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A P A R A L L E L M O D EL O F (SEQUENTLIL )  P R O B L EM S O L V I N G 

Mary S. Riley and Paul Smoknslry 

Institute for Cognitive Science 

Universit y o f  California ,  Sa n Dieg o 

La Jolla ,  Californi a 9209 3 

Natur e o f  Role s an d Thei r  Interactio n 

This paper is concerned with the nature of the rules involved in solving problems and the interaction 

betwee n thos e rules .  W e describ e a  paralle l  mode l  designe d t o solv e a  clas s o f  relativel y simpl e problem s 

fro m elementar y physic s an d discus s it s implication s fo r  model s o f  proble m solvin g i n general .  W e sho w ho w 

one o f  th e mos t  salien t  feature s o f  proble m solving ,  soquentiality ,  ca n emerg e naturall y withi n a  paralle l 

model  tha t  ha s n o explici t  knowledg e o f  ho w t o sequenc e analysis . 

Consider the problem shown in Figure 1. The task is to determine the qualitative effects of increasing 

th e resistanc e o f  R 2 o n othe r  circui t  values ,  assumin g th e ^plie d voltag e an d resistanc e o f  R i  remai n 

unchanged . 

A common approach to modelling the process of solving problems like these is to assume that 

knowledg e i s organize d a s a  productio n system ,  simila r  t o tha t  show n i n Tabl e 1  (se c Riley ,  1984 ,  fo r  a 

review) .  Her e th e model' s rule s fo r  makin g inference s ar e i n th e for m o f  condition-actio n pairs ,  o r 

productions .  Th e conditio n specifie s th e particula r  element s an d relation s tha t  mus t  b e presen t  i n th e dat a 

base i n orde r  fo r  th e conditio n t o b e true .  W h e n th e productio n syste m i s solvin g a  problem ,  th e condition s 

of  th e variou s production s ar e teste d i n orde r  unti l  on e o f  the m i s true ;  th e actio n o f  tha t  productio n i s the n 

performed .  Th e actio n generall y make s som e chang e i n th e dat a bas e whic h i n tur n mean s th e conditio n o f  a 

differen t  productio n wil l  b e true ,  causin g anothe r  actio n t o b e performed . 

Since production systems are universal computers, they can be programmed to display any behavior 

(Newell ,  1981) .  Howeve r  certai n kind s o f  behavio r  ca n b e achieve d wit h othe r  style s o f  computatio n i n mor e 

economical ,  elegant ,  extendibl e an d natura l  ways .  Feature s tha t  ar e intrinsi c to ,  o r  naturall y incorporte d 

within ,  a  pur e productio n syste m approac h are : 

1) Sequentiality: each action taken utilizes the knowledge contained in precisely one rule. 

2)  Directionality :  th e knowledg e encode d i n eac h rul e ha s a  distinc t  directionalit y fro m inpu t 

(condition )  t o outpu t  (action) . 

3)  Exac t  matching :  eac h rul e act s onl y whe n a  perfec t  matc h t o it s conditio n occurs . 

4)  Determinism :  performanc e wil l  b e identica l  o n al l  solution s o f  a  give n problem . 

Within the production system approach it is difficult to naturally avoid certain difficulties: 

1) Lack of robustness under degradation of rules (either removal of correct rules or addition of 

incorrec t  ones) . 

Thi s researc h wa s supporte d b y a  gran t  fro m th e Syste m Developmen t  Foundatio n an d b y contrac t  N00014-79-C-O323 , 

NR667-43 7 wit h th e Personne l  an d Trainin g Researc h Program s o f  th e Offic e o f  Nava l  Research . 
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2)  Lac k c f  robustnes s unde r  ill-forme d problem s tha t  contai n inconsisten t  o r  insufficien t  give n 

information . 

3)  Lac k o f  variaMlit y i n route s t o correc t  answer s o r  i n correctnes s o f  answers ;  a  proble m fo r 

modellin g huma n behavior . 

