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ABSTRACT 

Human designers use previous designs extensively in the process of producing a new design. When they 
come u p wit h a  partia l  o r  complet e design ,  designer s perfor m a  menta l  simulatio n t o verif y th e design . 
We presen t  a  mode l  fo r  engineerin g desig n tha t  integrate s case-base d reasonin g an d qualitativ e 
simulation .  Th e mode l  involves :  (1 )  settin g u p th e functiona l  requirements ,  (2 )  accessin g memor y t o 
retriev e case s relevan t  t o th e requirements ,  (3 )  synthesizin g piece s o f  case s int o designs ,  (4 )  verifyin g 
and testin g th e design ,  an d finally,  (5 )  debugging .  Thi s proces s i s apphe d recursivel y til l  th e desig n i s 
complet e an d bu g free .  Th e mode l  integrate s differen t  level s o f  representatio n an d reasonin g 
mechanism s i n orde r  t o effectivel y suppor t  th e desig n tasks . 

INTRODUCTION 

Design is the act of devising an artifact which satisfies a useful need, in other words, performs some 
function .  Desig n i s a  comple x tas k tha t  challenge s huma n creativity .  Thi s i s particularl y tru e i n ou r 
domai n o f  interest :  engineerin g design .  Underlyin g th e desig n tas k i s a  cor e se t  o f  principles ,  rules ,  law s 
and technique s whic h th e designe r  use s fo r  proble m solving .  Hi s expertis e lie s i n hi s abilit y  t o us e thes e 
technique s t o produc e a  feasibl e design .  Th e designer' s expertis e i s a  consequenc e o f  hi s experienc e an d 
training ,  muc h o f  whic h i s base d o n previou s exposur e t o simila r  desig n problem s (Pah l  &  Beit z  84) . 

Research investigating the role of experience in problem solving domains that involve understanding the 
behavio r  o f  physica l  device s ha s primaril y focuse d o n diagnosi s (e.g. ,  (Lancaste r  88)) .  Engineerin g 
desig n i s a  domai n tha t  involve s no t  onl y understandin g o f  devic e behavio r  s o a s t o recogniz e an d 
explai n fault s bu t  als o conceivin g an d synthesizin g devic e components .  Previou s A I  researc h i n 
engineerin g desig n (Mosto w &  Barie y 87 )  ha s advocate d th e hierarchica l  decompositio n o f  a  desig n an d 
re-us e o f  pla n step s tha t  rcahz e th e functiona l  specificafion s o f  th e components .  Thi s techniqu e i s 
promisin g fo r  domain s suc h a s softwar e o r  circui t  desig n becaus e i n thes e domain s design s ca n b e 
characterize d a s collection s o f  weakl y interactin g functiona l  modules ,  eac h o f  whic h implement s on e o f 
th e functiona l  requirements .  Goo d mechanica l  design s o n th e othe r  han d ar e highl y integrated ,  tightl y 
couple d collection s o f  interactin g components .  Moreover ,  a n artifac t  (o r  artifac t  component )  ca n b e 
use d t o satisf y mor e tha n on e function .  Thes e observation s impl y tha t  a  proble m solve r  need s t o hav e 
acces s t o previou s case s (o r  cas e pieces )  a s wel l  a s previou s plan s i n term s o f  operators ,  precondition s 
and effects .  I n thi s paper ,  w e presen t  a  mode l  o f  engineerin g desig n tha t  integrate s Case-Base d 
reasonin g an d qualitativ e reasonin g t o com e u p wit h ne w designs . 

