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Integratin g Marke r -Pass in g a n d P r o b l e m Solvin g 

James A .  Hendle r 

Departmen t  o f  Compute r  Scienc e 
Brow n University ' 

I n thi s pape r  w e describ e ho w a n efficien t  underlyin g mechanism ,  a  parallel ,  spreadin g activatio n 
algorithm ,  ca n b e use d durin g proble m solving .  W e presen t  thi s mechanism,  chose n du e t o it s 
demonstrate d usefulnes s fo r  severa l  othe r  cognitiv e tasks ,  an d sho w ho w i t  ca n b e use d t o guid e 
th e proble m solve r  i n choosin g correc t  plans ,  rejectin g plan s tha t  violat e constraints ,  o r  modifyin g 
plan s a s the y ar e generated .  Example s o f  ho w thi s techniqu e i s use d ar e given ,  an d a n implementa -
tio n o f  suc h a  system ,  integratin g a  marker-passe r  wit h a  proble m solver ,  i s  described .  Th e pape r 
discusse s som e o f  th e desiderat a i n designin g suc h system s an d som e o f  th e issue s tha t  arise .  Som e 
futur e direction s fo r  th e wor k ar e als o described . 

1. Introduction 

A majo r  proble m face d b y problem-solvin g system s toda y i s tha t  o f  makin g a  choic e i n th e 
presenc e o f  multipl e alternatives .  I t  i s  ofte n th e cas e tha t  th e syste m ha s acces s t o knowledg e 
tha t  woul d lea d t o th e optima l  solution ,  o r  tha t  coul d avoi d a  conflict ,  bu t  thi s knowledg e i s no t 
used .  Conside r  th e cas e o f  a  syste m tryin g t o solv e a  goa l  suc h a s Satisf y hunger .  I t  mus t  m a k e a 
choic e betwee n alternative s suc h a s G o t o restauran t  an d Ea t  a t  home .  I n th e absenc e o f  othe r 
knowledg e i t  m a y no t  matte r  whic h pat h i s chosen ,  bu t  wha t  i f  w e ha d alread y asserte d Yo u hav e 
no mone y t o thi s system ? A t  thi s poin t  ther e i s a  conflic t  dow n th e restauran t  path ,  bu t  non e 
d o wn th e ea t  a t  hom e path .  Thu s th e syste m shoul d choos e th e latter .  Unfortunately ,  mos t 
presen t  da y system s ar e unabl e t o tak e advantag e o f  thi s sor t  o f  information ,  an d woul d m a k e th e 
choic e a t  random .  A t  a  late r  poin t  i n th e proble m solvin g i t  woul d encounte r  th e erro r  (assumin g 
i t  too k th e restauran t  path )  an d b e force d t o backtrack .  Avoidin g backtrackin g ha s bee n a  pri -
mar y goa l  o f  problem-solvin g researchers . 

I n thi s pape r  w e presen t  a  ne w approac h t o th e issu e o f  choosin g path s durin g proble m solv -
ing .  W e propos e tha t  a  suitabl y structure d "marker-passer" ,  a  parallel ,  spreadin g activatio n 
mechanism ,  ca n b e use d t o ai d th e choic e mechanis m use d b y a  problem-solver .  I n thi s pape r  w e 
wil l  describ e a n implementatio n o f  suc h a  m e c h a n b m ,  a s wel l  a s discussin g wh y suc h a  mechan -
is m i s desirable . 

2. Integrating Marker-Passing and Problem Solving 

Presen t  da y proble m solver s wor k b y usin g informatio n foun d i n M e m o r y t o generat e plans . 
Thes e plan s ar e the n subjecte d t o som e for m o f  pla n Evaluation ,  eithe r  i n th e for m o f  demon s (c f 
Sussman,  1975 ;  Sacerdoti ,  1977 )  o r  meta^rule s (c f  Wilensky ,  1983 )  whic h critiqu e th e plan s an d i f 
necessary ,  retur n the m t o th e problem-solve r  fo r  reworking . 

Most  proble m solver s wor k b y makin g step-wis e refinement s o n subplan s unti l  primitiv e 
action s ar e reached .  Thu s Restauran t  woul d b e broke n dow n int o enter ,  order ,  eat ,  pay ,  an d 
leave .  Orde r  coul d b e broke n dow n int o rea d menu ,  decide ,  an d tel l  waitress ,  etc .  Step s suc h a s 
rea d men u woul d b e primitiv e an d thu s th e final  pla n woul d b e comprise d o f  suc h steps . 

I t  i s  thi s step-wis e refinemen t  tha t  cause s th e proble m describe d i n th e introduction .  A t  th e 
tim e w e decid e whic h pla n t o us e w e d o no t  ye t  kno w wha t  step s i t  wil l  eventuall y decompos e 
into .  However ,  i t  i s  whe n w e tr y t o perfor m thes e primitive s tha t  th e conQict s wil l  mos t  ofte n 
manifes t  themselves . 

^  Thi s reseirc h wa s supporte d b y Offic e o f  Nava l  Researc h nnde r  contrac t  N00014-79-C-050 2 
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I t  i s  clea r  tha t  i f  a  m e c h a n i s m coul d b e develope d tha t  wou l d examin e al l  thes e primitiv e 
action s lookin g fo r  possibl e conflict s an d identifyin g t h e m prio r  t o th e m a k i n g o f  a  choic e the n th e 
proble m solve r  woul d benefit .  Thi s mechan is m woul d nee d t o find  al l  possibl e binding s fo r  th e 
variable s bein g passe d throug h th e variou s level s o f  substep s checkin g fo r  conflicts . 

