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A b s t r a c t

B a c k tr a c k in g  i s  a  p o w e rfu l  c o n c e p tu a l  and  p r a c t i c a l  te c h n iq u e  in  

p ro g ram m in g . H ow ever, i t s  a p p l i c a t i o n  i n  g e n e r a l  h a s  been  l i m i t e d  t o  

g lo b a l  c o n t r o l  o v e r  r e c u r s iv e  p ro g ra m s . In  t h i s  p a p e r  we e x p lo r e  th ro u g h  

s e v e r a l  e x am p les  t h e  c o h e re n c e  and u t i l i t y  o f  a p p ly in g  b a c k tr a c k in g  i n  

m ore g e n e r a l  c o n t r o l  s e t t i n g s ,  n o ta b ly  c o r o u t in e  e n v iro n m e n ts . The 

e x a m p le s  i n c l u d e :  ( i )  a  d u a l  t r e e  w alk  p ro g ram  u s in g  c o ro u tin e -m a n a g e d  

b a c k t r a c k in g  s u b s y s te m s , ( i i )  a  c o n t e x t - f r e e  la n g u a g e  i n t e r s e c t i o n  t e s t e r  

u s in g  b i - l e v e l  h i e r a r c h i c a l  b a c k t r a c k in g ,  and  ( i i i )  a  m in im iz in g  com pu ter 

jo b  s c h e d u le r  u s in g  b a c k t r a c k in g  in  a  s im u la t io n  la n g u a g e  s e t t i n g .  F u l l  

p ro g ra m s  a r e  g iv e n  f o r  e a ch  ex am p le , e x p re s s e d  i n  a  PASCAL e x te n s io n  

o f f e r i n g  b o th  c o r o u t in e s  and n o n d e t e m i n i s t i c  c o n t r o l .

\

C om puting  R eview s c a t e g o r i e s :  4 .2 2 ;  4 .4 2 ,  8 .1 .

Key w ords and p h r a s e s :  b a c k t r a c k in g ,  n o n d e te r m in i s t i c  p rogram m ing , 

c o r o u t i n e s ,  s im u la t io n .
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A c e n t r a l  g o a l  o f  s o f tw a re  e n g in e e r in g  i s  t h e  c o n s t r u c t i o n  o f  p ro g ram s 

t h a t  a r e  c o n c is e ,  c o m p re h e n s ib le , r e l i a b l e ,  and  e f f i c i e n t .  T h ere  i s  l i t t l e  

d i s p u t e  to d a y  t h a t  h i g h e r - l e v e l  p rogram m ing la n g u a g e s  (HLLs) a r e  i n d is p e n -  

s i b l e  a id s  i n  t h e  p u r s u i t  o f  t h a t  g o a l .  One f e a t u r e  c o n t r i b u t i n g  t o  t h i s  

i n d i s p e n s i b i l i t y  i s  th e  r i c h n e s s  and c o h e re n c e  o f  t h e  d a ta  s t r u c t u r e s  found  

i n  m odern HLLs ( e .g .  PASCAL [JW 74]) .  A n o th e r  su c h  f e a t u r e ,  l e s s  w id e ly  

r e c o g n iz e d  b u t  o f  g row ing  im p o r ta n c e , i s  th e  pow er and  v a r i e t y  o f  c o n t r o l  

s t r u c t u r e s  found  i n  new er HLLs ( e .g .  SIMULA-67) [IM 72]) .

The c o n t r o l  s t r u c t u r e s  a v a i l a b l e  in  a  HLL d e l i m i t  t h e  ra n g e  o f  a lg o ­

r i th m s  t h a t  can  c o n v e n ie n t ly  be  program m ed t h e r e i n .  F o r  e x am p le , n a t u r a l l y  

r e c u r s i v e  a lg o r i th m s  (su ch  a s  c e r t a i n  e n u m e ra tio n  te c h n iq u e s )  can  be 

e x p re s s e d  in  n o n r e c u r s iv e  la n g u a g e s  o n ly  a f t e r  a  m ach ine  m apping p r o c e s s ,  

i n  w h ich  th e  i n h e r e n t  r e c u r s io n  o f  th e  a lg o r i th m  i s  c o n v e r te d  t o  s e q u e n t i a l  

c o n t r o l  m a n ip u la t in g  e x p l i c i t  s t a c k s ,  g lo b a l  s to r a g e  p o o l s ,  and c o n t r o l  

r o u t i n g  m a rk e rs .

In  c o m p a riso n  w ith  a  p ro g ram  w r i t t e n  i n  a  HLL w i th  a p p r o p r i a t e  c o n t r o l  

s t r u c t u r e s ,  su c h  an o v e r t l y  " c o n t r o l  e n g in e e re d "  p ro g ram  t y p i c a l l y  m a n i f e s t s  

t h e  fo l lo w in g  u n d e s i r a b le  p r o p e r t i e s :

i )  i t  i s  l a r g e r , due  t o  t h e  g r e a t e r  l e v e l  o f  e x p l i c i t  d e t a i l ;

i i )  i t  i s  m ore com plex (and h e n ce  l e s s  c o m p re h e n s ib le )  f o r  th e  

same r e a s o n ;

i i i )  i t  i s  l e s s  e f f i c i e n t  s in c e  th e  program m er i s  f o r c e d  to

s im u la te  th e  d e s i r e d  c o n t r o l  reg im e  w i th in  th e  a v a i l ­

a b le  HLL, when a  c a r e f u l  sy s te m  im p le m e n ta t io n  c o u ld  

be  done w ith  g r e a t e r  economy;

