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Abstrac t 

Most non-trivial design tasks are under-specified, which makes evaluating designs 

subjectiv e an d problematic .  I n thi s paper ,  w e addres s th e evaluatio n criteri a tha t  ar e 

lef t  implici t  i n proble m specifications .  W e propos e tha t  thes e criteri a evaluat e design s 

i n term s o f  specifi c  type s o f  consistenc y an d completeness .  I n particular ,  w e divid e 

consistenc y int o constraint ,  representational ,  an d goa l  consistency ,  an d w e decompos e 

completenes s int o th e specificity ,  depth ,  an d breadt h o f  a  solution .  Thes e distinction s 

ar e usefu l  becaus e the y organiz e criteri a fo r  evaluatin g designs .  Thi s mode l  o f 

evaluatio n i s largel y implemente d i n a  progra m calle d JULI A tha t  plan s th e 

presentatio n an d men u o f  meal s t o satisf y multiple ,  interactin g constraints . 

1 I n t r o d u c t i o n 

Real  worl d desig n problem s ar e almos t  universall y under-specified .  Consequently ,  designer s 

must  augmen t  forma l  specification s wit h thei r  ow n expectation s an d criteri a fo r  evaluatin g 

designs .  Wha t  ar e thes e criteri a an d wher e d o the y com e from ? On e possibilit y  i s  tha t 

the y ar e simpl e syntacti c check s o n th e consistenc y an d completenes s o f  a  design .  Th e 

proble m wit h thi s approac h i s tha t  i t  i s  insufficientl y  flexible,  sinc e th e appropriat e leve l  o f 

completenes s ma y var y fo r  th e sam e proble m i n differen t  contexts .  Fo r  example ,  generatin g 

a shoppin g lis t  fo r  a  mea l  require s a  mor e specifi c  men u tha n decidin g whethe r  tha t  sam e 

meal  wil l  appea l  t o guests .  I n short ,  t o evaluat e a  design ,  on e mus t  kno w th e requirement s 

of  th e desig n itself ,  a s wel l  a s thos e o f  th e artifact . 

Previous research in design has emphasized the search strategies that designers use 

rathe r  tha n thei r  evaluatio n criteri a an d stoppin g rules .  Thi s ma y b e becaus e th e too l  o f 
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choic e i n studyin g desig n i s protoco l  analysis ,  whic h facihtate s analyzin g th e time-cours e o f 

proble m solving ,  bu t  provide s httl e hel p i n elicitin g underlyin g decisio n criteria .  Protoco l 

studie s hav e bee n reporte d i n a  variet y o f  desig n domains ,  includin g architectur e 

Eastma n 1969 ,  Goe l  &  Piroll i  1989] ,  mechanica l  desig n [Ullma n e t  al .  1986] ,  softwar e 

desig n [Malhotr a e t  al. ,  1980] ,  algorith m desig n [Kan t  k  Newel l  1982] ,  an d mea l  plannin g 

Byrn e 1977] .  I n eac h o f  thes e studies ,  proble m specification s wer e informa l  an d 

incomplete ,  ye t  designer s wer e abl e t o evaluat e thei r  solutions .  Th e unarticulate d 

evaluatio n criteri a whic h the y use d ar e th e subjec t  o f  thi s research . 

In this paper, we define different types of consistency and completeness. These 

distinction s ar e usefu l  becaus e the y serv e t o organiz e criteri a fo r  evaluatin g designs . 

Criteri a fo r  consistenc y enabl e th e evaluatio n o f  partia l  design s an d th e coordinatio n o f 

multipl e representations .  Criteri a fo r  completenes s provid e contextua l  clue s fo r  determinin g 

when t o sto p refinin g a  design ,  thereb y permittin g th e desig n proces s t o b e iterative . 