Unfortunately ,  suc h a  m e c h a n i s m doe s no t  presentl y exist .  T o b e computationall y viabl e 
thi s m e c h a n i s m woul d nee d t o perfor m deductio n extremel y quickly .  Further ,  sinc e al l  possibl e 
binding s o f  an y variable s nee d t o b e examined ,  larg e n u m b e r s (susceptibl e t o combinatoria l  explo -

sion )  o f  low-leve l  deductions '  woul d nee d t o b e done .  Parallelis m woul d improv e th e situation ,  bu t 
no t  solv e it ,  d u e t o inheren t  limitation s o n th e efficienc y o f  suc h deduction s an d th e combinatoric s 
of  multipl e possibilitie s o f  variabl e bindings . 

I t  i s  possible ,  however ,  t o approximat e thi s m e c h a n i s m wit h a  syste m tha t  ca n examin e th e 
primitiv e action s quickl y whil e lookin g fo r  specia l  features .  A  Marker-passin g syste m i s on e suc h 

mechan ism .  I t  i s  ou r  contentio n tha t  b y mergin g a  marker-passe r  wit h a  proble m solve r  w e ca n 
provid e substantia l  improvement .  O u r  syste m (Figur e 1 )  ha s th e marker-passe r  integrate d wit h 
th e problem-solve r  an d pla n evaluator .  A t  thi s poin t  w e wil l  discus s exactl y w h a t  w e m e a n b y 
marker-passin g an d w h y w e prefe r  thi s typ e o f  system .  Followin g tha t  w e wil l  s h o w s o m e e x a m -
ple s o f  h o w th e marker-passe r  i s integrate d int o th e proble m solver . 
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2.1 .  W h a t  l a Marker-Passing ? 

Marker-passin g (c f  Quillian ,  1966 ;  Fahlman ,  1979 ;  Charniak ,  1983) ,  a  computationa l  mode l 
of  spreadin g activation ,  ca n b e though t  o f  a s th e markin g o f  node s adjacen t  t o som e nod e i n 
memory,  an d the n markin g al l  node s adjacen t  t o those ,  etc .  Thus ,  fo r  example ,  i n a  traditiona l 
semanti c ne t  syste m i f  w e marke d C A R w e woul d the n mar k W H E E L S,  VEHICLE ,  an d al l  thos e 
concept s directl y relate d t o CAR .  Followin g thi s w e woul d the n mar k R U B B E R,  R O U ND an d al l 
thos e concept s relatin g t o W H E E L,  a s wel l  a s T R A N S P O R T A T I ON an d thos e concept s relatin g 
t o VEHICLE .  Thi s proces s woul d procee d unti l  eithe r  nothin g wa s lef t  t o mar k o r  th e proces s 
was calle d t o a  halt . 

By markin g first  on e nod e an d the n anothe r  w e ca n se e ho w the y ar e relate d b y examinin g 
thos e concept s marke d b y both .  Thus ,  i n thi s exampl e fro m Charnia k (1983) : 

Joh n wante d t o commi t  suicide .  H e go t  a  rope . 

We woul d star t  passin g marker s a t  suicid e an d the n pas s marker s startin g a t  rope .  Thi s woul d 
find  a n intersectio n a t  th e nod e noos e whic h woul d b e foun d bot h fro m suicid e (th e instrumen t  o f 
a hang )  an d fro m rop e (a s a  materia l  relation) . 

The primar y differenc e betwee n th e marker-passe r  define d b y Charnia k (1983 ;  base d o n 
Quillian ,  1966 )  an d th e paralle l  mode l  propose d b y Fahlma n (1979 )  i s tha t  th e forme r  wil l  retur n 
th e pat h found ,  rathe r  tha n reportin g th e nod e o f  intersectio n (a s woul d th e latter) .  Thu s i n th e 
exampl e abov e th e marker-passe r  woul d return : 

SUICID E - > t o d o suicid e KIL L sel f  - > KIL L - > H A N G i s a  typ e o f  KIL L - > H A N G - > instru -
ment  o f  H A N G i s N O O SE - > N O O SE - > N O O SE i s mad e o f  R O P E - > R O P E 

^  DepcDdin g o n th e typ e o f  problem-solve r  bein g nse d thes e compntition s coal d involv e nnific&tion ,  pattern -
matching ,  scnp t  instantiation ,  et c I n thi s pape r  al l  o f  thes e type s o f  task s wil l  b e referre d t o a s "low-leve l  deductions " 
fo r  wan t  o f  a  bette r  ter m 
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Notic e tha t  th e marker-passe r  doe s no t  perfor m an y deduction s durin g it s run .  I f  w e ha d 
asserte d tha t  th e agen t  an d patien t  o f  a  han g ha d t o b e differen t  thi s pat h woul d stil l  b e found . 

Thi s woul d no t  b e a  vali d pat h sinc e th e definitio n o f  suicid e require s tha t  th e agen t  an d patien t 
must  b e th e same .  I t  i s  thi s "blind "  behaviou r  tha t  enable s u s t o implemen t  marker-passin g 
efficiently ,  a t  th e expens e o f  finding  som e fals e paths .  T h e issue s o f  evaluatin g fals e path s an d 

avoidin g thei r  generatio n ar e discusse d late r  i n thi s pape r  (sectio n 4.2) . 

S.2. Why Marker-PaMing? 

I n considerin g a n underlyin g mechanis m t o us e fo r  problem-solvin g i t  wa s ou r  desir e t o find 
a syste m wit h severa l  properties :  i t  mus t  b e abl e t o examin e man y possibilitie s efficiently ,  i t  mus t 
retur n informatio n tha t  th e problem-solve r  ca n us e fo r  makin g choices ,  an d i t  woul d b e desirabl e 

t o star t  fro m a n existin g system ,  bein g use d fo r  othe r  cognitiv e problems .  Marker-passin g fits  al l 
thre e o f  thes e criteria . 

