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A COGNITIV E SCIENCE APPROACH T O IMPROVIN G PLANNIN G 

Barbar a Hayes-Rot h 
Rand Corporatio n 

Sant a Monica ,  CA.  9040 6 

INTRODUCTION' 

Plannin g i s th e predeterminatio n o f  a n intende d 
sequenc e o f  action s aime d a t  achievin g a  goal .  We al l 
engag e i n plannin g fo r  a  variet y o f  goals ,  rangin g 
fro m everyda y goal s lik e performin g a  se t  o f  errand s 
t o mor e consequentia l  goal s lik e makin g a  caree r 
change .  Whethe r  o r  no t  w e achiev e ou r  goal s depend s 
i n par t  o n th e qualit y o f  ou r  plans . 

During the past few years, my colleagues and I 
hav e bee n studyin g th e cognitiv e processe s peopl e us e 
fo r  planning .  When w e bega n thi s work ,  mos t  o f  th e 
earlie r  scientifi c  researc h o n plannin g ha d focuse d o n 
th e developmen t  o f  automati c plannin g system s (e.g. , 
Fahlman ,  1974 ;  Pikes ,  1977 ;  Sacerdoti ,  1974 ,  1975) . 
Othe r  researc h ha d examine d th e rol e o f  plan s i n huma n 
behavio r  (e.g. ,  Erns t  &  Newell ,  1969 ;  Miller , 
Galanter ,  &  Pribram ,  1969) .  However ,  littl e wa s know n 
abou t  th e psycholog y o f  plannin g pe r  se--ho w t o 
identif y effectiv e planners ,  wha t  specia l  skill s  o r 
strategie s effectiv e planner s use ,  an d wha t  tas k 
factor s impac t  o n plannin g effectiveness .  Becaus e ou r 
long-rang e goa l  wa s t o develo p compute r  aid s fo r  huma n 
planners ,  w e fel t  tha t  understandin g thes e 
psychologica l  issue s wa s a n importan t  firs t  step . 
Accordingly ,  w e embarke d o n a  progra m o f  researc h 
designe d t o elucidat e th e cognitiv e processe s 
underlyin g plannin g an d t o develo p a  compute r  ai d tha t 
exploit s cognitiv e strength s an d compensate s fo r 
cognitiv e weaknesses . 

Of  course ,  ther e ar e man y differen t  kind s o f 
planning ,  dependin g upo n th e numbe r  o f  planner s 
involved ,  th e plannin g environment ,  th e typ e o f  goal s 
unde r  consideration ,  th e actio n options ,  etc .  Fo r  ou r 
research ,  w e chos e t o focu s o n individua l  plannin g o f 
multiple-tas k sequence s i n a  spatia l  environment .  Thi s 
tas k domai n i s well-define d an d manageable .  A t  th e 
same time ,  i t  i s  genera l  enoug h t o appl y t o a  variet y 
of  specifi c  real-worl d plannin g task s (e.g. ,  plannin g 
trave l  itineraries ,  plannin g deliver y routes ,  plannin g 
factor y inspections ,  plannin g tactica l  missions) .  Fo r 
our  research ,  w e wante d a n instantiatio n o f  thi s tas k 
tha t  wa s bot h realisti c an d familia r  t o th e peopl e wh o 
woul d serv e a s subject s i n ou r  experiments .  We chos e 
th e followin g errand-plannin g task : 

Given :  a  lis t  o f  desire d errand s 
a map o f  th e loca l  environmen t 
startin g an d endin g time s 
startin g an d endin g location s 
tempora l  constraint s 
contextua l  informatio n 

Plan :  whic h errand s t o accomplis h 
how muc h tim e t o allocat e fo r  eac h erran d 
i n wha t  orde r  t o conduc t  th e errand s 
by wha t  route s t o trave l  betwee n successiv e 
errands . 

Our  researc h progra m comprise s th e followin g 
tasks : 
1.  Develo p a  cognitiv e mode l  o f  th e plannin g process . 
2.  Conduc t  experimenta l  investigation s o f  th e model . 
3.  Appl y th e mode l  i n studie s o f  individua l  difference s 

i n plannin g skill . 
4.  Appl y th e mode l  i n studie s o f  planners '  deficiencie s 

and thei r  vulnerabilitie s t o tas k factors . 
5.  Infe r  principle s fo r  improvin g plannin g performance . 
6.  Desig n a  compute r  ai d aroun d th e inferre d principles . 
7.  Implemen t  th e compute r  aid . 
S.  Tes t  th e compute r  ai d i n rea l  plannin g environments . 

