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Abstrac t 

Vcty onto of th* knowMgv that an operator of a comptox physical tystam brings to th« Job It purely quantBative in 

form .  Virtuall y al l  o f  a n operator' s knowledg e ca n t M represente d a s quamathr e relation s o r  quasi-quantllallv e rela -

tion s suc h as  roug h proportionalities .  Th e roaUzatto n tha t  computer-base d instructio n system s nee d t o provM e 

Instruction s an d explanation s I n term s tha t  student s ca n use ,  tha t  Is ,  ofte n i n qualitativ e terms ,  ha s le d t o recen t 

effort s m cognitiv e scienc e an d artmda l  intelligenc e t o develo p qualitativ e sinuiatlo n model s o f  comple x dynamk : 

systems ,  i n thi s pape r  w e discus s theoretica l  an d pragmati c problem s involve d i n usin g quaUtatlv e model s t o si4>por t 

automate d explanatto n f  acilltiee . 

Much recen t  wor k i n cognitiv e scienc e ha s addresse d th e natur e o f  quaiitativ e reasoning .  A 

number  o f  studie s hav e provide d detaile d analyse s o f  protocol s o f  subject s reasonin g abou t  a  variet y 

of  physica l  system s (Larldn ,  1983 ;  Williams ,  Hollan ,  an d Stevens ,  1983 )  an d hav e documente d th e 

extensiv e us e o f  qualitativ e form s o f  reasoning .  I n addition ,  ther e hav e bee n m a n y recen t  attempt s b y 

Al  researcher s t o develo p qualitativ e calcul i  whic h migh t  b e use d b y a  progra m t o perm h I t  t o reaso n 

abou t  variou s classe s o f  physica l  device s o r  t o provid e qualitativ e explanation s o f  th e operatio n o f 

suc h device s (d e Kleer ,  1975 ;  d e Kleer ,  1979 ;  Forbus ,  1981 ;  Forbus ,  1982 ;  d e Klee r  &  Brown,1983) .  T h e 

fac t  tha t  suc h qiaittativ e form s o f  reasonin g appea r  t o b e importan t  i n urxlerstandin g th e operatio n o f 

physica l  system s migh t  lea d on e t o believ e tha t  qualitativ e simiiatlon s wil l  b e th e mos A effectiv e w a y o f 

buildin g automate d qualitativ e explanatio n systems .  Oi x experienc e i n th e developmen t  o f  Steanrte r 

(Holla n &  Hutchins ,  1984) ,  however ,  lead s u s t o a  quit e differen t  vie w o f  h u m a n reasonin g abou t  physi -

cal  system s an d motivate s u s t o discus s a  numbe r  o f  limitation s o f  qualitativ e model s fo r  supportin g 

qualitativ e explanations . 

We have two fundamental reservations about the use of qualitative models as the basis of quali-

tativ e explanatio n facilities .  Whil e ther e i s  stron g evidenc e tha t  menta l  arithmeti c play s littl e rol e i n 

everyda y calculatio n task s (Lave ,  Murtaugh ,  &  d e l a Rocha ,  I n press) ,  w e ar e struc k b y h o w m u c h o f 

human reasonin g s e e m s t o rel y o n th e us e o f  judgement s tha t  ar e mor e precis e tha n coul d b e pro -

duce d b y purel y qualitativ e calcJatkin .  Muc h reasonin g tha t  a t  firs t  blus h appear s totall y qualitativ e 

can .  upo n close r  inspection ,  b e see n t o involv e approximat e magnitud e estimates .  Ou r  firs t  reserva -

tio n i s  tha t  sinc e purel y qualitativ e simulation s wil l  no t  suppor t  th e processin g o f  eve n approximat e 

quantities ,  the y canno t  b e th e basi s o f  explanation s tha t  contai n suc h quasi-quantitativ e Information . 
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Second ,  purel y qualitativ e model s ar e underdetermine d I n th e sens e tha t  the y canno t  accoin t  fo r  man y 

qualitativ e aspect s o f  th e behavio r  o f  som e systems .  Fo r  example ,  I n negativ e feedbac k system s th i 

qualitativ e characte r  o f  th e respons e o f  th e syste m t o perturbatio n (dampin g versu s hunting )  I s no t 

determine d b y th e devic e topolog y alon e bu t  I s dependen t  upo n th e actua l  quantitativ e setting s o f  a 

number  o f  componen t  parts .  Certai n setting s wil l  resul t  I n a  dampin g behavio r  an d othe r  setting s wil l 

resul t  I n hunting . 