CASE-BASED REASONING AND ENGINEERING DESIGN 

Case-Based Reasoning (CBR) is the problem solving paradigm where previous experiences are used to 
guid e proble m solvin g (Kolodne r  e t  al .  85 ,  Sycar a 87) .  Case s simila r  t o th e curren t  proble m ar e 
retrieve d fro m memory ,  th e bes t  cas e i s selecte d fro m thos e retrieve d an d compare d t o th e curren t 
problem .  Th e preceden t  cas e i s adapte d t o fit  th e curren t  situation ,  base d o n th e identifie d difference s 
betwee n th e preceden t  an d th e curren t  case .  Successfu l  case s ar e store d s o the y ca n b e retrieve d an d 
re-use d i n th e future .  Faile d case s ar e als o store d s o tha t  the y wil l  war n th e proble m solve r  o f  potenfia l 
difficultie s an d hel p recove r  fro m failures .  I f  a  curren t  cas e ha s feature s simila r  t o a  pas t  failure ,  the n 
th e proble m solve r  i s warne d no t  t o attemp t  th e faile d solution .  Afte r  th e proble m i s solved ,  th e cas e 
memory i s update d wit h th e ne w experience .  I n thi s way ,  learnin g i s integrate d wit h proble m solving . 
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For design, case retrieval is done based not just on surface features but also on (a) the qualitative 
behavio r  o f  th e devic e depicte d i n th e case ,  (b )  th e causa l  relation s i n th e explanatio n o f  th e device' s 
functions ,  an d (c )  devic e topology .  T o suppor t  retrieval ,  case s nee d t o b e represente d a t  severa l  level s 
rangin g fro m a  topologica l  descriptio n o f  th e devic e object s t o a  linguisti c specificatio n o f  function .  A t 
th e intervenin g level s causa l  explanation s o f  th e devic e behavio r  an d featur e relation s hav e t o b e 
incorporated .  Thes e level s captur e th e "mechanism" ,  "causality" ,  an d "purpose "  perspective s use d b y 
peopl e t o understan d physica l  system s (Whit e 88) . 

The mechanical design domain has several characteristics that make the problem very complicated and 
impos e a  se t  o f  requirement s o n a  reasoner . 

•  Durin g th e desig n process ,  a  designe r  transform s a n abstrac t  functiona l  descriptio n fo r  a 

devic e int o a  physica l  descriptio n tha t  satisfie s th e functiona l  requirements .  I n thi s sense , 

desig n i s a  transformatio n fro m th e functiona l  domai n t o th e physica l  domain .  I n orde r  t o 

effec t  thi s transformation ,  a  designe r  need s t o reaso n a t  differen t  level s o f  abstractio n 

rangin g fro m th e physica l  t o th e functional . 

•  Goo d mechanica l  design s ar e ofte n highl y integrated ,  tightl y couple d collection s o f 

interactin g component s wit h n o obviou s decompositio n o f  th e overal l  functio n int o 

subfunctions .  Previou s case s represen t  goo d solution s t o thes e interaction s an d ca n b e 

profitabl y used . 

•  Th e initia l  functiona l  descriptio n o f  th e artifac t  i s  usuall y underspecifie d s o tha t  a  designe r 

need s t o identif y informatio n "gaps "  durin g th e desig n proces s an d generat e ne w proble m 

solvin g subgoal s t o resolv e them . 

•  A  complet e desig n i s synthesize d fro m solution s t o subproblem s tha t  captur e desire d 

subfunction s o f  th e artifact .  I n engineerin g design ,  decision s relatin g t o ho w certai n 

function s ar e achieve d migh t  b e take n a t  a  linguisti c o r  qualitativ e level .  Considerabl e 

complicatio n arise s fro m th e fac t  tha t  althoug h a  desig n migh t  b e verifie d t o b e correc t  a t 

thes e levels ,  simulatio n a t  th e physica l  leve l  migh t  fail .  Th e proble m solve r  mus t 

synthesiz e snippet s a t  on e leve l  o f  abstractio n whil e makin g sur e th e part s wil l  woil c 

togethe r  i n physicall y correc t  ways . 

•  A  desig n need s t o b e verifie d t o ensur e i t  meet s it s functiona l  specifications .  I n engineerin g 

design ,  verifyin g tha t  th e componen t  part s mee t  thei r  specification s doe s no t  guarante e tha t 

th e desig n a s a  whol e wil l  mee t  it s  specifications .  Thus ,  bot h partia l  an d complet e design s 

must  b e verified . 

Our process model addresses all the above requirements. 