Earlier ,  w e discusse d ho w th e choic e mechanis m need s t o b e abl e t o acces s th e primitiv e 
action s o f  ou r  problem-solver .  A s th e marker-passe r  proceed s fro m a  pla n i t  mark s th e substeps , 
th e substep s o f  these ,  etc .  unti l  i t  reache s th e primitives .  Sinc e i t  doe s no t  d o deductio n a s i t 

mark s i t  i s  abl e t o reac h thes e node s efficiently .  Further ,  existin g implementation s o f  marker -
passin g (Fablman ,  1979 ;  Charniak ,  Gavin ,  Hendler ,  1983 )  ar e formulate d s o a s t o b e compute d i n 
parallel '  thu s gainin g efficiency .  I n sectio n 3  w e wil l  sho w example s o f  ho w th e problem-solve r 
ca n tak e advantag e o f  th e marker-passer .  Thus ,  w e satisf y ou r  first  tw o criteria . 

Our  syste m i s not ,  b y an y means ,  th e first  t o propos e th e us e o f  marker-passin g a s a n under -

lyin g mechanism .  Quillia n (1966 )  describe d a  system ,  T L C ,  i n whic h spreadin g activatio n wa s 
use d t o analyz e sentenc e fragment s suc h a s "lawyer' s client. "  A s thes e phrase s wer e analyze d th e 
syste m woul d "learn "  thei r  meanin g an d thu s b e abl e t o buil d t o a n understandin g o f  mor e com -
ple x sentences .  Collin s an d Loftu s (1975 )  expande d som e o f  Quillian' s ideas ,  an d describe d th e 
psychologica l  relevanc e o f  th e spreadin g activatio n idea . 

Fahlma n (1979 )  describe d a  syste m i n whic h a  marker-passin g lik e schem e wa s use d a s th e 
basi s fo r  a  deductiv e system .  I n hi s system ,  N E T L ,  link s betwee n node s ha d propertie s tha t 
determin e ho w mark s pas s ove r  thes e links .  B y allowin g thi s feature ,  man y path s tha t  a  blin d 
marker-passe r  woul d find  ar e avoided .  Fo r  example ,  i f  w e wante d t o encod e th e informatio n tha t 
"Clyd e wa s a  pin k elephant "  w e woul d hav e a  regula r  lin k fro m Clyd e t o elephan t  an d anothe r 
link ,  calle d a  cancellatio n link ,  fro m Clyd e t o th e are a wher e w e recor d tha t  th e colo r  o f  a n 
elephan t  i t  grey .  Fahlma n describe d a n implementatio n schem e fo r  doin g man y standar d deduc -
tiv e inference s usin g thes e sort s o f  links . 

Charnia k (1983 )  describe d th e us e o f  th e marker-passe r  a s a  devic e fo r  aidin g i n th e proces s 
of  stor y comprehension .  Th e marker-passe r  i s use d t o find  possibl e path s throug h th e fram e 
knowledg e databas e tha t  relat e tw o frame s together .  Thes e path s enabl e th e syste m t o buil d u p a 
model  o f  th e frame s bein g instantiated .  Thus ,  i n th e exampl e o f  sectio n 2.1 ,  th e pat h fro m sui -
cid e t o rop e i s foun d b y th e marker-passer .  I t  return s thi s informatio n t o a  highe r  leve l  mechan -
is m whic h use s th e informatio n fo r  instantiatin g th e han g fram e an d fo r  buildin g a  representatio n 
of  th e event s i n th e story . 

Hirs t  (1983 )  use d Charniak' s mode l  o f  marker-passin g fo r  wor d sens e disambiguation .  Par t 

of  hi s "Polaroi d words "  syste m woul d pas s marker s betwee n th e sense s o f  word s bein g examined . 
Thus ,  i n th e cas e o f  th e sentence : 

The farme r  bough t  th e straw . 

th e marker-passe r  woul d find  th e pat h betwee n farme r  an d th e ha y meanin g o f  stra w thu s prefer -
rin g thi s meanin g ove r  th e drinkin g stra w meanin g fo r  whic h n o significan t  connectio n woul d b e 
found .  Further ,  hi s syste m explain s th e difficultie s tha t  woul d b e foun d i n disambiguating  a  sen -
tenc e suc h as : 

^Dn e t o hardwar e limitatioB S tbes e Byatem a hav e bee n implemente d a s "psnedo-parallel. "  Tha t  is ,  althoug h Fannin g 
on teha l  macbine i  the y violat e n o constraint s o f  localit y o r  temporalit y tha t  a  massivel y paralle l  syste m woul d need . 
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The astronome r  marrie d th e star . 

Granger, Eiselt, and Hoibrook (1984) developed a model of parsing based on the spreading 
activatio n model .  Thei r  program ,  A T L A S T ,  model s th e integratio n o f  lexical ,  syntactic ,  an d 
pragmati c processe s durin g natura l  languag e comprehension .  A  spreadin g activatio n mode l  o f 

memory i s use d t o propos e path s tha t  ar e the n evaluate d b y a  filtering  mechanism .  Thos e path s 
foun d t o b e significan t  ar e pursue d b y th e parser . 

3. Examples 

Th e flow  o f  contro l  whe n w e integrat e th e marker-passe r  wit h th e problem-solve r  wa s show n 
i n figure  1 .  I n genera l  th e followin g occurs :  T o start ,  th e problem-solve r  i s invoked .  I n attempt -

in g t o solv e problem s i t  passe s marker s throughou t  th e knowledg e base .  W h e n thes e marker s 
encounte r  othe r  marker s a n intersectio n i s found .  Th e path s meetin g a t  thi s intersectio n ar e the n 
returne d t o th e pla n evaluatio n mechanism .  Thi s mechanis m check s thi s pat h fo r  informatio n 

whic h ca n b e use d t o hel p guid e th e problem-solver .  I f  n o suc h informatio n i s found ,  th e pat h i s 
ignored . 

