itrdicates
lbar thc derivativeofq ov€rth€ inr.ryal t?i, ?i.,l has increased.
i.e., ir ha5 cxpcri.nced a positivc rclaiive chatrgc. Simildly,
RC-CS(q, l)=0 indicates rhat the value ofs at dme poinr

Ld us aho dcfine rhe duration of an inrffval []|, I. Ll, i.e.,
the rimc bcrwe€n lhe two consecurtve nme poinrs, a5 rU,R( 1i,
I , - , )and there iat ivechatrgein durar iot rasRC DUR(I , ,  ] l . , ) .

(Rdi! Il)

lnivnid! .'l1t2copoHr riqujrtdf@ (2<,h A A ?c)
P'F.dliE: {6[iD ?c c&lvn)

asdlcddiddE (tdE-rh& (d A ?t l) (oq! dAnr))
Rdin6: (q'!r t*io.dE (r4qr4 ?c))

(Qrir di*@ (!d A 11t D
(qr+lE.6ro (6{quir.irA ?r))

Idl|l|Eti 01 (h! ?c) rlIim.ru)
(I+(@Ff B II)Eid-*)
(r-l|@rd^nl)l*jcre)
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Figure 3. Product cooloa scenrrio.

rhc chang.s in thcir stanins valu6 and ddivadvcs. An exrmDt€

tt QDIR(q, 7,, 7,,)= + a'l�d if RC.QDIR(q, T,, T*)= +
and it nor AC-OS(q, r)= - and if not RC-DUR(T,.
r ,-  l )= -  and i f  not TV\q, 7, .  J $.n RC-eS(c, 7, . , )= +

A complctc scr of rules, cov.ring how dl possibt€ combi-
naionr of rclalivc changcs .. staning valucs and dcrivadv.s
aff.cr rhc inrcrva.l duralion and end vatucs. can bc found in
App.odix B. which also introdu€.s rh. notarion actua.ltv uscd

Cata ttudy I : cntnldment of catalysa lnto hcat cxchanger
Considcr rhc casc of catalyst b€ing cnrain.d into s producr

cool.r shovn rn Figur. 3. Thc b.hevior of lbc h.ar .xchang€r

Fleul. 5. Compaarllra an.lysls asluming topologic.l
aquivtlanca.

coNisrs of a sin8L-star€ dcscription spccificd by rh€ followinS
conditions:

. Subsrancc A containcd in th. lubc sidc

. Subrtscc B cont{incd iD th. lubc sidc

. A lnd B .rc nnciblc

. Tcmpcnturc of rh. tubc sidc< boiting poinr of A

. Tcmp€raturc of rhc rubc sidc<boiling poi oi B

. T.mp.raturc of rhc shcll sidc<l.mD.ratur. of rhc tub€

. Prcssur€ inpur>prcssurc ourpur

. Distancc< crir dislanc.
Th.sc cordilions imply rhc cxistence of thrcc Dhcnom.na:

. Th€ tubc sid. coodir5 a two-component tiquid.

. Th.r. is heot t.6let ftom th. rubc sidc ro rh. shclt sidc.

. T\.tc is Jluid flout frcm rh! input ro rhe ourpur.
Thc associarcd modcl, dcsaibiq thc b€havior of an .lcmcntat
volubc of nuid ar ir passcs rhrough th. h.ar c,(changcr. is
shoenin Figur.4r. Thc solution oflNs mod.td.tcrmin.s rhc
sigN of th. palamctcr d€riv.rives, ar the etcm.nral volume
passcs through rhc cxcharg.r. Thc rcsuhs are:

QDrR(q. rb rtl

:

0

o

The behavior rerminares when the disrance oi rbe etcmenral
volume along rheexchanser ircreaies 10 rhe enr disraDce, i_e..

Flgure 3.

Fru id .Frow H. . i . l r . . . t . r

l l
t l
tb t"

o'sra.c. E^rh.rcr ^nou 

 

g

l ,,,'
h "I ,{

___t-?

Flgurs 4a. Orlginal model {no c.t!1y30.

L.r/ L\
| | , . "
F ct '6

----te'

Figure 4b. N6w model (entrained catatys0.
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lhe altematjv€ states are gen€rated by removing rhe quanrity
condirions asocia!€d wilh the variables of inGrcsr and rcrun-
ning thc modcl builder/solver. The rcsulring sotutions witl
con.ain rhe oriSinal behavior toscrher with atl alremarive be-

The comparative dalyns compn$s rhc follo*ing srases:
I . D.rcrmine paramerers ro cotrsider for transition GDccin€d

cxrcmaly).