CASE REPRESENTATION 

In dealing with physical systems a reasoner needs to retrieve cases based not only on \ht physical 
attribute s o f  a  devic e bu t  als o o n \i s  functiona l  behavior .  Th e cas e base d proble m solve r  shoul d b e abl e 
t o wor k a t  severa l  level s o f  abstractio n rangin g fro m th e physica l  t o th e functiona l  level .  Fo r  example , 
whil e tryin g t o produc e a  desig n t o perfor m a  particula r  function ,  a  functiona l  descriptio n ma y b e use d 
t o retriev e cases .  However ,  usin g th e cas e t o physicall y synthesiz e th e desig n involve s extractin g 
appropriat e physica l  feature s fro m th e case .  Thi s require s tha t  th e representatio n b e abl e t o captur e th e 
relationshi p betwee n physica l  for m an d qualitativ e function .  W e no w presen t  i n som e detai l  th e type s o f 
representatio n use d i n ou r  work . 

1. Linguistic Description. Linguistic representations are best suited for direct indexing based on a 
matchin g linguisti c  cue .  Cas e attribute s provid e suc h indices .  Feature s tha t  captur e th e physica l 
descriptio n o f  th e devic e (objec t  features )  nee d t o b e included .  Fo r  example ,  a  simpl e househol d wate r 
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tap can be indexed in terms of its function, to control water flow; its components, pipe, nozzle, handle, 
valv e an d seal ;  th e materia l  ou t  o f  whic h i t  i s  made ,  brass ;  th e typ e o f  devic e i t  is ,  mechanical ;  th e place s 
wher e i t  i s  intende d t o b e used ,  kitchen ,  bathroom ,  wate r  tank . 

2. Functional Block-Diagramming. Devices can be viewed as black-boxes which take inputs and 
produc e desire d outputs .  I n th e physica l  domain ,  thre e type s o f  input s an d output s hav e bee n identified : 
signals ,  energ y an d material s (Pah l  &  Beit z  84) .  A  characterizatio n o f  th e relationship s betwee n th e 
inpu t  an d th e output s i s th e devic e behavior .  I n ou r  example ,  th e ta p take s a  materia l  inpu t  (water )  an d 
output s th e wate r  i n respons e t o th e signa l  (open/close) .  Th e ta p take s th e inpu t  signa l  Sn ,  an d th e inpu t 
wate r  flo w rat e o f  Qi n an d produce s th e outpu t  flo w rat e o f  Qout.  Th e temperature s o f  th e inpu t  an d 
output s ar e Ti n an d Tout .  Th e ta p ha s th e followin g qualitativ e relationships :  (1 )  Th e inflo w o f  wate r 
(Qin )  monotonicall y increase s wit h th e signa l  theta .  (2 )  Th e inflo w i s equa l  t o th e outflo w (  Qi n =  Qou t 
) ,  (3 )  Temperatur e doe s no t  change .  (4 )  W h e n thet a i s zero ,  ther e i s n o flow  throug h th e tap ,  an d (5 ) 
W h en thet a i s 2k ,  the n th e flow  i s maximum .  Th e devic e descriptio n a t  thi s leve l  o f  detai l  doe s no t 
captur e th e underlyin g behavior .  Thi s i s don e wit h th e ai d o f  causa l  explanation s represente d a s acycli c 
graphs . 

3. Causal Graphs. A causal graph is composed of links and nodes, where the nodes represent device 
object s an d thei r  attributes ,  whil e th e link s represen t  causa l  relation s amon g th e attributes .  Fo r  desig n 
case s w e us e a n augmente d causa l  grap h representatio n i n whic h causa l  relation s hav e qualitativ e 
equation s (Forbu s 84 ,  Kuiper s 86 )  associate d wit h them . 

4. Qualitative states and Configuration Spaces. The causal relationships that describe the behavior of 
an artifac t  refe r  t o specifi c artifac t  component s an d relat e statu s condition s suc h a s positio n an d siz e o f 
th e components .  Th e nex t  ste p i s t o associat e th e object s an d thei r  statu s directl y t o th e objec t  geometry . 
I n ou r  work ,  thi s i s don e throug h Qualitativ e Stat e descriptions .  Qualitativ e state s provid e a  vocabular y 
fo r  describin g th e devic e behavior .  Transifion s betwee n th e state s i n th e vocabular y ar e expresse d i n th e 
causa l  explanation .  Fo r  example ,  th e ta p ca n tak e thre e state s tha t  ar e qualitativel y significant :  closed , 
partiall y  ope n an d full y  open .  Thes e state s provid e limi t  case s fo r  qualitativ e simulatio n o f  th e causa l 
network . 

