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A B S T R A CT 

Understanding mechanical behavior is an important part of both commonsense and expert rea-

sonin g whic h involve s extensiv e spatia l  knowledge .  A  ke y proble m i n qualitativ e spatia l  reasonin g 

i s findin g th e righ t  leve l  o f  detai l  t o suppor t  differin g need s o f  reasonin g methods .  Fo r  exam -

ple ,  analysi s o f  failure s ma y involv e describin g ever y surfac e imperfection ;  but ,  t o gai n a n initia l 

understandin g o f  devic e behavior ,  on e need s t o eliminat e extraneou s information . 

Peopl e see m ver y goo d a t  varyin g thei r  leve l  o f  resolutio n t o mee t  th e need s o f  th e activit y 

bein g described ,  bu t  i n machin e understandin g thi s ha s prove n t o b e a  dilemma .  I n orde r  t o 

understan d a n artifac t  on e need s t o impos e som e leve l  o f  abstraction ,  ye t  t o obtai n a  sufficien t  leve l 

of  abstraction ,  withou t  omittin g critica l  details ,  on e need s t o understan d th e artifact .  Ou r  solutio n 

simplifie s description s o f  mechanica l  device s usin g quantitativ e informatio n abou t  qualitativel y 

significan t  regions .  Configuratio n spac e representatio n o f  th e kinemati c pair s o f  a  mechanis m serve s 

as th e underlyin g metri c diagra m t o answe r  question s concernin g contac t  betwee n th e component s 

and provid e th e foundatio n fo r  constructio n o f  a  purel y symboli c devic e description ,  th e plac e 

vocabulary .  W e explor e th e effec t  o f  abstractin g th e configuratio n spac e o n condensatio n o f  th e 

plac e vocabulary ,  showin g ho w i t  make s qualitativ e reasonin g abou t  comple x mechanisms ,  suc h a s 

th e mechanica l  clock ,  tractable .  Example s show n ar e base d o n a n implementation . 

I N T R O D U C T I ON 

The goal of qualitative mechanics is to produce a symbolic theory of analysis for complex, rigid 

body devices .  We bas e thi s theor y o n first  principle s t o allo w explanation s o f  th e behavio r  bot h 

of  common mechanism s suc h a s gea r  trains ,  pistons ,  an d ratchets ,  a s wel l  a s o f  mechanism s whic h 

contai n unusua l  device s suc h a s mutilate d gear s an d cloc k escapements .  Thes e explanation s ma y 

be use d t o predic t  th e behavio r  o f  a n unknow n mechanism ,  determin e th e suitabilit y  o f  a  give n 

devic e fo r  a  task ,  diagnos e mechanica l  failures ,  an d criticall y analyz e ne w mechanisms . 

The contex t  o f  thi s wor k i s a  generativ e mode l  o f  mechanica l  analysi s whic h determine s behavio r 

fro m a  geometri c descriptio n o f  th e component s an d a  dynami c descriptio n o f  externa l  force s affect -

in g th e mechanism .  Specifically ,  w e tak e drawing s o f  rigi d objects ,  determin e ho w the y wil l  interact , 

partitio n thes e interaction s int o equivalen t  behaviors ,  combin e thes e behavior s fo r  al l  component s 

*(c)198 9 Pau l  E .  Nielsen .  Thi s pape r  describe s researc h don e a t  th e Universit y o f  Illinois .  Suppor t  fo r  thi s wor k 
was throug h th e Offic e o f  Nava l  Research ,  contrac t  No .  N00014-85-K-0225 . 
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in the mechanism, propagate external forces acting on the system, and produce an envisionment 

showin g possibl e change s i n motio n an d positio n throughou t  th e mechanis m (Nielsen ,  1988) . 

Thi s pape r  focuse s o n th e qualitativ e an d geometri c knowledg e require d whe n partitionin g 

equivalen t  behaviors .  W e investigat e way s t o reduc e combinatoria l  explosio n whe n combinin g th e 

pairwis e interaction s o f  component s throughou t  a n entir e mechanism . 