In the next section, we discuss criteria for evaluating the consistency of designs. In 

sectio n 3 ,  w e elaborat e th e notio n o f  completenes s an d presen t  criteri a fo r  evaluatin g th e 

specificit y an d scop e o f  designs .  Thes e evaluatio n ar e bein g implemente d i n a  compute r 

progra m calle d JULI A [Hinrich s 1988 ,  Hinrich s 1989] ,  whic h plan s meal s t o satisf y 

multiple ,  interactin g constraints . 

2 E v a l u a t i n g C o n s i s t e n c y 

Consistency maintenance is the means by which a designer ensures that different parts of a 

solutio n agre e wit h eac h other .  T w o factor s conspir e t o mak e consistenc y maintenanc e 

difficult .  Firs t  i s  th e nee d t o evaluat e partia l  solutions .  W h e n a  desig n i s onl y partl y 

refined ,  missin g informatio n ma y mak e constraint s appea r  violate d whe n the y ar e not .  Fo r 

example ,  a  globa l  constrain t  tha t  a  mea l  contai n eggplan t  ma y appea r  t o b e violate d unti l 

a mai n dis h i s chosen .  Alternatively ,  missin g informatio n ma y camouflag e a n actua l 

inconsistency .  Fo r  example ,  cavia r  ma y no t  appea r  inconsisten t  wit h a  tigh t  budge t  i f  th e 

res t  o f  th e men u i s no t  specifie d yet .  T o addres s thi s issue ,  w e presen t  a n approac h t o 

constrain t  managemen t  tha t  permit s constraint s t o b e incrementall y formulated ,  evaluate d 

unde r  diiferen t  policies ,  an d strategicall y relaxed . 

The second factor is called the Logical Omniscience Fallacy [Halpern 1986]. This is the 

mistake n assumptio n tha t  i t  i s  reasonabl e fo r  a n agen t  t o kno w al l  th e implication s o f  hi s 

beliefs .  Thi s assumptio n ofte n show s u p i n Artificia l  Intelligenc e models  o f  proble m solvin g 

i n whic h consistenc y i s maintaine d vi a a  single ,  unifor m mechanis m suc h a s a  Reaso n 

Maintenanc e Syste m [Doyl e 1979] .  Th e proble m wit h thi s i s tha t  i t  i s  bot h overl y powerfu l 

and insufficientl y  flexible.  I n particular ,  i t  assume s tha t  ther e i s onl y a  singl e typ e o f 

consistency .  However ,  desig n involve s severa l  difi"eren t  type s o f  relationship s tha t  hav e 

independen t  an d distinc t  criteri a fo r  evaluatin g consistency .  T o accommodat e this ,  w e 

partitio n desig n relationship s int o 1 )  constraine d relationship s betwee n part s o f  a  solution , 
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2)  relationship s betwee n representations ,  an d 3 )  relationship s betwee n goals .  Consistenc y 

acros s eac h typ e o f  relationshi p i s maintaine d b y independent ,  dedicate d mechanisms . 

2. 1 C o n s t r a i n t  c o n s i s t e n c y 

Most of the overt criteria for evaluating a design involve the satisfaction of constraints. 

Thes e criteri a determin e whic h constraint s ar e t o b e satisfied ,  t o wha t  degre e the y ar e 

satisfied ,  an d wha t  mus t  b e change d t o maintai n consistency .  Constrain t  consistenc y i s 

implemente d i n JULI A b y a  constrain t  poste r  tha t  i s  buil t  o n to p o f  a  Reaso n Maintenanc e 

System . 

W h e r e d o constraint s c o m e from ? 