PROBLEM SOLVING STEPS 

This secfion presents the steps of Case Based Problem Solving for Design. The process is recursively 
applie d a s ne w subgoal s ar e generate d durin g proble m solving .  Usin g th e mulU-leve l  representatio n 
presente d i n sectio n 3 ,  th e proble m solve r  ca n us e case s t o addres s ne w desig n problem s whil e 
switchin g fro m on e representatio n t o anothe r  a s needed .  Thi s secfio n provide s detail s abou t  th e proble m 
solvin g step s o f  ou r  approach .  W e illustrat e ou r  approac h wit h th e ai d o f  a n example .  Th e exampl e i s 
abou t  th e desig n o f  a  Hot&Col d wate r  Fauce t  whic h allow s contro l  o f  th e mi x o f  ho t  an d col d wate r 
independentl y o f  th e rat e o f  flow  o f  th e mixture .  Th e proble m solvin g step s ar e a s follows : 

1. Development of a Linguistic Description. Surface features of the problem are determined. In 
design ,  surfac e matchin g ha s a  lo t  o f  validit y sinc e simila r  for m ofte n embodie s simila r  function . 
Severa l  studie s (Ratterma n 87 ,  Farie s 88 )  hav e foun d tha t  surfac e feature s hav e a  majo r  influenc e o n th e 
possibilit y  o f  a  case-base d reminding .  Surfac e matchin g i s trie d first.  I f  a  failur e t o ge t  an y usefu l 
informatio n ou t  o f  th e matche d precedent s occurs ,  the n structur e matchin g i s attempted . 

A descripfion of hot-water faucet is: a device which mixes hot and cold water allowing independent 
contro l  o f  th e temperatur e an d rat e o f  flow  o f  th e mixe d water .  Th e inde x attribute s ar e hot ,  cold ,  wate r 
and flow-control.  Context s o f  usag e ar e water ,  bath ,  kitchen ,  bar . 

2. Describing the required Function. At the simplest level, the desired artifact can be viewed as a 
black-bo x whic h take s certai n input s an d produce s desire d outputs .  Th e functio n o f  th e black-bo x i s 
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described by qualitative relations explaining how the inputs and outputs are related. This function is 
provide d b y th e user .  I t  i s  th e system' s jo b t o hel p realiz e a n artifac t  whic h wil l  conver t  th e input s int o 
th e desire d outputs . 

A functional black-box diagram of the faucet is shown in Figure 1. The qualitative functions of the 
fauce t  are :  (1 )  A  signa l  S m control s th e mi x temperatur e T/ n monotonically :  (  T m M + S m ) .  (2 )  Th e 
rat e o f  flo w o f  th e mi x (Qm )  i s controlle d b y th e signa l  S/monotonically :  (  Q m M + Sf) .  Certai n 
constraint s hav e t o b e satisfie d too :  (1 )  W h e n ther e i s n o flow,  th e temperatur e o f  th e mi x i s  zero ,  i n 
othe r  words ,  ( T m M + S m )  doe s no t  hold .  (2 )  Th e temperatur e o f  th e mi x i s determine d by : 
T m . Qm =  Th.Q h +  Tc.Qc ,  wher e Q m,  Q h an d Q c ar e th e flo w rate s o f  th e mix ,  ho t  an d col d stream s an d 
th e r' s  ar e th e correspondin g temperatures .  (3 )  Mas s i s conserve d throug h th e system :  Q h +  Q c =  Q m . 