Quasi-quantitative Reasoning 

Close observation of people reasoning about physical systems shows that there Is considerable 

relianc e o n th e us e o f  quasi-quantitativ e knowledge .  Conside r  fo r  exampl e th e knowledg e an d model s 

tha t  peopl e us e t o giv e ball-par k estimate s o f  th e roug h magnitude s o f  variou s aspect s o f  events .  Th e 

knowledg e tha t  support s suc h prediction s I s no t  entirel y qualitative ,  sinc e quantit y I s roughl y specified , 

and ye t  no t  entirel y quantitativ e sinc e th e quantitie s ar e no t  compute d exactly .  Suc h model s ar e essen -

tia l  fo r  ou r  prediction s abou t  man y aspect s o f  everyda y a s wel l  a s technica l  life .  Example s abound : 

H o w fa r  ca n I  step ? H o w lon g wil l  i t  tak e t o brin g thi s wate r  t o a  boil ? H o w muc h rudde r  i s require d 

t o tur n a  shi p around .  W e ar e al l  quit e capabl e o f  makin g thes e type s o f  predictk)ns .  W e d o no t  mak e 

exac t  prediction s bu t  w e hav e a  ver y definit e fee l  fo r  th e genera l  magnitud e o f  th e quantitie s involved . 

These types of ballpark estimates appear well designed to interact with feedback from the world. 

O ne produce s a n estimat e tha t  i s  I n th e neighborhoo d o f  th e actua l  value .  Tha t  estimat e I s applie d an d 

ca n the n b e tune d base d upo n th e feedbac k receive d fro m havin g mad e a n actio n base d o n th e esti -

mate .  Muc h o f  wha t  goe s ifide r  th e headin g o f  gettin g th e fee l  o f  i t  I s  probabl y th e acquisitio n an d 

tirin g o f  thi s sor t  o f  quasi-quantitativ e knowledge .  W e believ e tha t  I t  underlie s muc h o f  th e reasonin g 

I n man y domains .  Fo r  example ,  th e menta l  computation s tha t  MIcronesla n navigator s mak e t o deter -

min e th e distanc e the y hav e covere d aton g thei r  cours e see m t o depen d o n th e us e o f  thi s typ e o f 

knowledg e (Hutchins ,  1983) .  Likewise ,  th e reasonin g involve d I n mderstandin g th e operatio n o f  a  hea t 

exchange r  (Williams ,  Hollan ,  &  Stevens ,  1983 )  o r  a  stea m reducin g valv e concern s prediction s no t  onl y 

abou t  th e directio n o f  change s bu t  als o th e approximat e magnitude s o f  th e changes .  Th e importan t 

connectio n betwee n thes e domain s I s I n th e specifk»tio n o f  th e unit s In '  whte h th e chang e I s 

expressed .  Jus t  a s th e navigato r  expresse s th e change s h e monitor s i n term s o f  unit s tha t  sui t  th e 

computatton s h e need s t o mak e (nautica l  mile s o r  locatio n irde r  sta r  bearings ,  deperxiin g o n th e com -

putationa l  apparatu s h e ha s a t  hi s disposal )  s o th e use r  o f  a  menta l  mode l  o f  a  stea m plan t  o r  an y 

othe r  devic e I s likel y t o asses s th e change s o f  variable s abou t  whic h h e i s concerne d i n term s o f  unit s 

tailore d t o suppor t  th e necessar y subsequen t  computations .  Suc h uilt s  migh t  expres s somethin g lik e 

sufficien t  t o caus e a  stat e transitio n or .  I n th e mor e familia r  domai n o f  driving ,  a  spee d increas e migh t 

be specifie d a s enoug h t o ge t  m e pas t  tha t  ca r  befor e th e on-comin g truc k arrives . 

How are such units arrived at and how are measurements made using them? Ima^ne, for exam-

ple ,  a  golfe r  involve d I n tryin g t o sin k a  put .  H e ha s neve r  ha d jus t  thi s li e bu t  h e ha s t o catetiat e ho w 

har d t o hi t  th e bai l  an d wher e t o hi t  i t  t o accoun t  fo r  th e spee d an d sk>p e o f  th e green .  On e migh t  con -

jectur e tha t  h e mentall y Imagine s th e trajector y o f  th e bal l  an d ha s a  mode l  o f  th e effect s alon g th e 

way.  A  mode l  o f  th e initia l  velocit y o f  th e bal l  (no t  expresse d i n fee t  pe r  sec ,  bu t  I n term s o f  visualizin g 

It  movin g acros s th e surfac e o f  th e green :  analo g units )  an d a  mode l  o f  ho w th e bai l  wil l  bs e spee d 

(dependin g upo n th e hardnes s o f  th e green ,  th e lengt h o f  th e grass ,  etc )  an d a  mode l  (als o I n term s o f 

th e Imagine d effect s o n th e trajector y o f  th e bail )  o f  th e acceleratlv e effect s o f  th e sbp a o f  th e surface . 