To evaluate solutions to under-specified problems, a designer must imphcitly fill in 

constraint s tha t  ar e missing .  Th e proces s tha t  generate s thes e constraint s i s calle d 

formulatio n [Stefi k  1981] .  Constrain t  formulatio n i s a n incrementa l  proces s i n whic h th e 

proble m specificatio n i s refine d a s commitment s ar e mad e i n th e solution .  Th e constrain t 

formulatio n proces s generate s constraint s fro m thre e sources : 

• Problem statement. Many constraints are explicit in the original problem 

specification .  Fo r  example ,  a  typica l  proble m tha t  JULI A migh t  solv e is :  "Pla n a 

vegetaria n Gree k birthda y dinne r  tha t  contain s eggplant. " 

•  Genera l  plans .  Som e constraint s ar e importe d fro m genera l  schemati c knowledg e o f 

partia l  solutions .  Fo r  instance ,  individua l  meal s i n JULI A inheri t  th e constrain t  tha t 

sid e dishe s shoul d b e compatibl e wit h th e mai n dish . 

•  Othe r  constraints .  Som e constraint s ar e inferre d fro m othe r  constraints .  Fo r  example , 

JULI A know s abou t  th e foo d preference s o f  individua l  people .  Thes e preferenc e 

constraint s ar e propagate d t o th e mea l  bein g planned . 

Strategie s fo r  evaluatin g constraint s 

A designer must be able to evaluate partial solutions, consequently it should be possible to 

chec k constraint s whe n som e informatio n i s missing .  T o d o this ,  ou r  mode l  o f  desig n 

provide s explici t  strategie s fo r  evaluatin g constraint s whe n som e informatio n i s missing ,  o r 

when approximat e solution s ar e acceptable .  Thes e strategie s include : 

• Optimistic evaluation. Design constraints can be evaluated optimistically by 

acceptin g solution s fo r  whic h constraint s ar e no t  explicitl y  violated .  JULI A adopt s 

thi s polic y whe n generatin g potentia l  solutions . 
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•  Pessimisti c evaluation .  Alternatively ,  potentia l  solution s ca n b e rejecte d wheneve r 

informatio n wit h whic h t o evaluat e a  constrain t  i s  missing .  JULI A use s pessimisti c 

evaluatio n whe n comparin g tw o potentia l  solutions ,  i n orde r  t o determin e whic h 

alternativ e satisfie s constraint s 'better' . 

•  Approximat e evaluation .  W h e n constraint s ca n b e partiall y satisfied ,  a  simpl e 

predicat e i s insufficien t  fo r  evaluation .  Instead ,  evaluatio n mus t  indicat e th e degre e 

t o whic h constraint s ar e satisfied .  JULI A consider s partia l  satisfactio n whe n relaxin g 

constraint s o n a n over-constraine d problem . 

Strategie s fo r  resolvin g inconsistenc y 

When constraints contradict each other, the inconsistency must be resolved. The ways in 

whic h inconsistencie s ar e resolve d ca n serv e a s evaluatio n criteri a fo r  th e overal l  qualit y o f 

a solution .  Fo r  example ,  th e fewe r  th e constraint s relaxed ,  th e bette r  th e design .  Thre e 

genera l  strategie s fo r  resolvin g inconsistencie s are : 

• Change the solution. Inconsistent solutions can be corrected by either retracting a 

previou s decisio n o r  b y applyin g som e ne w transformatio n t o adap t  it . 

•  Chang e th e problem .  Sometimes ,  i t  i s  no t  possibl e t o solv e a  give n problem .  I n thi s 

case ,  on e strateg y i s t o simpUf y th e proble m unti l  i t  ca n b e solved .  Thi s ca n b e don e 

by relaxin g preferenc e constraints . 

•  Ignor e it .  Som e inconsistencie s ca n b e recognize d an d ye t  ignored ,  suc h a s preferenc e 

constraint s tha t  canno t  b e satisfied . 

2. 2 R e p r e s e n t a t i o n a l  c o n s i s t e n c y 

The second type of consistency we distinguish is consistency across diiTerent 

representation s o f  a  design .  An y proble m solve r  tha t  use s multipl e representation s mus t 

ensur e tha t  th e representation s agre e wit h eac h other .  JULI A maintain s tw o type s o f 

representation ,  a n assertiona l  representatio n i n th e for m o f  reason-maintenanc e nodes ,  an d 

a structura l  representatio n i n th e for m o f  frames .  Representationa l  consistenc y mean s tha t 

informatio n represente d i n on e for m correspond s with ,  bu t  doe s no t  contradict ,  informatio n 

represente d i n another . 