O V E R V I E W 

This paper begins with a brief history of work done in qualitative kinematics and the ideas 

necessar y t o understan d thi s work .  Th e example s provid e a n introductio n t o th e typ e o f  reasonin g 

qualitativ e mechanic s ca n accomplish .  Th e sectio n "Buildin g th e plar e vocabulary "  discusse s ou r 

theor y o f  plac e distinction .  Followin g tha t  w e discus s th e abstractio n o f  thes e distinction s i n orde r 

t o allo w analysi s o f  large r  mechanism s whic h i s th e cor e o f  thi s work .  Finall y w e discus s futur e 

wor k an d conclusions . 

B A C K G R O U ND 

When inspecting a power train, observing gears gives one some general expectations of their 

behavior ;  however ,  explainin g wh y gear s bin d require s a  focu s o n th e individua l  part s an d mor e 

sophisticate d observation s o f  thei r  interactions .  A  purel y qualitativ e descriptio n woul d no t  benefi t 

fro m additiona l  observation ,  bu t  b y allowin g ne w metri c informatio n t o modif y ou r  symboli c repre -

sentatio n w e ca n construc t  a  ne w qualitativ e descriptio n whic h depict s th e condition s fo r  th e gea r 

t o jam .  Conversely ,  i f  w e considere d ever y possibl e wa y th e gear s coul d ja m an d bind ,  w e woul d b e 

overwhelme d an d neve r  understan d th e overal l  mechanism . 

M u ch o f  th e previou s researc h i n symboli c approache s t o kinematic s (Davis ,  1986 ;  d e Kleer , 

1975 ;  Laughton ,  1985 ;  P u Sz Badler ,  1988 ;  StanfiU ,  1985 )  relie d o n shap e recognitio n o r  a  prior i 

knowledg e o f  kinemati c pair s (th e part s o f  th e mechanis m whic h ma y com e int o contact) .  Thi s 

knowledg e woul d requir e a n enormousl y larg e par t  library ,  restric t  analysi s o f  ne w designs ,  an d 

allo w onl y on e leve l  o f  analysis . 

One wa y t o simplif y analysi s o f  mechanism s i s t o abstrac t  th e shape s o f  th e origina l  components . 

For  example ,  Gelse y (Gelsey ,  1987 ;  1988 )  represent s gear s withou t  teeth .  Th e proble m wit h thos e 

approaiche s i s the y presuppos e th e importajic e o f  surfac e feature s t o th e device' s behavior .  Suc h 

presuppositio n canno t  b e don e i n general .  Removin g th e teet h fro m a  scap e whee l  (figur e lA ) 

makes analysi s o f  it s  behavio r  impossible . 

Orde r  o f  magnitud e reasonin g method s (Raiman ,  1986 ;  Mavrovounioti s k  Stephanopolous , 

1987 )  hav e prove n elusiv e i n th e analysi s o f  mechanica l  device s becaus e th e siz e o f  a  componen t 

has n o relatio n t o it s relativ e significance .  A  surfac e wit h a  smal l  hol e woul d hav e negligibl e 

effec t  o n th e motio n o f  mos t  object s acros s it s surface ,  bu t  i n conjunctio n wit h a n objec t  whic h 

hci s a n appropriatel y sized ,  sprin g loade d pi n thes e component s creat e a  fundamentall y significan t 

behavior ,  latching . 

Faltings ,  1987a ,  demonstrate d (base d o n th e result s o f  Reuleaux ,  1876 )  th e limitatio n o f  reason -

in g abou t  shap e informatio n independentl y an d indicate d th e nee d fo r  analysi s t o procee d a t  th e 

leve l  o f  th e kinemati c pair .  W e sho w a  generativ e approac h t o qualitativ e kinematic s whic h use s 

informatio n abou t  th e pairwis e interaction s o f  th e component s t o determin e th e significanc e o f  a 
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Cloc k Escapemen t Configuratio n Spac e Enlarge d Sectio n 
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Figur e 1 :  Cloc k escapemen t  an d correspondin g configuratio n spac e 

featur e t o mechanis m behavior .  Thi s ma y b e use d t o construc t  a  librar y o f  common mechanisms ,  t o 

enabl e reasonin g abou t  unforesee n variations ,  an d t o facilitat e reasonin g a t  varyin g level s o f  detail . 