We have completed tasks 1-5 and have recently begun 
workin g o n tas k 6 .  Thi s pape r  summarize s ou r  wor k t o 
date . 

A COGNITIV E MODEL OF TH E PLANNIN G PROCESS 

Our model of the cognitive processes underlying 
plannin g behavio r  exploit s th e theoretica l 
architectur e o f  th e Hearsay-I I  speech-understandin g 
syste m (CM U Compute r  Scienc e Researc h Group ,  1977 ; 
Erman &  Lesser ,  1975 ;  Lesser ,  Fennel ,  Erraan ,  &  Reddy , 
1975 ;  Lesse r  &  Erraan ,  1977 ;  Hayes-Rot h &  Lesser , 
1977) .  I t  als o incorporate s principle s develope d i n 
th e researc h o n automati c plannin g system s an d o n th e 
rol e o f  plan s i n huma n behavio r  mentione d above .  Th e 
model  ha s thre e basi c components :  specialists ,  a 
"blackboard, "  an d a  contro l  regime .  Eac h o f  thes e i s 
discusse d briefl y below .  (Se e Hayes-Rot h &  Hayes -
Roth ,  1979 ,  fo r  a  mor e detaile d discussio n o f  th e 
model. ) 

Specialists 

Specialists are the mental processes that 
generat e decision s fo r  incorporatio n int o th e pla n i n 
process .  Fo r  example ,  on e specialis t  migh t  generat e a 
decisio n t o establis h a  particula r  goa l  fo r  th e plan . 
Anothe r  migh t  generat e a  decisio n t o tak e a  particula r 
actio n towar d achievin g tha t  goal . 

We operationalize specialists as condition-action 
rules ,  simila r  t o th e productio n rule s o f  Newel l  an d 
Simon (1972) .  Th e conditio n par t  o f  th e rul e describe s 
th e circumstance s unde r  whic h th e specialis t  ca n mak e 
a contributio n t o th e plan .  Ordinarily ,  th e conditio n 
require s tha t  som e othe r  plannin g decisio n ha s alread y 
been made .  When tha t  conditio n i s satisfied ,  w e sa y 
tha t  th e specialis t  ha s bee n "invoked. "  Th e actio n 
par t  o f  th e rul e describe s th e decisio n th e specialis t 
can contribut e t o th e pla n i f  i t  i s  "executed. " 

We assume that a given individual possesses many 
plannin g specialists .  Some o f  the m ar e generi c an d ca n 
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make contribution s t o al l  plannin g problems .  Othe r 
specialist s ar e domain-specifi c  an d ca n mak e 
contribution s onl y t o plannin g problem s i n thei r 
particula r  domains .  We als o assum e tha t  th e man y 
specialist s a n individua l  bring s t o bea r  o n a  plannin g 
proble m operat e independently .  The y d o no t  communicat e 
or  influenc e on e another' s behavio r  directly .  However , 
the y ca n communicat e an d influenc e on e another' s 
behavio r  indirectly ,  a s discusse d i n th e nex t  section . 

The Blackboard 

The blackboard is a structured internal data base 
i n whic h execute d specialist s recor d thei r  decisions . 
Al l  specialist s ca n als o inspec t  th e blackboar d an d 
respon d differentiall y  t o th e presenc e o f  differen t 
kind s o f  information .  I n thi s way ,  specialist s 
indirectl y communicat e an d influenc e on e another' s 
behavior . 

The model partitions the blackboard into five 
conceptua l  "planes "  tha t  distinguis h th e differen t 
kind s o f  decision s w e thin k planner s make .  Th e meta -
pla n plan e contain s decision s abou t  ho w t o approac h 
th e problem ,  wha t  kind s o f  problem-solvin g strategie s 
t o use ,  wha t  kind s o f  policie s shoul d guid e pla n 
development ,  an d wha t  kind s o f  criteri a shoul d b e use d 
t o evaluat e tentativ e plans .  Th e pla n abstractio n 
plan e contain s decision s characterizin g th e kind s o f 
action s tha t  shoul d b e include d i n th e plan .  Th e 
knowledg e bas e plan e contain s data ,  assumptions ,  an d 
knowledg e abou t  th e worl d tha t  migh t  b e usefu l  i n 
instantiatin g pla n abstractio n decisions .  Th e pla n 
plane  contain s decision s abou t  th e pla n itself .  Thes e 
decision s ar e typicall y instantiation s o f  pla n 
abstractio n decisions ,  base d o n informatio n i n th e 
knowledg e base .  Finally ,  th e executiv e plan e contain s 
decision s abou t  ho w t o sequenc e th e e.xecutio n o f 
invoke d specialist s durin g th e plannin g process .  Thes e 
decision s determin e th e orde r  i n which  decision s ar e 
generate d o n th e othe r  plane s o f  th e blackboard . 