1 .  C o n t r o l  S t r u c t u r e s  an d  S o f tw a r e  E n g in e e r in g
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iv )  i t  i s  l e s s  r e l i a b l e , f o r  t h e  program m er m ust s c ru p u lo u s ly  

f o l lo w  h i s  o r  h e r  own ad  hoc c o n t r o l  c o n v e n tio n s  

th ro u g h o u t  th e  p ro g ram  (and h e n ce  th e  p o t e n t i a l  f o r  

e r r o r  i s  i n c r e a s e d ) , and 

v ) i t  i s  h a r d e r  t o  d o cu m en t, t e s t  and  v e r i f y , b e c a u s e  th e

p r o g ra m 's  g lo b a l  c o n t r o l  o r g a n i z a t i o n  i s  e x p re s s e d  

i n  more ru d im e n ta ry  fo rm , th e r e b y  o b s c u r in g  i t s  p r o p e r  

fram ew ork  f o r  s y s te m a t ic  d o c u m e n ta t io n , t e s t i n g ,  and 

v e r i f i c a t i o n .

On a  h ig h e r  l e v e l ,  one may v iew  th e  d e v e lo p m en t o f  new c o n t r o l  s t r u c t u r e s  

a s  an  a p p r o p r i a t e  s o f tw a r e  e n g in e e r in g  c o n c e rn  in  i t s e l f ,  f o r  th e  ra n g e  o f  

c o n t r o l  re g im e s  in  o n e 's  l i n g u i s t i c  command g o v e rn s  th e  ra n g e  o f  t h e  a lg o ­

r i th m s  w h ich  c a n  b e  c o n c e iv e d . To p a r a p h r a s e  W i t tg e n s t e i n ,  w hat c a n n o t be 

w r i t t e n  c a n n o t  be d e s ig n e d .
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A p rim e  exam ple o f  an HLL c o n t r o l  s t r u c t u r e  n a t u r a l  f o r  an im p o r ta n t  

c l a s s  o f  a lg o r i th m s  i s  b a c k t r a c k in g  c o n t r o l  [GB65]. P rob lem  a r e a s  su ch  

a s  topdow n p a r s i n g ,  game t r e e  s e a r c h in g ,  and f i n i t e  o p t im iz a t io n  a r e  among 

th e  many i n  w h ich  b a c k t r a c k in g  i s  a common and  p o w e rfu l  program m ing t e c h ­

n iq u e .  B a c k tra c k in g  c o n t r o l  p r i m i t i v e s  have  b een  in c o r p o r a te d  i n t o  a  num­

b e r  o f  HLLs, n o ta b ly  i n  th e  a r e a  o f  a r t i f i c i a l  i n t e l l i g e n c e  sy s te m s  [BR74].

F lo y d  h a s  p o in te d  o u t  [F167] t h a t  a  b a c k t r a c k in g  p ro b le m  i s  o f t e n  b e s t  

f i r s t  a p p ro a c h e d  i n  t h e  c o n c e p tu a l  dom ain o f  n o n d e te r m in is t ic  (ND) p ro g ram ­

m ing . ND program m ing  p e r m i ts  th e  program m er th e  lu x u ry  o f  an  o r a c l e  t h a t  

s e l e c t s  p ro g ram  b ra n c h e s  w ith  u n f a i l i n g  p r e s c i e n c e  to w a rd  a f i n a l  g o a l  s t a t e .  

Thus w henever t h e  p ro g ram  i s  p o is e d  a t  a  ND b ra n c h  p o i n t ,  t h e  q u e s t io n  

"w hich  b ra n c h  s h o u ld  be  ta k e n ? "  r e c e iv e s  th e  w ise  answ er " th e  c o r r e c t  o n e , 

o f  c o u r s e ,  nam ely  . . .  " .  The program m er need  o n ly  p r o v id e  code t o  d e t e c t  

th e  a c h ie v e m e n t o f  f i n a l  g o a l  s t a t e s  and  th e  r e c o g n i t i o n  o f  b l i n d  a l l e y s  

( i . e .  s t a t e s  from  w h ich  a l l  f i n a l  g o a l  s t a t e s  a r e  known t o  be i n a c c e s s i b l e ) . 

The e x e c u t io n  o f  a  ND p ro g ram  r e s u l t s  i n  th e  s e l e c t i o n  o f  one p a th  th ro u g h  

t h e  p ro g ra m  le a d in g  t o  a  f i n a l  g o a l  s t a t e .  I f  no su ch  p a th  e x i s t s ,  th e n  

th e  p ro g ram  n e v e r  e x e c u te s  a t  a l l !