Qh,  T h 

Qm,  T m Qc.  Tq ^ 

grfi 

1.  (T m M+ Sm)  whil e (S f  >  0 ) 
2.  (Q m M+ S( ) 
3.  (Tm.Q m =  Th.Q h +  Tc.Qc ) 
4.  (Q h - f  Qc =  Qm) 

Figur e 1 :  A  Qualitativ e Descriptio n o f  a  Fauce t 

3. Problem Analysis to Identify new Relations. Using the given functional description may not yield 
relevan t  cases .  I t  i s  usefu l  t o analyz e th e give n proble m i n orde r  t o generat e ne w relation s betwee n 
input s an d outputs .  N e w relation s ca n b e generate d b y propagatin g relation s usin g simpl e combinatio n 
and propagatio n rules . 

For example, in the faucet problem we are given that the temperature of the mix increases with the mix 
signa l  Sm.  Fro m th e equatio n fo r  calculatin g th e temperatur e o f  th e mi x T m on e ca n qualitativel y infe r 
tha t  whe n ther e i s som e flow  i n th e syste m (Q m >  0) ,  the n th e rat e o f  flow  o f  ho t  wate r  Q h 
monotonicall y increase s wit h S m whil e th e rat e o f  flow  o f  col d wate r  decreases .  I n othe r  words ,  rat e o f 
flow  o f  ho t  wate r  i s  inversel y proportiona l  t o th e rat e o f  flow  o f  col d wate r  (Q h M -  Qc )  an d th e rat e 
of  flow  o f  col d wate r  decrease s wit h Sm:  (Q c M + - S m ) .  Othe r  relation s whic h ar e derive d fro m th e 
give n qualitativ e relation s ar e tha t  th e flow  o f  ho t  wate r  monotonicall y increase s wit h th e signa l  Sf ,  th e 
same i s tru e fo r  th e flow  o f  col d water . 

4. Retrieval of Cases. A set of design cases (or case parts) bearing similarity to a given collection of 
feature s ar e accesse d an d retrieved .  Similarit y i s  determine d usin g no t  onl y th e existin g feature s o f  th e 
inpu t  specification ,  bu t  als o perturbation s arisin g fro m inde x generatio n an d reformulatio n strategie s 
(Sycar a &  Navinchandr a 89 )  a s wel l  a s th e derive d qualitativ e relation s fro m th e abov e step . 

Using the derived relations (Qc M+ -Sm) and (Qh M+ Sm) the common tap (described in the 
previou s section )  i s retrieve d sinc e i t  i s  a  wate r  regulato r  whic h wil l  chang e flow  i n respons e t o a  signal . 
Give n tha t  ther e i s onl y on e Sm,  ther e ha s t o b e som e wa y o f  splittin g th e signa l  int o tw o signal s o f 
opposit e sense .  A s i t  i s  no t  know n ho w thi s functio n wil l  b e realized ,  i t  i s  treate d a s a  ne w black-bo x 
(black-boxl )  i n Figur e 2 .  Th e figure  show s anothe r  black-bo x (black-box2 )  whic h take s tw o flows  an d 
merge s them .  A t  thi s poin t  i n th e proble m solving ,  th e syste m doe s no t  have ,  a s yet ,  an y wa y o f 
controllin g th e tota l  flow  wit h Sf . 
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blac k 
black-box l 

Figur e 2 :  Functiona l  Leve l  Synthesi s o f  th e Fauce t 

-Xl •Ti  <̂ 2 3 

4-Xl 

+thet a 

Wedge Pulle y 6 -x 2 
f 

+X1 
-fthet a 

See-sa w 

F igu r e 3 :  Case s s h o w i n g o n e paramete r  increasin g whil e anothe r  decrease s 

The next step is to find a way of realizing the split of the signal Sm. The required function may be used 
as a n inde x int o m e m o r y .  I n thi s situation ,  th e inde x w o u l d be :  "give n a  signa l  S m th e flow  rat e o f  o n e 
strea m goe s u p whil e tha t  o f  anothe r  goe s d o w n t o maintai n a  constan t  tota l  flow  rate" .  F o r  th e give n 
cas e m e m o r y ,  thi s inde x i s overl y specifi c  an d thu s i t  fail s  t o retriev e cases .  T h e inde x i s generalize d t o 
it s correspondin g qualitativ e statement :  "give n s o m e signa l  on e quantit y goe s u p whil e anothe r  c o m e s 
d o w n proportionately" .  Operationall y th e inde x i s give n as : 
(  Quantity }  M + Signa l )  a  (  Quantity !  M -  Signal) .  Thi s generalizatio n retrieve s th e case s s h o w n 
i n Figur e 3  w h e r e o n e paramete r  a: 1 increase s whil e anothe r  ;c 2 decrease s give n a  signa l  (eithe r  o f  thet a 
ory) . 