Th e syste m check s t o se e i f  thi s pat h propose s a  solutio n t o a n existin g proble m (se e sectio n 
3. 1 below) ,  cause s a  conflic t  (section s 3. 2 an d 3.3) ,  o r  suggest s a  modificatio n t o a n existin g pla n 
(sectio n 3.4) .  I f  on e o f  thes e i s identifie d th e syste m take s appropriat e actio n choosing ,  rejecting , 
or  modifyin g th e pla n a s necessary .  I n thi s sectio n w e wil l  sho w example s o f  thes e situation s an d 
informall y describ e ho w th e syste m woul d work .  I n late r  section s w e wil l  discus s th e specific s o f 
thi s implementatio n i n mor e detail . 

3.1. Example 1 

Th e first  exampl e w e wil l  examin e i s on e i n whic h th e marker-passe r  ca n hel p u s identif y a 
correc t  solutio n t o a  proble m wit h man y alternatives .  I n thi s exampl e w e conside r  th e cas e o f 

Tryin g ;t o commi t  suicid e whil e holdin g a  gun . 

Figur e 2  show s a  simplifie d vie w o f  th e knowledg e bas e use d i n thi s example . 

OLX) 

Mng(i.l )  »»«•.» )  fMn(>., )  -

nfur.2 . 

The ^stem needs to choose between each of the possible ways of commiting suicide shown. 
I t  start s b y passin g marker s t o eac h o f  th e alternatives ,  thes e i n tur n njar k thei r  subplans ,  etc . 
Whil e thi s goe s o n w e ar e als o passin g marker s startin g wit h th e frame '  gun .  Sinc e thi s ma rk s 
gun ,  an d sinc e shoo t  ha s a s a  preconditio n th e possessio n o f  a  gun ,  w e find  a n intersection .  T h e 
pat h 

SUICID E - > t o d o SUICIDE(x )  KIL L (x,x )  - > K IL L - > metho d o f  KILL(y,x )  i s SHOOT(y,x )  - > 
S H O OT - > preconditio n o f  SHOOT(y,x )  i s posses s (y.GUN )  - > G U N 

i s reporte d t o th e pla n evaluator .  Sinc e thi s pat h present s a  potentia l  solutio n t o th e tas k whic h 
ha s bee n posed ,  committ in g suicide ,  th e pla n evaluato r  ca n caus e th e proble m solve r  t o prefe r  th e 
shoo t  pla n fo r  achievin g th e suicid e goal . 

'We wil l  us e frame s her e a s a  generi c wor d fo r  a  plannin g strncture .  Th e use r  ma y replac e i t  wit h "script" ,  "sche -
ma",  "plan "  o r  othe r  sac h ter m 
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3.2 .  Exampl e 2 

We ca n als o us e th e marker-passe r  t o rejec t  plan s tha t  violat e externall y generate d con -
straints .  Consider ,  fo r  example ,  th e followin g situation : 

You ar e tol d a t  som e tim e tha t  th e Ai r  Traffi c  Controller s ar e o n strike .  A t  som e late r  tim e yo u 
ar e tol d t o pla n a  tri p t o California . 

Figur e 3  show s a  simplifie d vie w o f  th e knowledg e w e hav e i n th e database . 

•i n I 
FWmON-of  ( « y ) 

ix » t»«U((y )  • < uwontvAaL i 
niiicTK»i-ar(»3c  Mciic) 
oi-siuKC(iac ) 

I t  i s  impor tan t  fo r  ou r  problem-solve r  t o realiz e tha t  th e first  s tatemen t  (th e A T C strike )  i s 
i n conflic t  wit h ou r  pr imar y choic e fo r  th e m e t h o d o f  gettin g t o California .  W h e n th e syste m i s 
give n th e first  sentenc e i t  wishe s t o ad d i t  t o th e database .  T h e syste m enter s thi s information . 
I t  als o notice s a  forwar d inferenc e rul e o f  th e fo r m I F s o m e o n e i e o n strik e A N D tha t  perso n ha s 
s o me functio n T H E N tha t  functio n migh t  no t  b e abl e t o happen .  Sinc e th e Ai r  Traffi c  Controller s 
hav e a s thei r  functio n ATCin g thi s woul d b e marked . 

We woul d no w as k th e syste m t o pla n a  tri p t o California .  Amon g th e option s t o choos e 
fro m wil l  b e th e F L Y  frame .  W e wil l  no w pas s marker s o n ou r  alternatives .  Thi s wil l  mar k th e 
Ticket ,  Board ,  Clearance ,  an d Take-of f  frames ,  followe d b y eac h o f  th e substep s o f  eac h o f  thes e 
frames .  Sinc e ATCin g i s on e o f  th e substep s o f  clearanc e i t  wil l  b e marked .  A t  thi s poin t  th e 
marker-passe r  woul d recognis e tha t  a n intersectio n ha s bee n found ,  an d wil l  retur n th e pat h 

TRI P - > metho d tri p FL Y - > FL Y - > ste p o f  FLY :  CLEARANCE - > CLEARANCE - > ste p o f 
CLEARANCE:  ATCIN G - > ATCIN G - > ATCIN G (marke d a s unachievabl e b y FAC T o f  strike ) 

Thi s informatio n i s passe d t o th e pla n evaluato r  whic h examine s th e path .  Sinc e A T C I N G ha s 
been marke d a s unachievabl e th e syste m assert s tha t  i t  canno t  b e done .  Th e syste m no w invoke s 
a rul e o f  th e for m I F I  canno t  achiev e a  ste p i n som e plan ,  T H E N I  canno t  achiev e tha t  plan . 
Sinc e A T C I N G i s a  ste p i n th e pla n fo r  FL Y w e ca n rul e ou t  th e choic e o f  flying  a s a  metho d o f 

transpor t  fo r  th e proble m solver . 