B U I L D I N G T H E P L A C E V O C A B U L A RY 

Our initial kinematic anaJysis consists of a transformation of the kinematic pairs into their 

configuratio n spac e (introduce d i n Lozano-Pere z &  Wesley ,  197 9 an d develope d fo r  mechanism s 

by FaJtings ,  1987b) .  A  configuratio n spac e i s th e resul t  o f  plottin g overlappin g (blocked )  an d non -

overlappin g (free )  configuration s fo r  eac h allowabl e motio n o f  eac h object .  Unconstraine d object s 

have si x degree s o f  freedom ,  thre e translationa l  an d thre e rotationa l  motions ,  an d s o a  configuratio n 

spac e fo r  tw o unconstraine d object s woul d requir e si x dimension s t o describ e ever y combinatio n 

of  positioning .  However ,  component s o f  mechanisms ,  b y definition ,  ar e relativel y constrained ,  an d 

"singl e degre e o f  freedo m mechanism s ar e th e form s use d mos t  frequentl y (Erdma n &;  Sandor ,  1984), " 

so eac h kinemati c pai r  need s onl y a  tw o dimensiona l  representatio n t o describ e al l  possibl e inter -

action . 

Figure s 1  an d 2  sho w som e kinemati c pair s an d thei r  configuratio n spac e representations .  Line s 

paralle l  t o th e axe s represen t  a  pur e rotatio n o f  a  singl e objec t  counterclockwis e fro m 0  t o 2-k . 

Shaded region s indicat e blocke d configuration s wher e th e object s woul d overlap ,  an d unshade d 

region s represen t  fre e configuration s wher e th e tw o object s d o no t  touch .  Th e curve s betwee n th e 

fre e an d blocke d region s represen t  configuration s wher e th e object s ar e i n contact . 
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Gear  Wheel a Enlarge d Configxiratio n Spac e 
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Figur e 2 :  Gea r  wheel s an d correspondin g configuratio n spac e 

Becaus e a  complet e spatiei l  analysi s o f  eac h poin t  woul d tak e infinitel y long ,  th e spac e o f  consid -

eratio n mus t  b e partitioned ;  bu t  a n unintelligen t  approac h t o plac e abstractio n wil l  eithe r  requir e 

a hug e numbe r  o f  cell s o r  los e relevan t  information .  Ou r  approac h use s th e concep t  o f  a  plac e 

vocabulary ^  (introduce d i n Forbus ,  1981) .  A  plac e i s a  connecte d regio n o f  spac e i n whic h al l 

point s shar e relevan t  properties ,  an d a  plac e vocabular y i s th e se t  o f  aJ l  place s coverin g th e spac e 

of  interest .  Th e metri c diagra m allow s u s t o determin e whic h place s ar e adjacen t  an d predic t  th e 

configuratio n whic h result s whe n on e o r  mor e object s move . 

For  example ,  a s lon g a s on e i s walkin g alon g a  wal l  th e expectatio n i s tha t  i t  wil l  no t  imped e 

you r  progress ,  bu t  upo n reachin g a  corne r  th e directio n o f  trave l  mus t  cea^ e o r  change .  Despit e 

th e siz e o f  th e wal l  i t  m a y b e represente d wit h a  singl e place ,  an d eve n thoug h th e corne r  i s a 

ver y smal l  region ,  i t  i s  represente d a s a  distinc t  place .  I n mechanis m th e shap e o f  th e surface s 

of  th e object s i n contac t  affec t  thei r  possibl e behaviors ,  an d th e nex t  possibl e contact s defin e th e 

behaviora l  prediction s o f  objects .  S o ou r  plac e vocabular y wil l  consis t  o f  region s wher e th e contac t 

i s  equivalen t  (i n som e sense )  an d non-contac t  (free )  region s whic h ar e divide d accordin g t o th e nex t 

contac t  the y ca n transitio n to . 