5. Extraction of relevant "snippets" from cases. A designer may retrieve and adapt not only whole 
case s bu t  als o piece s o f  case s tha t  migh t  embod y appropriat e principle s usefu l  fo r  th e desig n task .  T o 
acces s a  snippe t  directly ,  indice s base d o n feature s appropriat e fo r  th e snippe t  ar e used ;  t o extrac t  a 
relevan t  snippe t  fro m a  retrieve d whol e case ,  th e subgoal s o f  th e proble m solve r  ar e tha t  ar e poste d a t 
thi s poin t  ar e use d (Navinchandr a 88) . 

Let us consider the see-saw case retrieved in the last step. Extraction of the appropriate snippet from the 
see-sa w cas e require s examinin g th e underiyin g causa l  structur e o f  th e case .  Th e qualitativ e relation s 
fo r  th e see-sa w are : 

When dithetd) > 0: {x\ M+ theta) and (xl M- theta). 

W h en dltheta )  <  0 :  (x l  M -  theta )  an d (x 2 M + theta ) 

where :  d(theta )  =  d(theta)/d t  (qualitativ e differentia l  eqn ) 

-theta *  <  theta  <  +theta *  (limit s ar e symmetr ic ) 

0 <  x l  <  y ^  an d 0  <  ;c 2 <  ;c^ ' 

The angular motion of the see-saw is limited by the ground. Let the limits be ± theta*. 
Correspondingly ,  th e max imu m an d minimu m value s o f  x l  an d x 2 are :  zer o an d x^^ .  Th e algebrai c 

relatio n amon g thes e parameter s is :  x^- '  =  LSi n (theta *  ) ,  wher e L  i s th e lengt h o f  th e sec-sa w board . 
Anothe r  usefu l  relatio n i s tha t  x ^ '  i s doubl e th e heigh t  (h )  o f  th e see-saw' s fulcru m abov e th e ground : 
(x" ^  =  Ih) .  Thes e algebrai c relation s ar e usefu l  i n constructin g th e configuratio n space s an d fo r 
reasonin g abou t  parametri c adaptatio n o f  desig n snippets .  Reasonin g abou t  quantitativ e equation s 
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togethe r  wit h qualitativ e relation s i s a n importan t  par t  o f  desig n process . 

6. Snippet Synthesis. Partial designs have to be combined to produce a complete design. This is a 
difficul t  proble m sinc e undesirabl e interaction s amon g snippet s ma y occur .  Snippe t  synthesi s  i s don e b y 
ensurin g tha t  snippe t  precondition s ar e satisfied .  Eac h snippe t  i s treate d a s a  smal l  black-bo x wit h 
know n input s an d behavior .  Snippet s ar e synthesize d b y attachin g thei r  input s an d output s appropriately . 
W h en inpu t  type s ar e incompatible ,  a  ne w subgoa l  t o find  a  wa y t o conver t  on e outpu t  int o a  compatibl e 
inpu t  i s spawned .  Eve n thoug h eac h individua l  snippe t  ha s bee n teste d t o satisf y require d subgoals ,  th e 
synthesi s proces s ma y uncove r  undesirabl e interaction s a t  "snippe t  interfaces" .  Thes e interaction s hav e 
t o b e recognized  an d fixed.  Eve n afte r  th e interaction s hav e bee n fixed,  a n additiona l  proble m ma y arise . 
The synthesize d solutio n migh t  no t  satisf y th e origina l  se t  o f  specifications ,  althoug h eac h soluUo n 
componen t  satisfie s a  subspecification .  Thi s characterisU c i s especiall y tru e i n design .  Thus , 
verificafio n i s require d afte r  eac h synthesi s step . 