Of c o u r s e ,  su ch  a  m y s t i c a l  mode o f  e x e c u t io n  m ust be  im p lem en ted  

th ro u g h  s y s te m a t ic  s e a r c h in g  o f  a l l  e x e c u t io n  p a th s  and  t h e i r  r e t r a c t i o n  

upon a r r i v a l  a t  b l i n d  a l l e y s .  F o r t h i s  r e a s o n ,  b a c k t r a c k in g  i s  a  n a t u r a l  

im p le m e n ta t io n  s t r a t e g y  f o r  ND p ro g ra m s . S e v e ra l  o p t io n s  may be fo llo w e d  

i n  t h e  a p p l i c a t i o n  o f  b a c k t r a c k in g  t o  ND p ro g ra m s , in c lu d in g :

i )  t h e  ND p rog ram  can  be e x e c u te d  a s  w r i t t e n  i f  a  b a c k tr a c k in g  

im p le m e n ta t io n  o f  t h e  ND la n g u a g e  i s  a v a i l a b l e ?

2 .  B a c k t r a c k in g  and  N o n d e t e r m in is t ic  P ro g ra m m in g

4



by h a n d , m ac ro s , o r  c o m p ile r )  i n t o  an  e q u iv a l e n t  

p ro g ram  d o in g  e x p l i c i t  b a c k t r a c k in g  in  a n o n b ack ­

t r a c k i n g  la n g u a g e , and

i i i )  t h e  p ro g ram  r e s u l t i n g  in  ( i i )  c an  th e n  be o p tim iz e d

th ro u g h  th e  u se  o f  s e l e c t i v e  s t a t e  s a v in g ,  h e u r i s t i c  

s e a r c h  o r d e r in g ,  o r  even  r e v e r s e  e x e c u t io n  te c h n iq u e s  

[G b72].

I n  l i g h t  o f  t h e i r  i n t i m a t e  c o n n e c t io n ,  we w i l l  u s e  th e  two te rm s  

" b a c k t r a c k in g "  and "ND program m ing" som ew hat in te r c h a n g e a b ly  th ro u g h o u t  

t h i s  p a p e r .  N e v e r th e le s s ,  o u r  s e l e c t i o n  i n  e a ch  c a s e  w i l l  be p r e ju d ic e d  

to w a rd  "ND program m ing" when d e a l in g  w i th  program m ing c o n c e p ts ,  and "b ac k ­

t r a c k i n g "  when d e a l i n g  w i th  im p le m e n ta t io n a l  o r  e x e c u t io n a l  e f f e c t s .

i i )  t h e  ND p ro g ra m  can  b e  t r a n s l a t e d  s y s t e m a t i c a l l y  ( e . g .
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D e s p i te  i t s  a t t r a c t i v e n e s s  a s  a  g e n e r a l  s e a r c h  s t r a t e g y ,  b a c k t r a c k ­

in g  seem s t o  h av e  b e e n  l a r g e l y  a p p l i e d  o n ly  w i th in  r a t h e r  l im i t e d  c o n t r o l  

s e t t i n g s .  T h a t i s ,  one f in d s  t h e  b a s i c  s in g l e  p a th  a lg o r i th m  ( i . e .  t h e  ND 

p rog ram  w i th  b ra n c h  p o i n t s  v iew ed  a s  b e in g  bound t o  s i n g l e  " h e a d s tro n g "  

c h o ic e s )  e x p r e s s e d  i n  s e q u e n t i a l  o r  a t  m ost r e c u r s iv e  fo rm . A ls o , th e  

n o t io n  o f  m u l t i p l e  i n t e r a c t i n g  b a c k t r a c k in g  su b sy s te m s  seem s t o  be u n e x p lo re d .

T h is  c o n t r o l  s i m p l i c i t y  i s  u n f o r tu n a te  f o r  two r e a s o n s :

i )  t h e r e  a r e  a  num ber o f  im p o r ta n t  s i n g l e  p a th  a lg o r i th m s  

in v o lv in g  c o n t r o l  re g im e s  beyond  r e c u r s io n  ( e .g .  

c o r o u t i n e s ,  s c h e d u le d  p r o c e s s e s ,  and (ev e n !)  b a c k ­

t r a c k i n g  i t s e l f )  w h ich  m e r i t  t h e  pow er o f  an u p p e r  

l e v e l  b a c k t r a c k in g  c o n t r o l  re g im e , and

i i )  one h a s  th e  anom aly t h a t  b a c k t r a c k in g  i t s e l f  i n  g e n e r a l  

r e q u i r e s  a  c o n t r o l  im p le m e n ta t io n  beyond  r e c u r s io n  

( c f .  [PSW72] and [S E 73]) ,  and t h e r e  i s  no r e a s o n  in  

p r i n c i p l e  why th e s e  add ed  pow ers s h o u ld  be r e s e r v e d  

t o  th e  im p le m e n ta tio n  and d e n ie d  th e  s o u rc e  p rog ram  

i t s e l f .