We grou p place s i n th e plac e vocabular y accordin g t o fou r  type s distinguishe d b y allowabl e 

motio n an d contact .  Thes e ar e constrain t  segments ,  joins ,  fre e spac e divisions ,  an d ful l  faces .  Th e 

propertie s o f  e2u: h typ e ar e discusse d below . 

Constrain t  segment s (CSEGs )  for m th e boundarie s betwee n fre e an d blocke d region s i n config -

uratio n space .  The y represen t  arrangement s wher e th e object s mak e contact .  A  C S E GS prevent s 

'  Joskowic z (Joskowic z L  Addanki ,  1988 )  use s a  simila r  concept ,  bu t  refer s t o i t  a s a  regio n diagram . 
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motion into the open half plane centered on its reverse surface normal. 

Join s ar e th e point s wher e surface s meet .  I n previou s wor k i n qualitativ e kinematic s th e analysi s 

of  point s wa s largel y overlooked .  (Th e exceptio n bein g Shoham ,  1985 ,  whic h treat s onl y points. ) 

AnaJysi s a t  a  poin t  i s  onl y slightl y mor e comple x tha n alon g a  smoot h constan t  curve ,  bu t  includin g 

point s i n th e analysi s roughl y double s th e siz e o f  th e plac e vocabulary . 

Join s wil l  hav e qualitativel y differen t  behavior s dependin g o n whethe r  th e adjacen t  surface s ar e 

concav e o r  convex .  W e cal l  a  joi n a n concav e i f  th e surfac e norma l  o f  th e segmen t  o n on e sid e o f  th e 

joi n lie s i n th e sam e ope n hal f  plan e a s th e surfac e norma l  o f  th e segmen t  o n th e opposit e side ;  an d 

conve x otherwise .  Th e motion s prevente d b y a n concav e joi n ar e th e unio n o f  th e se t  o f  motion s 

prevente d b y eac h o f  th e adjacen t  segments ,  whil e th e motion s prevente d b y a  conve x joi n ar e th e 

intersectio n o f  th e se t  o f  motion s prevente d b y eac h o f  th e adjacen t  segments . 

Some interestin g kinemati c pairs ,  suc h a s cloc k escapements ,  d o no t  sta y i n contac t  an d ma y 

produc e intermitten t  motions .  Eve n mor e c o m m o n kinemati c pair s nee d t o hav e som e pla y betwee n 

th e part s t o reduc e friction .  Fre e spac e division s (FSDs )  partitio n region s o f  ope n spac e t o provid e 

behaviora l  distinction s whe n th e object s ar e no t  i n contact . 

Th e numbe r  an d for m o f  th e FSD s affec t  th e complexit y o f  th e resultan t  plac e vocabulary .  Th e 

min imu m FSD s shoul d distinguis h wher e th e shap e o f  th e contac t  changes ,  sinc e thi s correspond s t o 

a qualitativ e chang e i n th e behavio r  o f  th e mechanism ,  an d shoul d divid e th e ope n regio n accordin g 

t o th e allowabl e motion s o f  eac h individua l  object .  Sinc e eac h objec t  onl y ha s on e allowabl e motion , 

thes e division s ar e lines . 

Th e ope n area s o f  spac e bounde d b y C S E G s ,  FSDs ,  an d join s ar e calle d ful l  faces .  The y impos e 

no restriction s o n th e motio n o f  th e object ,  bu t  b y adjacenc y the y answe r  the y question ,  "I f  thi s 

motio n continues ,  wha t  wil l  happe n next? " 

