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1.INTRODUCTION 

A critical feature of any problem solving system 
i s it s contro l  structure .  This ,  o f  course ,  refer s 
t o a  mechanis m (an d it s associate d knowledge )  use d 
allocat e processin g resource s amon g th e variou s 
component s o f  th e syste m a s the y ar e neede d t o 
carr y ou t  som e tas k withi n som e proble m domain . 
I t  i s  clea r  tha t  th e contro l  structur e o f  a  proble m 
solve r  i s  a  majo r  determine r  o f  tha t  system' s 
abilit y t o efficientl y an d effectivel y carr y ou t 
any task . 
As important as the notion of control is, it is 
surprisin g tha t  s o littl e wori c ha s bee n devote d t o 
i t  b y eithe r  compute r  scientist s intereste d i n 
developin g exper t  system s o r  psychologist s interes -
te d i n modelin g huma n cognition .  I t  ha s bee n th e 
feelin g i n Artificia l  Intelligenc e that ,  i f  ther e 
wer e enoug h knowledg e availabl e i n th e constructio n 
of  a n exper t  system ,  th e proble m o f  selectin g a n 
appropriat e contro l  structur e woul d b e a  mino r 
one (Feigenbaum ,  1977) .  And ,  a s w e shal l  discus s 
below ,  althoug h som e recen t  psychologica l  model s 
hav e addresse d issue s tha t  ar e closel y relate d t o 
th e contro l  problem ,  littl e o r  n o researc h ha s 
directl y addresse d th e genera l  questio n o f  contro l 
of  cognitiv e processes . 
In this paper we report some work we are doing 
on th e contro l  problem .  Th e ultimat e goa l  o f  thi s 
researc h i s t o desig n an d implemen t  a n exper t 
syste m tha t  control s othe r  exper t  systems .  Tha t 
is ,  w e ar e developin g a  proble m solvin g syste m tha t 
i s specialize d t o selec t  an d maintai n a  contro l 
regim e fo r  component s o f  anothe r  "embedded "  exper t 
system .  Ou r  Exper t  Syste m Controlle r  (ESC )  i s  abl e 
t o reaso n abou t  control .  I t  use s bot h genera l 
knowledg e an d domai n specifi c  knowledg e o f  th e 
embedded syste m t o creat e an d maintai n contro l 
plan s fo r  schedulin g th e us e o f  th e embedde d sys -
tem' s componen t  processes . 

I t  i s  ou r  belie f  tha t  th e issu e o f  reasonin g 
abou t  contro l  i s  on e tha t  mus t  b e addresse d b y 
anyon e intereste d i n developin g mor e powerfu l  pro -
ble m solvin g systems ,  whethe r  thos e system s ar e 
intende d a s exper t  system s o r  a s model s o f  huma n 
cognition .  Moreover ,  i t  i s  a  centra l  premis e o f 
our  researc h tha t  suc h system s requir e sof t  con -
trol .  B y thi s ter m w e mea n th e following : 
The ability to apply problem solving tech-

nique s t o th e proble m o f  contro l  Itsel f  (i.e. , 
t o reaso n abou t  control ) 

The ability to select from alternative control 
plan s th e on e tha t  i s  mos t  appropriat e i n a 
particula r  tas k environmen t 

The ability to apply general (albeit less 
powerful )  knowledg e whe n specifi c  domai n 
knowledg e i s  unavailabl e 

The ability to opportunistically deviate from 
a selecte d contro l  strateg y a s a  respons e t o 
new information . 

Soft control yields a flexibility of interaction 
among th e variou s component s o f  domai n an d contro l 
knowledg e tha t  allo w fo r  opportunisticall y allo -
catin g resource s t o activitie s mos t  likel y t o mak e 
efficien t  progres s i n completin g th e tas k a t  hand . 

2.META-C0GNITI0 N an d CONTROL 

First, let us discuss control in terms of human 
cognitio n b y conside r  th e vas t  amoun t  o f  psycho -
logica l  researc h o n th e us e o f  strategie s t o guid e 
processing .  A  brie f  examinatio n o f  researc h o n 
thi s topi c show s that ,  i n an y give n tas k context , 
some particula r  processin g strateg y may b e propose d 
as th e organize r  an d controlle r  fo r  a  mor e basi c 
se t  o f  cognitiv e skills .  Strateg y guide d model s 
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hav e bee n offere d a s a  descriptio n o f  man y type s o f 
cognitiv e skills .  Example s includ e model s fo r  tex t 
processin g (e.g. ,  Clark ,  1978) ,  logica l  inferenc e 
(Revli n &  Leirer ,  1978) ,  memor y retrieva l  (Brown , 
1978) ,  perceptio n (Kolers ,  1972) ,  an d s o forth . 