Returning to the faucet example, a see-saw has been retrieved (Figure 3) for proportionate up and down 
motion .  Th e nex t  ste p i s t o find  case s whic h wil l  allo w translator y motio n t o contro l  wate r  flow.  Usin g 
th e ta p case' s curren t  contex t  th e case s show n i n Figur e 4  ar e retrieved. 
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Figur e 4 :  Usin g translator y motio n t o contro l  orific e siz e 

Using the causal explanaUons in the cases, snippets contributing directly to the required functions are 
retrieved  an d synthesized .  A t  th e qualitativ e level ,  th e see-sa w an d th e gated-pip c ca n b e synthesize d a s 
show n i n Figur e 2 .  Th e see-sa w functio n convert s a n inpu t  mi x signa l  (Sf )  int o tw o translator y signal s 
St \  an d 5/2 .  Thes e tw o signal s ar e fe d int o basi c "tap"s ,  on e fo r  col d wate r  an d th e othe r  fo r  ho t  water . 
A synthesi s o f  th e existin g snippet s (a t  th e physica l  level )  i s don e b y attachin g th e signa l  o f  on e snippe t 
t o tha t  o f  anothe r  a s dictate d b y th e Functiona J Leve l  synthesis .  A n exampl e o f  a  rul e tha t  wa s use d is :  I f 
th e signal s ar e motions .  The n thei r  degree s o f  freedo m shoul d match .  Fo r  example ,  translatio n shoul d 
matc h translation .  Th e synthesi s  i s show n i n Figur e 5 .  Th e desig n allow s a  signa l  t o contro l  th e 
proportio n o f  orific e size s fo r  th e col d an d ho t  wate r  streams . 
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F igu r e 5 :  Physica l  Leve l  Synthesi s o f  th e Fauce t 
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7. Verification. During verification adverse interactions could lead to non-conformance of the design 
t o th e desire d specifications .  Thi s i s verifie d throug h qualitativ e simulation .  I f  th e simulatio n i s correct , 
and i f  al l  th e constraint s ar e satisfied ,  the n th e desig n i s successful .  I f  not ,  debuggin g (nex t  step )  i s 
attempted .  A  qualitativ e simulatio n o f  th e ta p discover s som e "gaps "  i n th e performance .  Th e partia l 
desig n generate d thu s fa r  show s ho w t o contro l  th e mi x o f  th e flows  give n th e signa l  S m bu t  no t  ho w t o 
contro l  th e tota l  Q m withou t  changin g th e rati o o f  ho t  an d col d water .  Th e desig n i s no t  complet e wit h 
respec t  t o th e signa l  (Sf )  whic h control s th e tota l  flo w throug h th e ta p (Qni) . 

8. Debugging. In debugging designs we have found that relevant cases can be retrieved by using the 
reason s underiyin g th e bu g a s cue s int o memor y (Navinchandr a 87) .  Roughl y speaking ,  th e ide a i s t o 
reduc e a  bu g int o "sub-bugs "  whic h ma y relat e eithe r  directl y o r  analogicall y t o case s i n memory .  Th e 
reason s underlyin g a  give n bu g ar e determine d b y developin g a  causa l  explanatio n fo r  th e existenc e o f 
th e bug .  Debuggin g involve s a  proces s o f  askin g relevan t  question s an d modifyin g the m base d o n a 
causa l  explanatio n o f  th e bug .  Thes e question s serv e a s cue s int o memor y (Schan k 86) .  W h e n a  bu g i s 
found ,  a  correspondin g questio n i s pose d t o th e Cas e Knowledg e Bas e (CKB) :  "Ha s this ,  o r  som e 
similar ,  bu g bee n see n before ? I s ther e a  know n wa y o f  repairin g it? "  I f  a  relevan t  cas e i s no t  found ,  th e 
causa l  reason s fo r  th e bu g ar e use d t o transfor m th e question .  Fo r  example ,  i f  fo r  a  give n bu g X ,  relate d 
case s ar e no t  found ,  the n th e debugge r  goe s o n t o as k "Wha t  ar e th e cause s o f  X?" ,  "I f  i t  i s no t  know n 
ho w t o eliminat e X ,  ca n it s cause s b e eliminated?" .  Thi s questionin g proces s i s recursivel y applie d unti l 
a relevan t  cas e i s found . 

