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Medica l  diagnos b ca n b e considere d a  plannin g 

task .  Thi s i s no t  th e traditionci l  view ,  however .  Fo r 

example ,  G o m e z an d Chandrasekara n (1982 )  an d 

other s vie w diagnosi s a s a  classificatio n task :  a  prob -

lem ,  consistin g o f  a  se t  o f  sign s an d symptoms ,  i s 

classifie d a s bein g a n instanc e o f  a  diseas e o r  se t 

of  diseases .  However ,  thi s viewpoin t  overlook s th e 

fac t  tha t  action s ar e performe d i n orde r  t o classif y 

a disease :  i n othe r  words ,  plannin g an d pla n execu -

tio n mus t  b e don e a s par t  o f  th e classificatio n pro -

cess .  W h e n viewe d a s planning ,  goal s i n diagnosi s 

ar e suc h thing s a s "diagnos e th e patient, "  "interpre t 
a finding,"  an d "evaluat e a  hypothesis. "  Operators , 

at  th e lowes t  level ,  ar e suc h thing s a s askin g ques -

tions ,  requestin g test s b e performed ,  an d makin g 

inference s base d o n informatio n know n abou t  th e 

patien t  an d th e reasoner' s genera l  knowledg e o f  th e 

domain . 

Medica l  diagnosi s i s unlik e m a n y traditiona l  plan -

nin g tzisk s i n tha t  a n initial ,  complet e statemen t  o f 

th e proble m i s  generall y impossible .  Instead ,  th e 

diagnosticia n mus t  gathe r  informatio n abou t  th e 

proble m a s par t  o f  th e proces s o f  performin g diag -

nosis .  T h e resul t  o f  thi s i s  tha t  th e diagnosticia n 

canno t  formulat e a  pla n fo r  diagnosis ,  the n carr y 

i t  out :  th e proble m statemen t  woul d chang e a s th e 

pla n fo r  performin g diagnosi s i s executed .  Th e effec t 

of  executin g on e ste p (e.g. ,  askin g a  question )  woul d 

likel y alte r  th e assumption s upo n whic h late r  step s 

ar e base d (e.g. ,  a  ne w finding  migh t  radicall y alte r 

th e disease s considere d a s diagnoses ,  o r  migh t  sug -

ges t  specialize d method s fo r  interpretin g th e find-

ing) .  Th e proble m fo r  a  diagnostician ,  then ,  i s t o b e 

abl e t o interleav e plannin g an d executio n (cf .  M c -

Dermott ,  1978 )  s o a s t o mak e us e o f  ne w informatio n 

as i t  become s available .  I n othe r  words ,  a  diagnos -

ticia n shoul d b e opportunistic . 

'Thi s researc h ha 8 bee n funde d i n par t  b y NS F Grant s 
IST-83177 1 an d IST-860836 2 an d gran t  D T D 09-25-8 7 fro m 
th e Lockhee d A I  Center . 

Our  approac h t o thi s proble m make s us e o f 

packet s o f  procedura l  informatio n calle d schemata , 

whic h ar e retrieve d fro m m e m o r y i n respons e t o 

goal s arisin g fro m change s i n th e proble m solver' s 

environment :  e.g. ,  ne w findings,  ne w hypotheses , 

etc .  Mos t  schemat a ca n achiev e ver y specifi c  goals , 

suc h a s "interpre t  a  finding"  o r  "evaluat e a  hypothe -

sis" ;  other s contro l  large r  part s o f  th e reasoner' s pro -

cessing ,  suc h a s directin g th e reasone r  i n th e overal l 

consultation .  Schemat a ar e flexible  enoug h t o en -

cod e severa l  variation s o f  ho w t o achiev e thei r  goal ; 

i n addition ,  specialization s o f  schemat a provid e th e 

reasone r  wit h informatio n abou t  h o w t o satisf y spe -

cifi c  goal s o r  goal s arisin g i n specifi c  contexts . 

When a goal arises that can be achieved by a 

schema ,  tha t  schem a i s retrieve d from  m e m o r y an d 

made active .  A s th e reasone r  m a y hav e m a n y goal s 

simultaneously ,  ther e m a y b e m a n y activ e schemat a 

at  an y time .  Th e reasone r  mus t  decid e whic h goa l  t o 

focu s on ,  an d hence ,  whic h schem a t o apply .  I n ou r 

approach ,  th e reasone r  use s informatio n from  tw o 

source s t o hel p i t  focu s it s  attention .  O n e sourc e 

i s fro m m e m o r y structure s representin g generalize d 

consultation s simila r  t o th e curren t  problem .  Infor -

matio n fro m thes e generalize d consultations ,  suc h 

as informatio n abou t  whic h findings  ar e generall y 

importan t  i n thi s context ,  ca n b e use d b y th e rea -

sone r  t o hel p i t  selec t  a  goa l  t o achieve .  Th e sec -

on d sourc e i s fro m packet s o f  procedura l  knowledge , 

calle d strategi c schemata ,  whic h contai n generall y 

usefu l  strategie s i n th e for m o f  goa l  orderings :  e.g. , 

a medica l  reasone r  woul d hav e strategie s fo r  per -

formin g hypothetico-deductiv e reasoning ,  reasonin g 

unde r  tim e pressure ,  etc . 