Our p u rp o s e  i n  t h i s  p a p e r  i s  t o  d e m o n s tra te  th ro u g h  s e v e r a l  exam p les 

th e  c o n c e p tu a l  p o w er, c o h e re n c e ,  and  c o n v e n ie n c e  o f  u s in g  b a c k tr a c k in g  

w i t h in  c o n t r o l  s e t t i n g s  beyond  s im p ly  r e c u r s io n .  We commence in  s e c t i o n  4 

by d e f i n i n g  a  p a r t i c u l a r  e x te n s io n  t o  PASCAL in v o lv in g  b o th  ND and c o r o u t in e  

c o n t r o l  fo rm s . E ach o f  th e  n e x t  t h r e e  s e c t i o n s  th e n  d e s c r i b e s  a  p a r t i c u l a r  

a lg o r i th m  beyond  th e  sc o p e  o f  r e c u r s io n - b a s e d  b a c k t r a c k in g ,  a lo n g  w ith  i t s  

e x p r e s s io n  i n  o u r  g e n e r a l i z e d  PASCAL. The f i r s t  su ch  exam ple ( s e c t io n  5) 

d e a l s  w i th  th e  c o n t r o l  o f  p a r a l l e l  b a c k t r a c k in g  sy s te m s  i n  a  sym m etric

3 . A C u r r e n t  N a rro w n e s s  i n  B a c k t r a c k in g



c o r o u t in e  f a s h io n .  S e c t io n  6 c o n c e rn s  tw o b a c k t r a c k in g  sy s te m s  h i e r ­

a r c h i c a l l y  a r r a n g e d ,  w i th  one c o n t r o l l i n g  th e  o t h e r .  The f i n a l  ex am p le , 

g iv e n  i n  s e c t i o n  7 , a p p l i e s  ND program m ing w i th in  a  s im u la t io n  lan g u a g e  

s e t t i n g  ( i . e .  p r o c e s s e s  s c h e d u le d  a lo n g  a  tim e  b a s e ) .  S e c t io n  8 th e n  

c o n c lu d e s  th e  p a p e r  w i th  a  b r i e f  c o n s id e r a t i o n  o f  some c o n c e p tu a l  ( i . e .  

s e m a n tic )  and  p r a c t i c a l  ( i . e .  im p le m e n ta t io n a l)  i s s u e s  a s s o c i a t e d  w ith  

t h i s  c o n t r o l  g e n e r a l i z a t i o n .
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4 .  A G e n e r a l iz e d  PASCAL

To p r o v id e  a c o n c r e te  s e t t i n g  f o r  o u r  ex am p les  o f  g e n e r a l i z e d  con ­

t r o l ,  we w i l l  now d e f i n e  a  PASCAL e x te n s io n  o f f e r i n g  b o th  c o r o u t in e s  and 

n o n d e te r m i n i s t i c  p rogram m ing .

4 .1 .  C o ro u tin e  c o n t r o l .

The c o r o u t in e  m a n ip u la t io n  f a c i l i t i e s  o f  o u r  pASCAL e x te n s io n  hav e  

b e e n  s e l e c t e d  from  th o s e  fo u n d  i n  C o ro u tin e  PASCAL [Lm76]. We w i l l  need  

t h e  f o l lo w in g  p r i m i t i v e s :

i )  t h e  d a ta  ty p e  r e f , w h ich  a p p l i e s  t o  v a lu e s  t h a t  a r e  names 

o f  d y n a m ic a l ly  c r e a t e d  c o r o u t in e  i n s t a n c e s ;

i i )  th e  f u n c t io n  CREATE(<procedu re  a a l l > ) ,  w hich  d y n a m ic a lly  

c r e a t e s  a  new c o r o u t in e  i n s t a n c e  o f  th e  g iv e n  p r o c e d u r e . 

P a ra m e te r s  a r e  e v a lu a te d  and  bound , b u t  e x e c u t io n  o f  th e  

i n s t a n c e  d o es  n o t  y e t  commence. A v a lu e  o f  ty p e  r e f  r e f e r ­

r i n g  t o  th e  c r e a t e d  i n s t a n c e  i s  r e tu r n e d  a s  th e  v a lu e  o f  

t h i s  c a l l  on CREATE;

i i i )  th e  f u n c t io n  CALL(<ref eozp>) , w h ich  p a s s e s  c o n t r o l  t o  th e

c o r o u t in e  i n s t a n c e  r e f e r r e d  t o  by th e  g iv e n  e x p r e s s io n .  I f  

t h a t  i n s t a n c e  i s  new ly  c r e a t e d ,  i t  b e g in s  e x e c u t io n  a t  i t s  

f i r s t  s ta t e m e n t .  I f  t h e  i n s t a n c e  c u r r e n t l y  i s  DETACHed, i t  

resu m es fo l lo w in g  th e  s ta te m e n t  t h a t  c a u se d  t h a t  d e ta c h m e n t,

iv )  th e  p ro c e d u re  DETACH, w h ich  s u sp e n d s  th e  m ost t i g h t l y  s u r ­

ro u n d in g  c o r o u t in e  i n s t a n c e  ( in  th e  s e n s e  o f  CALL/DETACH 

n e s t i n g ) , and  r e t u r n s  c o n t r o l  t o  i t s  m ost r e c e n t  CALLer, 

w i th  c o n t r o l  re su m in g  j u s t  fo l lo w in g  th e  s ta te m e n t  d o in g  

t h a t  c a l 1; and



code body o f  th e  m ost t i g h t l y  s u r ro u n d in g  c o r o u t in e  i n s t a n c e ) , 

i s  s i m i l a r  t o  DETACH e x c e p t  t h a t  th e  c o r o u t in e  i n s t a n c e  i s  

no  lo n g e r  CALZable.