One wa y t o characteriz e th e configuratio n o f  a n entir e mechanis m woul d b e t o calculat e th e 

configuratio n spac e resultin g fro m eac h possibl e motio n o f  eac h o f  th e components .  Yet ,  eve n i f  eac h 

componen t  onl y contribute d on e degre e o f  freedom ,  an d henc e on e dimensio n t o thi s spax:e ,  eve n 

simpl e mechanism s woul d produc e enormousl y comple x spaces .  Furthe r  mechanica l  engineer s d o 

not  see m t o thin k o f  th e entir e mechanis m a t  onc e a s thi s metho d woul d suggest .  Instea d w e us e a 

vector ,  consistin g o f  on e plac e fro m ea<: h plax: e vocabulaj y o f  eac h kinemati c pair ,  t o characteriz e al l 

possibl e configuration s o f  th e overal l  mechanis m (th e plac e vector) .  A s w e se e i n th e nex t  section , 

combinin g al l  possibl e location s o f  al l  part s stil l  result s i n a n enormou s numbe r  o f  possibl e pla<: e 

vectors .  Th e solutio n i s t o ignor e som e o f  thes e combination s withou t  loosin g sigh t  o f  "significant " 

behaviors . 

A B S T R A C T I NG T H E P L A C E V O C A B U L A RY 

The full place vocabulary for the clock escapement given in figure 1 consists of over 1300 

places .  Thi s b y itsel f  i s  no t  a n unwield y numbe r  o f  distinc t  location s t o conside r  i n constructin g 

a detaile d analysi s o f  thi s pair .  Bu t  combinin g tha t  informatio n wit h 600 0 t o 60,00 0 place s fo r 

each gea r  pai r  make s analysi s o f  a n entir e cloc k becom e intractabl e befor e motio n analysi s i s eve n 

considered .  Informatio n abou t  periodicall y recurrin g patterns ^  reduce s th e numbe r  o f  place s t o 9 6 

fo r  th e escapemen t  an d 1 6 fo r  a  typica l  gear .  Bu t  sinc e ou r  cloc k ha s 6  gea r  pairs ,  it s  entir e plac e 

vocabular y afte r  thi s optimizatio n woul d consis t  o f  abou t  1,600,000,00 0 places . 

'Falling s handle s recurrin g surfac e pattern s b y recordin g repetitiv e surface s an d performin g th e configuratio n 
spac e transformatio n onl y onc e fo r  al l  o f  thes e surfaces .  (Fallings ,  1987 b fo r  details. ) 
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To produce a detailed analysis we would Like to preserve information about how a qualitatively 

uniqu e surfac e o n th e origina l  par t  interact s wit h eac h surfac e o n it s opposit e pair .  Fo r  example ,  a t 

one leve l  o f  detai l  w e ma y b e intereste d i n knowin g wha t  behavio r  th e for e fac e o f  a  gea r  toot h ha s 

on th e to p o f  th e opposit e gea r  tooth .  Bu t  whe n reasonin g abou t  lon g kinemati c chain s w e canno t 

possibl y kee p trac k o f  wher e eac h surfac e come s int o play .  A t  th e mos t  detaile d leve l  CSEG' s 

may b e distinguishe d b y a  labelin g o f  th e object' s surface s whic h gav e ris e t o them .  Alternatively , 

th e mos t  abstrac t  distinctio n o f  CSEG' s i s b y th e orientatio n o f  thei r  surfac e normal s becaus e 

thi s orientatio n restrict s th e possibl e motion s o f  th e object s an d determine s th e directio n o f  force s 

transmitte d b y contact .  Adjacen t  CSEG' s wit h qualitativel y equivalen t  surfac e normal s ma y b e 

represente d b y a  singl e plac e i n th e plac e vocabulary . 

Thi s abstractio n collapse s al l  adjacen t  surface s wit h qualitativel y equivalen t  surfac e normal s 

int o on e functionall y equivalen t  surfac e whic h reduce s th e numbe r  o f  place s o n a  gea r  t o 1 2 an d o n 

th e escapemen t  t o 8 0 an d reduce s th e overal l  plac e vocabular y t o abou t  240,000,00 0 places . 

By reducin g th e resolutio n (enlargin g th e grai n size )  o f  th e configuratio n space ,  interaction s 

betwee n smal l  irregularitie s o n surface s ma y b e ignored .  Fo r  example ,  th e gea r  depicte d i n Figur e 2 

has certai n interaction s betwee n th e surface s whic h preven t  i t  fro m turnin g i n th e "u p left "  directio n 

fo r  a  smal l  interval .  I f  thi s interva l  i s  belo w som e c  i t  ma y b e ignore d a t  th e ris k o f  los s o f  accuracy . 