Perhaps a generalization and expansion of the 
ide a o f  processin g strateg y i s Flavell' s  (1976 ) 
concep t  o f  meta-cognition .  Meta-cognitio n refer s 
t o cognitiv e processin g involvin g knowledg e abou t 
othe r  cognitiv e processe s o r  th e result s o f  othe r 
cognitiv e processes .  On e plac e wher e thi s concep t 
has bee n use d extensivel y i s th e researc h o n th e 
topi c o f  learnin g strategie s (e.g. ,  O'Neil ,  1978 ; 
O'Nei l  &  Speilberger ,  1979) . 

This research demonstrates the ubiquity of task 
specifi c  strategies .  Eac h strateg y appear s t o b e 
a kin d o f  specialize d "contro l  plan "  tha t  organize s 
th e cognitiv e processe s underlyin g performanc e i n 
a particula r  tas k domain .  This ,  i n turn ,  suggest s 
tha t  ther e exist s som e genera l  mechanis m t o produc e 
thes e specialize d contro l  plan s an d t o monito r 
thei r  use .  Althoug h littl e wor k ha s bee n don e t o 
determin e th e characteristic s o f  th e meta-cognitiv e 
mechanism ,  w e not e th e followin g importan t  fea -
ture s . 

First the diversity of strategies that arise 
i n differen t  context s indicate s tha t  thes e 
meta-cognitiv e structure s ar e typicall y 
highl y "tuned "  t o th e specifi c  proble m domai n 
Thus ,  bot h creatio n an d selectio n fo r  us e o f 
suc h contro l  plan s i s a  functio n o f  specifi c 
domai n knowledge . 

Second, the use of strategies is opportunistic 
i n tha t  us e o f  on e strateg y may b e inter -
rupte d o r  eve n abandone d i n favo r  o f  anothe r 
known strateg y a s a  respons e t o som e specia l 
circumstanc e tha t  i s notice d durin g tas k 
performance . 

Third, control can revert to more general 
knowledg e an d proble m solvin g technique s whe n 
situatio n specifi c  knowledg e i s insufficient . 

These observations together indicate that meta-
cognitio n I s probabl y bes t  modele d a s wha t  w e 
refere d t o abov e a s a  mechanis m fo r  sof t  control . 

Now let us consider the need for soft control 
i n th e contex t  o f  exper t  system s i n Artificia l 
Intelligenc e research .  We wis h t o sho w tha t  ther e 
i s a  nee d fo r  sof t  contro l  i n exper t  syste m jus t 
as tha t  require d fo r  model s o f  huma n cognition . 
Recall Feigenbaum's argument, mentioned earlier, 
tha t  th e contro l  proble m fo r  exper t  system s i s 
secondar y t o th e proble m o f  representin g sufficien t 
knowledg e abou t  th e proble m domain .  Th e knowledg e 
i n a n exper t  syste m embodie s primaril y exper t 
"rule s o f  thumb "  an d description s fo r  whe n suc h 
knowledg e i s applicable .  An y suc h rul e o f  thum b 
i s typicall y a  larg e chunko f  domai n specifi c  know -
ledg e tha t  ha s compile d int o i t  th e contro l  tha t 
woul d hav e bee n necessar y t o tak e th e severa l 
smalle r  step s tha t  ar e equivalen t  t o it .  Reasonin g 
wit h suc h larg e chunk s produce s shorte r  inferenc e 
chain s which ,  therefore ,  greatl y reduc e th e magni -
tud e o f  th e contro l  proble m fo r  managin g thes e in -
ferences .  I n thi s sens e mos t  exper t  system s simpl y 
finess e th e contro l  proble m b y relyin g upo n a  ver y 
powerfu l  se t  o f  domai n specifi c  principle s tha t 
embody bot h domai n knowledg e an d contro l  assump -
tion s fo r  us e o f  tha t  knowledge . 
Unfortunately, the exclusive use of expert 
rule s ca n hav e sever e limitations .  Th e powerfu l 

domai n principle s o f  th e exper t  syste m ar e usuall y 
onl y plausibl e rule s o f  inferenc e whic h d o no t 
embody logicall y necessar y relationships .  Hence , 
exper t  system s o f  thi s sor t  ca n fai l  precipitousl y 
at  th e limi t  o f  thei r  knowledge ,  tha t  is ,  whe n th e 
syste m encounter s ne w situation s fo r  whic h th e 
specia l  rule s d o no t  apply .  When suc h rule s fai l 
th e syste m i s unabl e t o retrea t  t o weake r  bu t  mor e 
genera l  method s o f  inferenc e t o determin e suc h 
thing s a s wh y th e rul e faile d i n thi s case ,  ho w t o 
modif y i t  t o fit ,  o r  a t  least ,  ho w t o star t  fro m 
smalle r  an d les s efficien t  bu t  mor e universa l 
principle s t o deriv e a  respons e t o th e ne w situ -
ation .  Tha t  is ,  contro l  i s  to o rigi d t o allo w th e 
system' s performanc e t o gracefull y degrad e a s th e 
limit s o f  it s  exper t  knowledg e ar e reached . 