4)  Nee d fo r  explici t  coirflic t  resolutio n rule s tha t  determin e whic h rul e wil l  appl y whe n severa l  hav e 

tru e conditions . 

The parallel distributed processing ^proach represented by our model naturally avoids these difficulties, but 

has it s o w n problems ,  a s w e shal l  see . 

The Model 

Our model has been constructed within the framework of harmony theory (Smolensky, 1983, 1984). 

Rule s ar e represente d a s a  collectio n o f  node s i n a  network ,  a s show n i n Figur e 2 .  A  typica l  rul e i s 

< /  dawn ,V idown ,R isame> ;  thi s rul e state s tha t  th e combinatio n o f  change s 'voltag e acros s R i  goe s 

down,  curren t  goe s down ,  R i  stay s th e same '  i s a  consisten t  se t  (Ohm' s Law) .  I n fact ,  th e rule s consis t 

precisel y o f  al l  allowe d combination s o f  qualitativ e change s i n circui t  variable s tha t  ar e consisten t  wit h eac h 

circui t  law .  Ther e ar e 6 5 suc h instances .  ^ 

Unlike condition-action rules, there is no directionality associated with the variables in the harmonium 

rules . 

In a particular problem, only some of the instances represented by harmonium rules are relevant. To 

represen t  this ,  eac h rul e nod e ha s a n activatio n valu e tha t  ca n b e eithe r  1  (active )  o r  0  (inactive) . 

In addition to rule nodes, the harmonium model contains nodes for representing the problem in terms 

of  qualitativ e change s i n circui t  variables .  Som e node s hav e value s give n b y th e proble m 

(/? 2 "P .  /? !  jam* .  Vtota l  JO" "  ) •  Th e model' s answe r  i s represente d b y value s assigne d t o th e remainin g nodes . 

As shown in Figure 2, there is a connection between an individual circuit variable node and each rule 

involvin g it ;  thi s connectio n i s labelle d b y th e appropriat e valu e fo r  tha t  variabl e accordin g t o tha t  rule . 

The goal of processing is to find a set of rule nodes to activate and a set of values for circuit variables 

tha t  ar e consisten t  wit h thos e rules .  Searc h towar d thi s goa l  i s  guide d b y a  measur e o f  th e consistenc y 

betwee n a  se t  o f  activate d rule s an d a  se t  o f  circui t  variables :  thi s measur e i s calle d th e harmon y function . 

The stat e o f  hi^es t  harmon y shoul d b e th e correc t  answe r  t o th e problem . 

Processing is probabilistic and constructed so that at any moment, the higher the harmony of a state, the 

more probabl e i t  is .  Th e sprea d i n thi s probabilit y  distributio n i s determine d b y a  syste m paramete r  calle d th e 

computationa l  temperatur e T .  Initially ,  al l  rule s ar e inactive ,  th e circui t  variable s give n b y th e proble m ar c 

assigne d thei r  values ,  an d th e remainin g circui t  variable s ar e assigne d rando m values .  Th e temperatur e i s se t 

t o a  hig h value ,  an d th e stochasti c searc h begins .  Rule s ar e activate d an d deactivated ,  circui t  variabl e value s 

ar e change d (excep t  th e give n ones) ,  an d state s ar e visite d i n accordanc e wit h thei r  harmony .  A s th e searc h 

continues ,  thi s temperatur e i s lowered ,  an d th e syste m display s les s an d les s randomness ,  focussin g i n o n th e 

state s o f  highes t  harmony .  Afte r  a  while ,  th e temperatur e become s ver y low ,  an d th e searc h i s effectivel y 

stopped :  a n answe r  ha s bee n selected . 

