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ABSTRACT

Const ra in t  sa t i s f ac t i on  t echn iques  a re  now
w ide l y  used  i n  A I  p rob lem so l v i ng .  D i sc re te
cons t ra i n t  p ropaga t i on  a l go r i t hms  we re  b rough t
i n to  p rom inence  by  Dav id  Wa l t z ,  who app l i ed  t hem
to  t he  p rob lem o f  f i nd ing  cons i s ten t  l abe l l i ngs
o f  l i ne  d raw ings .  Th i s  pape r  p resen ts  t he
rea l i za t i on  o f  a Wa l t z—l i ke  a l go r i t hm i n  t e rms
o f  a soc ie t y '  o f  coope ra t i ng  agen ts .  The
a rch i t ec tu re  o f  SCENELAB i s  ske t ched ,  a compu te r
sys tem fo r  l abe l l i ng  p i c t u res  d rawn  f r om scenes
in  t he  b l ocks  wo r l d .  SCENELAB i s  imp lemen ted  i n
CSSA, a p rog ramming  l anguage  f o r  t he  rea l i za t i on
o f  asynch ronous l y  concu r ren t  p rocesses .  I t  i s
a rgued  t ha t  t h i s  app roach  i s  no t  r es t r i c t ed  t o
scene  l abe l l i ng  a l go r i t hms .  A c lass  o f
cons t ra i n t s  i s  i den t i f i ed  wh i ch  i s  su i t ed  t o
s im i l a r  so lu t i ons  and  wh i ch  SCENELAB i s  ab le  t o
hand le .  F i na l l y ,  some  fu r t he r  po in t s  a re  more
b r i e f l y  add ressed :a  compar i son  o f  t he  p resen t
wo rk  t o  sequen t i a l  and  synch ron i zed  pa ra l l e l
ve rs i ons  o f  t he  Wa l t z -a l go r i t hm,  and  t he
p rob lems  ra i sed  by  t he  occu r rence  o f  i ncomp le te
and  e r roneous  p i c t u re  da ta  i n  r ea l  wo r l d
app l i ca t i ons .
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1 .  In t roduc t ion  2

um

Const ra in t  sa t i s fac t ion  techn iques  a re  now w ide ly  used  in  A1
prob lem so lv ing .  D isc re te  cons t ra in t  p ropaga t ion  a lgor i thms  were
brought  in to  p rominence  by  Dav id  Wa l t z  (HaYZ) ,  who app l ied  them
to  the  p rob lem o f  f ind ing  cons is ten t  l abe l l ings  o f  l i ne  draw—
i ngs .  Th is  paper  p resents  the  rea l i za t ion  o f  a wa l t z—l ike  a lgor—
i thm in  te rms  o f  a soc ie ty  o f  coopera t ing  agents .  The  a rch i tec—
tu re  o f  SCENELAB (Re83 ) ,  (Re84 )  i s  ske tched ,  a computer  system
for  l abe l l ing  p ic tu res  drawn f rom scenes in  the  b locks  wor ld .
SCENELAB i s  imp lemented  in  CSSA (BMSBZ) ,  a p rogramming  language
fo r  the  rea l i za t ion  o f  asynchronous ly  concur ren t  p rocesses .  I t
i s  a rgued  tha t  th is  approach  is  no t  res t r i c ted  to  scene
l abe l l ing  a lgor i thms .  A c lass  o f  cons t ra in ts  i s  iden t i f i ed  which
i s  su i ted  to  s imi la r  so lu t ions  and  wh ich  SCENELAB i s  ab le  to
hand le .  F ina l l y ,  some fu r ther  po in ts  a re  more b r ie f l y  addressed:
A compar ison  o f  the  p resent  work  to  sequent ia l  and  synchron ized
para l l e l  ve rs ions  (Roe ta l76 )  o f  the  Ha l t z~a lgor i thm,  and  the
prob lems ra ised  by  the  occur rence  o f  incomple te  and e r roneous
p ic tu re  da ta  in  rea l  wor ld  app l ica t ions .  The  p rob lem o f
detec t ing  d is t r ibu ted  te rmina t ion ,  wh ich  had  to  be  so lved  fo r
SCENELAB, too ,  i s  ment ioned  bu t  no t  d iscussed  in  de ta i l ,  as  th is
i s  done e lsewhere  (BMR84) .
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2 .  The  wa l t z -A lgo r i t hm:  F ind ing  Labe l l i ngs  f o r  L i ne  D raw ings  3

» -‚ 1 . 14  ‚ _  Ä‚ '_ ' _  . l : ‘ ' „ 11 .1 :  _n . ‘ ‚  °. 1 . :  „' n . ‘

The purpose  o f  scene  ana l ys i s  i s  t o  "unde rs tand "  a two—
d imens iona l  d raw ing ,  tha t  i s  t o  f i nd  an  i n te rp re ta t i on  i n  t e rms
o f  t he  scene  i t  r ep resen ts .  A subs tan t i a l  pa r t  o f  t h i s  t ask  i s
f r equen t l y  accomp l i shed  by  f i nd ing  an  a t t achmen t  o f  l abe l s  t o
p i c tu re  e l emen ts ,  a l abe l  s t and ing  f o r  a ce r t a i n  p rope r t y  t he
co r respond ing  scene  e lemen t  has .  He w i l l  r es t r i c t  ou r  con -
s i de ra t i ons  t o  l i ne  d raw ings  rep resen t i ng  scenes  f r om a so—
ca l l ed  " t r i hed ra l "  wo r l d .  A t r i hed ra l  wo r l d  con ta i ns  po l yhed ra ,
where  a t  eve ry  ve r t ex  exac t l y  t h ree  su r f aces  mee t .  The  d raw ings
then  a re  composed  o f  ( s t r a i gh t - l i ne )~segmen ts ,  j unc t i ons ,  and
r eg ions ,  r ep resen t i ng  edges ,  ve r t exes ,  and  su r f aces ,  r espec—
t i ve l y .

We a re  go ing  t o  wo rk  w i t h  a ve ry  c rude  se t  o f  on l y  f ou r  d i f—
f e ren t  segmen t  l abe l s ,  f i r s t  i n t r oduced  by  Hu f fman  (Hu71)  and
C lowes  (C l71 ) .  Fo r  a d i scuss ion  o f  t he  exp ress i ve  power  o f  l abe l
se t s  see  e .g .  (F r82 ) .  F i gu re  1 shows  t hese  l abe l s  and  t he  mean -
i ngs  assoc ia ted  w i t h  t hem.

"+ "  = convex  edge ,  two  su r f aces  v i s i b l e

n -n  . concave  edge ,  two  su r f aces  v i s i b l e

"> "  and  “< "  = convex  edge ,  occ lud ing  one  su r f ace ,  t he
v i s i b l e  su r f ace  be ing  on  t he  r i gh t  s i de  o f  t he
l i t t l e  a r row

F ig .  1 : The  Hu f fman / t l owes  segmen t  l abe l s

The  c ruc ia l  po in t  now i s  t ha t  t r i hed ra l  j unc t i ons  exh ib i t  on l y
f ou r  d i f f e ren t  p ro to t yp i ca l  geome t r i c  shapes  - so—ca l l ed  j unc—
t i on  f i gu res  — cons t ra i n i ng  t he  way i n  wh i ch  t he i r  segmen ts  may
be  l abe l l ed  i n  a spec i f i c  manne r .  He ca l l  a l i s t  o f  po ten t i a l l y
adm iss ib l e  compos i t e  j unc t i on  l abe l s  a " l abe l  d i c t i ona ry ' l
( f i gu re  2 ) .

29AU684  M.  Re in f rank



2 .  The  wa l t z -A lgo r i t hm:  F ind ing  Labe l l i ngs  f o r  L i ne  Drawings  4

L LLL
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F ig .  2 :  The  phys i ca l l y  poss ib l e  l abe l l i ngs  o f  t he  t r i hed ra l
j unc t i on  f i gu res  ELL ,  FORK, TEE and  ARROW f o rm  on l y
a sma l l  subse t  o f  t he  64  comb ina to r i a l l y  poss ib l e
l abe l l i ngs .

I t  i s  c l ea r  t ha t ,  w i t h i n  t he  con tex t  o f  a l i ne  d raw ing ,  t he  com—
pos i t e  l abe l s  o f  two  ad jacen t  j unc t i ons  mus t  i nduce  two  segmen t
l abe l s  f o r  t he  segmen t  j o i n i ng  t hem wh i ch  a re  compa t i b l e ,  i . e .
wh ich  assoc ia te  t he  same  i n te rp re ta t i on  f o r  t ha t  segmen t .  A
f i r s t  s t ep  t owa rds  t he  i n te rp re ta t i on  o f  a l i ne  d raw ing  i s  made
by  f i nd ing  a " cons i s ten t "  l abe l l i ng ,  whe re  t he  l abe l s  o f  any  two
ne ighbo r i ng  j unc t i ons  a re  mu tua l l y  compa t i b l e .  F i gu re  3 shows a
cube  cons i s ten t l y  l abe l l ed  w i t h  l abe l s  f r om f i gu re  2 .

As two  ad jacen t  j unc t i ons  v i ew  the i r  common segmen t  f r om two
comp lemen ta ry  v i ewpo in t s ,  i t  shou ld  be  c l ea r  t ha t  t he  l abe l  ”> "
i s  compa t i b l e  w i t h  “< "  and  v ice  ve rsa .  I n  (Re84 )  we  t he re fo re
used  t he  l abe l s  "a ) "  and  "o< " ,  mak ing  t he  v i ewpo in t  o f  a j unc -
t i on  exp l i c i t .  Fo r  t he  sake  o f  s imp l i c i t y ,  we adop t  he re  t he  no—
ta t i on  mos t  common ly  used  i n  t he  l i t e ra tu re  on  scene  l abe l l i ng ,
a l t hough  i t  m igh t  sugges t  t ha t  "< "  and  "> “  a re  compa t i b l e  w i t h
themse l ves .