In this paper, we discuss our approach to oppor-

tunis m i n medica l  diagnosis .  O u r  approac h i s calle d 

schema-base d reasoning .  O u r  idea s ar e bein g teste d 

i n MEDI C (Turner ,  i n press) ,  a  schema-base d diag -

nosti c reasone r  whos e domai n i s pulmonology . 
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O P P O R T U N I SM U S I N G 
S C H E M A TA 

Opportunism involves responding to changes in the 
tas k environmen t  a s the y aris e durin g proble m solv -

ing .  Ther e ar e a t  leas t  thre e capabilitie s a  reasone r 

must  hav e i n orde r  fo r  i t  t o respon d t o changes ;  i t 

must  b e able : 

1. to interleave planning to achieve a goal and ex-

ecutio n o f  tha t  plan ; 

2. to respond immediately to new information ap-

pearin g i n th e environment ;  an d 

3. to select the appropriate goal to pursue at each 

poin t  i n proble m solving—tha t  is ,  i t  mus t  b e 

abl e t o focu s it s attention . 

Traditional planners do not interleave planning 

an d execution .  Instead ,  th e planne r  formulate s a 

plan ,  the n applie s it .  O n th e othe r  hand ,  rule-base d 

proble m solver s an d purel y reactiv e planner s suc h 

as PENGI  (Agr e &  C h a p m a n ,  1987 )  d o no t  reall y 

perfor m plannin g pe r  se .  Th e proble m wit h thes e 

approache s i s tha t  ther e i s  ver y littl e coherenc e i n 

thei r  actions ;  consequently ,  thei r  behavio r  m a y see m 

strang e an d unintuitiv e t o a  user .  Thi s present s 

a problem ,  especiall y i n a  medica l  domain ,  sinc e a 

use r  i s unlikel y t o accep t  a  syste m i f  h e o r  sh e canno t 
understan d it s reasoning . 

A middl e groun d i s  neede d betwee n traditiona l 

planner s an d purel y reactiv e planning .  I n ou r  ap -

proach ,  proble m solvin g i s carrie d ou t  b y retrievin g 

packet s o f  procedura l  knowledg e fro m memory ,  the n 

applyin g them .  Thes e packets ,  o r  schemata ,  ca n b e 

though t  o f  a s smal l  plan s o r  piece s o f  plan s tha t 
achiev e a  goal ;  fo r  instance ,  a  reasone r  m a y hav e 

a schem a whic h ca n interpre t  a  finding  o r  on e tha t 

ca n evaluat e th e likelihoo d o f  a  hypothesi s tha t  a 

particula r  diseas e i s present .  Figur e 1  show s a  sim -
plifie d vie w o f  a  schem a fo r  interpretin g a  finding  o f 
dyspnea. ^  A  schem a contain s step s t o b e performe d 

by th e reasone r  i n orde r  t o satisf y a  particula r  goal . 

Our  approac h i s  mor e flexible  tha n traditiona l 

plannin g fo r  thre e reasons .  First ,  th e orde r  o f  th e 

step s o f  a  schem a i s no t  completel y fixed  ahea d o f 

time ,  bu t  rathe r  depends ,  t o som e extent ,  o n th e sit -

uatio n a t  th e tim e o f  schem a execution .  Fo r  exam -

ple ,  th e ste p labele d "SI "  contain s informatio n tha t 
allow s th e reasone r  t o selec t  th e nex t  ste p base d o n 

th e answe r  t o th e questio n aske d i n Si . 

'Shortnes B o f  breath . 

Goal :  interpre t  a  findint f  o f  dyspne a 
Patient :  an y patien t 
Findings :  dyspne a 
Preconditions :  ther e i s a  findin g o f  dyspne a 
Steps : 

SI :  action :  as k ho w man y stai n patien t  ca n clim b 
goal :  determin e severit y o f  dyspne a 
next : 

i f  pt .  ca n clim b flight  o f  stair s = > S 3 
els e =t .  5 2 

S2:  action :  as k ho w fa r  patien t  ca n wal k 
goal :  determin e severit y o f  dyspne a 
next :  S 3 

S3:  action :  estimat e th e severit y o f  th e dyspne a 
goal :  determin e severit y o f  dyspne a SIO:  action :  postulat e hypothese s o f  pulmonar y disease , 
cardia c diseas e 
goal :  explai n dyspne a 
next :  don e 

Indices : 
patient/PATIENT l  — SCENE2 

Figur e 1:  s c - d y s p n e a — a s c h e m a fo r  inter -

pretin g a  finding  o f  dyspnea . 