3.3. Example 3 

Anothe r  us e o f  thi s mechanis m i s t o identif y conflict s betwee n part s o f  plans .  A s a n exam -
pl e conside r  th e cas e o f 

Buyin g a  cleave r  whil e o n a  busines s trip . 

Figur e 4  show s a  simplifie d vie w o f  th e informatio n w e us e t o proces s thi s example . 
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Th e syste m start s b y attemptin g t o pla n th e buyin g o f  th e cleaver .  A s suc h i t  passe s mark -
er s dow n th e path s fo r  Cleave r  an d fo r  Buying .  Fro m eUave r  i t  us e th e knowledg e tha t  cleaver s 

ar e use d a s kitche n tool s an d a s weapon s s o i t  mark s thes e nodes . 

Th e syste m als o mark s th e informatio n abou t  buyin g whic h include s th e ste p o f  takin g hom e 

tha t  whic h i s bought .  Vi a th e substep s o f  substep s th e marker-passe r  eventuall y notice s tha t  on e 
way t o g o hom e i s t o fly  an d tha t  withi n flying  on e mus t  pas s throug h a  weapon s check .  However , 
weapons chec k mark s weapo n an d finds  tha t  i t  i s  alread y marked .  Thus ,  a n intersectio n ha s bee n 

reache d an d th e informatio n i s passe d t o th e pla n evaluator . 

Th e pla n evaluato r  examine s thi s pat h an d discover s tha t  th e intersectio n involve s carryin g 

a weapo n throug h a  weapon s check ,  whic h lead s t o bein g arrested ,  a n undesirabl e state . 

Th e pla n evaluato r  ca n no w us e a  heuristi c whic h state s tha t  I F a  pat h cause s on e t o reac h 

an undesirabl e stat e T H E N rul e ou t  th e pla n durin g whic h thi s stat e i s enocuntered .  Sinc e Flyin g 
i s th e pla n whic h dominate s th e weapon s chec k w e ca n rul e i t  ou t  a s th e metho d o f  gettin g th e 
cleave r  home .  I t  ca n the n d o replannin g an d eithe r  rejec t  th e purchas e o r  amen d th e pla n s o a s t o 

avoi d th e illegalit y (an d thu s chec k th e cleave r  i n a s luggage) . 

3.4. Example 4 

I n th e final  exampl e th e marker-passe r  i s use d t o find  a n inferenc e rul e tha t  cause s a 
modificatio n o f  a n existin g plan .  Tak e fo r  exampl e th e followin g (fro m Wilensky ,  1983) : 

The planne r  i s give n th e tas k o f  fetchin g a  newspape r  fro m outsid e durin g a  rainstorm . 

Figur e 5  show s th e necessar y information ,  simplifie d a s usual . 

T 

As befor e w e pas s marker s fro m bot h part s o f  thi s problem .  W e thu s mar k th e element s o f 
th e ge l  newspape r  pla n an d th e rainin g statement .  I n thi s cas e w e find  th e intersectio n no t  a t  on e 
of  th e node s o f  th e plan ,  bu t  a t  a n inferenc e rul e i n th e system .  Thi s rule ,  / /  it' s  rainin g A N D i f 
someone i s outsid e T H E N a n umbrell a shoul d b e use d b y tha t  person ,  i s no w examine d b y th e pla n 
evaluator .  Sinc e th e perso n i n questio n wil l  ca n b e boun d wit h th e agen t  o f  ge t  newspaper ,  th e 
pla n wil l  b e modifie d s o tha t  tha t  agen t  take s a n umbrella . 

4. SCRAPS: An Implementation 

We hav e implemente d a  system ,  calle d S C R A P S,  tha t  combine s a  marker-passe r  an d a 
problem-solve r  a s describe d s o far .  I n thi s sectio n w e wil l  describ e thi s implementatio n an d dis -
cus s ho w w e avoi d som e o f  th e potentia l  problem s inheren t  i n th e desig n o f  suc h a  system . 

4.1. Implementation Details 

S C R A PS i s implemente d usin g th e proble m solve r  N A S L (McDermott ,  1978 ;  Charniak , 
1982 )  o n a  logic-base d semantic s system ,  F R A I L (Charniak ,  Gavin ,  Hendler ,  1983) .  Buil t  int o 
F R A I L i s a n implementatio n o f  a  marker-passer .  F R A I L an d N A S L ar e bot h implemente d i n th e 
NIS P dialec t  o f  Lis p (McDermott ,  1983 )  an d ru n o n severa l  differen t  type s o f  machines . 

One importan t  aspec t  o f  a  marker-passin g syste m ha s t o d o wit h th e overal l  organizatio n o f 
th e fram e knowledg e databas e bein g searched .  Fo r  th e purpose s o f  perforinin g marke r  passing , 
thi s databas e shoul d b e viewabl e a s a  larg e networ k o f  independen t  processors ,  eac h representin g 
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a frame ,  tha t  ar e interrelate d vi a link s alon g whic h marker s ma y b e passed .  Eac h fram e mus t  b e 
capabl e o f  bot h receivin g an d passin g marker s t o neighborin g frame s throug h thes e links ,  whic h 

correspon d t o directe d arc s relatin g frame s t o eac h other . 