The model further partitions each plane of the 
blackboar d int o differen t  "level s o f  abstraction. "  T o 
illustrate ,  th e pla n plane  ha s fou r  differen t  level s 
of  abstraction .  Th e outcome s leve l  contain s decision s 
abou t  th e goal s o f  th e plan .  Th e desig n leve l  contain s 
decision s abou t  th e genera l  spatial-tempora l 
organizatio n o f  th e plan .  Th e procedure s leve l 
contain s decision s abou t  th e action s planne d withi n 
tha t  spatia l  — tempora l  organization .  Th e operation s 
leve l  contain s decision s abou t  th e low-leve l 
operation s necessar y t o carr y ou t  thos e actions .  Th e 
othe r  plane s hav e simila r  level s o f  abstraction . 

The blackboard structure outlined above serves 
tw o functions .  First ,  i t  embodie s ou r  mode l  o f  th e 
psychologica l  categorie s o f  planning .  Thus ,  i t 
distinguishe s ou r  mode l  fro m othe r  plannin g model s an d 
provide s on e basi s fo r  evaluatin g th e model' s 

psychologica l  validity .  Second ,  th e blackboar d 
structur e improve s computationa l  efficienc y b y 
permittin g specialist s t o restric t  thei r  inspectio n 
activitie s t o thos e area s o f  th e blackboar d likel y t o 
contai n informatio n o f  interest . 

Control Regime 

According to the model, planning proceeds in a 
serie s o f  "cycles. "  On eac h cycle ,  man y specialist s 
may b e invoked .  On e specialis t  i s  schedule d t o execut e 
it s actio n next .  I t  doe s so ,  recordin g it s decisio n a t 
an appropriat e locatio n o n th e blackboard .  Th e 
recordin g o f  a  ne w decisio n signal s th e beginnin g o f 
th e nex t  cycle .  Thi s proces s repeat s unti l  th e planne r 
has develope d a  satisfactor y plan . 

The process of scheduling one of the invoked 
specialist s o n eac h cycl e i s anothe r  importan t  featur e 
of  th e model .  Mos t  previou s conception s o f  th e 
plannin g proces s impose d upo n i t  a  strict , 
hierarchica l  contro l  regime .  High-leve l  abstrac t 
decision s wer e mad e firs t  an d refine d b y late r 
decision s a t  successivel y lowe r  level s o f  abstraction . 
By contrast ,  ou r  mode l  assume s a n opportunisti c 
contro l  regime .  Specialist s ar e schedule d an d 
decision s generate d i n highl y variabl e order s 
determine d b y competin g schedulin g heuristics .  We hav e 
concentrate d o n tw o schedulin g heuristics ,  focu s o f 
attentio n an d recency .  Th e focu s o f  attentio n 
heuristi c recommend s schedulin g specialist s tha t 
recor d decision s i n pre-selecte d area s o f  th e 
blackboard .  Th e recenc y heuristi c recommend s 
schedulin g specialist s tha t  hav e bee n invoke d 
recently ,  fo r  example ,  o n th e las t  on e o r  tw o cycles . 
(Hayes-Rot h &  Lesse r  (1977 )  hav e recommende d othe r 
heuristics ,  suc h a s efficienc y an d efficacy. )  We 
implemen t  thes e heuristic s b y mean s o f  specialist s 
tha t  recor d relevan t  decision s o n th e executiv e plan e 
of  th e blackboard . 

The interaction of the focus of attention and 
recenc y heuristic s ca n manifes t  a  variet y o f  specifi c 
contro l  strategies ,  includin g th e hierarchica l 
strateg y mentione d above .  We believ e tha t  th e 
flexibilit y  embodie d i n th e opportunisti c contro l 
regim e i s bot h a  mor e accurat e mode l  o f  th e 
variabilit y  w e observ e i n huma n plannin g behavio r  an d 
a mor e powerfu l  approac h t o plannin g i n general. 

EXPERIMENTAL INVESTIGATION S OF TH E OPPORTUNISTIC MODEL 

We coiiJucted two kinds of e.\perimental 
investigation s o f  th e plannin g model :  psychologica l 
experiment s an d compute r  simulatio n experiments . 