T h e secon d sourc e o f  flexibility  i n ou r  approac h 

i s als o du e t o th e natur e o f  a  schema' s steps .  I n ad -

ditio n t o specifyin g action s tha t  shoul d b e t a k e n — 

eithe r  primitiv e action s o r  othe r  schemata— a ste p 

i n a  schem a usuall y specifie s th e goa l  tha t  th e ste p 
i s t o satisfy .  I f  th e ste p fails ,  th e reasone r  ca n at -
temp t  t o find  anothe r  w a y o f  satisfyin g th e ste p a t 

ru n time .  I n addition ,  a  ste p doe s no t  necessaril y 

specif y a n action .  Instead ,  i t  ca n specif y onl y a  goal , 

thu s forcin g th e reasone r  t o attemp t  t o satisf y th e 

goa l  a t  ru n time . 

T h e thir d reaso n ou r  approac h i s flexible  i s  tha t 

a singl e pla n i s no t  formulate d fo r  al l  o f  th e goal s 

i n a  problem ,  the n executed .  Instead ,  individua l 

schemat a ar e retrieve d an d applie d t o satisf y goals . 
As th e situatio n changes ,  whic h schemat a ar e activ e 

wil l  als o change .  Fo r  example ,  a s ne w goal s aris e 

durin g proble m solving ,  ne w schemat a ca n b e foun d 

an d activate d t o satisf y them . 

I n orde r  t o exhibi t  opportunism ,  a  reasone r  mus t 

be abl e t o notic e an d respon d t o ne w informatio n a s 

i t  become s available .  I n th e contex t  o f  a  diagnosi s 

program ,  ne w informatio n come s fro m th e user ;  in -

formatio n m a y b e volunteered ,  o r  i t  m a y com e from 

answer s t o question s aske d b y th e system .  I n eithe r 

case ,  whe n ne w informatio n become s available ,  th e 

reasone r  shoul d interrup t  wha t  i t  i s  doin g an d incor -

porat e th e informatio n int o wha t  i t  knows ;  th e ne w 

informatio n m a y als o caus e th e reasone r  t o alte r  th e 

cours e o f  it s problem-solvin g behavior . 
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I n ou r  approach ,  al l  action s ar e governe d b y in -

formatio n containe d i n schemata ;  thus ,  t o handl e a 

piec e o f  information ,  a  schem a mus t  b e foun d an d 

activated .  W h e n a  ne w ite m o f  informatio n i s en -

countered ,  th e reasone r  interrupt s wha t  i t  i s  doin g 

an d look s fo r  a  schem a tha t  ca n satisf y th e goa l  cre -

ate d b y th e occurrenc e o f  th e information :  e.g. ,  i f 

th e informatio n i s a  finding,  th e goa l  wil l  b e t o in -

terpre t  it .  W h e n a  schem a i s found ,  i t  i s  activated . 

T h e reasone r  ca n the n eithe r  retur n t o wha t  i t  wa s 

doin g (i.e. ,  t o th e schem a i t  wa s applying) ,  o r  i t 

ca n choose ,  base d o n th e altere d stat e o f  th e envi -

ronment ,  t o pursu e a  differen t  goa l  (i.e. ,  t o appl y a 

differen t  schema—perhap s th e on e jus t  activated) . 

Ther e m a y b e m a n y goal s presen t  fo r  a  give n di -

agnosti c problem :  e.g. ,  goal s t o interpre t  findings, 

evaluat e hypotheses ,  an d t o produc e a  diagnosis . 

Eac h o f  thes e wil l  lea d t o on e o r  mor e schemat a 

bein g activated .  I n addition ,  informatio n learne d 

durin g diagnosi s wi U resul t  i n mor e schemat a be -

in g activated ,  a s discusse d above .  Onc e w e allo w 

th e reasone r  t o hav e mor e tha n on e schem a activ e 

at  a  time ,  w e fac e th e nee d fo r  abilit y  (3 )  above : 

th e reasone r  mus t  b e abl e t o selec t  th e appropriat e 

schem a t o appl y a t  eac h poin t  i n proble m solving; ^ 

i.e. ,  th e reasone r  mus t  decid e o n whic h goa l  t o focu s 

it s attention . 

Thi s i s no t  a n eas y task ,  sinc e th e importanc e o f 

a goa l  varie s wit h context .  Fo r  example ,  i n on e sit -

uation ,  a  goa l  t o explai n a  sever e ras h m a y b e quit e 

important ;  however ,  i n anothe r  situatio n involvin g 

bot h a  sever e ras h an d hemoptysis, ^  th e goa l  o f  ex -

plainin g th e hemoptysi s shoul d tak e precedenc e ove r 

th e goa l  o f  explainin g th e rash . 

O ne approac h t o thi s proble m i s t o us e knowl -

edg e abou t  th e typ e o f  consultatio n th e reasone r 

i s performing .  Thi s information ,  i n ou r  approach , 

i s presen t  i n m e m o r y structure s calle d diagnos -

ti c m e m o r y organizatio n packets ,  o r  d x M O P s (cf . 

Schank ,  1982 ;  Kolodner ,  1985 ;  an d th e diagnos -

ti c categorie s o f  Kolodne r  an d Kolodner ,  1987) . 