T h e F R A I L languag e provide s suc h a  system .  Frame s ar e translate d int o logica l  predicate s 
whic h ar e store d i n a  LIS P databsis e a s propertie s o n atoms .  Thes e atom s serv e a s frame s an d th e 
logica l  predicate s serv e a s links .  Thus ,  F R A I L provide s bot h a  logica l  languag e fo r  deductio n an d 
a semantic-ne t  representatio n usefu l  fo r  marker-passing . 

Th e N A S L proble m solve r  use s F R A I L t o retriev e th e possibl e plan s usabl e fo r  satisfyin g a 

goal .  W h e n mor e tha n on e pla n ca n b e applicabl e F R A I L use s a  simpl e choic e mechanis m tha t 

check s fo r  plan s whic h ar e rule d ou t  o r  rule d in .  S C R A PS use s thi s mechanis m 21 s th e primar y 
communicatio n betwee n th e pla n evaluato r  an d th e problem-solver .  W h e n th e marker-passe r 
finds  a  pat h tha t  th e pla n evaluato r  recognize s a s a  potentia l  solution ,  tha t  pat h i s rule d i n an d 

al l  othe r  path s ar e rule d out .  Similarly ,  whe n th e pla n evaluato r  recognize s a  proble m i t  simpl y 
rule s ou t  tha t  pla n whic h woul d caus e th e contradiction .  Synchronizatio n i s provide d b y havin g 
th e problem-solver' s choic e mechanis m wai t  unti l  a  messag e i s receive d fro m th e pla n evaluato r 

allowin g i t  t o proceed .  Modification s t o plan s ar e don e b y havin g th e pla n evaluato r  mak e asser -
tion s directl y int o th e F R A I L database . 

As a n example ,  conside r  onc e agai n th e restauran t  exampl e o f  sectio n 1 .  Th e syste m i s 
starte d wit h th e assertio n tha t  n o mone y i s available ,  an d thu s th e payin g fram e i s mairke d a s 
unachievabl e vi a a  forwar d chainin g rule .  W e the n as k th e proble m solve r  t o solv e th e tas k o f 
eatin g wit h som e specifi c  agent ,  agentl .  N A S L call s upo n F R A I L t o retriev e th e potentia l  plan s 
an d finds  bot h restauran t  an d ea t  a t  home .  A s F R A I L retrieve s thes e plan s marker s ar e passed . 
T h e pat h fro m restauran t  t o mone y i s foun d an d reporte d t o th e Pla n Evaluator .  Th e Pla n 
Evaluato r  recognize s th e conflic t  i n th e restauran t  pla n an d therefor e generate s a  rul e ou t  state -
ment .  '  I t  the n signal s N A S L t o continue .  N A S L no w use s it s choic e mechanis m t o examin e th e 
possibilities .  Sinc e th e restauran t  fram e ha s bee n rule d ou t  i t  use s th e onl y othe r  possibility ,  ea t 

at  home ,  an d continue s on . 

4.2. Implementation laiuea 

For  ou r  syste m t o b e efficien t  i t  mus t  b e th e cas e tha t  th e adde d efficienc y o f  avoidin g back -
trackin g outweigh s th e overhea d tim e spen t  i n evaluatin g th e return s fro m th e marker-passer .  I f 
th e pla n evaluato r  take s longe r  t o rejec t  fab e path s tha n i t  woul d tak e th e proble m solve r  t o find 
th e correc t  pat h the n th e additio n o f  a  marker-passe r  lose s it s value .  Th e pla n evaluato r  mus t  b e 
designe d s o tha t  i t  ca n quickl y rejec t  thos e path s wit h nothin g t o offer . 

I n th e SCR,\P S syste m th e pla n evaluato r  i s compose d o f  a  se t  o f  a d ho c heuristic s tha t  ca n 
examin e a  pat h an d se e i f  an y usefu l  informatio n ca n b e gleaned .  Thes e rule s serv e tw o purposes : 
first,  w e wis h t o quickl y rejec t  path s whic h ar e no t  goin g t o yiel d usefu l  information ,  an d second , 
we wis h t o b e abl e t o extrac t  informatio n fro m thos e path s whic h ar e useful .  Thi s i s don e b y 
passin g th e pat h throug h a  serie s o f  rule s i n a  cascade d manner .  Th e earl y rule s ar e designe d t o 
rejec t  path s know n no t  t o b e useful ,  th e late r  rule s ar e designe d t o quickl y chec k fo r  a  certai n 
featur e an d pas s th e rul e o n t o th e nex t  heurbti c i f  i t  i s  no t  found . 

T h e earl y rule s wor k b y first  checkin g th e nod e o f  intersectio n o f  a  path .  I f  th e nod e o f 
intersectio n b  foun d t o b e a  "promiscuous "  node ,  on e wit h a  ver y hig h out-branchin g factor ,  th e 
pat h b  probabl y no t  usefu l  an d ca n therefor e b e rejected .  I f  th e nod e o f  intersectio n i s no t  o f  thi s 
form ,  th e pat h b  checke d t o se e i f  certai n feature s ca n b e detecte d tha t  wil l  caus e th e rul e t o b e 

rejected .  Fo r  example ,  a  rul e check s t o se e i f  a  pat h i s a n IS A Plateau .  Thi s woul d b e th e situa -
tio n i f  w e passe d marker s from ,  fo r  example ,  do g an d ea t  an d foun d a n intersectio n a t  animal . 
Thes e sort s o f  path s ar e usefu l  fo r  th e wor d sens e dbambiguatio n us e o f  marker-passing ,  bu t  no t 
fo r  proble m solving .  Eugen e Chamia k (fortcoming )  ha s bee n examinin g th e path s returne d b y th e 
marker-passe r  an d tryin g t o formaliz e pat h checkin g a s a  resolutio n proo f  procedure .  A s thi s 

'  Rude n wutiD g mor e detail s »boa t  th e fonn» t  o f  tb e mle a oae d b y th e choic e mechutia m i n FRAI L ut i  NAS L 
&re directe d t o Ch&nii»k ,  Gavin ,  an d Hendle r  (1083) , 
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wor k become s practica l  ou r  syste m wil l  b e change d t o us e thi s metho d fo r  th e rejectin g o f  fals e 

paths . 