4 .2 .  N o n d e te r m in is t ic  c o n t r o l .

A num ber o f  l i n g u i s t i c  f o r m u la t io n s  o f  b a c k t r a c k in g  and ND c o n t r o l  have 

b e e n  o f f e r e d  i n  th e  l i t e r a t u r e  ( e .g .  [ J h 6 7 ] , [BR75], [C h 7 5 ], and  [H n76]).

We f i n d  th e  e a r l y  w ork o f  F lo y d  [F167] t o  o f f e r  th e  b e s t  b a s i s  f o r  o u r  n e e d s  

h e r e .  Our p r i m i t i v e s  a r e :

i )  th e  f u n c t io n  NDCREATE ( <procedu re  o a l l > ) , w h ich  c r e a t e s  a 

c o r o u t in e  i n s t a n c e  o f  th e  g iv e n  p ro c e d u re  o p e r a t in g  a s  a

ND sy s te m . T h is  m eans:

a) th e  i n s t a n c e  may be m a n ip u la te d  ( e .g .  CALLed and

DETACHed) a s  an  o r d in a r y  c o r o u t in e  i n s t a n c e ,  b u t  

i n  a d d i t i o n :

b) one may u se  t h e  s p e c i a l  ND c o n t r o l  p r i m i t i v e s

CHOICE, SUCCESS and FAILURE w i th in  i t s  dynam ic 

s c o p e .

i i )  t h e  f u n c t io n  CHOICE( < e x p > ), d e l i v e r i n g  an  i n t e g e r  v a lu e  from  

1 t o  t h e  v a lu e  o f  <exp> n o n d e te r m i n i s t i c a l l y  s e l e c t e d ;

i i i )  t h e  p ro c e d u re  SUCCESS, w h ich  i n d i c a t e s  a t t a in m e n t  o f  a  f i n a l  

g o a l  s t a t e  f o r  t h e  ND sy s te m  m ost t i g h t l y  s u r r o u n d in g . T h is  

h a s  th e  n e t  e f f e c t  o f  " r e l e a s i n g "  f o r  e x t e r n a l  o u tp u t  any 

p r i n t i n g  done by th e  ND sy s te m  a lo n g  t h i s  e x e c u t io n  p a th ,  

and

iv )  t h e  p r o c e d u re  FAILURE, s i g n a l in g  d e t e c t i o n  o f  a  b l i n d  a l l e y .  

T h is  c a u s e s  th e  fo l lo w in g  b a c k t r a c k in g  a c t i o n s  t o  o c c u r  in

v )  t h e  p r o c e d u r e  TERMINATE ( e q u iv a l e n t  t o  e x i s t i n g  fro m  t h e
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t h e  m ost t i g h t l y  s u rro u n d in g  ND sy s te m :

a) th e  ND s y s te m s 's  c o n t r o l  s t a t e  i s  r e s e t  t o  t h a t

in  e f f e c t  a t  th e  tim e  o f  th e  m ost r e c e n t l y  e x e ­

c u te d  CHOICE c a l l  i n  t h a t  sy s te m . I f  a t  l e a s t  

one v a lu e  re m a in s  t o  be g e n e ra te d  by t h a t  CHOICE 

o p e r a t i o n ,  a  new v a lu e  i s  s e l e c t e d  f o r  g e n e r a t i o n .  

O th e rw is e , i f  t h a t  CHOICE o p e r a t io n  i s  e x h a u s te d ,  

th e n  th e  s y s te m 's  c o n t r o l  s t a t e  i s  r e s e t  t o  t h a t  

a s s o c i a t e d  w ith  t h e  n e x t  m ost r e c e n t  CHOICE o p e ra ­

t i o n ,  e t c .  I f  a l l  p r e v io u s  CHOICE o p e r a t io n s  in  

t h i s  sy s te m  have  b een  e x h a u s te d , th e n  a  TERMINATE

i s  done c lo s in g  o u t  t h i s  s y s te m 's  e x e c u t io n .

b) th e  l o c a l  d a ta  s t a t e  o f  t h i s  ND sy s te m  ( i . e .  th e

s e t  o f  a l l  v a r i a b l e s  c r e a t e d  w i th in  i t s  dynam ic 

sco p e) i s  r e s e t  t o  t h a t  a s s o c i a t e d  w ith  th e  

s e l e c t e d  CHOICE p o i n t .  N ote t h a t  v a r i a b l e s  o u t s id e  

th e  ND sy s te m  a r e  l e f t  unchanged  by a  FAILURE 

a c t i o n .

c) any  p r i n t i n g  done by th e  ND sy s te m  i n  th e  tim e

- p e r io d  b e tw een  th e  FAILURE p o i n t  and th e  s e l e c t e d

CHOICE p o i n t  i s  " r e t r a c t e d " ,  i . e .  w i l l  n o t  a p p e a r  

a s  o u tp u t  upon th e  o c c u r r e n c e  o f  any  f u t u r e  SUC­

CESSes i n  t h e  sy s te m .

4 .3 .  An e x a m p le .