F igu re  3 :  Cons i s ten t  l abe l l i ng  o f
a cube .  No te  t ha t  t he  l abe l s
< and  > may  be  i n te rp re ted  as
“ i ngo ing ”  and  "ou tgo ing "  seg—
men ts  when v i ewed  f r om a
j unc t i on .

Obv ious l y ,  i f  t he  l abe l  d i c t i ona ry  i s  " sound "  and  ” comp le te " ,
r ep resen t i ng  exac t l y  a l l  phys i ca l l y  poss ib l e  comb ina t i ons ,  3
d raw ing  o f  a r ea l  wo r l d  scene  mus t  have  a t  l eas t  one  cons i s ten t
l abe l l i ng .  (P rocedu res  t o  ob ta i n  such  a d i c t i ona ry  a re  g i ven

29AU684  H.  Re in f rank



2 .  The  Wa l t z -A lgor i thm:  F ind ing  Labe l l ings  fo r  L ine  Drawings  5

e .g .  in  (waTZ) and (H i?? ) . )  Un for tuna te ly ,  the  converse  does no t
ho ld :  F igure  4 shows the  l abe l l ed  d rawing  o f  an  imposs ib le
ob jec t ,  toge ther  w i th  the  l ine  d rawing  o f  ano ther  imposs ib le
ob jec t  fo r  wh ich  no  cons is ten t  l abe l l ing  can  be  found .  The  d raw-
ings  a re  taken  f rom Sug ihara  (Su82 ) .

/ "3i.

F ig .  4 :  Un labe l l ab le  drawing  Labe l l ed  d rawing  o f  an
imposs ib le  ob jec t

W

Exhaust ive  search  methods a re  ine f f i c ien t  in  f ind ing  con-
s is ten t  l abe l l ings  (Wi77 ) .  Th is  i s  t rue  espec ia l l y  fo r  d rawings
from less  res t r i c t i ve  wor lds ,  where  a much more comprehensive
labe l  se t  i s  needed .  wa l t z  (Ha72 ) ,  us ing  more than  3 ,000  d i f—
f e ren t  junc t ion  l abe ls ,  sugges ted  an  a lgor i thm to  subs tan t ia l l y
prune  the  o therw ise  in t rac tab le  search  space  by  means  o f  a lo -
ca l l y  res t r i c ted  search .  Th is  so lu t ion  i s  mot iva ted  by  the
fo l low ing  observa t ion :  A junc t ion  l abe l  f rom the  o r ig ina l  l i s t
of  po ten t ia l l y  admiss ib le  l abe ls  fo r  a ce r ta in  junc t ion  f igure
can  on ly  cont r ibu te  to  a cons is ten t  l abe l l ing  i f  a t  l eas t  one
compat ib le  l abe l  can  be  found  fo r  every  ne ighbor  o f  the  junc t ion
i n  cons idera t ion .  P roper ly  spoken ,  the  wa l t z—algor i thm works  as
fo l lows:

For  every  junc t ion  J do - i n  an  a rb i t ra ry  sequence —
( 1 )  Ass ign  the  l i s t  o f  a l l  po ten t ia l l y  admiss ib le

l abe ls  to  J and mark J
(2 )  Remove a l l  the  l abe ls  f rom J no t  hav ing  a t  l eas t

one compat ib le  l abe l  a t  every  marked ne ignbor  N
of  J

( 3 )  For  a l l  marked ne ighbors  N o f  J do
Remove a l l  l abe ls  f rom N hav ing  no compat ib le
labe l  a t  J
Recurs ive ly  repea t  ( 3 )  fo r  a l l  marked ne ighbors  N '  o f  N
unt i l  no more de le t ions  occur

In  (Re84 )  a more fo rma l  descr ip t ion  o f  th is  a lgor i thm is  g iven
and  i t s  cor rec tness  i s  p roved .  For  a de ta i l ed  d iscuss ion  see
(H372 )  o r  (Wi75 ) .

29A0684  M .  Re in f rank



2 .  The wa l t z -A lgor i thm:  F ind ing  Labe l l ings  fo r  L ine  Drawings  6

W
The p rob lem of  f ind ing  cons is ten t  l abe l l ings  o f  a g raph  is  no t

res t r i c ted  to  scene ana lys is  app l ica t ions  bu t  i s  an  ins tance  o f
the  genera l  so -ca l l ed  "Cons is ten t  Labe l l ing  Prob lem"  CLP
(HaSh?9 ,80 ) ,  de f ined  as  fo l lows:  G iven  a se t  {v1 ,v , , . . . , vn }  o f
var iab les  wh ich  may take  va lues  f rom domains D ; ,D , , . . . ,Dn ,  and a
number o f  cons t ra in t  re la t ions  o f  the  fo rm

R Q Du X Die  Xn-X  Di l :

where k € {1 ‚2 ‚ . . . ‚ n }
and i1 ‚ i „ . . . ‚ i „  e {1 ,2 , . . . , n } ,

f ind  a tup le  (o r ,  a l l  the  tup les )  (d1 ,d , , . . . , dn )  o f  va lues
"sa t is fy ing”  a l l  the  re la t ions  R in  the  sense  tha t  fo r  every  R ,
(d ;1 ,d i z , . . . , d4k )  € R ho lds .  The  scene  l abe l l ing  p rob lem f i t s
i n to  tha t  scheme e i ther  as  a so~ca l l ed  "b inary”  CLP,  w i th  the
j unc t ions  as  va r iab les ,  the  junc t ion  l abe ls  as  domains ,  and  the
b inary  re la t ions  cons t ra in ing  the  l abe ls  o f  ad jacen t  junc t ions ,
or  as  an  ”n~ary"  CLP (n  be ing  the  max ima l  edge  degree  in  the
l i ne  d rawing ) ,  w i th  the  segments as  va r iab les ,  the  segment
labe ls  as  domains ,  and the  re la t ions  cons t ra in ing  the  l abe ls  o f
segments  in te rsec t ing  a t  a common junc t ion .  For  more  de ta i l s  see '
(Re84 ) .  An overv iew  over  CLP 's  and the i r  a lgor i thms  is  g iven
e .g .  in  (Nu83 ) .

B inary  CLP 's  a re  o f ten  represented  as  ne tworks ,  the  nodes
s tand ing  fo r  va r iab les  and the  edges s tand ing  fo r  re la t ions .  The
Wal tz—algor i thm cap tures  the  cen t ra l  idea  o f  cons t ra in t
p rOpagat ion  in  such  a ne twork .  D isc re te ,  loca l  cons t ra in ts  a re
eva lua ted  a t  a s ing le  node  (s teps  (1 )  and  (2 ) ) .  These  con -
s t ra in ts  a re  then  p ropaga ted  to  the  env i ronment  o f  th is  node
(s tep  (3 ) ) ,  and  a re  even tua l l y  d is t r ibu ted  over  the  who le  ne t—
work  ( recurs ive  repe t i t ion  o f  s tep  (3 ) ) .  Th is  bas ic  idea  has
been genera l i zed  by  S tee le  (G .S t80 )  (among o thers )  to  a genera l
purpose  cons t ra in t  l anguage .

Const ra in ts  and cons t ra in t  sa t i s fac t ion  techn iques  have  been
used  in  a w ide  range  o f  A I—app l ica t ions  as ,  among o thers ,  in
p lann ing  (M .S t .81 ) ,  schedu l ing  (Foe ta l83 ) ,  s imu la t ion  (A .Bo?9) ,
g raph ics  (6083 ) ,  na tu ra l  l anguage  unders tand ing  (He82 ) ,  deduc -
t ion  (McASO), t empora l  reason ing  (A lKa84 ) ,  and d iagnos is
(S tSu77 ) .  I t  shou ld  be  c lea r  tha t  the  representa t ion  o f  con—
s t ra in ts  by  means o f  s imp le  tab les  as  e .g .  our  l abe l  d ic t ionary
is  inadequate  fo r  more complex cons t ra in t  re la t ions ,  espec ia l l y
when the  domains  a re  in f in i te .  Moreover ,  cons t ra in t  sa t i s fac t ion
techn iques  a re  no t  res t r i c ted  to  an  unp lanned ,  exhaus t ive
propaga t ion  o f  loca l  cons t ra in ts  (see  e .g .  ( 6083 )  fo r  more
e labora te  s t ra teg ies ) .  However ,  these  i ssues  l i e  beyond the
scope  o f  the  p resent  paper .

29AU684  H .  Re in f rank



3 .  SCENELAB: Scene Labe l l i ng  by  a Soc ie ty  o f  Agents  7

WWW

For  A I  p rob lem so l v i ng ,  the  concept  o f  systems o f  coopera t ing
agents  has  become an  impor tan t  parad igm.  An agent  i s  an  indepen—
dent  un i t  f ami l i a r  w i th  a pa r t  o f  the  p rob lem a t  hand ,  p rov id ing
par t  o f  the  exper t i se  needed to  deve lop  a so lu t ion  fo r  the
prob lem.  Coopera t ing  agents  coord ina te  the i r  e f fo r ts  by  the  ex -
change o f  messages repor t ing  par t i a l  resu l ts  and de lega t ing  sub-
t asks .

W

The  cen t ra l  idea  o f  the  p resent  work  i s  to  use  a soc ie ty  o f
agents  to  per fo rm a Wa l t z - l i ke  l abe l l ing .  G iven  a l i ne  drawing ,
one d is t inc t  agent  i s  c rea ted  fo r  every  junc t ion  (see  f igure  5 ) .
The agent  i s  in i t i a l l y  supp l ied  w i th  a l i s t  o f  a l l  po ten t ia l l y
admiss ib le  l abe ls  fo r  a junc t ion  o f  th is  type .