If the correspondence between representations becomes ambiguous, some mapping must 

be chosen .  Fo r  example ,  i f  JULI A i s interactin g wit h a  clien t  t o pla n a  meal ,  th e clien t  ma y 

sugges t  a  particula r  dish .  Thi s suggestio n i s represente d a s a n assertio n tha t  i s ambiguou s 

wit h respec t  t o it s  rol e i n th e structur e o f  th e mea l  {e.g .  Shoul d i t  b e a n appetize r  o r  a  sid e 

dish? )  T o maintai n representationa l  consistency ,  JULI A mus t  mak e a n educate d gues s 

abou t  th e rol e tha t  th e dis h i s t o pla y i n th e meal . 
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I f  representation s conflict ,  i t  i s  necessar y t o eithe r  retrac t  a n assertion ,  o r  rela x a 

representationa l  assumption .  Fo r  example ,  whe n JULI A ask s a  clien t  t o choos e betwee n 

tw o dishes ,  th e clien t  ma y answe r  'both' .  I n thi s case ,  th e structura l  representatio n 

assumes tha t  ther e wil l  b e a  uniqu e dis h i n th e role .  JULI A mus t  therefor e chang e th e 

structura l  representatio n t o accommodat e multipl e dishes .  Representationa l  consistenc y i s 

maintaine d b y a  modul e calle d a  structur e maintenanc e system ,  o r  S M S. 

2. 3 G o a l  c o n s i s t e n c y 

The third type of consistency we distinguish is consistency across the goals of the designer. 

Unlik e constrain t  an d representationa l  consistency ,  conflictin g goal s ar e a n inescapabl e par t 

of  design .  Designer s mus t  b e abl e t o entertai n conflictin g goals ,  becaus e design s ar e ofte n 

specifie d i n contradictor y terms .  Fo r  example ,  th e specificatio n fo r  a n automobil e ma y 

requir e tha t  i t  b e inexpensive ,  ye t  safe . 

Nevertheless, some goal relationships are maintained. First, the designer's goals should 

trac k th e structur e o f  th e evolvin g solution .  T o d o this ,  whe n ne w structure s ar e added ,  th e 

proble m solve r  post s ne w goal s t o refin e th e structure ,  an d whe n structure s ar e deleted ,  i t 

abandon s th e correspondin g goals .  Second ,  whe n a  goa l  i s  abandoned ,  it s subgoal s ar e als o 

abandoned .  I n JULIA ,  thes e inference s ar e th e responsibilit y  o f  a  goa l  schedule r  tha t 

maintain s a n agend a an d a  networ k o f  goals . 

3 E v a l u a t i n g C o m p l e t e n e s s 

The second main criterion for evaluating designs is completeness. How complete must a 

desig n b e i n orde r  t o b e acceptable ? Previou s model s o f  desig n hav e referre d t o stoppin g 

rule s tha t  terminat e desig n refinemen t  [Byrn e 1977 ,  Goe l  &  Piroll i  1989] ,  bu t  the y hav e 

been vagu e abou t  jus t  wha t  thes e rule s migh t  be .  I n orde r  t o clarif y th e way s i n whic h 

stoppin g rule s ma y differ ,  w e describ e th e completenes s o f  design s i n term s o f  thei r 

specificit y an d scope . 