Thes e structure s participat e i n m e m o r y organiza -

tion ,  an d provid e on e wa y fo r  th e reasone r  t o re -

triev e schemat a fro m m e m o r y (se e (Turner ,  i n press ) 

^We d o no t  allo w schemat a t o b e applie d i n parallel .  Thi s 
i s becaus e w e ar e trying ,  a s fa r  a s possible ,  t o mode l  th e be -
havio r  o f  huma n diagnosticians ,  wh o generall y ac t  a s thoug h 
the y ar e thinkin g o f  on e thin g a t  a  time .  Ther e ar e tw o rea -
sons fo r  modelin g humans :  (1 )  i f  th e reasone r  behave s simi -
larl y t o a  human ,  the n th e use r  i s mor e likel y t o understan d 
it s reasoning ,  an d hence ,  accep t  it ;  an d (2 )  reasonin g i n a 
manner  simila r  t o tha t  o f  a  huma n shoul d mak e explanation s 
easie r  (thoug h w e d o no t  currentl y addres s explanation) . 

^Bloo d i n th e sputum . 

Goal :  diagnos e th e patien t 
Patient :  a n alcoholi c patien t 
Chie f  complaint :  dyspne a 
Finding! : 

anemia :  lo w importance ,  explaine d b y 
alcoholis m 

ataxia :  lo w importance ,  explaine d b y 
alcoholis m 

Hypotheses :  TB ,  sarcoid ,  generalise d pulmonar y o r  hear t 
diseas e 

Schemata : 
Bc-consult :  fo r  goa l  o f  diagnosin g patien t 
sc-finding :  fo r  generi c finding s 
sc-TB :  fo r  evaluatin g T B 

Indices : 
iinding/mass-on-X-ra y —» dxMOPS 

patient/PATIENT 4 — dxMOP2 

FigTir e 2 :  A  d x M O P fo r  consultation s involv -

in g alcoholic s w i t h dyspnea . 

fo r  details) .  Eac h d x M O P represent s a  particu -

la r  clas s o f  consultations ,  an d provide s informatio n 
abou t  goals ,  actions ,  etc. ,  tha t  ca n b e expecte d i n 

suc h a  consultation .  Informatio n fro m a  d x M O P 

ca n b e use d t o decid e whic h goal—an d hence ,  whic h 

schema—t o pursue .  Fo r  example ,  suppos e th e dx -

M OP i s th e on e show n i n Figur e 2 ;  thi s d x M O P 
represent s consultation s involvin g alcoholic s whos e 

chie f  complain t  i s  dyspnea .  A m o n g th e expecte d 

findings  ar e anemi a an d ataxia, ^  whic h ar e bot h ex -

plaine d b y alcoholism .  I f  th e reasone r  discover s tha t 

th e patien t  indee d ha s anemia ,  i t  woul d no t  nee d t o 

follo w i t  up ,  sinc e th e finding  i s anticipate d b y th e 

d x M OP an d marke d wit h a  lo w importance . 

Informatio n containe d i n a  d x M O P ca n hel p th e 
reasone r  orde r  goals ;  bu t  wha t  i f  ther e i s n o suc h 

informatio n presen t  i n th e d x M O P retrieve d from 

memory? O r  wha t  i f  ther e ar e constraint s associ -

ate d wit h th e curren t  proble m tha t  ar e no t  antici -

pate d i n th e d x M O P ,  suc h a s tim e bein g limited ? 

I n orde r  t o focu s th e reasoner' s attentio n i n thi s 

typ e o f  situation ,  w e us e th e ide a o f  meta-reasonin g 

(e.g. ,  Davi s i c Buchanan ,  1984) :  reasonin g tha t 

take s plac e t o guid e planning .  I n ou r  approach , 

meta-reasonin g informatio n i s presen t  i n th e for m 

of  strategi c knowledg e structure s calle d strategi c 

schemata .  A  strategi c schem a i s a  packe t  o f  in -

formatio n whic h represent s a  strateg y fo r  th e rea -

*Poo r  moto r  coordination . 
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Situation :  an y 
Goal  ordering : 

selec t  goal s relate d t o hypothese s 
selec t  goal s relate d t o finding s 
selec t  goal s fo r  gatherin g informatio n 
selec t  goa l  fo r  formin g diagnosi s 

Figure 3: A simple strategy for hypothe-

tico-deductiv e reasonin g style . 

Situation :  tim e i s shor t 
Goal  ordering : 

selec t  goa l  relate d t o chie f  complain t 
selec t  goal s relate d t o hypothese s 
selec t  findin g goa l  onl y i f  ver y importan t 
selec t  goal s o f  formin g diagnosi s 

Figure 4: A simple strategy for reasoning un-

de r  t im e pressure . 

basi n 
loo p foreve r 

Wait  unti l  use r  request s a ,  consultation ; 
Add goa l  o f  diagnosin g patien t  t o short-ter m 

memory; 
Retriev e dxMO P usin g goal ; 
Use strateg y fro m dxMOP,  i f  possible ; 
Selec t  a  schem a fro m th e d x M O P t o satisf y 

goal ,  ad d i t  t o agenda ; 
loo p unti l  done : 

Selec t  a  schem a fro m agend a usin g strategies , 
loca l  informatio n i n th e dxMOP; 

Appl y on e action ; 
i f  ther e wa s a n interruptio n th«n : 