To i l l u s t r a t e  o u r  la n g u a g e  on a  t r a d i t i o n a l  b a c k t r a c k in g  p ro b le m , we 

c o n s id e r  a  v a r i a t i o n  o f  th e  F la g s to n e  P ro b lem :

10



P ro b lem  PO: We w ish  t o  t i l e  a  walkw ay w ith  a  l i n e a r  se q u en c e  

o f  m f l a g s t o n e s  s e l e c t e d  from  am ple s u p p l i e s  o f  k d i f f e r e n t  

c o l o r s .  I n  p a r t i c u l a r ,  we a r e  s e e k in g  a  c e r t a i n  s e n s e  o f  

" ra n d o m n ess"  i n  o u r  l a y o u t ,  su c h  t h a t  no tw o a d ja c e n t  in n n e r  

s e q u e n c e s  r e p e a t  a  c o lo r  p a t t e r n .  Our t a s k  i s  t o  e x h i b i t  a 

s a t i s f a c t o r y  s e q u e n c e , o r  r e p o r t  c o n c lu s iv e ly  on i t s  im p o s s i­

b i l i t y  ( e .g .  f o r  m=4 and k = 2 ) .

A s o l u t i o n  t o  t h i s  s e a r c h  p ro b le m  e x p re s s e d  i n  o u r  e x te n d e d  PASCAL i s  

g iv e n  in  f i g u r e  1 .
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c o n s t  co lo rm ax  = 10; {maximum num ber o f  d i f f e r e n t  c o lo r s }
t i l e m a x  = 100; {maximum num ber o f  t i l e s  to  be p la c e d }

ty p e  c o lo r s  = 1 . .  co lo rm ax ; { c o lo r  names}
t i l e s  = 1 . .  t i l e m a x ;  { t i l e  p o s i t i o n  names}

v a r  m: t i l e s ;  1
k : c o l o r s ;
g o o d p a t te r n :  B o o le a n ; { s u c c e s s  s ig n a l  v a r i a b l e )

p ro c e d u re  r a n d o m t i le s  (m: t i l e s ;  k :  c o l o r s ) ;

v a r  t i l e n o w ,  i n n e r s e q l e n g th , q :  t i l e s ;
t i l e s l a i d :  a r r a y  [ t i l e s ]  of_ c o lo r s ;

b e g in  f o r  t i l e n o w  := 1 to  m do
b e g in  t i l e s l a i d [ t i l e n o w ]  := c h o ic e ( k ) ; { p ic k  c o lo r  o f  n e x t  t i l e }  

w r i t e l n ( t i l e s l a i d [ t i l e n o w ] ) ;  { p r i n t  i t  f e a r l e s s ly }  
f o r  i n n e r s e q le n g th  := 1 to  t i l e n o w  d iv  2 do 
b e g in  { lo o k  f o r  r e p e a t  p a t t e r n  e n d in g  on new t i l e }  

f o r  q := 0 to  i n n e r s e q le n g th - 1  do 
_if t i l e s l a i d [ t i l e n o w - q ]  ^

t i l e s l a i d [ t i l e n o w - i n n e r s e q l e n g t h - q ]  
th e n  g o to  o k ; 

f a i l u r e ;  T r e p e a t  p a t t e r n  found} 
ok : {no r e p e a t  p a t t e r n  on t h i s  in n e r  se q u en c e  le n g th }
end

e n d ;
{have a  good p a t t e r n  now} 
s u c c e s s ;  { r e l e a s e  p r in t i n g }
g o o d p a t te rn  := t r u e  { s ig n a l  s u c c e s s  t o  m ain program } 

e n d ; { r a n d o m tile s }

b e g in  {m ain p rogram }
r e a d ( m ) ; {num ber o f  t i l e s  to  be la id }  
r e a d ( k ) ; {num ber o f  c o lo r s  a v a i l a b le }  
g o o d p a t te r n  := f a l s e ; {assum e th e  w o rs t}
c a l l ( n d c r e a t e ( r a n d o m t i l e s ( m ,k ) ) ) ;  '{ a c t i v a t e  s e a r c h  a lg o r ith m }  
i f  n o t  g o o d p a t te r n  th e n

w r i t e l n ( " n o  a c c e p ta b le  p a t t e r n  p o s s ib l e " )  
e n d . {m ain program }

F ig u r e  1_. Random f l a g s t o n e  p ro g r a m .
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5 . G e n e r a l i z a t io n  1 : C o r o u t in e - R e la te d  ND S ystem s 

Our f i r s t  exam ple  o f  g e n e r a l i z e d  b a c k t r a c k in g  d e a l s  w i th  th e  s im p le  

n o t io n  t h a t  b a c k t r a c k in g  n eed  n o t  be  a  g lo b a l  s e a r c h  s t r a t e g y .  R a th e r ,  i t  

may be a  l o c a l  re g im e  o p e r a t in g  w i th in  a  l a r g e r  c o n t r o l  fram ew ork . To i l l u s ­

t r a t e ,  c o n s id e r  t h e  fo l lo w in g  p ro b le m :

P ro b lem  P I ; G iven  two n - a r y  t r e e s  w i th  n o n - n e g a t iv e  i n t e g e r  node 

w e ig h ts ,  d e te rm in e  w h ich  t r e e  h a s  t h e  p a th  w i th  th e  s m a l l e s t  

node  w e ig h t  sum ( i f  b o th  t r e e s  p o s s e s s  su ch  a  p a th ,  th e n  e i t h e r  

t r e e  i s  an  a d m is s ib le  a n s w e r ) .