O ne ca n construc t  th e sam e kin d o f  scenari o t o accoun t  fo r  nunerou s othe r  everyda y an d techntea l 

endeavors .  Th e Importan t  poin t  thoug h i s th e omnipresenc e o f  suc h quasi-quantitativ e unit s i n 
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reasonin g abou t  physica l  phenomena .  Currentl y w e kno w virtuall y nothin g abou t  ho w the y ar e pro -

cessed ,  ho w the y ar e managed ,  o r  ho w the y ar e connecte d t o a  performance . 

Underdetermined Quatftative Models 

Another precipitating mtivatlon for this paper is a consideration for how difficult qualitative sinmi-

lation s ar e t o construct .  A n appreciatio n fo r  thi s difficult y arise s fro m ou r  experienc e wit h th e Steame r 

system ,  fro m effort s w e hav e mad e i n buildin g qualitativ e simulation s (Williams ,  Hollan ,  &  Steven s 

1983) ,  an d fro m a  lac k I n qualitativ e simulation s o f  th e type s o f  quasi-quantitativ e reasonin g device s 

tha t  w e hav e detaile d above .  Th e ver y Interestin g represenlattona l  advance s o f  d e Klee r  an d Brow n 

(1982,1983 )  bea r  witnes s t o th e difficult y o f  constructin g purel y qualitativ e calcul i  tha t  ca n suppor t  rea -

sonin g abou t  physica l  devices .  Par t  o f  thi s difficult y arise s fro m th e desir e t o mak e th e qualltattv e cal -

cul i  genera l  an d t o avoi d assumption s o f  syste m functio n i n th e specificatio n o f  componen t  devic e 

structure .  Thi s make s i t  possibl e fo r  a  singl e se t  o f  devic e model s t o qualitativei y simiJat e th e behavio r 

of  a  larg e clas s o f  systems.Th e no-function-in-structur e principle ,  whil e crucia l  t o th e constructio n o f 

th e fjhysic s tha t  d e Kiee r  an d Brow n (1982 )  ar e I n searc h of ,  engender s a  numbe r  o f  problem s fo r  sup- ' 

portin g a  qualitativ e explanatio n syste m an d fo r  captioln g importan t  qualitativ e an d non-qualitatlv e 

aspect s o f  people' s reasonin g processes .  Fo r  example ,  peopl e normall y violat e thi s principl e I n rea -

sonin g abou t  phystoa i  device s an d systems .  I n fact .  I n dealin g wit h a  reducin g valve ,  a s the y d o I n a 

recen t  pape r  (d e Klee r  &  Brown ,  1982) ,  eve n the y appea r  t o nee d t o violat e thei r  principl e i n orde r  t o 

explai n th e dampin g tha t  occur s i n thi s system .  Thei r  envisionin g treatmen t  o f  th e redudn g valv e pull s 

a dampin g rabbi t  ou t  o f  a  hat .  The y provid e a n Englis h languag e renderin g o f  thei r  program' s explana -

tion : 

An Increase in soiree pressure Increases the pressire drop across the valve. Since the 

fk> w throug h th e valv e i s proportiona l  t o th e pressir e acros s It ,  th e flo w throug h th e valv e 

als o increases .  Thi s increase d flo w wil l  Increas e th e pressur e a t  th e load .  However ,  thi s 

increase d pressir e i s sense d b y [th e sensin g line ]  causin g th e diaphrag m t o mov e down -

war d agains t  th e sprin g pressure .  Th e diaphrag m i s mechanicall y connecte d t o th e valv e , 

so th e downwar d movemen t  o f  th e diaphrag m wil l  ten d t o dos e th e valve ,  thereb y pinchin g 

of f  th e valve .  Becaus e th e flo w i s no w restricte d th e outpu t  pressur e wil l  ris e muc h les s 

tha n i t  otherwis e woul d hav e an d thu s remai n approximatel y constant ,  (d e Klee r  &  Brown , 

1982 ,  p2 ;  emphasi s added ) 

There Is, In fact, no way to predict from a purely qualitative analysts whether a negative feedback sys-

te m I s stabl e o r  unstable .  Thi s aspec t  o f  th e behavio r  o f  th e devic e depend s upo n th e quantitativ e 

relationshi p o f  th e controlle d variabl e an d th e controllin g action .  Withou t  knowin g thi s relationshi p I t  I s 

impossibl e t o kno w f f  th e valu e o f  th e controlle d variabl e wil l  stabiliz e o r  continu e t o oscillate . 