Handl e interruption ; 
fl; 
Specialis e curren t  dxMOP; 
i f  specializatio n succeede d then : 

Set  curren t  d x M O P t o b e th e 
specialization ; 

fl; 
end loop ; 
Accep t  an d proces s feedback ; 
Updat e memory ; 

end loop ; 
end . soner' s behavior ;  sinc e th e reasoner' s behavio r  i s  de -

termine d b y whic h schemat a i t  choose s t o apply ,  a 

strateg y b  equivalen t  t o a n orderin g o f  th e schemat a 

applied .  Strategi c schemat a ar e usefu l  fo r  represent -

in g genera l  strategie s suc h a s hypothetico-deductiv e 
reasonin g o r  reasonin g unde r  tim e pressure .  T h e 
reasone r  ca n the n us e information ,  i f  available ,  fro m 

a d x M O P t o modif y it s us e o f  thes e strategie s fo r  a 

specifi c  situation . 

A simple example of a strategic schema is shown 

i n Figur e 3 .  Thi s schem a provide s a  goa l  order -

in g fo r  th e reasone r  tha t  induce s a  crud e for m o f 

hypothetico-deductiv e reasoning :  selec t  an y goal s 

(i.e. ,  selec t  thei r  correspondin g schemata )  tha t  re -
lat e t o hypothese s first;  i f  ther e ar e none ,  the n selec t 
goal s relate d t o findings  i n th e hop e o f  producin g hy -

potheses ;  i f  none ,  the n selec t  goa l  o f  gatherin g in -

formatio n from  th e user ;  an d finally,  i f  tha t  canno t 

be done ,  selec t  th e goa l  o f  formin g a  diagnosis .  Fig -

ur e 4  show s a  simpl e strategi c schem a fo r  reasonin g 
unde r  tim e pressure :  follo w u p th e chie f  complaint , 

i f  possible ;  evaluat e hypotheses ;  onl y selec t  goal s re -

late d t o findings  i f  th e findings  eir e ver y important ; 

an d finally,  w h e n al l  els e fails ,  for m a  diagnosis . 

The overall algorithm for schema-based reason-
ing ,  includin g opportunism ,  i s  show n i n Figur e 5 . 
Not e tha t  th e reasone r  ca n b e interrupted ;  thes e in -

terruption s ca n includ e interruption s bot h b y th e 

use r  an d b y schem a application ,  a s ne w informatio n 
i s adde d t o S T M . 

Figur e 5 : 
gor i thm . 

Basi c s c h e m a - b a s e d reasonin g al -

M E D I C 

O ur  approac h t o diagnosti c reasonin g i s  bein g im -

plemente d i n th e M E D I C program ,  a  schema-base d 

reasone r  whic h perform s diagnosi s i n th e domai n o f 

pulmonology .  M E D I C consist s o f  thre e majo r  mod -

ules :  a  long-ter m memory ,  whic h i s  organize d a s 

describe d i n (Turner ,  i n press) ;  a  short-ter m m e m-

or y ( S T M ) ;  an d a  schema-base d reasoner ,  whic h i s 
directe d a t  al l  time s b y schemata . 

Conceptually ,  ther e ar e thre e type s o f  schemat a 
i n medic' s memory :  global ,  local ,  an d strategi c 

schemata .  A  globa l  schem a i s on e tha t  direct s a 
majo r  portio n o f  a  consultation ;  a n exampl e i s th e 

schem a whic h contain s informatio n tha t  th e rea -

sone r  ca n us e t o conduc t  th e consultation :  as k fo r  a 

patien t  description ,  as k abou t  th e chie f  complaint , 

gathe r  information ,  the n for m a  diagnosis .  Gath -

erin g informatio n an d formin g a  diagnosi s ar e als o 
directe d b y globa l  schemata .  A  loca l  schem a i s on e 

whic h direct s th e reasone r  i n achievin g ver y specifi c 

goals :  e.g. ,  interpre t  a  finding  o f  dyspne a o r  evaluat e 

th e hypothesi s o f  lun g cancer .  Strategi c schemat a 

represen t  genera l  reasonin g strategie s an d ar e de -
scribe d above . 

Currently ,  M E D I C ca n diagnos e ver y simpl e case s 

of  pulmonar y disease .  M E D I C follow s a n algorith m 

ver y simila r  t o tha t  i n Figiu- e 5 .  Let' s loo k a t  a n 
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Pleas e describ e th e patient . 
:  (patien t  (se x female )  (weigh t  (valu e 204) )  (heigh t 

(valu e 64) )  (rac e white) ) 
Addin g informatio n abou t  patien t  t o STM. 
What  i s th e chie f  complaint ? 
:  (findin g (entit y (dyspne a (duratio n (year s 2) ) 

(characte r  progressive))) ) 
Addin g chie f  complain t  t o STM...addin g finding  o f 

< D Y S P N E A O> t o STM. 
How man y flights  o f  stair s ca n th e patien t  climb ? 
:  (lesB-tha n 1 ) 
How fa r  ca n th e patien t  wal k o n leve l  ground ? 
:  (yard s 20 ) 
I  judg e th e qualitativ e valu e o f  SEVERIT Y o f  <DYSPNEAO> 

t o b e SEVERE. 
.. .  (sam e fo r  cardia c disease). .  . 