C l e a r l y  one c o u ld  s o lv e  t h i s  p ro b le m  by a  d e p th  f i r s t  t r a v e r s a l  o f  each  

t r e e  i n  t u r n ,  r e c o r d in g  i t s  minimum p a th  w e ig h t .  H ow ever, a more e f f i c i e n t  

a p p ro a c h  i s  t o  p u r s u e  minimum p a th  s e a r c h e s  on b o th  t r e e s  a t  o n c e , w i th  co n ­

t r o l  a l t e r n a t i n g  b e tw een  them  on a  "can  you to p  t h i s ? "  b a s i s .  Thus we have 

tw o in d e p e n d e n t  ND s e a r c h  a lg o r i th m s  c o n t r o l l e d  a s  c o r o u t in e s  by a  s u p e r ­

v i s o r .  A p ro g ra m  fo l lo w in g  su c h  a c o n t r o l  s t r a t e g y  i s  g iv e n  i n  f ig u r e  2 .

N ote  t h a t  su c h  an  a p p ro a c h  i s  beyond th e  re a lm  o f  a  sy s te m  o f f e r i n g  

o n ly  g lo b a l  b a c k t r a c k in g ,  f o r  th e  two ND su b sy s te m s  o p e r a te  a s y n c h r o n o u s ly .
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c o n s t

j g gg.

v a r

h u g e w e ig h t = 10000; 
wtmax = 100; 
nodem ax = 50; 
degmax = 5 ;

{ g e n e ro u s  u p p e r  l i m i t  on p a th  w e ig h t}
{max w e ig h t f o r  each  node}
{max num ber o f  n odes in  b o th  t r e e s  com bined} 
{max d e g re e  ( n r .  o f  immed. d e s c .)  o f  each  node}

p a th w e ig h t  = 1 . .  h u g e w e ig h t;  
n o d es  = 1 . .  nodem ax; 
d e g re e s  = 1 . .  degmax; 
w e ig h ts  = 1 . .  w tm ax;

{ ran g e  o f  p o s s ib l e  p a th  w e ig h ts }  
{names in  node p o o l}
{ d e g re e  ra n g e  f o r  nodes}
{ ran g e  o f  node w e ig h ts}

d e s c :  a r r a y  [n o d e s , d e g re e s ]  o f  n o d e s ;
d e g ; a r r a y  [nodes] o f  d e g re e s ;
w t: a r r a y  [nodes] of_ w e ig h ts ;
r o o t l ,  r o o t 2 : n o d e s ;
t a u l , t a u 2 : r e f ;
b e s t ,  o l d b e s t :  p a th w e ig h t ;

p r o c e d u r e  s h o r t e s t  ( r o o t :  n o d e s ) ;

{immed. d e s c e n d a n ts  o f  nodes}  
{ d e g re e  o f  each  node}
{ w e ig h t o f  each  node}
{ r o o ts  o f  two t r e e s }
{ND su b sy s te m  r e f e r e n c e  v a r i a b le s }  
{ p a th  w e ig h t v a r i a b le s }

v a r  sum: p a th w e ig h t ;
nodenow : n o d e s ;

b e g in

e n d ;

Siam := w t [ r o o t ] ;  nodenow := r o o t ;  
w h i le  sum < best do
b e a in  i f  deg [nodenow ]=0 { i . e . ,  nodenow i s  t e r m in a l}  th e n  

b e g in  {have new g l o b a l ly  s h o r t e s t  p a th }
b e s t  := sum; d e ta c h ;  { l e t  c o l le a g u e  t r y  to  b e a t}  
{ i f  c o n t r o l  r e t u r n s ,  he d id }  
f a i l u r e  {keep  on s e a rc h in g }

e n d ;
{ n o n te rm in a l node c a s e ;  move down t r e e }  
nodenow := d e sc [n o d e n o w , c h o ic e (d e g [n o d e n o w ]) ] ;  
sum := sum+wt[nodenow]

e n d ;
f a i l u r e  { c u r r e n t  p a th  w e ig h t  a l r e a d y  to o  la rg e }
{s h o r t e s t}

b e g in

e x i t :
en d .

{m ain p ro g ra m ; r e a d  in  d e s c ,  d e g , w t , r o o t l  and  ro o t2 }  
t a u l  := n d c r e a t e ( s h o r t e s t ( r o o t l ) ) ;  { c r e a te  f i r s t  ND sub sy stem }  
ta u 2  := n d c r e a t e ( s h o r t e s t ( r o o t 2 ) ) ;  { c r e a te  se co n d  ND su b sy s te m ) 
b e s t  := h u g e w e ig h t;  { f i r s t  p a th  w i l l  s u r e l y  b e a t  t h i s }  
r e p e a t  o l d b e s t  : = b e s t ;  {save  c u r r e n t  b e s t  p a th  w e ig h t}

c a l l ( t a u l ) ;  { l e t  f i r s t  ND su b sy s te m  t r y  to  b e a t  i t }  
i f  b e s t= o l d b e s t  th e n
b e g in  { i t  d i d n ' t }  w r i t e l n ( " t r e e  2 h a s  m in im al p a t h " ) ;  

g o to  e x i t
e n d ;
o l d b e s t  := b e s t ;  {now s i m i l a r  code f o r  se co n d  ND su b sy stem }  
i f  b e s t= o l d b e s t  th e n
b e g in  w r i t e l n ( " t r e e  1 h a s  m in im al p a t h " ) ; 

g o to  e x i t
end

u n t i l  f a l s e ;