?- Rcmov€ quanrity consrraints a$ociared with thcse r'a-
ramdcrs trom the procels conditior spccificarions.

L P.rform limitcd €Dvisionmetrt lo identify porsibl€ !ran-
sitions a.d thc n.w b.havio.s associat€d *ith rhca..

4. Filtcr out transitions not consist€nr with rclariv. changcs.
J. Match up intcryals belw.€d n.w and original b€haviors.
6. Comr'aft bchavior betwccn matched inr.ryals sr de-

Norc rhat in many carcs lhc n.w bchavior may havc a dif-
fcrcm numbcr of intcrvah than the original onc. To march up
int.rvals in th.sc circumstanccs il is ncc6sary to rplit up a
singl€ intcrval in.o a numbcr of "ps€udo int€rvals" to give an
cqual numbcr of intcrvals in .3ch scqucncc. W. us. thc hcu-
rislic thar rhe intcwai to bc split is always rhe hlr inrcrval of
rh. b.havior wirh rhc lcasl numbcr ol (ansirions. Thc rclativc
changc in durarion associatcd with p9.udo inrcrals is dctcr-
mincd a! if it had thc samc ransirion as rh. sratc ro *hich it

Som.rim6 ir is bcttcr to dircctly comparc qualihlivc vaiues
of thc final surcs rath.r than propaSarinS rclativc changes
lrom onc srarc to thc no(!, Forcrarnolc. considcr a hcatcr *ith
an incrcascd hcat transf€r co€ffici.nr cauling thc h.atcd liquid
ro vaporiz.. Split ng and comparinS rhc b.haviors rcsult in

th. n.w b.havior having a highcr !.mp.rarurc al tbc cnd of
thc firsr statc; horrcvcr, sincc it rlmsins constant in lha sccond
s!at. whil. th. original b.havior has ils rcmp.rarur. hcreasrns,
it h not possibL to dct.rmid€ which is ukimalcly hithcr! Ob-
viously, by dir€ctly comparing qualihtiv. srat.s for rcmpar-
aturc, onc can datcrminc thst th€ ncw bcbavior has rhc high.r
cxit t€mp.ntur. by vinuc of it bcing ar irs boilir8 poinr.
Howcvcr, onc musl bc carcful wh.n dhccily comparing final
qualitaliv€ valu6, b63us. rh€s! can changc loo. For.rample,
if th. pr.!sur. of thc liqurd rs droppcd (o rhar 'r call36 va-
poriation, lbc cria t€mp€rsru.rc of rhc n€w b.havior may bc
low.r lhan th. original cvcn lhough it is ar its boilinS poinr
whilc thc orifinal is b.low its boiling poinr. Th. g.ncral rulc
follow.d in our syslcm is to us. marching of inicpajs and
propaSaiod of rclativc changcs firs! and to rry ro r6olv. any
r.sul|ant ambigui.ics using dir€d comparison of qualihriv€
valu€s providitrg thc landmark vaiue has no. changcd. A flow-
chan of lhc algoritbm is shown ir Figurc 6.

Casc study 2

Considc. thc hcat cxchanScr shown in Figur. 7a rhar cooh
a nltrog.n/walcr sas mixturc. The behavior is dcscribcd by a
siogl€ qualitativc slar. chdaderized by rh. iollowinB proc.ss

. Thc rubc sid. coorains nitrocen.

. Thc rub. sidc conrains wsicr.

. Tempcraiurc of thc rubc sid€>dew point of water.

. Temperarurc of rhc tubc sid.> remDerarurc of th. shelt

. Prcssuc inld>prcssurc outlei.

. Distance < dit disranc€.
Tl€se condidons acdvate rhe followihg phenomeDa:
. The rube side conrains a two component 96.

Fi9ur6 6. Comparalive analysis assuming transilion lo
new slates.

Flguaa 7e. Gas cooler.

C/w

-lt

SLt r Moor sr.r. ? Md.
6 FOq. 3.

Flouao 7b. 6!3 coolar allar Incroaaa In tub.€lda prcs.
3Unt.

G:;;l a"--* -)
[:::rj3 t_i:j:__J----------.._l

fi;"". dd-fi] 6,"!rr d---l
I  coMn i ^0  v . ' ( ! l + t ,@ b  d

\.lrg::r------J Q!:::gir!s:,
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themodels forthe two final srares indicales lhal rhe new model
ha5 rpo new consaraints associatcd with condensation and does
not havc rh€ consFaint relating kmp€rarurc ro ellthaloy. Thc
effe(s of rhese mod€l changes ar€:

- 
The firsr probl.D |5 circumv.nrcd by allo$ins rhe sysrem ro

rocus onty od lnursluons assogar€d with prcspecificd !'3ram-
aers. Unfonunarcly, rhc systcm stil suffers from lhe sccond
problem, which fu gcftral can o y be sotved wirh additioral
numcnc€.I irform.don. Thc numbcr of abbisuous soturions
may possibly bc r.duc.d by adopting rh€ rechniqucs of D'Am-
brosio (19E7) or Kuipcrs and Bcrlcam (t988).