...explainin g dyspnea.. . 
Processin g <HYPOTHESIS0> [pulmonar y disease] ; 

relatin g t o othe r  hypotheses.. . 
...generatin g expectation s give n <HYPOTHESIS0>.. . 
...I' m scorin g hypothesi s <HYPOTHESIS0> (<PULM-DZO> ) 
...hypothesi s explains :  (<FINDINGO> )  [dyspnea].. . 
...feule d prediction s fo r  hypothesis :  — 
...hypothesi s doesn' t  explain :  — 
...tryin g t o specialis e th e hypothesi s o f 

<HYPOTHESIS0> (<PULM-DZO>).. . 
...specialire d <HYPOTHESIS0> t o <HYPOTHESISl > 

(<RPE> )  [recurren t  pulmonar y embolism ] 
...generatin g expectation s give n <HYPOTHESISl>.. . 
Is there a finding of <SYNCOPE>7 
:  Ye s 
Enter information (<return> if no more). 

My diagnosi s is :  Recurren t  pulmonar y embolism . 

Figure 6: Part of a consultation with MEDIC. 

example of a consultation with MEDIC, a portion 

of  whic h i s show n i n Figur e 6 .  Suppos e a  use r  re -

quest s a  consultation .  T h e reasone r  look s i n m e m-

or y fo r  a  w a y o f  satisfyin g th e goa l  o f  diagnosin g 

a patien t  an d finds a  d x M O P ,  "dx-consult" ,  repre -

sentin g h o w consultation s ar e generall y conducted . 

T h e reasone r  the n use s thi s d x M O P a s a  contex t  fo r 

diagnosis :  i t  i s  use d a s a  sourc e bot h o f  a  strateg y 

an d o f  schemat a t o satisf y activ e goals .  T h e strat -

egy i t  contain s i s "st-HD-reasoning" ,  th e strategi c 

schem a mentione d abov e whic h provide s a  goa l  or -

derin g t o induc e hypothetico-deductiv e reasoning . 

T h e onl y goa l  activ e i s on e t o diagnos e th e pa -

tient ;  th e schem a t o achiev e thi s i n dx-consul t  i s 

"sc-consult" .  Thi s i s adde d t o th e reasoner' s agend a 

of  activ e schemata . 

T h e reasone r  n o w select s a  schem a fro m it s 

agenda ,  usin g th e goa l  orderin g provide d b y th e cur -

ren t  strategy ;  th e us e o f  specifi c  informatio n fro m 

th e d x M O P i s no t  currentl y implemented .  T h e onl y 

schem a t o selec t  i s  sc-consult ,  s o th e reasone r  select s 

tha t  an d begin s t o appl y it .  T h e use r  i s aske d fo r 

some initia l  informatio n abou t  th e patient ,  includ -

in g a  descriptio n o f  th e patien t  ( a whit e femal e w h o 

i s overweight) ^  an d th e chie f  complain t  (progres -

siv e dyspnea) .  T h e informatio n i s adde d t o S T M . 

Addin g th e chie f  complain t  cause s th e reasone r  t o b e 

interrupted ,  an d i t  searche s m e m o r y fo r  a  schem a t o 

interpre t  th e finding.  Schem a "sc-dyspnea "  i s foun d 

an d activated . 

Not e th e opportunisti c natur e o f  this :  a  piec e o f 

informatio n appear s i n th e reasoner' s environment , 

whic h cause s th e reasone r  t o interrup t  wha t  i t  i s 

doin g i n orde r  t o respond .  T h e respons e involve s 

finding  a  metho d o f  interpretin g th e finding  an d ac -

tivatin g it ,  resultin g i n mor e tha n on e activ e schema . 

T h e nex t  ste p i s t o choos e on e t o apply .  Sinc e th e 

strateg y i n us e dictate s tha t  goal s relate d t o find-

ing s hav e precedenc e over  goal s fo r  gatherin g infor -

matio n o r  formin g a  diagnosis ,  th e ne w schema ,  sc -

dyspnea ,  i s selecte d an d used .  T h e ne w informatio n 

has effectivel y change d th e cours e o f  th e reasoner' s 
problem-solvin g behavior . 

Thi s schema ,  sc-dyspnea ,  i s a  specialize d versio n 

of  a  genera l  schem a t o interpre t  findings;  instea d o f 

askin g genera l  questions ,  th e schem a ca n as k ver y 

specifi c  thing s relate d t o dyspne a (e.g. ,  askin g ho w 

m a ny stair s th e patien t  ca n clim b a s a  measur e o f 

th e severity) .  T h e las t  ste p o f  thi s schem a i s t o ex -

plai n th e finding  b y postulatin g disease s tha t  coul d 

caus e it ;  usin g thi s step ,  th e reasone r  postulate s hy -
pothese s o f  pulmonar y diseas e an d cardia c disease . 