A general solution, which we have adopted, is 
t o provid e th e exper t  syste m wit h a n abilit y  t o 
rever t  t o th e mor e basi c for m o f  proble m solvin g 
when th e exper t  rule s d o no t  apply .  However , 
contro l  method s fo r  usin g th e exper t  rule s wil l 
probabl y b e useles s fo r  th e mor e comple x in -
ference s require d whe n usin g genera l  principles . 
So th e exper t  syste m mus t  b e abl e t o selec t  (o r 
construct )  a  ne w contro l  pla n tha t  i s appropriat e 
fo r  th e typ e o f  knowledg e bein g use d a t  eac h poin t 
i n th e task .  Moreover ,  th e syste m mus t  detec t 
when an d ho w t o mak e a  gracefu l  shif t  fro m on e 
mode o f  inferenc e t o another .  I n general ,  th e 
syste m mus t  b e abl e t o develo p o r  selec t  fro m a 
stoc k o f  contro l  plan s tha t  allo w th e syste m t o 
use a  variet y o f  type s o f  knowledg e durin g tas k 
performance . 
Therefore, to build a more flexible expert 
syste m o r  a  mor e genera l  cognitiv e model ,  on e mus t 
desig n a  syste m tha t  ha s th e abilit y  t o reaso n 
abou t  control .  Furthermore ,  th e syste m mus t  b e 
abl e t o selec t  a n appropriat e contro l  regim e fo r  a 
specifi c  tas k context .  I t  mus t  hav e th e abilit y 
t o appl y exper t  "rule s o f  thumb" ,  or ,  whe n suc h 
rule s ar e no t  available ,  i t  mus t  b e abl e t o engag e 
i n nove l  reasonin g usin g fine r  graine d an d les s 
specifi c  logica l  rules .  An d i t  mus t  b e abl e t o 
decid e whe n t o d o which .  Tha t  is ,  eithe r  a  cog -
nitiv e mode l  o r  a n exper t  syste m need s a  mean s t o 
provid e sof t  control . 

3.TH E EXPERT SYSTEM CONTROLLER (ESC ) 

Next, we briefly describe some features of an 
exper t  syste m w e ar e developin g tha t  realiz e th e 
concep t  o f  sof t  control .  A s state d earlier ,  th e 
primar y applicatio n o f  thi s syste m i s a s a n exper t 
syste m t o contro l  othe r  exper t  systems .  However , 
i n creatin g a  proble m solvin g architectur e i n 
whic h bot h domai n an d contro l  pla n reasonin g ar e 
supported ,  w e ar e developin g a  typ e o f  mode l  tha t 
may als o b e valuabl e a s a  framewor k fo r  developin g 
cognitiv e model s i n whic h meta-cognitiv e processes , 
as wel l  a s th e processe s an d knowledg e the y con -
trol ,  ca n b e explicitl y  described . 
In order that our Expert System Controller 
(ESC)  hav e th e capabilit y  t o provid e sof t  control , 
i t  mus t  hav e th e followin g features . 
An architecture which supports problem solving 

abou t  selection ,  modification ,  an d us e o f 
contro l  plan s a s wel l  a s problem s withi n a 
substantiv e proble m domain . 

A representation language for expressing 
contro l  relation s (e.g. ,  sequencing ,  tests , 
parallelism ,  etc. ) 

The ability to opportunistically modify or 
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abando n a  contro l  strateg y i n respons e t o ne w 
information . 