The psychological experiments provided support 
fo r  severa l  o f  th e basi c assumption s o f  th e model , 
includin g th e following :  (a )  tha t  peopl e mak e plannin g 
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decision s i n eac h o f  th e conceptua l  categorie s o f 
th e blackboard ;  (b )  tha t  peopl e formulat e plan s a t  th e 
postulate d level s o f  abstraction ;  (c )  tha t  peopl e 
develo p plan s wit h bot h top-dow n an d bottora-u p 
decisio n sequences ;  (d )  tha t  peopl e effec t  alternativ e 
contro l  strategie s fo r  planning ;  an d (e )  tha t  peopl e 
opportunisticall y exploi t  th e informatio n an d 
constraint s availabl e durin g planning .  (Thes e 
experiment s ar e discusse d i n detai l  i n severa l 
reports :  Goldi n &  Hayes-Roth ,  1980 ;  Hayes-Roth , 
1980;Hayes-Rot h &  Hayes-Roth ,  1979 ;  Hayes-Rot h & 
Thorndyke ,  1980. ) 

The computer simulation was a LISP implementation 
of  th e mode l  wit h abou t  fift y  specialists .  Th e 
simulatio n serve d tw o functions .  First ,  i t 
demonstrate d th e sufficienc y o f  th e mode l  t o accoun t 
fo r  huma n plannin g behavior .  Th e simulatio n produce d 
plan s an d plannin g protocol s simila r  t o thos e produce d 
by huma n planners.  I t  als o exhibite d thei r 
characteristi c strategi c flexibility .  Second ,  th e 
simulatio n allowe d u s t o explor e som e o f  th e 
computationa l  propertie s o f  th e model ,  providin g mor e 
genera l  insight s int o distribute d computatio n an d 
heuristi c contro l  regimes .  (Th e compute r  simulatio n i s 
discusse d i n mor e detai l  i n Hayes-Rot h &  Hayes-Roth , 
1979 ,  an d i n Hayes-Roth ,  Hayes-Roth ,  Rosenschein ,  & 
Cammarata ,  1979) . 

INDIVIDUAL DIFFERENCES IN PLANNING SKILL 

The first application of the opportunistic model 
was t o individua l  difference s i n plannin g skill--wh y 
ar e som e planner s mor e effectiv e tha n others ? Th e 
model  suggest s thre e area s i n whic h effectiv e planner s 
migh t  diffe r  fro m ineffectiv e planners :  thei r 
generatio n o f  decision s i n differen t  area s o f  th e 
plannin g blackboard ,  thei r  flexibilit y  i n distributin g 
attentio n amon g th e differen t  area s o f  th e blackboard , 
and thei r  repertoire s o f  specialists . 

We evaluated these hypotheses by examining the 
plannin g processe s o f  severa l  planner s wit h differen t 
skil l  levels .  We assesse d a  planner' s skil l  leve l 
base d o n th e qualit y o f  th e plan s h e o r  sh e produced . 
The qualit y o f  a  pla n wa s a  composit e scor e reflectin g 
severa l  interactin g dimension s (e.g. ,  efficiency , 
constrain t  satisfaction ,  tempora l  realism) .  Planner s 
who achieve d hig h pla n score s wer e designate d 
effectiv e planners ;  thos e wh o achieve d lo w pla n score s 
wer e designate d ineffectiv e planners .  We the n 
examine d th e plannin g proces s o f  effectiv e versu s 
ineffectiv e planner s a s reveale d i n thinkin g alou d 
protocols .  Basically ,  w e aske d subject s t o verbaliz e 
:hei r  thought s whil e the y formulate d plans .  We the n 
analyze d thes e protocols ,  classifyin g statement s a s 
representin g particula r  plane s o f  th e blackboar d o r 
level s o f  abstraction .  Finally ,  w e examine d th e 
relationshi p betwee n plannin g skil l  an d th e frequenc y 
wit h whic h planner s mad e differen t  kind s o f  decisions . 

The result s supporte d al l  thre e hypothese s 
advance d above .  Effectiv e planner s generate d 
decision s i n al l  area s o f  th e plannin g blackboard , 
wherea s ineffectiv e planner s generate d primaril y pla n 
and plan-abstractio n decisions .  Effectiv e planner s 
als o generate d decision s a t  differen t  level s o f 
abstraction ,  wherea s ineffectiv e planner s generate d 
primaril y low-leve l  decisions .  Effectiv e planner s 
showed greate r  attentiona l  flexibilit y  tha n 
ineffectiv e planners .  The y mor e frequentl y shifte d 
thei r  focu s o f  attentio n amon g th e differen t  plane s o f 
th e blackboar d an d amon g differen t  tempora l  loc i 
withi n th e pla n itself .  Finally ,  effectiv e planner s 
e.xhibite d man y mor e specialist s tha n ineffectiv e 
planner s an d the y seeme d t o exploi t  powerfu l 
specialist s mor e actively .  (Thes e result s ar e 
discusse d i n mor e detai l  i n Goldi n &  Hayes-Roth , 
1980. ) 