F igure  5 :  A soc ie ty  o f  agents  work ing  on  the  d rawing  o f  a
t e t raeder .  Agents  a re  represented  by  nodes ,  acqua in tances
by a rcs .

The agents  then  s ta r t  to  communicate w i th  the i r  ne ighbors  - two
agents  a re  acqua in ted  to  each  o ther  i f  the  cor respond ing  junc -
t ions  a re  ad jacen t  - t e l l ing  each  o ther  what l abe ls  rema in  pos -
s ib le  f rom the i r  ind iv idua l  po in ts  o f  v iew .  In  o rder  to  keep
the i r  l abe ls  compat ib le ,  two  agents  must  agree  upon  what  l abe ls
they  in tend  to  a t tach  to  the i r  junc t ions .  Th is  agreement  i s
ach ieved  by  means o f  the  fo l low ing  p rocedure :  Every  agent  keeps
on  observ ing  what  k ind  o f  segment  l abe ls  may be  cons is ten t ly
ass igned  to  the  segments  o f  h is  junc t ion ,  w i th  respec t  to  h is
ac tua l  l i s t  o f  junc t ion  l abe ls .  Whenever  a ce r ta in  l abe l  i s
ru led  ou t ,  he  sends a message to  h is  cor respond ing  ne ighbor .
Upon  the  rece ip t  o f  such  a message ,  an  agent  removes  a l l  the
junc t ion  l abe ls  wh ich  wou ld  induce  th is  spec i f i c  segment  l abe l
fo r  the  segment in  cons idera t ion ,  and checks  whether  these  dele—
t ions  migh t  g ive  r i se  to  fu r ther  incons is tenc ies ,  i . e .  i f
fu r ther  segment  l abe ls  have  become imposs ib le  as  a consequence
of  the  de le t ions .  F igure  6 shows the  ac t i v i t i es  o f  the  agent  A
f rom f igure  5 a f te r  rece iv ing  a message f rom agent  B exc lud ing
the  l abe l  ' + '  fo r  the  segment  jo in ing  A and  B .
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3 .  SCENELAB: Scene Labe l l i ng  by  a Soc ie ty  o f  Agents  8

"To  A f rom B:  exc l .  +"

check  fo r  new po ten t i a l
_ incons is tenc ies  and  send

appropr ia te  messages

"To  D f rom A:  exc l .  +"  "To  C f rom A:  exc l .  —“

Fig .  6 :  An agent  eva lua tes  and  propaga tes  cons t ra in ts

§.£_§£EHELA§
I n  f igure  7 ,  the  a rch i tec tu re  o f  SCENELAB is  ske tched ,  a fu l l y

implemented computer  sys tem fo r  scene  l abe l l ing  based  on  the
pr inc ip les  ou t l ined  above .  The  kerne l  o f  the  system is  con -
s t i tu ted  by  a cons t ra in t  ne twork  o f  coopera t ing  agents  ca l l ed
Loca l  Ana lys ts .

The user  spec i f i es  a p ic tu re  descr ip t ion  and a l abe l  d ic -
t ionary  in  a spec ia l  l anguage  PDL ( fo r  p ic tu re  descr ip t ion  l an -
guage) .  He i s  comple te ly  f ree  in  de f in ing  junc t ion  f igures  and
labe ls  o f  h is  own. Th is  makes SCENELAB no  gene ra l  pu rpose  con—
st ra in t  system as  e .g .  those  repor ted  in  (G .S t80 )  o r  (L .S t82 ) ,
but  i t  enab les  the  user  to  de f ine  and  hand le  a rb i t ra ry  con—
s t ra in t  re la t ions  wh ich  exh ib i t  the  same s t ruc ture  as  those
g iven  fo r  scene  l abe l l ing  purposes ,  i . e .  f in i t e  cons t ra in t
re la t ions  where the  compat ib i l i t y  be tween  compos i te  node l abe ls
reduces  to  a one—to-one compat ib i l i t y  be tween  edge l abe ls .  Here
are  the  POL-de f in i t ions  o f  the  junc t ion  f igure  ARROW and o f  a
” f igure"  MOD-Z-ADDER:

def - l ab  + ; - ;< ;> .  The bas ic  segment l abe ls .
spec -com + :+ ; - : - ;< :> ;> :< .  Compat ib le  segment  l abe ls .
def - f ig  ARROW. A named f igure .
spec -deg  ARROW: 3 .  An ARROW is  o f  degree  3 .
spec—lab ARROW: +/L/@‚+/%/@‚>/%/k.  Admiss ib le  ARROW- labe l l ings .
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3 .  SCENELAB: Scene Labe l l i ng  by  a Soc ie ty  o f  Agents  9

def - l ab  O;1 .
spec -com 0 :0 ;1 :1 .
de f - f ig  MOD-Z -ADDER.
spec—deg  MOD-Z—ADDER: 3 .
spec -Lab  MOD—2—ADDER: O/O/O ‚O /W/W‚1 /b /H ‚1 /fi /U .

The f o l l ow ing  PDL—statements spec i fy  a par t  o f  the  te t raeder  in
f igure  5 ,  the  segments  s , t ,u  jo in ing  the  junc t ion  a w i th  b ‚ c ‚
and  d ,  respec t ive ly .

de f—seg  s ; t ;u ;v ;w .  Named segments .
de f - jun  a ;b ;c ;d .  Named junc t ions .
spec - f ig  a :  ARROW. A i s  an  ARROW.
spec—gra a :  s /b , t /b ,u /d .  S t ruc ture  o f  the  p ic tu re  g raph  a t  a .

K\::er )

P D F S D F

. Supervisor " ‘

.—-J LD
‘TTT‘ .
WT, ' @

LD = l abe l  d ic t ionary ;  PDF = p ic tu re  descr ip t ion  f i l e
SDF = scene  descr ip t ion  f i l e

F ig .  7 : The a rch i t ec tu re  of  SCENELAB

The  f i l e s  LD and  PDF a re  log ica l  f i l es  wh ich  can  be  l inked  to
prede f ined  f i l es  - as  e .g .  a s tandard  l abe l  d ic t ionary  - o r  to
in te rac t ive  input  dev ices .  They conta in  the  POL—representa t ions
of  the  p ic tu re  descr ip t ion  and o f  a l abe l  d ic t ionary  and a re  in -
crementa l l y  t rans la ted  in to  an  in te rna l  representa t ion .  PDL as
wel l  as  the  in te rna l  da ta  s t ruc tures  a re  rea l i za t ions  o f  the
mode l  p resented  in  chapte r  3 of  th is  paper .  The  user  i s  in—
tegra ted  in to  the  sys tem as  a spec ia l  agent  and  communica tes
wi th  the  Superv isor  and o thers .  He cont ro ls  the  system by the
send ing  o f  messages.  The cons t ra in t  ne t  i s  dynamica l l y  genera ted
by  the  Superv isor .  The fo l low ing  sequence o f  commands would l ead
to  the  cons t ruc t ion  o f  a cons t ra in t  ne t  to  l abe l  a d rawing  be ing
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3 .  SCENELAB: Scene  Labe l l i ng  by  a Soc ie ty  o f  Agen ts  10

descr ibed  on a PDF l i n ked  to  a spec ia l  agent  PDF- reader  w i th
l abe ls  f rom a LD l i n ked  to  a LD- reader .

send  INTERPRETE(PDF-READER)  to  SUPERVISOR;
send  INTERPRETE(LD*READER)  to  LD-SERVER;

(Te l l  the  Superv isor  and  the  LD—Server  where  to  ge t
the i r  inpu t  da ta )

send  INFORM—LD—SERVER to  SUPERVISOR;
( In i t i a te  compat ib i l i t y -check  be tween  the  PDL-
descr ip t ions  in  the  PDF and  in  the  LD)

send  IN IT—NET to  SUPERVISOR;
(Crea te  ne t  and supp ly  the  Loca l  Ana lys ts  w i th

the i r  in i t i a l  in fo rmat ion ,  as  e .g .  acqua in tances
to  o thers ,  in i t i a l l y  admiss ib le  l abe ls ,  . . . . )

The  user  may impose  add i t iona l  cons t ra in ts  by  means  o f  messages
dur ing  the  cons t ra in t  p rocess  exc lud ing  cer ta in  l abe l l ings  o r
t ry ing  to  en force  a spec i f i c  l abe l  fo r  a g iven  segment .  The
fo l low ing  two commands s ta r t  the  cons t ra in t  p ropaga t ion  and im—
pose  an  add i t iona l  "ex te rna l "  cons t ra in t  on  the  segment  5 .

send START—NET to  SUPERVISOR;
(The  Superv isor  w i l l  send  a START—message to
every  Loca l  Ana lys t )

send EXCLUDE ( ' + ' , s )  to  SUPERVISOR;
(Ru le  ou t  l abe l  ' + '  fo r  the  segment  5 .  The  Superv isor

w i l l  send  appropr ia te  messages  to  the  Loca l  Ana lys ts
work ing  on  the  junc t ions  jo ined  by  s )

For  a de ta i l ed  descr ip t ion  o f  SCENELAB see  (Re84 ) .
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od ! i e l e  Do

I n  th is  chapte r ,  I wi l l  t ry  to  answer the  f o l l ow ing  ques t ions :
(1 )  G iven  a l ine  d rawing ,  what in fo rmat ion  do we need  as  an  in -
pu t  to  a l abe l l ing  a lgor i thm? (2 )  A wa l t z - l i ke  l abe l l ing  does
not  necessar i l y  f ind  a cons is ten t  l abe l l ing  ( i f  the re  i s  any ) ,
what  e lse ,  then ,  does  i t  f ind?