1.  Thirtee n eac h for :  KirchofP s Law ,  th e equatio n Ru,ta i  =  R i  +  R2 ,  an d thre e version s o f  Ohm' s La w (on e eac h fo r 

/ f  1 ,  /?2 .  an d R,Mai) -
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Sequentialit y  o f  deductio n seem s t o b e completel y lackin g fro m th e harmoniu m model ,  althoug h i t  i s  a 

ver y salien t  featur e o f  huma n proble m solving .  Jus t  th e same ,  i n creatin g thi s mode l  w e expecte d i t  t o 

displa y a n emergen t  seriality .  I f  a  singl e circui t  variabl e i s monitore d durin g th e search ,  i t  wil l  fluctuate 

randoml y a t  first,  an d eventuall y 'loc k in "  t o a  valu e tha t  i s ver y resistan t  t o change .  Th e temperatur e a t 

whic h thi s occur s i s th e 'freezin g temperature '  fo r  tha t  variable .  W e expecte d tha t  differen t  variable s woul d 

have differen t  freezin g temperatures ,  dependin g o n th e proble m situation ;  th e on e wit h highes t  freezin g 

temperatur e woul d settl e first,  whic h woul d i n tur n determin e th e valu e selecte d fo r  th e variabl e wit h th e 

next  lowe r  freezin g temperature ,  an d s o on . 

In addition to 7, harmonium models have a second global parameter, k; it is the sole parameter in the 

definitio n o f  th e harmon y function .  W h e n k  i s nea r  one ,  onl y rule s tha t  matc h th e curren t  guesse s fo r 

circui t  value s exactl y ca n becom e activ e withou t  lowerin g th e harmon y o f  th e state ;  fo r  lo w value s o f  k , 

approximat e matche s ar e sufficient .  Initially ,  k  i s  small ,  eqjproximat e matchin g i s encouraged ,  an d man y rule s 

become activated ;  a s th e computatio n proceeds ,  k  approache s on e an d th e se t  o f  activ e rule s shrink s towar d 

th e five  tha t  exactl y matc h th e answer . 

As the node for each circuit variable freezes into a value, it does so under the influence of all the active 

rul e node s connecte d t o it .  Unlik e a  productio n system ,  matchin g fo r  rule s nee d no t  b e exact ,  an d severa l 

rule s ca n ac t  a t  th e sam e time . 

The harmony function we used, as well as the schedule for lowering 7 and raising k, are shown in 

Figur e 3 .  A  tria l  consiste d o f  40 0 iteration s o f  10 0 nod e update s each ;  sinc e ther e ar e 7 9 node s i n th e model , 

thi s correspond s t o slightl y ove r  SOO update s o f  eac h node . 

The stochasticity of the model produces variability in the behavior. In a run of 30 trials, the correct 

answer  wa s produce d 2 8 times .  W h e n th e 3 0 value s th e syste m assigne d t o th e circui t  variable s fo r  eac h o f 

th e 40 0 iteration s ar e averaged ,  Figur e 4  results .  I n thi s graph ,  u p i s represente d b y 1  an d dow n b y -1 . 

Initially ,  th e value s fo r  al l  variable s fluctuate  aroun d zero ;  eventually ,  eac h goe s toward s th e correc t  value . 

The tim e a t  whic h th e fou r  decision s ar e mad e ar e indicate d i n th e las t  portio n o f  thi s figure,  i n whic h th e 

regio n betwee n . 5 an d -. 5 ha s bee n removed .  Th e sequenc e o f  assignment s i s /?,««» ,  /wm/ .  V j ,  V2 ;  th e sequenc e 

of  'inference ^  tha t  emerge s naturall y fro m th e paralle l  processin g i s exactl y th e sam e a s th e sequenc e produce d i n 

a productio n syste m model . 