PLANNERS' DEFICIENCIES AND THEIR VULNERABILITIES 
TO TAS K FACTORS 

We next applied the model to an analysis of 
genera l  deficiencie s i n huma n plannin g an d t o th e 
deleteriou s effect s o f  tas k factors .  Usin g protoco l 
analysi s method s simila r  t o thos e describe d above ,  w e 
identifie d thre e tas k factor s tha t  imped e effectiv e 
planning :  constraints ,  complexity ,  an d tim e stress . 

Planners seem able to accommodate one or two 
simpl e tim e constraints .  However ,  a s th e numbe r  o f 
tim e constraint s i n a  proble m increases ,  plannin g 
effectivenes s deteriorates .  Time-constraine d tasks , 
particularl y thos e tha t  appea r  lat e i n th e plan , 
rarel y satisf y thei r  constraints .  Th e proble m lie s i n 
plannin g strategy .  Th e opportunisti c mode l  permit s 
alternativ e planning  strategie s and ,  fo r  heavil y 
constraine d problems ,  a  constraint-base d strateg y i s 
appropriate .  Apparently ,  however ,  mos t  o f  ou r 
subject s di d no t  hav e a  constraint-base d strateg y i n 
thei r  repertoires . 

Planners also have difficulty coping with 
increasin g proble m complexity .  A s th e numbe r  o f  task s 
unde r  consideratio n an d th e numbe r  o f  alternativ e 
possibl e plan s increase ,  planner s requir e 
disproportionatel y longe r  time s t o generat e 
satisfactor y plans .  Thi s proble m als o seem s t o li e i n 
planning  strategy .  Instea d o f  adoptin g a  strateg y 
whic h woul d restric t  attentio n t o a  smal l  numbe r  o f 
th e mos t  promisin g alternatives ,  ou r  subject s appeare d 
willin g t o conside r  ne w alternative s throughou t  a 
planning  session . 

The third deficiency in human planning lies in 
th e are a o f  tim e estimation .  Planner s ten d t o 
underestimat e th e tim e require d t o execut e planne d 
action s and ,  a s a  consequence ,  t o overestimat e th e 
number  o f  action s the y ca n execut e i n th e availabl e 
time .  Thi s tendenc y i s exacerbate d b y tim e stres s (th e 
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tim e require d t o execut e al l  th e action s unde r 
consideratio n divide d b y th e availabl e time) .  Tw o 
factor s contribut e t o thi s problem .  Planner s typicall y 
estimat e tim e requirements  a t  relativel y hig h level s 
of  abstraction .  Becaus e the y fai l  t o enumerat e al l 
time-consumin g component s o f  a n action ,  the y 
systematicall y underestimat e th e tim e require d t o 
execut e it .  Planner s als o respon d t o stron g 
motivationa l  factors .  Thei r  stron g desir e t o 
accomplis h al l  o r  mos t  o f  th e task s unde r 
consideratio n biase s thei r  tim e estimate s towar d 
underestimation .  (Thes e result s ar e discusse d i n mor e 
detai l  i n Hayes-Roth ,  1980. ) 

PRINCIPLES FOR IMPROVING PLANNING PERFORMANCE 

Based on the opportunistic model and the empirical 
result s summarize d above ,  w e develope d th e followin g 
principle s fo r  improvin g plannin g performance : 

Criteria for Selecting Planners 

1. Large-capacity working memory. The 
opportunisti c mode l  describe s people' s tendenc y t o 
"jum p around "  th e spac e o f  possibl e consideration s 
whil e formin g plans .  Thi s suggest s tha t  i t  may b e 
importan t  fo r  planner s t o hav e large-capacit y workin g 
memorie s i n orde r  t o kee p trac k o f  severa l  aspect s o f 
a developin g pla n simultaneously . 

2. Attentional flexibility. Our studies of 
individua l  difference s i n plannin g performanc e showe d 
tha t  goo d planner s shif t  attentio n amon g differen t 
aspect s o f  a  plannin g proble m mor e frequentl y tha n 
poor  planners .  Tlierefore ,  attentiona l  flexibilit y  may 
be anothe r  importan t  characteristi c o f  potentia l 
planners . 