4 1 0

F i rs t ,  we observe  tha t  much o f  the  in fo rmat ion  we need  con-
cerns  the  topo log ica l  s t ruc ture  o f  the  d rawing .  The  segments  S
and the  junc t ions  J o f  a l ine  d rawing  fo rm an und i rec ted  g raph .
Th is  " junc t iongsegment -q raph"  does  no t  cap ture  a l l  the
s ign i f i can t  f ea tu res  we need  fo r  mode l l ing  a d rawing ,  as
demonst ra ted  in  f igure  8 .

F ig .  8 :  Two l ine  d rawings  w i th  i somorph ic  junc t ion /segment
graphs

He must a lso  know someth ing  about  the  geomet r ic  shape o f  the
j unc t ions .  There fo re ,  one  f igure  f rom a g iven  se t  o f  p ro to typ i—
ca l  junc t ion  f iqureg  i s  assoc ia ted  w i th  every  junc t ion .  For  a
j unc t ion  x ,  l e t  f ( x )  denote  i t s  f igure .

Next ,  the re  i s  a co l l ec t ion  2 o f  segment l abe ls  and a l i s t  o f
compos i te  junc t ion  l abe ls .  There  a re  two po in ts  to  be  made:
( 1 )  D i f f e ren t  junc t ion  f igures  a l low  fo r  d i f f e ren t  combina t ions
of  segment  l abe ls ,  and  (2 )  the  o rder  o f  the  segments  i s  some-
t imes  impor tan t .  (See  f igure  9 ) .

n- ... Y ..- .,. " *

+ + - r

poss ib le  imposs ib le  poss ib le  imposs ib le

F ig .  9 :  Poss ib le  vs  imposs ib le  l abe ls ,  depend ing  on the
f igure  o f  a junc t ion  and on the  o rder  o f  the  segments

To  represent  these  po in ts ,  we de f ine  a l abe l  g ig t ignary  as  be ing
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4 .  Mode l l i ng  the  Prob lem Domain 12

composed o f  a number o f  pages  - one fo r  each  f igure  in  con -
s idera t ion  - a page  compr is ing  a l i s t  o f  o rdered  tup les  o f  seg—
ment  l abe ls .  Thus ,  a page  i s  o f  the  form

L ly )  ; Z" ,  n being the  degree o f  the  f igure  y
To  per fo rm a p roper  ass ignment  o f  l abe ls  to  junc t ions ,  the
s tandard  g raph  representa t ion  o f  the  junc t ion /segment -g raph  is
augmented by  an o rder ing  in fo rmat ion .  Le t  a func t ion  g ass ign  to
every  junc t ion  an  o rdered  tup le  o f  a l l  o f  i t s  ne ighbors  and  o f
i t s  cor respond ing  segments .

g(x )  = ( ( s l , a1 ) , . . . , ( sn ,an ) )
where Inc (x )  :=  {sl‚...‚s„} : S

Adj - (X )  :=  {H i ,—. . ‚ a„ }  ; J

He ca l l  the  pa i rs  (x ,g (x ) )  fo r  a l l  j unc t ions  x € J the
ordered  g raph  G of  the  l ine  d rawing .  For  our  t r ihedra l  junc -
t ions ,  we de f ine  th is  o rder  as  shown in  f igure  10 .

1 3 1 3 1 '- ‘ 1

3 ‘l .

1. 3- I. 4

F ig  10 :  Un ique  o rder  de f ined  fo r  ELL ,  TEE and  ARROW;
Arb i t ra ry  bu t  c lockwise  o rder  fo r  a FORK

A labe l l ing  I ass igns  to  every  junc t ion  x a poss ib ly  empty se t
o f  l abe ls  f rom the  cor respond ing  d ic t ionary  page .

I :  x H PS(L ( f (x ) ) )  (Power se t  PS)

He say  tha t  a l abe l l ing  p rob lem is  a tup le  LP=(J ,S ,G , f ,F ,n ,Z ,L ) ,
where the  symbols have  the  fo l low ing  mean ings:  \

j unc t ions
segments
f igures

F » N degree  o f  a f igure
J A F f igure  o f  a junc t ion
J a (SXJ)" ordered graph o f  the  drawing

segment l abe ls
F afltfi l abe l  d ic t ionary

r-
M

o
-u

z
11

m
g

(The  no ta t ions  fo r  6 and  L a re  s imp l i f i ed ,  s ince  the  upper
i ndex  n i s  no t  f i xed )
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MW
To  cap ture  the  no t ion  o f  cons is tency ,  we p roceed  as  fo l lows:

F i rs t ,  we pos tu la te  a symmet r ic  1 -1  re la t ion  E c X X Z ,  s tand ing
fo r  mutua l  compat ib i l i t y  be tween  segment l abe ls .  In  our  example ,
E i s  no t  re f l ex ive ,  as  ' < '  E ' > '  ho lds  and  v ice  ve rsa .  C lea r ly ,
fo r  two  ad jacen t  junc t ions  a and  b ,  the re  a re  ind ices  i and  j
such tha t

g(a )  = ( . . . , (u ; -1 ,x . - 1 ) , ( s ,b ) , . . . , (um,xm) )
g(b )  = ( . . . , ( v5_1 ,y5 -1 ) , ( s ,a ) , . . . , ( v , , , yn ) )

For  an  a rb i t ra ry  l abe l l ing  I ,  we say  tha t  a l abe l  2 e I ( a )  i s
compa t i b l e  wi th  a l abe l  g € I(b) i f  and on ly  i f  the  fo l low ing
ho lds :

6 -  93 ,  where
( 61 , . . . , 6m)
(91 , . . . , 9n )

(He ‘wr i te  sma l l  g reek  l e t te rs  fo r  segment l abe ls  and under l ine
the  l e t te rs  fo r  junc t ion  l abe ls . )

la
‘

"I
lm

As ment ioned  above ,  Wa l t z - l i ke  a lgor i thms  search  fo r  l abe l l -
ings  where  the  l abe ls  o f  any  two  ad jacen t  junc t ions  a re  compat i -
b le .  We ca l l  a l abe l l ing  I l oca l l y  cons is ten t  a t  a junc t ion  a i f
and on ly  i f  fo r  every  l abe l  3 e 1 (a )  and fo r  every  ne ighbor  x of
a there  i s  a t  l eas t  one  compat ib le  l abe l  g e I ( x ) .  We ca l l  I
ggmple te ly  loca l l y  cons is ten t  - glg fo r  shor t  - i f  the  cond i t ion
above ho lds  fo r  every  junc t ion .  The overa l l  goa l  we a re  a iming
a t  i s  a l abe l l ing  w i th  the  fo l low ing  p roper t i es :
( 1 )Ve : | I ( x ) | - 1
( 2 )  I i s  c lc
A labe l l ing  wh ich  fu l f i l l s  ( 1 )  and (2 )  i s  ca l l ed  lgga  . To
spec i fy  the  resu l t  o f  a Wa l t z - l i ke  a lgor i thm,  we need  two  add i -
t iona l  de f in i t ions .  We ca l l  I '  a sub labe l l ing  o f  I i f

Ve : I ' ( x )< ; I ( x )
and  wr i te  I '  C I

Given  a l abe l l ing  p rob lem LP  and  a l abe l l ing  I ,  we ca l l  1 *  the
maximal  c lc  l abe l l ing  o f  LP w i th  respec t  to  I i f  and on ly  i f
(1 )  I *< ; I
( 2 )  1 *  i s  c lc
( 3 )  V I '  c I : I '  c l c  = I '  c 1 *
Rosenfe ld  (Roe ta l76 )  showed tha t  fo r  every  l abe l l ing  p rob lem
the re  i s  a l abe l l ing  1 *  which i s  maximally c lc  w i th  respect  to
an  in i t i a l  l abe l l ing  I 1  de f ined  as

Ve:  11(x )  =L( f (x ) )

6 a -A t a

Now,  f ina l l y ,  we a re  ab le  to  spec i fy  the  resu l t  and  the
re levance  o f  wa l t z—l ike  a lgor i thms:

- Given  a l abe l l ing  p rob lem LP ,  a wa l t z - l i ke  a lgor i thm evalu—
a tes  i t s  maximally c lc  l abe l l ing  1 *

- Every l ega l  sub labe l l ing  I c I 1  i s  contained in  1 * .
Espec ia l l y ,  i f  1 *  i s  empty ,  then  the  d rawing  has  no l ega l
l abe l l ing  a t  a l l .  Such  a d rawing  dep ic ts  an  imposs ib le
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ob jec t ,
and  comp le te .

- Un fo r t una te l y ,  t he  conve rse
The re  a re  l abe l l i ng  p rob lems
where 1 *  i s  no t  empty .

— I n  gene ra l ,  1* i s  ve ry  sma l l

Thus ,  Wa l t z - l i ke  a l go r i t hms  a re
subs tan t i a l l y  sca l i ng  down the
mus t  be  cons ide red  by  a subsequen t  exhaus t i ve
t o  f i nd  a l ega l  l abe l l i ng .

11 :F ig .  .
l ega l  sub labe l l i ng .