The harmonium model displays both types of robustness that is difficult to achieve naturally with 

productio n systems .  Sinc e individua l  inference s ar e mad e unde r  th e simultaneou s influenc e o f  severa l  rules , 

the y ar e les s vulnerabl e t o degradatio n o f  a  singl e rule .  W h e n inconsisten t  informatio n i s give n i n a  problem , 

th e harmoniu m mode l  finds  th e mos t  consisten t  (highes t  harmony )  answe r  possible .  W h e n insufficien t 

informatio n i s given ,  th e syste m finds  on e o f  th e correc t  answers ,  an d finds  differen t  answer s o n differen t 

trials .  Suc h a  robus t  tendenc y t o for m coheren t  interpretation s o f  input s i s importan t  bot h fo r  modellin g 

human cognitio n an d fo r  buildin g intelligen t  machines . 

Extensioas 

While the parallel distributed processing approach has certain advantages over the production system 

^proach ,  i t  als o ha s grav e disadvantages .  Th e mos t  seriou s i s th e difficult y o f  performin g symbo l 

manipulation .  Withou t  variabl e bindin g mechanisms ,  type s an d tokens ,  i t  i s  difficul t  t o imagin e ho w t o 

develo p a  genera l  mode l  capabl e o f  analyzin g a  variet y o f  circuits ;  ou r  mode l  i s  specialize d t o a  singl e circuit , 

and eve n s o w e mus t  replicat e th e rule s encodin g vali d instance s o f  Ohm' s La w thre e time s (onc e fo r  c-̂ : l 

relevan t  piec e o f  th e circuit) . 
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I t  ma y b e psychologicall y plausibl e t o postulat e a  smal l  collectio n o f  network s lik e ou r  harmoniu m 

model  (o r  perhap s on e integrated ,  large r  network )  incorporatin g knowledg e abou t  similarl y simpl e circuit s 

(e.g .  a  circui t  wit h tw o resistor s wire d i n parallel) .  Thes e coul d conceivabl y serv e a s prototype s tha t  woul d 

be invoke d t o dea l  wit h piece s o f  o r  schemati c version s o f  large r  circuits .  Howeve r  som e powerfu l 

mechanis m woul d stil l  hav e t o coordinat e th e paralle l  "analyse s o f  circui t  fragments . 

It is tempting to use a production system for this coordination, combining the strengths of the two 

approaches .  Suc h a  hybri d mode l  migh t  wel l  b e abl e t o analys e comple x circuits ,  bu t  woul d displa y th e 

productio n syste m weaknesse s (lac k o f  robustness ,  an d s o forth )  i n thos e aspect s o f  th e analysi s tha t  wer e 

relegate d t o th e productio n system . 

One interpretation of such a hybrid model is that the production system component is actually just a 

comple x paralle l  processin g networ k viewe d a t  a  highe r  leve l  o f  description ;  th e hybri d i s o f  descriptiv e levels , 

ther e ar e no t  tw o independen t  processes .  I t  i s  a  majo r  goa l  o f  our s t o se e i f  paralle l  model s ar e capabl e o f 

exhibitin g emergen t  production-lik e behavior ;  th e emergen t  serialit y  o f  th e presen t  harmoniu m mode l  i s a n 

exampl e o f  jus t  suc h behavior . 

Discossion 

The harmonium model has implicit knowledge of circuit laws that enable it to model naturally the 

nonsymbolic ,  intuitiv e componen t  o f  proble m solvin g tha t  i s difficul t  t o mode l  naturall y wit h productio n 

system s an d i s particularl y salien t  i n e:q)ertise .  A t  th e sam e tim e i t  lack s th e explici t  knowledg e o f  symboli c 

law s tha t  mos t  expert s possess .  Thu s t o mode l  exper t  proble m solvin g i n general ,  i t  seem s necessar y t o imbe d 

th e harmoniu m mode l  withi n a  hybri d parallel/productio n syste m model .  W e ar e howeve r  investigatin g 

whethe r  th e symboli c componen t  o f  expert' s  processin g ca n b e preempte d wit h condition s o f  ver y shor t 

respons e times ,  makin g suc h experimenta l  condition s appropriat e fo r  testin g th e pur e harmoniu m model . 

We ar e als o considerin g unschoole d electronic s expert s t o se e t o wha t  exten t  the y ar e fre e o f  consciou s rul e 

qjplicatio n i n thei r  solutio n o f  simpl e circui t  problems . 