The process in the faucet design example proceeds as follows: The "gap" found in the verification step 
need s t o b e "filled" .  A  wa y need s t o b e foun d t o contro l  Q m wit h S m withou t  changin g th e temperatur e 
of  th e mix .  On e o f  th e cause s o f  Q m i s tota l  orific e siz e (thi s relauo n i s deduce d fro m th e causa l  graph) . 
Consequently ,  th e followin g questio n i s generated :  "Ho w doe s on e no w contro l  tota l  orific e siz e withou t 
changin g th e rati o o f  ho t  an d col d wate r  flows?"  I n term s o f  constraints ,  i t  follow s tha t  th e ratio :  ( 

St l  I  St l  =  K^ )  ha s t o b e satisfied ,  whil e th e signa l  5/increase s th e tota l  flow-rate  (Sr i  -i -  St2 ) 
monotonically .  Correspondingly ,  i n th e see-sa w case ,  on e need s t o achiev e (xl/x 2 =  constant )  v/hi\ t 
(x l  +  x 2 M + Sf) .  Fro m th e see-sa w equation s i t  i s know n tha t  x l  +  x 2 =  x"^ .  I t  follow s tha t  w e 
need a  wa y o f  achievin g (xT^ ^  M + Sf) .  Thi s ca n b e don e b y workin g fro m th e see-sa w equation : 
(x" ^  =  2/z )  an d finding  a  wa y o f  gettin g (/ i  M + 5/) .  Thi s las t  goa l  i s easil y satisfied .  A s th e heigh t 
(h )  i s a n independen t  paramete r  (n o othe r  constraint s o n it) ,  i t  ca n b e linke d direcU y t o th e signal : 
( h =  Sf) . 

Finally, by making correspondences between x\,x2 and Stl, Stl, and by recursively applying the 
proces s o f  retrieval ,  snippe t  extracfio n an d synthesis ,  th e final  conceptua l  desig n o f  th e ta p ca n b e 
develope d (Figur e 6) . 

'O n 

Figure 6: Conceptual Design of a Faucet 

' a constan t 

289 



SYCAUA,  NAVINCMANDRA 

CONCLUDING REMARKS 

Problem solving in the domain of Engineering Design imposes a set of requirements on a problem 
solver :  (a )  th e representatio n need s t o captur e an d integrat e severa l  level s o f  abstractio n fro m th e 
linguisti c t o th e physical ,  incorporatin g linguisti c specifications ,  law s o f  physics ,  constraint s an d 
tolerances ,  (b )  th e proble m solve r  shoul d b e abl e t o reaso n bot h symbolicall y an d analyticall y a t 
differen t  proble m solvin g stage s an d integrat e th e proces s an d result s o f  it s  reasoning ,  (c )  verificatio n 
technique s shoul d b e incorporate d i n th e proble m solving .  T o dea l  wit h thes e requirements ,  w e hav e 
presente d a  methodolog y fo r  desig n tha t  integrate s us e o f  pas t  desig n case s wit h qualitativ e reasoning . 
Cases ar e represented  a t  variou s level s o f  abstraction ,  an d indice s correspondin g t o thes e level s allo w 
acces s t o desig n case s a t  an y o f  th e abstractio n levels .  Pas t  desig n case s simila r  t o th e curren t  desig n ar e 
use d to :  focu s o n th e relevant  part s o f  th e problem ,  for m th e basi s fo r  analogica l  reasoning ,  avoi d pas t 
mistakes ,  an d provid e guidanc e i n debugging .  Qualitativ e reasonin g determine s appropriat e indice s fo r 
cas e retrieval,  provide s causa l  explanation s o f  th e behavio r  o f  a n artifact ,  an d form s th e basi s fo r 
verificatio n t o chec k whethe r  th e desig n meet s it s specifications . 
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