29AU684
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p rov ided  t ha t  t he  l abe l  d i c t i ona ry  i n  use  i s  sound

does  no t  ho ld
wi thou t  any

( see  f i g .  11 ) .
l ega l  l abe l l i ng

i n  compar i son  t o  I l .

usua l l y  su i t ab le  as  " f i l t e r s " ,
number  o f  poss ib i l i t i e s  wh i ch

sea rch  p rocedu re

I (b )= { (—,+ ) , (+ ,—) }
I ( c )= { (+ ,+ )  , ( - , - ) }

I

EVCV b

A c l c  l abe l l i ng  w i t hou t  any
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5 .  SCENELAB Rev is i ted  15

; ,  gtgugggn Begigjggg

I n  th is  chapte r ,  the  r ea l i za t i on  of  SCENELAB's  cons t ra in t  ne t -
work i s  d iscussed .  Some arguments  a re  g iven  to  c la im tha t  th is
ne t  cor rec t ly  de te rmines  the  max imal  c lc  l abe l l ing  o f  a g iven
labe l l ing  p rob lem.  The so lu t ion  i s  ou t l ined  in  a hypothe t ica l
” t ransac t ion—or ien ted"  programming language .

1 u to

The  p rogramming  language  rea l i zes  a soc ie ty  o f  coopera t ing
agents  as  fo l lows:  A scr ip t  i s  the  p ro to typ ica l  spec i f i ca t ion  o f
the  behav io r  o f  an  agent ,  g iven  by  (1 )  a un iverse  o f  s ta tes  and
( 2 )  a number  o f  s ta te  t rans format ions  to  t rans form a g iven  s ta te
in to  a success ive  one .  An agent  i s  a p rocess  wh ich  i s  genera ted
accord ing  to  a sc r ip t .  A t  any  t ime ,  an  agent  i s  e i the r  in  a
s tab le  s ta te  taken  f rom i ts  un iverse  o r  in  a t ransac t ion  s ta te ,
per fo rming  a s ta te  t rans format ion .  The  agents  communica te  w i th
each  o ther  by  send ing  messages to  acqua in ted  agents .  A t ransac -
t ion  i s  in i t i a ted  by  the  rece ip t  o f  a message.  Once s ta r ted ,
t ransac t ions  a re  ind iv is ib le ,  i . e .  no  messages  may be  accepted
dur ing  a t ransac t ion .  w i th in  a t ransac t ion ,  an  agent  i s  f ree  to
send  messages  to  acqua in ted  agents .  The  communica t ion  p ro toco l
i s  asynchronous ,  message t ransmiss ion  t imes  a re  unknown bu t  non—
neg l ig ib le .  As  agents  per fo rming  a t ransac t ion  a re  inab le  to
rece ive  a message ,  the re  must  be  a bu f fe r ing  mechan ism.  He  con-
s ider  th is  bu f fe r ing  mechanism as  be ing  par t  o f  the  under ly ing
communica t ion  system and assume tha t  messages a re  de layed  un t i l
the  cor respond ing  addressee  i s  in  a s tab le  s ta te .  The  on ly
requ i rement  we impose i s  tha t  any message sen t  w i l l  even tua l l y
a r r i ve  a t  i t s  addressee .  A message i s  composed o f  the  name o f
the  t ransac t ion  to  be  per fo rmed  by  the  rece ive r  and  by  a
poss ib ly  empty l i s t  o f  va lues ,  enab l ing  the  sender  to  t ransmi t  a
par t  o f  i t s  in te rna l  s ta te  to  the  rece ive r .

SCENELAB is  imp lemented  in  CSSA (Computer  Sys tem fo r  Soc ie t i es
of  Agents )  wh ich  p rov ides  the  fac i l i t i es  to  rea l i ze  the  concepts
out l ined  above (and  much more ) .  For  a de ta i l ed  descr ip t ion  o f
CSSA see  (BMSSZ) .

5 2 T O in  o S

The  cons t ra in t  ne t  used  by  SCENELAB is  composed  o f  ind iv idua l
agents  de f ined  by  a sc r ip t  ca l l ed  Loca l  Ana lys t ,  one  fo r  each
junc t ion  to  be  l abe l l ed .  Le t  ana lys t (a )  denote  the  agent  work ing
on  the  junc t ion  a .  Ana lys t (a )  has  in te rna l  s ta te  representa t ions
of  Z ,  E ,  Ad j (a ) ,  f ( a ) ,  and  n ( f (a ) ) .  Fur thermore ,  the re  i s  a
representa t ion  o f  a l i s t  o f  l abe ls  1 (a )  c 2" .  In  the fo l low ing ,
we w i l l  no t  d is t ingu ish  be tween  the  representa t ions  o f  ob jec ts
and the  ob jec ts  themse lves .  we assume tha t  the  in te rna l  s ta tes
are  "cor rec t ly"  in i t i a l i zed  by  means  o f  IN IT - t ransac t ions ,  such
tha t  e .g .  every  agent  i s  acqua in ted  to  a l l  o f  the  agents  work ing
on ad jacen t  junc t ions  and tha t  1 (a )  in i t i a l l y  compr ises  jus t  the
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5 .  SCENELAB Rev is i ted  „ 16

cor respond ing  d ic t ionary  page  L ( f (a ) ) .  I n  SCENELAB, th is  i s  done
by the  Superv isor  and by  the  LD-Sever  send ing  IN IT -messages  w i th
the  cor rec t  pa ramete rs  to  the  Loca l  Ana lys ts .  Bes ides  such an
IN IT—transac t ion ,  a Loca l  Ana lys t  i s  ab le  to  per fo rm two  t rans—
ac t ions ,  ca l l ed  START and PROPAGATE, as  descr ibed  beyond .  For  a
j unc t ion  a ,  a segment  l abe l  6 ,  a ne ighbor  x of  a ,  and  a se t  I ( a )
o f  l abe ls ,  l e t  M( I ( a ) , 6 ,x )  denote  the  se t  o f  a l l  l abe ls  in  I ( a )
wh ich  ass ign  6 to  the  segment  jo in ing  a and  x .  For  a g iven
s ta te ,  say  5 ,  (o r  a pa r t  o f  S ) ,  o f  a Loca l  Ana lys t ,  and  a t rans -
ca t ion  per fo rmed  by tha t  agent ,  l e t  succ (S )  be  the  s ta te
resu l t ing  a f te r  the  t ransac t ion .  Le t
is—sent NAME(PARAMETERS) to  AGENT denote  the  fac t  tha t  the  cor—
respond ing  message has  been  sen t  to  the  agent  AGENT dur ing  th is
t ransac t ion .  We now spec i fy  the  e f fec ts  o f  the  t ransac t ions
START and  PROPAGATE as  fo l lows:

Transac t ion  START executed  by  ana lys t (a ) :

V x € Adj (a )  V 6 e Z :
M( I (a ) , 6 ,x )  = { }  i f  and on ly  i f
i s -sen t  PROPAGATE(a ,6 ' )  to  ana lys t (x ) ,
where  6 '  = 6

Fur thermore ,  I i t se l f  rema ins  unchanged ,  i . e .
succ ( I ( a ) )= I (a )

T ransac t ion  PROPAGATE(x,6) executed  by  ana lys t (a ) :

succ ( I ( a ) )=  I ( a )  \ Mt I (a ) , 6 ,x )

v y € Adj (a )  V 9 e Z .
M( I (a ) , 9 ,y )  # { }  and
M(succ ( I ( a ) ) ‚ 9 ‚y )  = { }  i f  and on ly  i f
is—sent  PROPAGATE<a,9') to  ana lys t (y ) ,  where
(was

The message send PROPAGATE(a,e ' )  to  ana lys t (x ) ,
where x was the  sender  o f  the  PROPAGATE-message hav ing
i n i t i a ted  th is  t ransac t ion  i s  no t  necessary  and  is
suppressed  in  the  rea l  imp lementa t ion .

In  o rder  to  show the  cor rec tness  o f  a cons t ra in t  ne t  work ing
wi th  these  t ransac t ions ,  we assume tha t

— The t ransac t ions  performed by a Loca l  Analyst sa t i s fy  the
path -cond i t ion  IN IT ;START; (PROPAGATE)* ,  where  IN IT  s tands
for  the  cor rec t  in i t i a l i za t ion  o f  the  Loca l  Ana lys ts .

- The  in i t i a l  messages  IN IT  and  START a re  i ssued  by  the
Superv isor ;  the re  a re  no  PROPAGATE-messages bes ides  those
sent  by  the  Loca l  Ana lys ts .  ( "Ex te rna l '  PROPAGATE—messages
occur ing  as  a consequence  o f  an  EXCLUDE—message issued  by
the  user  may change the  l abe l l ing  p rob lem. )
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Based  on these  assumpt ions  and on  the  spec i f i ca t ions  o f  START
and  PROPAGATE, we now proceed  to  show the  cor rec tness  o f  the
const ra in t  ne t .  To ge t  th ings  r igh t ,  we pos tu la te  fo r  every  Lo—
ca l  Ana lys t  ana lys t (x )  an o r ig ina l  s ta te ,  compr is ing  the
un iverse  o f  a l l  combina tor ia l l y  poss ib le  l abe ls  fo r  x ,  i . e .
1° (x )=z" ,  n be ing  the  degree  o f  x .  Th i s  a l lows  us  to  cons ider
the  combina t ion  o f  the  two  t ransac t ions  IN IT ;START as  a un i t ,
remov ing  the  in i t i a l l y  inadmiss ib le  l abe ls  f rom every  junc t ion
and  propaga t ing  the  cor respond ing  cons t ra in ts .  He  then  can
v isua l i ze  the  ac t i v i t i es  o f  an  agent  as  shown in  f igure  12 :  For
every  agent ,  the re  i s  a sequence  o f  s tab le  s ta tes ,  s ta r t ing  w i th
the  hypothe t ica l  o r ig ina l  s ta te .  An agent  i s  e i the r  in  such a
s ta te  o r  per fo rms  a t ransac t ion ,  eva lua t ing  a success ive  s ta te .
In  i t s  n—th  s tab le  s ta te ,  an  agent  represents  an  ac tua l  ( loca l )
l abe l l ing  I„(x). Dur ing  a t ransac t ion ,  some labe ls  (o r  none)  a re
removed ,  l ead ing  to  a l abe l l ing  In ,1 (x ) .  A t  the  same t ime ,  every
newly  der ived  cons t ra in t  i s  immedia te ly  p ropaga ted  by  the
send ing  o f  messages.