3. 1 Cr i te r i a fo r  specificit y 

The specificity of a design indicates the level of abstraction of the components of the 

design .  Fo r  example ,  sometime s i t  i s  suflBcien t  t o indicat e a  ho t  soup ,  whil e a t  othe r  times , 

i t  i s  necessar y t o specif y 'Campbell s tomat o soup. '  Criteri a fo r  determinin g th e 

appropriat e leve l  o f  specificit y include : 

• Convention. Solutions should be of approximately the same level of specificity as 

previou s simila r  designs .  Thi s criterio n ca n b e measure d b y referenc e t o som e leve l  i n 
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a taxonomy ,  suc h a s a  to p level ,  a  termina l  level ,  o r  a  designate d basi c level . 

Determinin g constrain t  satisfaction .  Solution s shoul d b e specifi c  enoug h tha t  thei r 

constraint s ar e explicitl y  satisfied .  Thi s criterio n ca n b e measure d b y th e informatio n 

conten t  o f  th e representation .  Fo r  example ,  a  requiremen t  o n th e specificit y o f  a  dis h 

migh t  sa y tha t  i t  mus t  specif y it s ingredients .  Unde r  thi s rule ,  'soup '  woul d b e 

inadequate ,  bu t  'tomato-soup '  woul d suffice . 

Cognitiv e load .  Solution s shoul d b e genera l  enoug h t o minimiz e th e numbe r  o f 

alternative s t o b e maintaine d i n workin g memory ,  o r  t o b e communicate d t o a  client . 

Thi s ca n b e measure d b y a  boun d o n th e siz e o f  th e contras t  set .  Fo r  example ,  a 

meal  migh t  b e describe d a t  th e leve l  o f  'clea r  soup '  v s 'crea m soup '  simpl y becaus e 

th e numbe r  o f  alternative s i s small . 

3. 2 S c o p e 

In addition to the specificity of solution components, a design can be evaluated in terms of 

th e adequac y o f  it s  structure ,  o r  it s  scope .  Th e scop e o f  a  desig n define s th e se t  o f  variable s 

th e designe r  mus t  solve .  Som e problems ,  suc h a s parametri c desig n problems ,  hav e fixed 

scope .  Man y desig n problems ,  however ,  d o no t  hav e a  fixed  solutio n structur e an d requir e 

th e designe r  t o evaluat e th e scop e o f  propose d solutions .  Th e scop e o f  a  desig n ca n b e 

furthe r  decompose d int o it s dept h an d breadth ,  whic h mor e precisel y characteriz e it s 

structure . 

Some evidence for the distinction between specificity and scope can be observed in 

publishe d desig n protocols .  Fo r  instance ,  i n [Byrn e 1977 ]  an d [Kan t  &  Newel l  1982] ,  th e 

experimenter s ha d t o occasionall y promp t  thei r  subject s t o b e mor e specific .  However , 

ther e i s n o evidenc e o f  subject s bein g confuse d abou t  th e scop e o f  thei r  task .  Thi s suggest s 

tha t  th e evaluatio n criteri a fo r  desig n scop e an d specificit y ar e differen t  an d ma y b e a 

functio n o f  differen t  type s o f  knowledge . 

Criteri a fo r  dept h 

The depth of a design describes how finely it is decomposed. For a meal-planner, a shallow 

desig n migh t  designat e wha t  course s ar e i n a  meal ,  o r  wha t  dishe s wil l  b e serve d i n a 

course .  A  ver y dee p desig n migh t  decompos e int o discret e actions ,  suc h a s goin g u p t o a 

buffe t  table ,  serving ,  eating ,  an d s o forth .  Som e criteri a fo r  determinin g th e appropriat e 

leve l  o f  granularit y o f  a  desig n o r  pla n are : 

• Simulation. If there are constraints on the behavior of an artifact, then evaluation 

may involv e simulatin g it s operation .  Simulatio n ma y requir e th e desig n t o b e 

decompose d t o a  certai n unifor m depth . 
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•  Explanation .  I n orde r  t o answer  question s abou t  a  design ,  i t  ma y b e necessar y t o 

decompos e i t  t o finer  granularity .  Fo r  example ,  t o explai n wh y a  previou s desig n 

failed ,  i t  ma y b e necessar y t o simulat e it . 