Much work remains to be done in analyzing the variation in the model's performance, and assessing the 

dependenc e o f  performanc e o n th e schedule s fo r  T  an d k  an d th e representatio n o f  th e circuit .  Indee d i t  i s 

th e developmen t  o f  mor e powerfu l  representation s withi n th e paralle l  distribute d processin g paradig m tha t  i s 

th e primar y goa l  o f  harmon y theory ;  b y tryin g t o enric h th e knowledg e o f  ou r  harmoniu m mode l  t o 

incorporat e mor e 'symbol-like '  explici t  knowledg e o f  circui t  laws ,  w e hop e t o gai n mor e insigh t  int o ho w 

symbol  manipulatio n mig^ t  emerg e fro m paralle l  distribute d processing . 
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A^V\ / 

Figur e 1 .  A  serie s circui t  wit h tw o resistors ,  R j  an d R, .  What  ar e th e effect s o f  a n increas e i n th e resistanc e o f 

Rj ,  assumin g tha t  E,^ ^  an d th e resisUnc e o f  R j  hav e remai n th e same ? 

Tabl e 1 

A Simple Production System for Solving the Problem in Figure 1. 

Pro d action s 

Condition 

PI. <V^uune.\up> 

P2. < R, wp, Ry *<!«*> 

P3.  < V^ dawn. Vj^^^^ same> 

P4. < Rj same, I dawtO 

Actio n 

<Idown> 

<Vyi«p> 

< V j  darwn > 

Proble m Solotlo n 

Proble m Representatio n 

Cycle 

1. Rj up, Rj same. V,,^ same 

2. Rj up. R, same. V^^ same. R,^^ up 

3. Rj up. R, same. V,^^ *am«, Rj„^ up, I„^ rfwii 

Matche d Prodactio n 

Condition Action 

P2. < Rj up. Rj same> < R^^ up> 

P4. < Rj same, I </<m'/i> < V, </oH'n> 

4.  R j  up ,  R ,  janur ,  V ^ ^  same ,  R^, ^  up .  I „ ^  dawn ,  V ,  Jtm-i i  P3 .  <  V j  dawn ,  V ^ ^  «<mik > <  V j  up > 

5, Rj up. Rj same, V,^ jam*. R,^^ up, \^ dawn, V, «/wii. Vj up 



291 

Rul e Ncxle s 

Circui t  Node s 

I  down .  v .  down ,  R .  som e 

down /  dow n 

Rj  down ,  R ,  down ,  R  dow n 

down /  dow n /  dow n lam c 

Figure7 .  A  portio n o f  th e hannoniu m model' s network . 

y f̂ckvdJ U K ^th*XU M 

«M '• • 
3i ^ 

Rl  sam e ,  I  dow n 

down 

Rl  sam e J  dow n <  / .  [value :  l(active )  o r  Q(inactive) ] 

-1A O + 1 A  -1« *  R, ,  lvalue :  +1,-1 ,  o r  0 ] 

;ti.c||̂ i.M |  |2f]lZ±r *  * '  [value:+l(true )  or-l(false) ] 

/ ;  u p 

Ix :  + 1 

/.« :  + 1 

down 

+1 

- 1 

same 

- 1 ['/changcd T 

± 1  [• /  wen t  up' ) 

Harmony function : 

Figur e 3 .  Schedule s fo r  T  an d k ,  representatio n o f  up ,  down ,  same ,  an d harmon y functio n use d i n th e 

hannoniu m model . 
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1. 0 

i/rrv c 

400 

Figur e 4 .  Emergen t  sequentiality ;  th e decision s abou t  th e directio n o f  chang e o f  th e circui t  variable s 

"freez e in "  i n th e orde r  R  =  R „ ^ ,  I  =  Z,^ ,  V, ,  V j  (/ ? an d /  ar e quit e close) . 
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