Th. cxamplcs prdcorcd ar. for sinStc pieccs of cquipmc ,
but our comparadvc amlysis tcchniquc is .quatly appli€blc
to !h€ a-oalysis of a coll€ction of units. Thc rctarivc chengc at
thc ed of onc picc! of cquipm€nr h simpty rakcr a5 rh€ inpur
ro thc following piccc of €quiphcnt. Duc to rh. tcndcncy of
thc (cchniqu. to prcducc muhipl. soturions, analysis of 8roups
of unic G,aniflrlarly syncms *ith r€cyclc loops) woutd nor b.
pracdcal wi(h rhc procedur€ prar.nrcd in this antctc. Such an
&alysis, how.vcr, may bc possibtc wh.tr combin.d wilh r.ch-
niqu6 rhar rcducc rhc complcxity of modcls by focusing on
spccilic acas of intcr6r. E('unptcs of focusing sysr.ns can
b. found in Faltcnhcincr and Forbus 0988) and c.amhan
( 1990).

R.ccni pork by W.ld (wcld, 1990) sharcs our soat ot ana-
lyzing modcl ch.nt6, bur diffcrs in scvcral impona aspccrs.
Fhst, Wcld's approximador r€formulalion mcrhodologd.als
sp.cificaly wirh rhc siruarion wh€rc rhc n.w modcl can bc
transformcd inro rhc old on€ (or rlce ueE") by approximafing
a singl. p.Iamdcr to a limit. ld contrrst, our systcm can d.al
with multiplc chang6 ro modcling consrrainls ar in rh. con-
d.nscr cxampl. ehcrc th! shiftto a cond.nsinS r.8im. chanscs
thc constraints affccring both t€mpcraturc and thc amounr of
liquid. Sccondly, whilc Wcld dcals wirh lhc Drobt.m of s.-
lcding altcmariv. possibl. nodeh. ir (itt r.quircs a pr,o.l
sp.cificrdon of rh. qualiraaivc modcts rhcms€tv.s. Ou. svsr.m
har rhc ability ro aurom.ticdly build and modify nodcls. b..
caus. ir is buih on rop of Forbut qualiralv€ proc6s cngrne.
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RC-QDrRlq, f,, f)

Icnpcrarulc

Amou of nitrogcn in su
Amount of warcr in gas
Molcfrar of nirorcn io ga
Molcfrzc or *.tcr in sas

0

0

1

Sincc therc is no rclariv€ changc in rhc sunins values of rhe
fioal sra(cs, thc rclalive chans.s of rh. end vatu$ (i.e.. rhe
ern values) arc the same a! in rhc abovc rabt. for derivalivcs.

Thus. thc cohpararive atralysis has d.rcrmin.d tha! a Dos-
siblc effcct of inc.casing rhc opcrarins pr.ssurc would bc ro
inducc cond€nsation in the hcar cxchangcr. The rclulr of this
$ lo producc a lwo-phasc cxir strcam and ro illcrcGc rtr. extr
lcmpcrarurc and increase rhc conc.nrradon of nilrog.f, in lhc

Oiscussion
Th. comparativ. analysis sF!.m prcs.nr.d, shich qualira-

(ivcly pr.dicls how changcs in opcrarinS condirions aff.d thc
b.havior of proc.ss units, has thc uniqu€ abithy of prcdicling
th. €ffcct of chang€s in condirions thar modify rhc undertyin8
physics alld chcmistry of rh. sirualion and hencc thc appro-
priat. qualitaiv. mod.l. This is achicv.d by combininf lhc
modcl crcarion and solution capabiliti.s of Forbus' qualilarivc
proc.sr cnginc wirh a modcl-modcl compaison systcm and
modifi.d rulcs ftom Wcldt diff.r.ntial quatiradvc analysis