I n+1 (x )

‚ ‘ , cuk '  ‘
& ‚Ar n,- _!

I „ (x )

' a_422!££££__;I
I , =L ( f (x ) )

‘ oph tk f  :
(war .  „“ r  zw. ,

I ° ( x )=2"  F ig .  12 :  The sequence o f  s tab le
s ta tes  o f  an  agent  x def ines  a
sequence  o f  loca l  l abe l l ings .

For  an  en t i re  l ine  d rawing ,  we ge t  a cons te l l a t ion  l i ke  tha t  one
in  f igure  13 .
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üfiäfiäfflä
I ‚ ( a )

11 (a )
I . ( b )

’ I ° ( a )
I ‚ (d )  

I 3 (b )

*%~Wiwew.

10 (d )  
10(b)

snapshot :  13 (3 ) ,  I 1 (b ) ,  I ° ( c ) ,  I ‚ (d )

F ig .  13 :  The  "g row ing "  t owe rs  o f  subsequen t  s t ab le  s ta tes
o f  t he  agen ts  i n  a cons t ra i n t  ne t ,  and  a " snapsho t ' '

The c ruc ia l  po in t  now i s ,  t ha t  on l y  one  agen t  i s  obse rvab le  a t  a
t ime .  No s imu l t aneous  g l oba l  s t a te  i s  obse rvab le  i n  a soc ie t y  o f
asynch ronous l y  coope ra t i ng  agen ts .  To i n fo rm  us  abou t  t he
p rog ress  t he  l abe l l i ng  p rocedu re  has  made ,  we  mus t  ask  eve ry
agen t  abou t  h i s  ac tua l  l abe l l i ng  and  t hus  ge t  a g l oba l  bu t
poss ib l y  i ncons i s ten t  V iew .  We ca l l  such  a v i ew  a snapsho t .
Neve r the less ,  a snapsho t  de f i nes  a g l oba l  l abe l l i ng  I ,  i n  sp i t e
o f  t he  f ac t  t ha t  i t s  componen ts  have  been  eva lua ted  a t  d i f f e ren t
t imes ,  name ly  a t  t he  t imes  when t he  co r respond ing  agen ts  have
rece i ved  and  answered  ou r  que r i es .  (Th i s  i s  done  by  a t r ansac—
t ion  ANSHER—QUERY send ing  t he  ac tua l  l oca l  l abe l l i ng  t o  t he
sende r  o f  t he  que ry  by  means o f  a message
IS—ACT-LABELL ING( I (a ) ) . )  We w i l l  show tha t  t he  cons t ra i n t  ne t
wi l l  even tua l l y  come  to  a ha l t ,  and  t ha t  a snapsho t  t aken  a f t e r
t h i s  t ime  rep resen ts  t he  max ima l  c l c  l abe l l i ng  o f  t he  l abe l l i ng
p rob lem a t  hand .  '

F i r s t ,  we s ta te  ( Lemma 1 )  : Given  an  a rb i t r a r y  ac tua l  l oca l
l abe l l i ng  I„(a)‚ exac t l y  one  PROPAGATE—message has  been  i ssued
by  ana l ys t (a )  f o r  eve ry  emp ty  se t  M( I ( a ) , 6 , x )  t o  t he  co r -
r espond ing  ne ighbo rs  o f  a .  Obv ious l y ,  t he  spec i f i ca t i ons  o f
START and  PROPAGATE gua ran tee  t ha t  Lemma 1 ho lds .

Nex t ,  we c l a im  tha t  on l y  necessa ry  de le t i ons  a re  made
(Lemma 2 ) :  I f  a PROPAGATE~ t ransac t i on  o f  an  ana l ys t (a )  r emoves  a
l abe l  be long ing  t o  I * ( a )  f rom 1 (a ) ,  t hen  t he  sende r ,  say
ana l ys t (b ) ,  o f  t h i s  message  has  removed  a l abe l  be long ing  t o
I* (b )  f r om i t s  own l abe l  se t  du r i ng  t he  t r ansac t i on  i n  wh i ch  t he
PROPAGATE-message has  been  i ssued .  To  p rove  t h i s  l emma,  we a rgue
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5 .  SCENELAB Rev is i ted  19

as f o l l ows :  I f  a l abe l ,  say 3, may be removed f rom 1 * (a ) ,  t hen
1*  i s  no t  emp ty .  Fur thermore ,  1*  c 1 .  ho lds .  C lea r l y ,  a t  l eas t
one  l abe l  g € 1° (b )  mus t  be  compa t i b l e  w i t h  g. The  spec i f i -
ca t i ons  o f  PROPAGATE and  START assu re  t ha t  t he  PROPAGATE-message
l ead ing  t o  t he  remova l  o f  g i s  i s sued  exac t l y  once ,  name ly  i n  a
t r ansac t i on  o f  ana l ys t (b )  r emov ing  g.

As  the  se t  J o f  j unc t i ons  as  we l l  as  t he  d i c t i ona ry  pages
L ( f ( x ) )  a re  f i n i t e ,  we conc lude  by  Lemma 1 t ha t  on l y  a f in i t e
number  o f  PROPAGATE—messages may be  i s sued  w i t h i n  a cons t ra i n t
ne t .  We ca l l  a snapsho t  a f i na l  one ,  i f  i t  i s  t aken  a f t e r  a l l  o f
these  messages  have  been  p rocessed .  Such  a f i na l  snapsho t  w i l l
even tua l l y  be  ach ieved ,  s i nce  eve ry  message  sen t  mus t  a r r i ve  a f -
t e r  a f i n i t e  de lay .

We now s ta te  t ha t  t he  l abe l l i ng  de f i ned  by  a f i na l  snapsho t  i s
c l c  (Lemma 3 ) :  Le t  t he  l abe l l i ng  de f i ned  by  a snapsho t  be  no t
e t c .  Then  t h i s  snapsho t  i s  no  f i na l  one .  We ou t l i ne  a p roo f  o f
Lemma 3 as  f o l l ows :  I f  a l abe l l i ng  i s  no t  c l c ,  t hen  t he re  a re  a t
l eas t  two  ad jacen t  j unc t i ons  a and  b t ha t  f o r  two  segmen t  l abe l s
6 and  9 wi th  6 E 9 t he  f o l l ow ing  ho lds

H( I ; ( a ) , 6 ,b )  = { }  and  M( I ‚ - (b ) ‚ 9 ‚a )  # { }
whe re  t he  snapsho t  compr i ses  t he  i - t h  s tab le  s ta te  o f  ana l ys t (a )
and  t he  j—th  s tab le  s ta te  o f  ana l ys t (b ) ,  r espec t i ve l y .  The
spec i f i ca t i ons  o f  t he  t r ansac t i ons  assu re ,  t ha t  ana l ys t (a )  mus t
have  sen t  t he  message  PROPAGATE(a,9) t o  ana l ys t (b ) .  They  a l so
assu re  t ha t  t h i s  message  has  no t  ye t  been  rece i ved  by
ana l ys t l b ) .  Thus ,  t he  snapsho t  i s  no t  f i na l .

We now show ,  t ha t  a f i na l  snapsho t  mus t  compr i se  1 *  (Lemma 4 ) :
Eve ry  snapsho t  compr i ses  1 * .  Th i s  f ac t  f o l l ows  by  i t e ra t i on  . o f
Lemma 2 .  Fo r  eve ry  PROPAGATE- t ransac t i on  P t he re  i s  a f i n i t e
sequence  T1 , . . . , Tn  o f  t r ansac t i ons  such  t ha t  t he  message  i n -
i t i a t i ng  T ; . 1  has  been  i ssued  du r i ng  T ;  and  whe re  P=T„ .
Fur the rmore ,  T2 , . . . , Tn  mus t  be  PROPAGATE- t ransac t i ons ,  whe reas
T1 i s  a comb ined  IN IT ;START- t ransac t i on ,  t r ans fo rm ing  1 ° (a )  t o
11 (a )  f o r  a j unc t i on  a .  Thus ,  i f  P r emoves  a l abe l  f r om 1 * ,
t hen ,  by  v i ew  o f  Lemma 2 ,  an  IN IT ;START- t ransac t i on  mus t  have
removed ano the r  l abe l  f rom 1 * ,  and t h i s  i s  obv ious l y  imposs ib l e ,
as  I C 11 .