3. Strategic flexibility. Our studies of top-
down versu s bottom-u p plannin g strategie s showe d th e 
impac t  o f  particula r  plannin g strategie s o n th e 
efficac y o f  th e plan s subject s produc e an d o n th e 
efficienc y wit h whic h the y produc e them .  I n addition , 
some subject s appeare d mor e willin g tha n other s t o 
adop t  alternativ e strategies .  Therefore ,  strategi c 
flexibilit y  may b e anothe r  importan t  selectio n 
criterion . 

What  t o Teach  Planner s 

4. Concepts of abstract plans, meta-cognitive 
decisions ,  executiv e decisions ,  an d knowledge-bas e 
decisions .  Ou r  studie s o f  individua l  difference s 
showed tha t  goo d planner s mad e decision s i n al l 
categorie s o f  th e plannin g blackboard ,  wherea s poo r 
planner s mad e onl y certai n kind s o f  decisions .  I n 
particular ,  high-leve l  abstrac t  decisions ,  worl d 
knowledg e decisions ,  metacognitiv e decisions ,  an d 
executiv e decision s distinguishe d goo d planner s fro m 

poor  planners .  Therefore ,  planner s shoul d b e taugh t 
th e role s o f  thes e type s o f  decision s i n th e plannin g 
process . 

5. Domain-specific planning heuristics. Our 
studie s o f  individua l  difference s als o showe d tha t 
good planner s ha d mor e differen t  plannin g specialist s 
tha n poo r  planners .  Therefore ,  planner s shoul d b e 
taugh t  a  variet y o f  domain-specifi c  plannin g 
heuristics . 

6. Costs and benefits of opportunism. There is 
considerabl e evidenc e tha t  mos t  peopl e emplo y som e 
amount  o f  opportunis m i n th e plannin g process . 
Opportunis m provide s planner s freedo m t o examin e 
variou s aspect s o f  a  problem ,  investigat e alternativ e 
pla n configurations ,  etc .  Thi s enable s the m t o 
discove r  solution s tha t  mor e rigi d approache s woul d 
obscure .  O n th e othe r  hand ,  opportunis m require s 
additiona l  tim e an d may lea d planner s dow n 
unproductive ,  a s wel l  a s productive ,  solutio n paths . 
Planner s shoul d b e taugh t  thes e advantage s an d 
disadvantage s an d ho w t o exercis e controlle d 
opportunism . 

7. General planning strategies. As mentioned 
above ,  differen t  plannin g strategie s ar e appropriat e 
unde r  differen t  circumstances .  Planner s shoul d b e 
taugh t  genera l  plannin g strategie s an d th e 
circumstance s unde r  which  eac h i s appropriate . 

8. Judgment and time estimation. Most people 
sho w a  stron g tendenc y t o underestimat e th e tim e 
require d fo r  planne d actions .  A s a  consequence ,  thei r 
plan s ar e unrealisti c an d overru n th e tim e availabl e 
fo r  execution .  Planner s shoul d b e taugh t  cognitiv e 
method s fo r  makin g suc h judgment s mor e reliabl y an d 
more accurately . 

How to Train Planners 

9. Provide explicit instruction. Explicit 
instructio n appear s t o b e a  highl y effectiv e techniqu e 
fo r  trainin g particula r  plannin g strategie s an d 
methods . 

10. Induce illustrative experiences. Many 
planner s see m t o b e abl e t o generaliz e wha t  the y lear n 
fro m on e plannin g proble m t o subsequent ,  simila r 
plannin g problems .  Therefore ,  genera l  strategie s an d 
method s ca n b e taugh t  b y instructin g planner s ho w t o 
use the m o n specifi c  problem s an d providin g 
opportunitie s fo r  the m t o generaliz e the m t o simila r 
problem s . 

J_l. Illustrate effective planning. Because our 
plannin g simulatio n effectivel y mimic s th e cognitiv e 
processe s peopl e us e while  planning ,  i t  may provid e a 
usefu l  mode l  durin g training .  Th e simulatio n coul d b e 
programme d t o illustrat e plannin g strategies . 
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Usefu l  Aid s fo r  Planner s Resourc e Estimatio n 

(Se e th e followin g section. ) 