Inaddi l ionroirsabi l i rytoanaly?csiruat ionsehcrcthcnodcl
changcs, our comparalivc analysis sysr.m differs in s.vcral
asp€cts fioft rhar of Weld. Wcld's syst.m produc.s answcrs
to problcms which have only otlc solutior- Wh.n ir i! askcd
ro dctc.minc thc eff€cl of mulriple, comp€ring changc!, ir .c-
'urns wnhoul producinS an answcr. In conrrasr. our syslcm
produces all possible solutions rogerhcr snh rh. condjrions
under which cach is approp.ialc. In addirion, our syrrcm can
de.l wnh siruarions wh$. the ludmdk v.iu6 (rhc valu.s a!
which paramelers rransiiior) chans., vh.r.as Weld assuh.s
constaot landmark values. Weld's syrrem has thc advanrasc
of beins abl. to rcparameteriz. and anajyr€ behavior fron
dittcrcnr p.6pcctivcs. Howcver, wc dcv.lopcd our compaIa-
riv.anajysis systcm for us€ in analyzinS chcmical planls whcr.
behavior is almosr al*ays viewed from lhe persFEcriv. oftimc
(in batcb processing unittordisldcc (in rhecas.of continuous
procssins unns). As such. our systcm implcnly considcrs
bchaviors only in lenns of thes. persDecrives.

Our syst€m suife.s from thc sam.limiradons assciaredwirh
any qualilalive rcpresentation in thar il rends ro p.oduce mut
r'ple solutions ior even very nmple problems. Thi\ Bers worle
a r he sze of rh. chemicalplanr beins reasoncd aboul rncrear\.
This dbisuny dises lrom lhe weakn€ss of qualitalive r.p,
.esenrarions and manifesls ilself in two ways: l) inabiliry ro
order r ransirions; and 2) inabihy to resolve nuhrple compering
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({inr-..v.rs. h)=?b)-The inrervaljurarion value ?a is fie
r€vqse of rh. number ?b. Eg. ?a=ircrcasing, ?b= L
(po5-iod-itrf-by ?ql ?q2 ?d-Tle reta.ion (eprop ?ql ?q2)
app€ars in th. model of situarion ?g.
(mg-ind-inf-by ?z ?q ?g)-The retarior (eprop- ?ql ?q2) ap_
pears in rh€ modei of siruation ?9.

0owcr.lr.milion.vrr ?q)-Thc quanlily ?q is involved in lhe
transition which .nds fie current inlervat and is the rransition
variable which had the lowesa value p.ior ro !h. transitior.
(upp.rnrmsition-vrr ?q)-Thc quanliry ?q is involvcd in the
rransilion phich ends rhe currcnr inr€nal add is lhe transirion
rariablc which had thc hieh€sr value prio. ro rhe lransition.
((s (d ?q))= ?dir)-Thc value of rhc quanriry ?q is changins
in rhc dirccdon ?dir over thc currcnr inl.rvat. (Nor ro bc con-
fus.d virh thc changc in derivariv. shich is ..deha-dir").

(r.rl-ioltrvrl ?f ?8 ?u ?D-Thc intcrval ovcr which situations
? f and lB arc comparcd h immediatcly foilowcd by th. inrcrvat
ovcr *hich ?u and ?i are bcinr comparcd.
Notc th.r (lower-rransirion-var ?q). (upFEr-rransirion-var ?q)
and (r (d lqJ) all rcfer ro rhe ncw siruarion bcing compared.
Thit distinction is rcquir€d becausc rh€ old and new siluarions
do not ncccrsarily havc thc sam. quanury b.haviort or l€r-
minating rransilions.

Rales

For th. firsr inrcrval durarion only, propagat. rctarivc
chanScs In stan valu.s to othcr s|arr values, Limircd to only
onc input chang. in stardng valu. of firsr inl.rval durarion.
IF Ovcr (inrcrval ?f ?g):

(first-int.rval ?f ?8)
((sran-valuc ?q)=?v)
-(.quat ?v 0)
(quantity ?z)
(pos-ind.inf,by ?z ?q ?g)
THEN

((stan-valu. ?z) = ?v)
lF Ovcr (intcrval ?f ?g):

(lirs.inrcrval ?f ?s)
((start-valuc ?q) = ?v)
-(cquat ?v 0)

(neg-and-inf'by lz ?q ?g)
(G.ve.se ?v) = ?w)
THEN

((srer'value ?z) = ?w)
D.rermin. change in interyal duratioD lensrhs od .nd,val

u.s of rransition parameters- Thes€ rules assum. ra!$on
variables arc nor movins in the sam. direcrion.