ESC is an extension of the Hearsay-Ill problem 
solvin g syste m (Erma n e t  al. ,  1981) .  Hearsay-Il l 
i s  a  "blackboar d model "  i n whic h knowledg e 1 s 
represente d b y a  collectio n o f  individua l  proces -
sin g component s calle d "knowledg e sources "  (KSs) . 
KSs embod y th e knowledg e associate d wit h a  particu -
la r  par t  o f  a  proble m solvin g tas k an d ar e acti -
vate d b y th e occurenc e o f  pattern s o n a  "communi -
cation s blackboard" .  KS s ca n interac t  durin g 
proble m solvin g b y leavin g ne w 'triggering "  pattern s 
on th e blackboar d tha t  activat e othe r  KSs .  Sinc e 
more tha n on e K S ca n b e activate d a t  a  time ,  a 
"scheduler "  i s  provide d tha t  make s decision s a s 
t o th e firin g orde r  o f  th e activate d KSs .  (Fo r 
th e reade r  unfamilia r  wit h th e architectur e o f 
blackboar d models ,  se e Rummelhart ,  1977 ,  pp .  103 -
116. ) 
Hearsay-III provides blackboard structures for 
bot h domai n an d schedulin g purpose s an d provide s 
fo r  th e implementatio n an d us e o f  knowledg e source s 
fo r  schedulin g a s wel l  a s domai n knowledg e sources . 
Thus ,  reasonin g abou t  schedulin g ca n b e accom -
plishe d b y method s tha t  ar e consisten t  wit h thos e 
use d fo r  proble m domai n reasoning .  I n orde r  t o 
exten d th e proble m solvin g capabilitie s o f  thi s 
model  t o th e ful l  domai n o f  contro l  concept s w e 
ar e addin g a n explici t  contro l  representatio n an d 
a mechanis m t o reac t  t o tha t  representation .  Th e 
contro l  notion s tha t  ca n b e represente d includ e 
Programmatic control relations (e.g., 

sequential ,  parallel ,  o r  conditional ) 
Non-programmatic control relations (e.g., 

co-operativ e subprocesse s [al l  o f  whic h com -
bin e t o contribut e t o som e goal ]  versu s 
competitiv e subprocesse s [eac h o f  whic h 
provide s a n alternativ e wa y t o achiev e a 
subgoal] ) 

Descriptors of problem structures, goals, 
and knowledg e sources . 

Descriptors of hierarchical plans as well as 
descriptor s o f  condition s unde r  whic h contro l 
"jumps "  ou t  o f  suc h a  pla n i n a  non-hier -
archica l  way . 

Methods based on some work we have been doing 
usin g th e Dempster-Shafe r  calculu s (Shafer , 
1976) ,  t o expres s preferenc e relation s amon g 
plan s an d activitie s (cf .  also ,  Barnett , 
1981) . 

Besides developing an explicit representation 
fo r  reasonin g abou t  control ,  w e ar e augmentin g th e 
architectur e o f  Hearsay-1I I  t o full y  suppor t  th e 
contro l  domai n a s a  problem-solvin g activity . 
Thi s extensio n provide s abilitie s suc h a s th e 
followin g 
Interpretation of control plans in the repre-

sentatio n allude d t o above . 
Filling out of partially specified control 

plan s usin g domai n independen t  contro l  know -
ledg e t o affec t  th e elaboratio n 

Optimization of execution within plans by 
usin g an y applicabl e genera l  knowledge . 

Constructio n o f  contro l  plan s usin g preferenc e 
relation s supplie d b y schedulin g knowledg e 
source s whe n mor e specifi c  contro l  constraint s 
ar e no t  available . 

Conmunication of plan progress to scheduling 
knowledg e sources ,  thu s allowin g th e schedu -
lin g knowledg e source s t o modif y an d Improv e 
plan s opportunistically . 

4.CONCLUSIONS 

The explicit control representation and other 
modification s w e ar e makin g t o th e basi c Hearsay -
Il l  architectur e provid e a  mean s t o achiev e sof t 
contro l  i n a  proble m solvin g system .  We believ e 
thi s mode l  wil l  b e usefu l  a s a  framewor k fo r  buil -
din g exper t  system s tha t  hav e greate r  flexibilit y 
and powe r  tha n thos e currentl y available . 
This framework should also interest cognitive 
scientist s whos e concer n i s model s o f  huma n cogni -
tiv e sinc e i t  provide s a  framewor k fo r  a  mode l  i n 
whic h meta-cognitiv e processe s ar e treate d uniform -
l y wit h al l  othe r  cognitiv e processes .  Newel l 
(1980 )  ha s pointe d ou t  that ,  i f  w e ar e t o ge t  ri d 
of  th e homunculu s tha t  alway s control s th e pro -
cesse s o f  cognitiv e models ,  w e mus t  incorporat e 
int o thos e model s a  representatio n o f  th e wa y tha t 
strategie s aris e fro m genera l  an d domai n specifi c 
knowledg e a s a  respons e t o tas k conditions .  Per -
haps th e issue s tha t  w e hav e raise d i n developin g 
our  notio n o f  sof t  contro l  wil l  hel p t o evic t  thi s 
homunculus . 
Note: This research was supported by Defense 
Advance d Researc h Project s Agenc y contrac t  MDA 
903-81-C-0335 .  View s an d conclusion s containe d i n 
thi s documen t  ar e thos e o f  th e author s an d shoul d 
not  b e interprete d a s representin g th e officia l 
opinio n o r  polic y o f  DARPA,  th e U.S .  Government , 
or  an y othe r  perso n o r  agenc y connecte d wit h them . Reference s 
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