Once th e obviousl y useles s path s hav e bee n rejecte d th e Pla n Evaluato r  the n use s th e 
secon d typ e o f  heuristi c t o se e i f  th e pat h yield s valuabl e data .  Thi s i s don e b y havin g eac h 
heuristi c designe d t o quickl y examin e th e pat h fo r  som e feature .  I f  tha t  featur e i s no t  foun d th e 
pat h evaluato r  immediatel y passe s thi s pat h o n t o th e nex t  heuristic .  I f  non e o f  thes e heuristic s 
find  suc h a  featur e the n th e pat h i s considere d uninterestin g an d rejected .  If ,  however ,  suc h a 

featur e i s foun d th e pat h i s subjecte d t o close r  inspectio n t o se e i f  usefu l  informatio n i s yielded . 
Due t o th e underlyin g logica l  formalis m o f  F R A I L unificatio n i s use d a s a  first  tes t  i n thes e 
situations .  I f  item s i n th e pat h d o no t  unif y i t  ca n b e rejected . 

As a n exampl e o f  thes e heuristic s conside r  wha t  th e Pla n Evaluato r  woul d d o wit h th e res -
iauran t  example .  Wit h variable s included ,  th e pat h foun d i s o f  th e form : 

G O AL E A T ('me* )  - > E A T - > To-d o EAT(x )  us e RESTAURANT(x)  - > R E S T A U R A NT - > 
step-o f  RESTAURANT(x)  i s P A Y I N G ( x y )  - > P A Y I N G - > PAYING(*me« )  i s Marke d a s 
unachievabl e 

We ar e als o informe d tha t  th e plac e wher e th e mark s intersec t  i s  o n th e nod e Paying .  Firs t  w e 
examin e th e nod e Payin g t o se e i f  i t  i s  inherentl y uninterestin g o r  "promiscuous. "  Sinc e i t  isn' t 
we g o o n t o chec k th e for m o f  th e pat h t o se e i f  w e hav e foun d a n IS A platea u ( a ver y efficien t 
heuristic) .  Again ,  thi s tes t  fails ,  s o w e d o no t  rejec t  thi s path .  W e no w mov e o n t o th e secon d 

typ e o f  heuristic ,  thos e designe d t o extrac t  information .  Th e first  heuristi c t o fire  migh t  b e th e 
heuristi c checkin g fo r  metarrule s o f  th e typ e foun d i n exampl e 3.4 .  Thi s rul e woul d chec k th e 
pat h t o se e i f  an y o f  th e link s wa s o f  th e for m Meta-rule .  Sinc e non e o f  th e link s i n th e pat h 
abov e hav e thi s for m i t  i s  passe d o n t o th e nex t  heuristic .  Thi s rul e check s t o se e i f  eithe r  o f  th e 
end-point s o f  th e pat h i s marke d a s unachievable .  Sinc e thi s i s th e case ,  th e rul e i s no w subjecte d 
t o close r  scrutiny .  Th e unificatio n algorith m i s use d t o se e i f  variable s i n th e pat h matc h up . 
Since ,  i n thi s case ,  th e perso n wit h th e Ea t  goa l  i s  th e sam e a s th e perso n tryin g t o d o th e Payin g 
th e unifie r  report s th e match .  W e no w ca n us e thi s rul e t o rul e ou t  usin g th e restauran t  pla n a s 
describe d i n sectio n 4.1 . 

Although ,  th e ke y facto r  i n designin g thes e heuristic s i s t o mak e th e test s fo r  pat h rejectio n 
as efficien t  a s possible ,  i t  i s  stil l  essentia l  tha t  th e numbe r  o f  fals e path s generate d ca n b e hel d 
down.  I f  to o man y path s ar e foun d b y th e marker-passe r  w e los e efficienc y sinc e th e evaluato r 
must  examin e al l  thos e path s whic h ar e reported .  I f  to o fe w path s ar e reporte d th e correc t  infor -
matio n ca n b e missed .  T h e marker-passe r  mus t  b e designe d s o a s t o constrai n th e numbe r  o f 
path s reported . 

We ar e presentl y explorin g som e o f  th e issue s involve d i n th e desig n o f  suc h constraints . 
The marker-passe r  i n F R A I L use s a  propagatio n limitatio n o n marker s t o hel p kee p dow n th e 
number  o f  fals e path s found .  Marker-passin g i s invoke d wit h a  certai n strengt h a t  a  startin g 
node .  Tha t  nod e divide s th e strengt h b y th e numbe r  o f  node s i t  ha s a s neighbors ,  an d passe s a 
marke r  t o eac h o f  the m wit h thi s ne w strength .  Eac h o f  thes e node s proceed s i n tur n markin g it s 
neighbor s wit h eve r  decreasin g strength .  Onc e strengt h fall s  belo w a  certai n limi t  marker-passin g 
stop s alon g tha t  path .  Thus ,  lon g thi n trail s  ar e preferre d t o shor t  multipl y branchin g ones . 

Anothe r  mean s o f  limitin g th e numbe r  o f  fals e path s i s th e remova l  o f  mark s durin g process -
ing .  A t  presen t  w e hav e develope d a  mode l  whic h degrade s marke r  strengt h ove r  time ,  dependin g 
on th e origina l  strengt h o f  th e marking .  W h e n th e strengt h i s sufficientl y decremente d th e mar k i s 
removed .  Recen t  wor k (Granger ,  Holbrook ,  1983) ,  however ,  ha s suggeste d tha t  th e remova l  o f 
mark s i s a  mor e comple x proces s tha n th e on e w e hav e implemented .  W e ar e presentl y examinin g 
thi s issue . 