(or((delta-dir ?x)= - lxGkn-vatue ?x)= _ l))
THEN

(interval-duiation increa$)
Ovcr (intcrval ?f ?g):
(lowd-tra$ition-var ?x)
(uppcr-lratrsinon-var ?y)
(G (d ?x)) = ?z)
(G (d ?y))= ?p)
- (cqual ?z ?p)
- ((d€lradir ?x)= - l)
- ((dcltain ?y) = I )
- ((stan-valu€ ?x)= - l)
-((stan-valuc ?y) = l)
(or ((d€lra-dir ?x)= lx(slan-vatuc ?x)= l))
THEN

(imcrvdiur4ion dccrca$)
Ovcr (imcrval ?f ?d:
(loe.r-ransidon-var ?x)
(upp.r-transilion-var ?y)
((d.lta-di. ?x) = o)
((d.hanir ?y) =0)
((st.n-valu. ?r) = 0)
((slan-valu. ?y) = 0)
THEN

(inrcrvalJuradon srationa.ry)
AND

((cnd-valuc ?x) =0)
AND

((cnd-valuc ?y)= 0)

Ovcr (incrval ?f ?t):
(loc/cr-transirion-var ?x)
(upp€r-transiaion-var ?y)
((s (d ?x))= ?z)
(G (d ?y)) = ?p)
- (cquat ?z ?p)
r((dcltadir ?x) = - l)
r ((d.lra-dir ?y) = l)
- ((stan-vduc ?i)= - l)
- ((stan-valuc ?y) = l)
(or ((dcltadir ?y)= - lx(slan-valuc ?y)= - l))
THEN

(inicwal{ur:iion dccrcas.)
Ovcr (intcrvd ?f ?d:
(low.Fransidon-ve ?x)
(uppcrransition-var ?y)
((s (d ?i)) = ?z)
((s (d ?y)= ?p)
- (.qual ?z ?p)
- ((dclta-dir ?x) = t)
- ((delh-di. ?y)= - l)
- ((shn-valuc ?x) = l)
- ((stan-value ?y)= - l)
(or ((dclra-dir ?y)= lx(srai-value ?y)= l)
THEN

(irrewal-du.atiotr ircrcaje)

IF

I F

IF Ove. (inreryal ?f ?g):
(lo*eFransnion,var ?x)
(uppeFransirion-ve ?y)
((s (d ?x) = 1z)
((s (d ?Y)) = ?p)
- (equat ?z ?p)
-((delta'dir ?x) = l)
- (detra-dk ?y) :  -  l )
- (s tan value ?x) :  l )
- { (srarr  va lue ?y)= l )

AIChE Joumrl

Rule for wh.n wc s.t cohp€rine chanses itr
ables/stan-valud giving 3 possibilides for inremal chanse
IF Over (inr.ryal ?f ?s):

(uppertransirion-ve ?x)
(Glan-value lx) = ly)
({del!a dir ?x) = ?b)
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((rcversc ?z)=?y) ((int-rcv€rsc ?y)= ?b)
((dclta{ir ?x)= ?c) TITEN EITHER
r(cqual ?c ?y) ((ctrd-vduc ?r)=o)
THEN oR
((cnd-vatuc ?x)=?z) (cnd-v.tuc ?t= l)

IF Ovcr (intcrvd ?f ?s): OR
(intcrval{uraiion shtionary) ((cdd-vsluc ?r}= - t)
(qlantity ?x) IF Ovcr (iDtcrv.l ?f ?8r;
(dcLa{ir ?x) = 0) (qu&.ity ?r)
((stan-valuc ?x)=0) (iaact.vddlr.aio! ?y)
THEN ((d.lirdir ?t-?b)

((cnd-valu. ?x)=0) (lnt-rcv.r.c ?y) - rb)
Rr cs for shuriions ehcn gd ftultiplc possibl. ourcomca TI|EN EITHER
IF Ovcr (in!€!val ?f ?g)r (cnd-vatuc lr)-0)

(quantity ?r) OR
((dchanir ?r) - ?a) ((Grd-vduc ?r) - l)
((san-valuc ?x)=?b) OR
((rcv.rr. ?a) = ?b) ((cDd-valuc ?r) ' - I )
THEN EITHER Rulc th.a srlrca rh.r cnd-vrlucs of Drcvio$ inr.t'$d rr. strn-

((cnd-vrlu. ?x) - 0) vdu6 of ndt,
OR IF Ovcr (intcfv.l tf ?g):

((cnd-valuc ?x) - l) (n n-int.fvd ?f ?8 ?u ?i)
OR ((cnd-vdu. k)- ?v)

((.nd-valuc ?x)= - l) TIIEN
tF ovcr (int€rv.l ?f ?s): ((n n'veluc ?r)=tv) Ovc! (intcrval ?u ?i)

lqua ity ?x)
(imcrval-duration ?y)
((stan-vaf uc ?x) = ?b) MMi, Ri,'at aF. 4 te*, il.t c.tttbn eilid ,te. L lbt.
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