•  Convention .  I n th e absenc e o f  othe r  criteria ,  decompos e a  solutio n t o som e 

standardize d level ,  base d o n simila r  design s o r  o n generi c desig n plans . 

Criteri a fo r  breadt h 

The breadth of a design characterizes the range of considerations subsumed under the 

desig n problem .  Fo r  example ,  th e breadt h o f  a  desig n fo r  a n artifac t  ma y rang e fro m a 

simpl e structura l  description ,  al l  th e wa y t o a n accoun t  o f  ho w i t  wil l  b e manufactured ,  th e 

tool s require d t o buil d it ,  an d th e procedure s neede d t o operat e an d repai r  it .  Thes e 

periphera l  aspect s o f  a  desig n provid e constraint s o n th e mor e centra l  structur e o f  th e 

design .  Criteri a fo r  determinin g th e require d breadt h o f  a  desig n include : 

• Standardized checklist. Design tasks that are routine or well-understood often have 

exphci t  criteri a fo r  completenes s i n th e for m o f  standardize d checklists .  Thes e serv e 

as externa l  aid s t o memory . 

•  Avoidin g failure .  On e criterio n fo r  th e breadt h o f  a  desig n i s tha t  i t  b e broa d enoug h 

t o anticipat e possibl e failur e modes .  T o determin e this ,  feedbac k fro m previou s faile d 

design s ca n b e use d t o indicat e periphera l  feature s tha t  le d t o goa l  failures .  Fo r 

example ,  a  desig n tha t  wa s impossibl e t o maintai n o r  tes t  shoul d clu e th e designe r  t o 

conside r  thes e feature s i n th e future . 

• Determine d b y oracle .  A n externa l  agent ,  suc h a s th e client ,  ma y as k specifi c 

question s abou t  periphera l  aspect s o f  a  design ,  whic h woul d driv e th e designe r  t o 

refin e thes e features . 

4 D i s c u s s i o n 

We hav e presente d a  se t  o f  criteri a fo r  assessin g th e consistenc y an d completenes s o f 

designs .  A n imphcatio n o f  thes e criteri a i s tha t  t o evaluat e a  design ,  on e mus t  kno w th e 

requirement s fo r  th e desig n itself ,  a s wel l  a s thos e o f  th e artifact .  On e wa y thi s ide a ca n b e 

operationalize d i s t o associat e evaluatio n criteri a wit h explici t  desig n goals ,  s o tha t  th e 

requirement s fo r  th e desig n ca n b e inferre d fro m th e goa l  network .  JULI A ha s a 

vocabular y o f  desig n goal s tha t  woul d facilitat e this ,  thoug h th e completenes s criteri a hav e 

not  ye t  bee n implemented . 

This paper describes work in progress. JULIA exists and designs meals, and the 

partitione d approac h t o consistenc y maintenanc e i s implemente d an d works .  Th e criteri a 
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fo r  evaluatin g completenes s ar e onl y partl y integrate d int o JULI A an d ar e ou r  curren t 

focu s o f  research .  Som e o f  th e problem s tha t  remai n t o b e addresse d i n thi s wor k are : 

• Partially satisfiable goals complicate stopping rules. For example, if a goal of a meal 

i s t o minimiz e calories ,  the n whe n i s a  mea l  sufficientl y low-calorie ? A  desig n ma y b e 

adequatel y consisten t  an d complete ,  ye t  stil l  b e insufficient . 

•  Representin g completenes s criteria .  Shoul d specificit y b e represente d a s a  leve l  i n a 

taxonomy ,  o r  a s a  constrain t  o n informatio n content ? H o w shoul d th e require d dept h 

of  a  solutio n b e represented ? Desig n evaluatio n woul d appear  t o requir e a  meta-leve l 

representation . 
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