ONGOING RESEARCH 

As discussed in the introduction to this paper, 
we ar e particularl y intereste d i n developin g compute r 
aid s t o planning .  We believ e that ,  fo r  th e foreseeabl e 
future ,  peopl e wil l  pli y  centra l  role s i n mos t 
importan t  plannin g activities .  Accordingly ,  a n 
effectiv e plannin g ai d shoul d exploi t  people' s 
cognitiv e strength s an d compensat e fo r  thei r  cognitiv e 
weaknesses .  We hav e recentl y begu n workin g o n th e 
desig n o f  suc h a n aid .  Ou r  wor k i n thi s are a focuse s 
on a  differen t  instantiatio n o f  th e sam e genera l 
plannin g task :  projec t  planning .  We chos e thi s tas k 
becaus e i t  i s  a n importan t  real-worl d tas k tha t  coul d 
benefi t  fro m th e developmen t  o f  a  plannin g ai d an d 
becaus e w e hav e contac t  wit h a  variet y o f  peopl e wh o 
carr y o n projec t  plannin g professionally .  Ou r  curren t 
desig n comprise s th e followin g components ; 

Goal Formulation 

Our research suggests that planners suffer three 
deficiencie s i n th e are a o f  goa l  formulation .  The y d o 
not  formulat e complete ,  wel l  define d goal s specifyin g 
al l  o f  th e objectives ,  constraints ,  an d policie s th e 
pla n i n progres s shoul d serve .  The y sometime s 
vacillat e amon g conflictin g goals ,  strivin g t o satisf y 
differen t  goal s a t  differen t  point s i n th e plannin g 
process .  The y tr y t o satisf y to o man y goals ,  give n th e 
availabl e resources .  Th e goa l  formulatio n componen t 
shoul d hel p planner s t o articulate ,  prioritize ,  prune , 
and coordinat e projec t  goals . 

Product Specification 

Given a set of goals, the planner must generate 
functiona l  specification s fo r  projec t  product(s) . 
Presumably ,  developmen t  o f  thes e product s woul d 
satisf y projec t  goals .  Th e problem s i n produc t 
specificatio n ar e tha t  planner s may no t  generat e 
complet e specification s o r  the y may no t  specif y 
product s tha t  systematicall y satisf y projec t  goals . 
The produc t  specificatio n componen t  shoul d hel p the m 
t o d o so . 

Task Analysis 

Given a set of specifications, the planner must 
specif y a  se t  o f  projec t  task s whos e executio n woul d 
implemen t  planne d projec t  products .  Again ,  th e 
problem s ar e tha t  planner s may no t  generat e a  complet e 
set  o f  task s o r  analyz e the m a t  a  sufficientl y lo w 
leve l  o f  abstractio n o r  tha t  the y may no t  specif y 
task s tha t  systematicall y implemen t  projec t  products . 
The tas k analysi s componen t  shoul d hel p the m t o d o so . 

For  eac h tas k unde r  consideration ,  th e planne r 
must  determin e wha t  resource s ar e require d t o execut e 
it .  Ou r  researc h suggest s tha t  planner s ar e undul y 
optimisti c abou t  th e numbe r  o f  task s tha t  ca n b e 
accomplishe d wit h give n fixe d resources .  Th e resource s 
estimatio n componen t  shoul d hel p planner s 
realisticall y asses s th e resourc e requirement s o f 
task s unde r  consideration . 

Resource Al loc.:Lion 

Given limited resources and alternative goals, 
th e planne r  mus t  determin e ho w t o allocat e th e 
availabl e resources .  Ou r  researc h suggest s tha t 
planner s ten d t o sprea d resource s to o thinl y acros s 
to o man y goals .  Th e resourc e allocatio n componen t 
shoul d hel p planner s t o formulat e realisti c allocatio n 
schemes an d t o perfor m cost/benefi t  analyse s o f 
alternativ e allocatio n schemes . 

Scheduling 

The planner must schedule planned tasks in a way 
tha t  provide s adequat e tim e fo r  th e executio n o f  eac h 
task ,  insure s completio n o f  prerequisite s b y th e tim e 
the y ar e required ,  an d minimize s slac k tim e an d othe r 
costs .  Th e schedulin g componen t  shoul d suppor t  thes e 
activities . 

Evaluation 

Our research suggests that poor plan evaluation 
i s a  majo r  impedimen t  t o effectiv e planning .  Poo r 
planner s d o ver y littl e systemati c evaluatio n o f  thei r 
tentativ e plans .  Eve n goo d planner s frequentl y decid e 
arbitraril y  amon g tw o o r  thre e fina l  contenders .  Th e 
evaluatio n componen t  shoul d a t  leas t  asses s whethe r 
th e fina l  pla n meet s criteri a articulate d b y th e 
planner .  I t  shoul d als o asses s th e efficacy , 
efficienc y an d robustnes s o f  th e pla n i n a  simulate d 
environment . 