We a re  now ready  t o  c l a im  tha t  t he  cons t ra i n t  ne t  even tua l l y
reaches  a f i na l  s t a te  r ep resen t i ng  t he  max ima l  c l c  l abe l l i ng  o f
t he  g i ven  l abe l l i ng  p rob lem.  To  p roo f  t h i s ,  we a rgue  t ha t  a f i -
na l  snapsho t  i s  even tua l l y  r eached (Lemma 1 and  f i n i t eness  o f  J ,
L ) .  Th i s  f i na l  snapsho t  r ep resen ts  a l abe l l i ng  I wh ich  i s  com-
p le te l y  l oca l l y  cons i s ten t (Lemma 3 ) .  Fu r t he rmore ,  I compr i ses
1*(Lemma 4 ) .  As I *  i s  max ima l ,  1 1; I * .
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As  we have  shown  i n  t he  prev ious  chap te r ,  t he  const ra in t  ne t
o f  SCENELAB even tua l l y  comes t o  a s tab le  s ta te ,  hav ing  eva lua ted
t he  des i r ed  resu l t .  We d id  no t  add ress  t he  p rob lem o f  how  to
de tec t  t ha t  t he  p ropaga t i on  o f  cons t ra i n t s  i s  t e rm ina ted .  I n  t he
absence  o f  a cons i s ten t  g l oba l  v i ew ,  t h i s  “ d i s t r i bu ted  t e r—
mina t i on  de tec t i on "  i s  a non—t r i v i a l  p rob lem.  We ca l l  a snapsho t
a sa t i s f ac to r y  one ,  i f  t he  l abe l l i ng  rep resen ted  i s  t he  max ima l
c l c  l abe l l i ng  1 * .  Lemmata 3 and 4 s ta te  t ha t  a f i na l  snapshot  i s
necessa r i l y  a sa t i s f ac to r y  snapsho t .  The  conve rse  does  no t  ho ld ,
as  PROPAGATE-messages  do  no t  a lways  l ead  t o  de le t i ons  o f  l abe l s .
I n  t he  p resen t  imp lemen ta t i on ,  we  rep laced  t he  p rob lem o f
de tec t i ng  a f i na l  snapsho t  by  t ha t  one  o f  de tec t i ng  a sa t i s f ac—
t o r y  snapsho t  and  used  a b ru te - f o r ce  so lu t i on  : t he  cons t ra i n t—
ne t  i s  s imp l y  " f r ozen "  t o  en fo r ce  a s imu l t aneous  g l oba l  v i ew  and
t hen  a snapsho t  t aken  i n  a f r ozen  s ta te  i s  t es ted  f o r  con -
s i s t ency .  Fo r  a de ta i l ed  d i scuss ion  o f  t he  de f i n i t i on  o f  d is—
t r i bu ted  t e rm ina t i on  and  some  app roaches  t o  a so lu t i on  o f  t h i s
p rob lem see  (BMR84) .

T P C " 'S  O t

When d i scuss ing  t he  s t r uc tu re  o f  l i ne  d raw ings ,  we imp l i c i t e l y
made  the  assump t i on  t ha t  a d raw ing  be  "pe r f ec t "  i n  t he  sense
t ha t  i t s  l i ne  segmen ts  rep resen t  exac t l y  a l l  t he  edges  o f  t he
co r respond ing  t h ree—d imens iona l  ob jec t s .  Fo r  r ea l  wo r l d  app l i -
ca t i ons ,  howeve r ,  t h i s  i s  a r a the r  r es t r i c t i ve  assump t i on  wh i ch
i s  gene ra l l y  no t  gua ran teed  t o  ho ld .  The  cons t ruc t i on  o f  a l i ne
d raw ing  i s  no rma l l y  based  on  a ma t r i x  o f  g rey -va lues .  A l i ne  i s
r ecogn i zed  as  t he  bo rde r  l i ne  be tween  two  a reas  w i t h
s i gn i f i can t l y  d i f f e ren t  g rey -va lues .  Thus ,  l ack  o f  con t ras t  may
p roh ib i t  t he  recogn i t i on  o f  a l i ne  co r respond ing  t o  an  edge ,
whereas  e .g .  shadows may g i ve  r i se  t o  a subs tan t i a l  con t ras t  —
and  t hus  t o  t he  recogn i t i on  o f  a L i ne  - whe re  t he re  i s  no  rea l
edge .  Thus ,  an  i n te rp re ta t i on  sys tem fo r  l i ne  d raw ings  shou ld  be
ab le  t o  hand le  bo th  i ncomp le te  and  po ten t i a l l y  e r roneous  p i c t u re
da ta .  I f  such  a sys tem i s  i n t eg ra ted  i n  an  app l i ca t i on  sys tem as
e .g .  a r obo te r ,  t he  need  f o r  f as t  dec i s i on  mak ing  may  a r i se ,
p reven t i ng  t he  sys tem f r om ge t t i ng  more  and  be t t e r  da ta  i n  t ime .
Th i s  means  t ha t  conc lus i ons  mus t  be  d rawn  on  t he  base  o f  pa r t i a l
ev i dence ,  and  t ha t  i n  t he  l i gh t  o f  f u r t he r  ev i dence ,  t hose  con -
c l us i ons  may  t u rn  ou t  t o  be  w rong  and  mus t  be  w i t hd rawn ,  i . e .
t he  sys tem reasons  non—mono ton i ca l l y .  The  need  f o r  non -
mono ton i ca l l y  r eason ing  sys tems  i s  no t  r es t r i c t ed  t o  compu te r
v i s i on ,  bu t  seems to  be  one  o f  t he  mos t  cha l l eng ing  bo t t l enecks
fo r  many A I -app l i ca t i ons .  Fo r  a i n t r oduc t i on  t o  t h i s  a rea  see
e .g .  ( 0 .3080 ) .
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6 3 e l s P a l ab  l i 0

I t  seems tha t  an  asynchronous app roach  t o  wa l t z—l i ke  Labe l l i ng
p rocedu res  i s  " i n  some sense "  a gene ra l i za t i on  o f  sequen t i a l  and
synch ron i zed  pa ra l l e l  ve r s i ons .  Th i s  " sense "  dese rves  f u r t he r
exp lana t i on ,  as  t hese  app roaches  a re  no t  d i r ec t l y  comparab le .  A
bas i c  ope ra t i on  wh i ch  i s  common  to  a l l  t hese  so lu t i ons ,  i s  t he
r emova l  o f  a l l  t he  l abe l s  a t  a j unc t i on  ass ign ing  a segment
l abe l  t o  a segmen t  wh i ch  i s  no  l onge r  ma tched  by  t he  l abe l s  o f  a
ne ighbo r i ng  j unc t i on .  ( I n  chap te r  5 ,  we  ca l l ed  t h i s  se t
M( I (a ) , d ,b ) . )  The  app roaches  d i f f e r  ma in l y  i n  how  res t r i c t i ve l y
t he  sequenc ing  o f  t hese  ope ra t i ons  i s  con t ro l l ed .  T rans la t i ng
the  sequen t i a l  and  synch ronous  ve rs i ons  i n to  ou r  mode l  o f  nodes
and  l i nks ,  t hese  sequenc ing  modes  resu l t  i n  a behav io r  as
ske t ched  i n  f i gu re  14 .  To do  t h i s ,  we c l ea r l y  mus t  abs t rac t  f r om
t he  rea l i za t i on  o f  such  a sys tem.  A r ec tang le  i n  a " t owe r "  o f
subsequen t  l oca l  l abe l l i ngs  a t  a node  i s  j us t  a se t  o f  l abe l s ,
and  l i nks  rep resen t  causa l  r e l a t i onsh ips  o f  t he  ad jus tmen ts  made
be tween  two  l abe l  se t s  by  means o f  t he  bas i c  ope ra t i on  men t i oned
above .  I n  t he  o r i g i na l  sequen t i a l  ve r s i on ,  t he  Ope ra t i ons  a re
execu ted  one  a f t e r  ano the r ,  i n  a p rede f i ned  f ash ion ,  t he  FOR—
l oop  o f  t he  Wa l t z—procedu re  ( see  chap te r  2 )  r ang ing  ove r  an
a rb i t r a r y  enumera t i on  o f  t he  se t  o f  j unc t i ons ,  and  t he  recu r—
s ive l y  r epea ted  de le t i ons  be ing  made ,  say ,  i n  a b read th—f i r s t
o rde r .  We ca l l  a l abe l l i ng  I pa r t i a l l y  l ocg l l y  cons i s ten t  w i t h
r espec t  t o  a se t  K C J o f  j unc t i ons ,  wheneve r  i t s  comp le t i on  1 '
i s  e t c ,  whe re

V x e K :  I ' ( x ) - I ( x )
V y e J \K:  I ' ( y )=z " ,  n=n ( f ( y ) )

Af te r  eve ry  i t e ra t i on  o f  t he  FOR- loop ,  t he  wa l t z—procedu re
r esu l t s  i n  a we l l - de f i ned  snapsho t ,  r ep resen t i ng  a pa r t i a l l y  l o -
ca l l y  cons i s ten t  l abe l l i ng  o f  t he  j unc t i ons  v i s i t ed  so  f a r .

F i g .  14a  : Sequen t i a l  " g row th ' '

I n  a synch ron i zed  pa ra l l e l  ve r s i on ,  t he  p ropaga t i on  o f  new ly
de r i ved  cons t ra i n t s  i s  r e ta i ned  un t i l  t he  l abe l l i ng  o f  each
junc t i on  i s  ad jus ted  w i t h  r espec t  t o  a l l  o f  i t s  ne ighbo rs .  Thus ,
t he  " t owe rs "  g row  f r om one  g loba l  l eve l  t o  t he  nex t .  The l oca l
l abe l l i ngs  a t  one  l eve l  a re  l oca l l y  cons i s ten t  w i t h  r espec t  t o
t he  mos t  r ecen t  g l oba l  l eve l  be low .  Once two  subsequen t  g l oba l
l eve l s  a re  i den t i ca l ,  t he  l abe l l i ng  p rocedu re  may ha l t .
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F ig  14h  : Synch ron i zed  pa ra l l e l  " g row th "

I n  t he  asynchronous  case ,  t he re  a re  no  res t r i c t i ons  a t  a l l .  As
eve ry  l abe l l i ng  p rob lem has  a un ique  so lu t i on  ( i . e .  i t s  max ima l
c l c  l abe l l i ng  1 * ) ,  we d raw  the  f o l l ow ing  conc lus i on  f r om Lemma 1
o f  t he  p rev ious  sec t i on :  Fo r  eve ry  l abe l l i ng  p rob lem the re  i s  a
f i xed  number  n o f  PROPAGATE-messages (whe re  n i s  t he  number  . o f

se t s  M( I * (a ) , 6 , x )  be ing  empty i n  t he  f i na l  l abe l l i ng  1 * )
P1 ,P2 , . . . ,Pn ,  be ing  i s sued  i n  a non -de te rm in i s t i c  o rde r  by  an
asynch ronous  cons t ra i n t  ne t  when eva lua t i ng  t he  so lu t i on  o f  t he
l abe l l i ng  p rob lem.  Thus ,  f o r  eve ry  snapsho t  t aken  f r om the  con -
s t ra i n t  ne t ,  t he re  a re  numbers  k and  m ,  whe re  0<=k<=m<=n,  such
tha t  m PROPAGATE-messages have  been  sen t  wh i l e  k o f  t hem have
been  rece i ved .  I n  gene ra l ,  t he re  w i l l  be  no  we l l - de f i ned  i n te r—
med ia te  s tages  as  t hose  reached  by  sequen t i a l  o r  synch ron i zed
pa ra l l e l  cons t ra i n t  ne t s .