Addin g thes e hypothese s t o S T M agai n interrupt s 

th e reasoner ,  whic h finds  an d add s t o th e agend a 

schemat a t o evaluat e th e hypotheses :  "sc-pulmDz " 

an d "sc-cardiacDz" . 

T h e strateg y order s goal s relate d t o hypothese s 

befor e an y others ;  hence ,  on e o f  th e tw o schemat a 

jus t  adde d i s selected ,  i n thi s case ,  sc-pulmDz .  Th e 

reasone r  use s thi s schem a t o scor e th e hypothesi s 
of  pulmonar y disease, ® an d the n trie s t o specializ e 

th e hypothesi s usin g informatio n tha t  i s i n S T M . 

O ne possibl e specialization ,  base d o n th e fac t  tha t 

th e patien t  i s  overweight ,  i s  recurren t  pulmonar y 

embolism ^  ( R P E ) ;  thi s i s hypothesized ,  resultin g i n 

a schem a ("sc-RPE" )  bein g activate d t o evaluat e it . 

T h e reasone r  the n select s sc-RP E an d begin s t o 

evaluat e th e hypothesi s o f  pulmonar y embolism . 

Eventually ,  i t  wil l  hav e evaluate d al l  th e hypothese s 

tha t  i t  ca n an d wil l  hav e exhauste d th e informatio n 

th e use r  ca n giv e it .  T h e mai n schema ,  sc-consult , 

Înpu t  t o MEDI C i s i n a  versio n o f  Conceptua l  Dependenc y 
(Schan k an d Abelson ,  1977) ;  ther e i s currentl y n o natura l 
languag e interface . 

® Usin g a  scorin g schem e ver y simila r  t o tha t  o f  INTERNIST -
1 (Mille r  efoi ,  1982) . 

^Bloo d clot s occurrin g i n th e lungs . 
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wil l  the n sugges t  th e ste p o f  formin g a  diagnosis , 

whic h wil l  b e attempted. *  I n thi s case ,  th e bes t  hy -

pothesi s i s recurren t  pulmonar y embolism ,  an d tha t 

wil l  b e propose d t o th e user . 

Ther e i s  stil l  muc h wor k t o b e don e o n MEDIC . 

At  th e present ,  th e progra m ha s ver y littl e domai n 

knowledge ,  an d relativel y fe w schemata .  Additiona l 

though t  mus t  als o b e give n t o th e for m an d con -

ten t  o f  th e strategi c schemata ,  whic h ar e currentl y 

quit e simple ;  eventually ,  w e woul d lik e fo r  the m t o 

specif y action s fo r  th e reasone r  t o perfor m i n orde r 

t o selec t  a  goa l  t o pursue ,  makin g the m mor e lik e 

th e reasoner' s othe r  schemata .  MEDI C als o doe s no t 

make us e o f  context-specifi c  informatio n i n d x M O P s 

t o focu s it s attention . 

RELATED WORK 

Opportunistic reasoning has been addressed in 

th e blackboar d approac h t o proble m solvin g o f 

HEARSAY-II  (Erma n e t  al. ,  1980 )  an d O P M (Hayes -

Roth ,  1985) .  Thes e program' s Knowledg e Source s 

(KS's )  ar e atomic ,  rule-lik e specialist s tha t  ar e in -

voke d i n respons e t o som e arbitrar y conditio n oc -

curring .  The y correspon d onl y loosel y t o schemata . 

Schemat a ar e larger-graine d tha n KS's ,  an d capabl e 

of  bein g interrupted .  Schemat a als o serv e t o cluste r 
action s t o b e take n t o achiev e a  goal ;  m a n y KS's ,  o n 
th e othe r  hand ,  m a y b e neede d t o achiev e a  singl e 

goal .  Th e us e o f  schemat a shoul d allo w th e reasone r 

t o behav e i n a  manne r  tha t  a  reasone r  ca n under -

stand :  e.g. ,  question-askin g shoul d b e mor e focused . 

Schemat a shoul d als o facilitat e explanation ,  sinc e 
th e action s take n t o achiev e a  goal ,  thoug h possibl y 

temporall y disjoint ,  ca n stil l  b e explaine d i n relatio n 

t o on e another . 

Th e VISION S Schem a Syste m (Weymouth ,  1986 ) 

use s a n approac h simila r  t o our s fo r  interpretin g vi -

sua l  scenes .  Thei r  schemat a ar e specialist s i n par -

ticula r  visio n task s an d ca n wor k i n paralle l  t o in -

terpre t  a  scene .  Unlik e ou r  schemata ,  their s ar e 
largel y represente d usin g procedure s writte n i n a 

programmin g language ;  i t  i s  therefor e no t  possibl e 

fo r  thei r  progra m t o reaso n abou t  o r  modif y thei r 

schemata ,  a s i s potentiall y  possibl e usin g ou r  repre -

sentatio n o f  schemata .  I n addition ,  paralle l  execu -

tio n o f  schemat a i s no t  feeisibl e i n ou r  domain ,  give n 
th e goal s o f  focuse d question-askin g an d modelin g a 

h u m an diagnostician' s behavior . 