5. Research Directions 

Recen t  wor k (Wilensky,  1983 )  ha s bee n examinin g th e issue s involve d whe n a  singl e agen t 
has multipl e goals ,  o r  whe n multipl e agents ,  eac h wit h thei r  ow n goals ,  ar e involve d i n a  situa -
tion .  Thi s wor k ha s concentrate d o n recognizing ,  an d resolving ,  confiict s betwee n thes e goals .  I n 
sectio n 3. 3 w e showe d a n exampl e o f  ho w a  syste m lik e S C R A PS coul d b e use d t o detec t  problem s 
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cause d b y a  conflic t  betwee n subgoal s durin g a  problem-solvin g task .  Ou r  recen t  researc h ha s 
bee n directe d a t  explorin g th e relationshi p betwee n thes e sort s o f  subgoa l  conflict s an d th e multi -
pl e agen t  goa l  conflict s bein g examine d b y Wilensky .  I t  i s  ou r  belie f  tha t  S C R A PS ca n b e 
extende d t o allo w th e pla n evaluato r  t o wor k o n suc h tasks . 

Tak e th e followin g exampl e (base d o n a n exampl e fro m Wilensky ,  1978) : 

Bil l  want s t o ge t  th e treasure ,  bu t  th e hoar d wa s guarde d b y a  dragon . 

S C R A PS woul d b e invoke d t o solv e tw o task s on e i n whic h Bil l  attempt s t o obtai n a  treasure , 

and on e i n whic h a  drago n attempt s t o guar d a  hoard .  Th e marker-passe r  finds  th e pat h fro m 
Bil l  t Q th e drago n vi a th e pat h relatin g th e treasur e t o th e hoard .  Th e pla n evaluato r  ca n no w 
examin e thi s path .  Since ,  i n thi s simpl e case ,  th e variable s ca n b e boun d consistentl y th e pla n 
evaluato r  ca n recogniz e a  potentia l  plannin g conflict .  I f  i t  ha d bee n th e cas e tha t  Bil l  ha d decide d 
tha t  th e treasur e b e wante d wa s no t  th e hoar d bu t  th e gian t  pear l  bein g guarde d b y th e hug e 

octopus ,  th e pla n evaluato r  woul d fai l  t o matc h th e dragon' s treasur e an d th e goa l  o f  Bill' s  quest , 
and thu s th e pat h woul d b e regarde d a s fals e an d therefor e rejected . 

Th e primar y proble m wit h extendin g SCR.\P S t o handl e multipl e agen t  plannin g i s th e 
growt h i n th e numbe r  o f  fals e path s reporte d whe n c o m m o n object s ar e use d i n man y o f  th e 
plans .  Conside r  th e followin g situation : 

Joh n wishe s t o bu y a  farm .  Mary ,  n o relatio n t o John ,  want s t o ge t  a  jo b s o sh e ca n ear n mor e 
money.  Bill ,  n o relatio n t o eithe r  o f  th e others ,  wishe s t o g o t o a  restaurant . 

Our  marker-passe r  wil l  retur n path s connectin g al l  o f  thes e a s potentia l  plannin g conflict s dealin g 
wit h money .  Simila r  growt h i n path s ar e cause d b y item s lik e cars ,  clothes ,  an d an y othe r  ite m 
c o m m on t o man y plans . 

Th e single-agen t  versio n o f  S C R A PS i s abl e t o us e a  heuristi c whic h reject s path s whic h 
meet  a t  c o m m o n objects .  Thus ,  i n th e cleave r  exampl e o f  sectio n 3. 3 a  fab e pat h suc h as : 

Cleave r  - > .. .  - > weapons-chec k - > A G E N T o f  Weapons-chec k i s P E R S ON - > 
- > P E R S ON - > A G E NT o f  buyin g i s P E R S ON - > B U Y I N G 

ca n b e rejecte d sinc e th e nod e o f  intersection ,  person ,  i s involve d i n s o man y frames .  I n th e 
multi-agen t  cases ,  however ,  thes e fals e paths  canno t  b e rejecte d a s simply .  I t  no w require s usin g 
our  knowledg e bas e t o recogniz e that ,  fo r  example .  Bill' s  money ,  Mary' s money ,  an d John' s 
money ar e al l  different. '  W e ar e presentl y workin g o n redesignin g th e pla n evaluato r  t o handl e 
suc h cases . 

0. Conclusions 

Integratin g marker-paissin g wit h proble m solvin g enable s u s t o avoi d backtrackin g i n man y 

proble m solvin g tasks .  A n efficien t  underlyin g mechanism ,  th e marker-passer ,  i s  use d t o choos e 
correc t  plans ,  rejec t  plan s violatin g constraints ,  o r  t o modif y existin g plans .  T h e marker-passin g 
mechanis m i s chose n du e t o it s demonstrate d usefulnes s durin g cognitiv e tasks . 

We hav e show n tha t  carefu l  attentio n mus t  b e pai d t o th e desig n o f  th e marker-passe r  an d 
th e pla n evaluato r  fo r  th e proble m solvin g proces s t o gai n efficiency .  A t  presen t  S C R A PS i s abl e 
t o provid e thi s efficienc y boos t  i n severa l  situations .  W e ar e presentl y examinin g othe r  proble m 
solvin g area s t o se e i f  othe r  classe s o f  proble m solvin g behaviour s ca n benefi t  fro m thi s technique . 
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