Labe l l i ng  p rob lems  seem to  f avo r  pa ra l l e l  so l u t i ons  f o r  a t
l eas t  two  reasons :

— A l abe l l i ng  p rob lem d i v i des  i n to  sma l l ,  we l l - de f i ned  sub -
p rob lems .  Mo reove r ,  t hese  subp rob lems  i n te rac t  i n  a
spec i f i c  way suppo r t i ng  h i gh l y  coope ra t i ve  so lu t i ons .  In—
fo rma t i on  de r i ved  i n  one  reg ion  o f  a d raw ing  may be  im—
med ia te l y  used  t o  sca le  down  the  number  o f  poss ib l e  l abe l l -
i ngs  t o  be  cons ide red  i n  o the r  r eg ions  o f  t he  d raw ing .  Un—
l i ke  b ru te - f o r ce  pa ra l l e l  a l go r i t hms  f o r  mu tua l l y  indepen—
den t  subp rob lems  as  e .g .  occu r i ng  i n  so r t i ng  a l go r i t hms ,
cons t ra i n t  ne t s  a l l ow  f o r  an  ea r l y  p run ing  o f  t he  sea rch
space .

- By  the i r  ve r y  na tu re ,  t he  rep resen ta t i on  o f  l abe l l i ng
p rob lems  i n  t e rms  o f  pa ra l l e l  p rocesses  i s  s t r a i gh t f o rwa rd .
As comp le te  l oca l  cons i s tency  i s  de f i ned  as  t he  con junc t i on
o f  po in tw i se  l oca l  cons i s tenc ies ,  i t  i s  mo re  conven ien t  t o
t h i nk  o f  l oca l l y  r es t r i c t ed  reason ing  un i t s  t r y i ng  t o  keep
the  l abe l l i ngs  l oca l l y  cons i s ten t  t han  t o  t h i nk  o f  a
g loba l l y  r eason ing  un i t  i t e ra t i ve l y  i nspec t i ng  one  po in t
a f t e r  ano the r .

One ma jo r  p rob lem o f  t he  app roach  t aken  he re  i s  t he  usage  o f
such  power fu l  compu ta t i ona l  un i t s  as  CSSA-Agen ts  t o  r ea l i ze  sim—
p le ,  f i n i t e  cons t ra i n t s  ( see  nex t  sec t i on ) .  Depend ing  upon  t he
imp lemen ta t i on  o f  such  agen ts ,  t he  commun ica t i on  ove rhead  may
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become la rge  in  compar ison  to  the  amount o f  l o ca l  reason ing .

W
I n  th is  l as t  sec t ion ,  I would  l i ke  to  d iscuss  the  genera l i t y

of  th is  approach  to  the  rea l i za t ion  o f  cons t ra in t  ne ts .  We c la im
tha t  the  bas ic  idea  o f  the  p resent  work app l ies  to  genera l  con -
s t ra in t  p rob lems ,  as -  e .g .  those  d iscussed  in  (G .S t80 ) .  An
abs t rac t  cons t ra in t  re la t ion  i s  de f ined  w i th in  a sc r ip t ,  and  in—
stances  o f  these  re la t ions  a re  rea l i zed  by  agents  wh ich  a re
crea ted  accord ing  to  those  scr ip ts .  The in te r re la t ionsh ips
between  s ing le  cons t ra in ts  a re  represented  by  means  ‘of
acqua in tances  be tween  agents .  Bas ica l l y ,  a l l  the  cons t ra in ts  ex—
press ib le  in  the  par t i cu la r  l anguage  in  use  may be  rea l i zed  th is
way.

SCENELAB, however ,  uses  spec i f i c  t echn iques  to  represent  and
propaga te  cons t ra in ts  res t r i c t ing  i t s  app l i ca t ions  to  cons t ra in t
p rob lems  wh ich  exh ib i t  " the  same s t ruc ture"  as  the  cons t ra in ts
used  in  the  Wa l t z -A lgor i thm.  Th is  "same s t ruc ture”  i s
charac te r i zed  by  two  po in ts .  F i rs t ,  the  cons t ra in t  re la t ions  a re
f in i t e ,  they  a re  even  sma l l  enough to  use  representa t ions  in
fo rm o f  t ab les .  A d ic t ionary  page  mere ly  l i s ts  a l l  the  tup les  o f
a re la t ion  cons t ra in ing  the  va lues  o f  segment l abe ls .  Second,
the  re la t ions  cons t ra in ing  the  combina t ions  o f  the  compos i te
j unc t ion  l abe ls  a re  de f ined  in  te rms  o f  a one - to -one  cor -
respondence  be tween  segment  l abe ls ,  the re fo re  en joy ing  a ce r ta in

,p roper ty  wh ich  I would  l i ke  to  ca l l  "pseudo—trans i t i v i t y ' .  (No te
‚ t ha t ,  i n  our  app l i ca t ion ,  these  cons t ra in t  re la t ions  depend upon
the  topo log ic  s t ruc ture  o f  the  l ine  d rawing  and  a re  imp l ic i t e ly
represented  in  the  cons t ra in t  ne t . )
Pseudo- t rans i t i v i t y  i s  de f ined  as  fo l lows:
Le t  A,B be  two d is jo in t  se ts .  A re la t ion  R C A X B
i s  pseudo- t rans i t i ve ,  i f  the  fo l low ing  ho lds :

v a1 ,a2  € A V b1 ,b2  € B
( a1 ,b1 ) , ( az ,b2 ) , ( a , ,b1 )  € R = (al‚b2) € R

The  graph  o f  the  re la t ion  R i s  composed  o f  the  nodes  A U B and
the  l inks  (a ,b )  fo r  every  (a ,b )  e R .  I f  R i s  pseudo- t rans i t i ve ,
then  th is  g raph  is  par t i t ioned  in to  comple te ly  b ipar t i t e  con -
nec ted  subgraphs .  The  s t ruc ture  o f  such  a g raph  may be  ve ry
s imply  represented  by  rep lac ing  a l l  the  l inks  in  such a subgraph
by  a s ing le  l ink  be tween  the  two  d is jo in t  node  se ts  o f  th is
b ipar t i t e  subgraph .  Tha t  i s ,  R i s  s imp l i f i ed  to  a re la t ion  SR on
the  powerse ts  o f  A and B .  F ig .  15  shows such a g raph  and i t s
s impl i f i ca t ion .
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F ig .  15  : The comp le te l y  b ipar t i t e  connec ted  subgraphs o f
the  r e l a t i on  graph  o f  a pseudo- t rans i t i ve  re la t ion  a l lows  fo r
a s ign i f i can t ly  s imp l ie r  representa t ion  o f  the  g raph

Th is  spec i f i c  s t ruc ture  _enables SCENELAB to  use  i t s  s imp le
propaga t ion  techn ique .  As long  as  there  i s  a t  l eas t  one member
i n  such  an  equ iva lence  c lass  o f  nodes (here :  l abe ls ) ,  no  new con-
s t ra in t  must be  fo rwarded .  Once such a c lass  becomes empty ,  a l l
the  members o f  the  cor respond ing  match ing  c lass  may be  de le ted .
Th is  i s  in  fac t  wha t  SCENELAB does .  F igure  16  shows  the  con—
s t ra in t  re la t ion  be tween  the  l abe ls  o f  an  ELL and an ARROW in  a
spec i f i c  con tex t .

AA-
F ig .  16 :  S imp l i f i ca t ion  o f  the  g raph  o f  the  re la t ion
const ra in ing  the  l abe ls  o f  an  ELL and an  ARROW be ing
connected  in  a spec i f i c  way .
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7 F r

Th is  paper  i s  a shor t  ve rs i on  of  my Dip lomarbe i t  which  w i l l  be
ava i l ab le ,  I hope ,  a t  the  end o f  th is  year .  An imp lementa t ion  o f
SCENELAB has  been  runn ing  s ince  Ju ly  1983 ,  w i th  some s l igh t
mod i f i ca t ions .

Ac tua l l y ,  CSSA is  runn ing  on  a mu l t ip rocessor  s imu la t ion  sys -
tem (BMSBZ) imp lemented  in  SIMULA on a SIEMENS BSZOOO s ing le -CPU
mach ine .  Chr is t i an  Be i l ken  and  Fr iedemann  Mat te rn  a re  cur ren t ly
work ing  on  a rea l l y  d is t r ibu ted  rea l i za t ion  on  a ne twork  o f
32—bit  p rocessors ,  toge ther  w i th  the i r  co l l eagues  o f  the  SFB
'VLS I  und Para l l e l i t ae t ' .

Severa l  s tudents  o f  P ro f .  Pe te r  Rau le fs  a re  inves t iga t ing  and
— as  I unders tand  - deve lop ing  a genera l  purpose  cons t ra in t  sys—
t em.  Th is  paper  pu ts  a (p re l im inary? )  end  to  my own work  in  th is
a rea ,  in  sp i te  o f  an  ongo ing  in te res t  in  d is t r ibu ted  cons t ra in t
sys tems .
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