During the next few years, we plan to refine this 
design ,  implemen t  i t  a s a  compute r  system ,  an d 
evaluat e it s utilit y  i n th e contex t  o f  severa l  Ran d 
projects . 

REFERENCES 

C.MU Computer Science Research Group. Summary of the 
CML'  Five-yea r  ARPA Effor t  i n Speec h Understandn g 
Research ,  Technica l  Report ,  Carnegie-Mello n 
University ,  1977 . 

Erman,  L.D .  an d V.R .  Lesser .  " A Multi-Leve l 
Organizatio n fo r  Proble m Solvin g Usin g Man y Divers e 
Cooperatin g Source s o f  Knowledge, "  Proceeding s o f 
th e Fourt h Internationa l  Join t  Conferenc e o n 

27 



Artificia l  Intelligence ,  Tbilisi ,  USSR,  1975 ,  483 -
490 . 

Ernst ,  G.W.  an d A .  Newell .  GPS:  A  Cas e Stud y i n 
Generalit y an d Proble m Solving ,  Ne w York :  Academi c 
Press ,  1969 . 

Fahlman ,  S.E .  " A Plannin g Syste m fo r  Robo t 
Constructio n Tasks, "  Artificia l  Intelligence ,  1974 . 
5,  1-49 . 

Fikes ,  R.E .  "Knowledg e Representatio n i n Automati c 
Plannin g Systems, "  I n A.K .  Jone s (ed.) . 
Perspective s o n Compute r  Science .  Ne w York ; 
Academi c Press ,  1977 . 

Goldin ,  Sara h an d Barbar a Hayes-Roth .  Individua l 
Difference s i n Plannin g Processes ,  N-1488-0NR ,  Th e 
Rand Corporation ,  June ,  1980 . 

Hayes-Roth ,  Barbar a an d Frederic k Hayes-Roth .  " A 
Cognitiv e Mode l  o f  Planning, "  Cognitiv e Science , 
1979 ,  3 ,  275-310 . 

Hayes-Roth ,  Barbar a an d Frederic k Hayes-Roth . 
Cognitiv e Processe s i n Planning ,  R-2366 ,  Th e Ran d 
Corporation ,  December ,  1978 . 

Hayes-Roth ,  Barbar a an d Perr y W.  Thorndyke . 
Decisionmakin g Durin g th e Plannin g Process ,  N -
1213-ONR,  Th e Ran d Corporation ,  October ,  1980 . 

Hayes-Roth ,  Barbara .  Estimatio n o f  Tim e Requirement s 
Durin g Planning :  Interaction s Betwee n Motivatio n 
and Cognition ,  N-1581-ONR ,  Th e Ran d Corporation , 
November ,  1980 . 

Hayes-Roth ,  Barbara .  Flexibilit y  i n Executiv e 
Strategies ,  N-1170-ONR ,  Th e Ran d Corporation , 
September ,  1980 . 

Hayes-Roth ,  Barbara .  Human Plannin g Processes ,  R -
2670-ONR,  Ran d Corporation ,  December ,  1980 . 

Hayes-Roth ,  F .  an d V.R .  Lesser .  "Focu s o f  Attentio n 
i n th e Hearsay-I I  Speec h Understandin g System, " 
Proceeding s o f  th e Fift h Internationa l  Join t 
Conferenc e o n Artificia l  Intelligence ,  Boston , 
Mass. ,  1977 ,  27-35 . 

Lesser ,  V.R. ,  R.D .  Fennell ,  L.D .  Erman ,  an d D.R . 
Reddy.  "Organizatio n o f  th e Hearsay-I I  Speec h 
Understandin g System, "  IEE E Transaction s o n 
Acoustics ,  Speec h an d Signa l  Processing ,  ASSP-
23,1975,11-23 . 

Miller ,  G.A. ,  E .  Galanter ,  an d K.H .  Pribram ,  Plan s an d 
th e Structur e o f  Behavior ,  Holt ,  Rinehar t  an d 
Winston ,  Inc. ,  1960 . 

Newell ,  A .  an d H.A .  Simon .  Human Proble m Solving . 
Englewoo d Cliffs ,  N.J. .  Prentice-Hall ,  1972 . 

Sacerdoti ,  E.D .  "Plannin g i n a  Hierarch y o f 
Abstractio n Spaces, "  Artificia l  Intelligence ,  1974 , 
5,  115-135 . 

Sacerdoti ,  E.D .  A  Structur e fo r  Plan s an d Behavior . 
Technica l  Not e 109 ,  Stanfor d Researc h Institute , 
Menl o Park ,  California ,  August ,  1975 . 

28 


	cogsci_1981_23-28