Others have also noted limttatbns with qualitative modeling. For example. Simmons (1983) has 

pointe d ou t  difficultie s I n expressin g features ,  suc h a s shape ,  i n qualitativ e terms ,  tha t  qualitativ e 

nradel s ar e necessaril y  ambiguou s I n tha t  a  singl e qualitativ e representatio n map s t o man y real-worl d 

situations' ,  an d tha t  mos t  user s o f  qualitativ e representation s hav e neede d t o mak e us e o f  quantitativ e 

knowledg e t o dea l  wit h ambigtitie s (Simmons ,  1983 ;  Simmon s &  Davis ,  1983) . 
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Function in Structure 

When an expert explains the behavior of such a device he assumes It Is either working property 

or  someho w malfunctioning .  WKhI n th e contex t  provide d b y tha t  assume d behavio r  a  descriptio n o f  th e 

propagatio n o f  effect s I n qualitativ e term s ca n b e rendered .  Th e determinin g variable s ar e no t 

describe d quantitatively ,  bu t  ar e describe d relativ e t o functionall y embedde d criteria .  Conside r  th e fol -

lowin g typica l  statemen t  abou t  th e behavio r  o f  a  reducin g valve :  'I f  th e gai n I s to o high ,  the n th e sys -

te m wil l  hunt *  Th e sirfac e for m o f  thi s statemen t  I s tha t  o f  a  prediction ,  bu t  I t  Is ,  I n fact ,  no t  a  predic -

tio n becaus e th e criteri a fo r  decidin g th e trut h o f  th e anteceden t  (whethe r  o r  no t  th e gai n I s to o Ngh ) 

ar e base d o n th e observatio n o f  th e consequent .  See n I n thi s light ,  th e statemen t  I s a  tautology ,  bu t  a 

ver y usefi i  one .  I t  I s base d o n th e premis e tha t  ther e ar e correc t  setting s fo r  thes e parameter s tha t  wil l 

produc e appropriat e behavior .  Certai n abnorma l  behavior s ar e see n a s diagnosti c o f  deviation s o f 

parameter s fro m thei r  'correct *  settings . 

The utility of such functionally embedded specifications of parameter settings is that the device 

may b e tune d withou t  quantitativ e knowledge ,  a s k)n g a s I t  wa s designe d s o tha t  I t  wil l  wor k wit h som e 

settings .  Th e tunin g proces s nee d onl y b e capabl e o f  Interpretin g th e observe d behavio r  a s a  symp -

to m o f  a  particula r  qualitativ e relatio n o f  a  paramete r  t o it s  'correct '  setting .  Base d o n thi s Information , 

th e operato r  ca n ofte n hil l  clim b t o th e correc t  settin g withou t  havin g an y ide a o f  H s actua l  quantitativ e 

value .  Bu t  notic e tha t  thi s strateg y require s th e assumptio n tha t  th e devic e ca n functio n properly .  I t 

als o require s a  descriptio n o f  prope r  finctionin g an d a  se t  o f  correspondence s betwee n devic e 

behavio r  pattern s o n th e on e han d an d th e relation s o f  controllin g parameter s t o thei r  correc t  setting s 

on th e other .  A s w e mentione d earlier ,  i t  i s  ou r  contentio n tha t  ther e I s sometiiin g ver y Importan t  abou t 

thi s for m o f  interactio n wit h th e world .  On e begin s wit h wha t  i s essentiall y  open-loo p ballisti c  behavio r 

I n th e world ,  whic h require s quasi-quantitativ e representation s an d assumption s abou t  fmctlon ,  an d 

the n on e become s par t  o f  a  close d loo p system ,  makin g us e o f  qualitativ e evaluatton s t o contro l  th e 

tunin g process . 

Conclusions 

Qualitative physics Is an Important line of Al research, but models based on qualitative calculi 

may b e Inappropriat e a s a  bas e fo r  providin g qualitativ e explanatio n i n automate d tutoria l  system s 

becaus e 1 .  qualitatatlv e calud i  fai l  t o represen t  Importan t  classe s o f  feature s o f  event s an d objects ,  2 . 

the y ar e fundamentall y underdetermine d wit h respec t  t o som e physica l  behavtors ,  an d 3 .  th e principle s 

tha t  guid e th e representatio n o f  event s an d device s I n qualitativ e model s (no-function-in-structur e an d 

th e derivatio n o f  devic e behavio r  fro m componen t  interactions )  conflic t  wit h observe d structure s o f 

human interpretatio n an d explanatio n o f  devic e behavior . 
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