Doin g thi s reduce s th e numbe r  o f  place s o n a  gea r  t o 3  an d th e numbe r  o f  place s o n th e escapemen t 

t o 60 .  Th e tota l  numbe r  o f  place s i s no w 36,450 . 

When resolutio n i s reduced ,  th e ga p betwee n part s als o become s les s apparent .  I f  th e ga p 

siz e betwee n tw o part s i s les s tha n som e e  a  ne w plac e i s create d whic h i s bounde d o n tw o sides . 

Conceptuall y thi s approac h eliminate s th e pla y betwee n th e tw o part s an d collapse s thre e distinc t 

place s int o one .  Onl y fre e spac e ma y b e eliminate d thi s wa y an d no t  blocke d spac e sinc e tha t 

woul d alte r  th e mechanism s behavior .  I t  i s  importan t  tha t  an y reductio n i n th e numbe r  o f  place s 

collapse s man y adjacen t  region s int o on e rathe r  tha n eliminatin g a  regio n sinc e doin g otherwis e 

may eliminat e a  previousl y possibl e transition . 

Thes e abstraction s allo w us ,  whe n considerin g gea r  behaviors ,  t o reduc e th e numbe r  o f  place s 

t o one .  (Th e escapemen t  remain s 50 ,  whic h i s th e tota l  siz e o f  ou r  plac e vocabulary. )  Th e practica l 

effec t  o f  thi s i s  tha t  arbitraril y  lon g gea r  chain s contribut e n o mor e t o th e complexit y o f  th e mech -

anis m tha n doe s a  singl e gea r  pair .  Thi s correspond s t o th e intuitiv e notio n o f  a  gea r  a s producin g 

a singl e constan t  behavio r  an d validate s othe r  qualitativ e analysi s rule s suc h a s " A an d B  for m 

a paralle l  gea r  pai r  i f  thei r  onl y possibl e motio n ar e tw o coordinate d rotations(Joskowicz ,  1987). " 

However ,  ou r  resul t  wa s obtaine d fro m a  firs t  principles ,  geometri c analysis .  N o "knowledg e engi -

neering "  fo r  specifi c  part s o r  chain s o f  part s wzi s required . 

C O N C L U S I O NS 

We have demonstrated a method of abstracting geometric information to reduce the complexity 

of  symboli c informatio n i n mechanis m analysis .  Th e axivantage s o f  thi s approac h includ e th e abilit y 

t o construc t  a n analysi s o f  entir e mechanisms ,  rathe r  tha n o f  components .  Whil e previousl y th e 

combinatoric s o f  th e proble m hav e bee n prohibitive ,  w e hav e produce d a  complet e envisionmen t  o f 

a mechanica l  cloc k usin g a  tota l  o f  23 4 qualitativ e state s accountin g fo r  variation s i n motio n an d 

position . 

A mor e detaile d analysi s o f  a  mechanis m migh t  loo k a t  th e wa y a  subcomponen t  participate s i n 

th e overal l  behavio r  o f  th e mechanism ,  the n loo k a t  a  mor e detaile d analysi s o f  tha t  subcomponen t 
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to provide further insight into the behavior of the mechanism. For example, the gear pair depicted 

wil l  tur n freel y onl y i n on e direction .  I f  w e construc t  a n approximat e descriptio n o f  th e gear s 

turnin g freely ,  w e shoul d the n reinvestigat e th e behavio r  o f  th e gea r  i n th e overal l  mechanis m t o 

determin e i f  i t  violate s thi s unidirectiona l  constraint . 

I n th e futur e w e woul d lik e t o b e abl e t o perfor m analysi s fro m course r  sketche s o f  mechanica l 

component s rathe r  tha n fro m actua l  components .  Sligh t  irregularitie s coul d b e remove d b y th e 

simplificatio n technique s discusse d here ,  an d barel y occlude d region s ma y provid e clue s t o designer' s 

intent .  I f  a  regio n i s onl y slightl y blocked ,  i t  ma y i n fac t  hav e bee n intende d a s free . 
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