Th e NAS L (McDermott ,  1978 )  progra m concen -

trate d o n th e interactio n o f  plannin g an d execu -

*  Again ,  usin g a  metho d simila r  t o tha t  o f  INTERNIST-1 . 

tion .  I n m a n y respects ,  ou r  schemat a ar e simila r 

t o NASL' s tasks :  bot h ar e hierarchical ,  bottomin g 

out  a t  th e primitiv e actio n o r  primitiv e tas k level . 

However ,  ou r  schemat a ar e somewha t  mor e flexible 

tha n NASL' s tasks ,  an d w e mak e explici t  us e o f  goals ; 

th e latte r  allow s th e potentia l  o f  specifyin g th e goa l 

of  a  tas k withou t  necessaril y  specifyin g th e step s t o 

achiev e it ,  thu s allowin g th e reasone r  t o mak e suc h 

decision s a t  run-time . 

We fac e som e o f  th e sam e problem s a s di d NASL , 

too ,  i n th e chor e o f  selectin g whic h schemat a t o pur -

sue a t  eac h poin t  i n proble m solving .  NAS L m a d e us e 

of  choic e rules ,  whic h containe d th e strategi c knowl -

edge o f  tha t  system .  Ou r  strategi c schemat a ca n b e 

viewe d i n th e curren t  implementatio n a s package s 

of  suc h choic e rules .  However ,  th e ultimat e goa l  i s 

t o mak e the m les s rule-lik e an d mor e schema-like , 

specifyin g step s fo r  th e reasone r  t o perfor m i n orde r 

t o selec t  schemat a t o apply . 

Firb y (1987 )  i s  als o concerne d wit h interleavin g 
plannin g an d executio n i n environment s tha t  chang e 

durin g planning .  Th e behavio r  o f  hi s R A P planne r 

i s quit e simila r  t o tha t  o f  ou r  reasoner .  However , 

RAPs woul d see m t o b e somewha t  mor e simpl e tha n 

our  schemata ,  an d oriente d toward s real-tim e con -
tro l  rathe r  tha n diagnosis .  I n addition ,  w e exten d 

th e ide a o f  usin g packet s o f  contro l  knowledg e t o th e 

meta-leve l  b y usin g strategi c schemat a t o direc t  th e 

reasoner' s attention . 

C O N C L U S I ON 

Medical diagnosis can be fruitfully viewed as a plan-

nin g tas k i n whic h plannin g i s  interleave d wit h di -

agnosis .  N e w informatio n m a y b e discovere d durin g 

diagnosi s whic h shoul d impac t  th e futur e problem -
solvin g behavio r  o f  th e diagnostician .  Th e diagnos -

ticia n mus t  b e opportunisti c i n orde r  t o tak e notic e 

of  an d respon d t o thi s ne w informatio n a s i t  become s 

available . 

Schema-base d reasonin g provide s on e approac h t o 

opportunisti c reasoning .  B y representin g problem -
solvin g knowledg e a s packet s o f  procedura l  informa -

tio n designe d t o achiev e a  goal ,  th e reasone r  ca n ac -

tivat e schemat a a s goal s aris e du e t o change s i n th e 
environment .  W h e n severa l  schemat a ar e active ,  th e 

reasone r  select s th e on e t o appl y base d o n th e rea -
soner' s curren t  focu s o f  attention—i.e. ,  th e goa l  th e 

reasone r  i s tryin g t o achieve .  Goal s ar e selecte d b y 

th e reasone r  base d o n informatio n fro m tw o sources : 

genera l  goal-orderin g information ,  store d i n strate -

gi c schemata ;  an d specifi c  goal-orderin g informa -
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tion ,  store d i n th e d x M O P representin g consulta -

tion s simila r  t o th e curren t  one . 

Schemat a ar e flexible,  an d enhanc e th e reasoner' s 

abilit y  t o respon d t o change s i n th e environmen t  i n 

tw o ways :  (1 )  th e orde r  o f  thei r  step s nee d no t  b e 

completel y determined—thi s allow s th e reasone r  t o 

selec t  th e nex t  ste p o f  a  schem a base d o n th e stat e o f 

th e worl d resultin g fro m th e applicatio n o f  th e pre -

viou s step ;  an d (2 )  step s ma y specif y goals ,  whic h 

th e reasone r  ca n attemp t  t o satisf y a t  run-tim e b y 

retrievin g schem a specifi c  t o th e curren t  situation . 

Thi s flexibDity,  plu s it s opportunisti c character ,  al -

low s schema-base d reasonin g t o b e viewe d a s a  typ e 
of  reactiv e plannin g (e.g. ,  Firby ,  1987) . 

Thoug h thi s researc h addresse s medica l  diagnosis , 

we believ e tha t  schema-base d reasonin g ca n b e use -

full y applie d t o othe r  tasks .  Ou r  approac h shoul d 

be usefu l  fo r  an y tas k i n whic h plannin g an d exe -

cutio n mus t  b e interleaved ,  o r  i n whic h al l  feature s 

of  th e proble m canno t  b e know n a t  th e star t  o f  th e 

problem . 
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