{main p rogram }

F ig u r e  2 .  P a r a l l e l  t r e e  w a lk  p ro g ra m .
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The p r e c e d in g  exam ple i l l u s t r a t e s  th e  u t i l i t y  o f  l o c a l  ND sy s te m s  

o p e r a t in g  a s  c o n t r o l  e q u a ls  i n  a  c o r o u t in e  r e l a t i o n s h i p .  We now exam ine 

a  n a t u r a l  v a r i a t i o n  o f  t h a t  o r g a n i z a t i o n : h i e r a r c h i c a l l y  o r g a n iz e d  ND 

s y s te m s . I n  h i e r a r c h i c a l l y  o r g a n iz e d  ND program m ing t h e r e  a r e  two o r  more 

ND su b p ro g ram s o p e r a t in g  on an  o rd e r e d  s c a l e  o f  s u b s e r v ie n c e .  To i l l u s t r a t e ,  

we ta k e  t h e  f o l lo w in g  sam ple  p ro b le m :

P rob lem  P 2 : G iven tw o c o n t e x t - f r e e  gram m ars G and G^> f in d  

a  m in im a l l e n g th  s t r i n g  in  L(ff^) n h ( G^ ) , i . e .  t h e  i n t e r s e c t i o n  

o f  t h e i r  la n g u a g e s .  I f  no such  s t r i n g  e x i s t s  o f  l e n g th  l e s s  

th e n  o r  e q u a l  t o  Zim,  r e p o r t  t h a t  f a c t  and s to p ;  o th e r w is e ,  

e x h i b i t  th e  s t r i n g  fo u n d  and s to p .

Among th e  many s o l u t i o n s  t o  t h i s  p ro b le m  l i e s  th e  f o l lo w in g  r e l a t i v e l y  

c le a n  a p p ro a c h :

1) S e t  k = l .

2) G e n e ra te  a l l  l e n g th  k s t r i n g s  o f  L(ff^) v i a  a  ND p ro c e d u r e .

As e a c h  new c h a r a c t e r  i s  p ro d u c e d  ( in  l e f t - t o - r i g h t  o r d e r )  

i n  a  p o t e n t i a l  l e n g th  k member o f  L (G ) ,  p a s s  t h a t  c h a r a c t e r  

t o  a  Gg p a r s e r ,  o p e r a t in g  u n d e r  i t s  own ND re g im e .

3) The Gg p a r s e r  a t t e m p ts  t o  accom m odate th e  c u r r e n t  s t r i n g  a s  

e x te n d e d  by th e  new c h a r a c t e r .  I f  th e  G  ̂ p a r s e r  f a i l s  in  

t h i s  a t t e m p t ,  i t  s i g n a l s  f a i l u r e  t o  t h e  G g e n e r a to r ,  w h ich  

th e n  r e t r a c t s  t h a t  c h a r a c t e r .  In  e i t h e r  c a s e ,  th e  Gj g e n e ra ­

t o r  c o n t in u e s  i t s  g e n e r a t io n  p r o c e s s  a s  d e s c r ib e d  i n  ( 2 ) .

4) The Gj  g e n e r a to r  c o n t in u e s  in  t h i s  m anner u n t i l  e i t h e r

i )  an  e n t i r e  s t r i n g  o f  l e n g th  k i s  p ro d u c e d  and p a r s e d  a s

6 .  G e n e r a l i z a t i o n  2 :  H i e r a r c h i c a l  ND p ro g ra m m in g .
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a  member o f  L( G^) , i n  w h ich  c a s e  a  s u c c e s s  i s  r e p o r t e d  

( c a u s in g  th e  s t r i n g  t o  be p r i n t e d ) , o r

i i )  t h e  (7 g e n e r a to r  h a s  p ro d u c e d  a l l  l e n g th  k members o f  

L((?1 ) .

5) In  t h e  l a t t e r  c a s e  k i s  in c re m e n te d  and  com pared a g a i n s t  

t im .  I f  k > l im ,  a  m essage  i s  p r i n t e d  i n d i c a t i n g  th e  

a b s e n c e  o f  th e  d e s i r e d  s t r i n g  and  th e  p ro g ram  h a l t s .  O th e r ­

w is e  th e  p r o c e s s  i s  begun  anew a t  s t e p  (2 ) .

C l e a r l y  t h i s  a p p ro a c h  c a n n o t c o n v e n ie n t ly  be  program m ed i n  a  la n g u a g e  

o f f e r i n g  o n ly  r e c u r s io n  and g lo b a l  b a c k t r a c k in g ,  f o r ,  a s  i n  o u r  s o l u t i o n  to  

p ro b le m  P I ,  t h e r e  a r e  two ND sy s te m s  o p e r a t in g  w ith  u n p r e d ic ta b l e  i n t e r ­

l e a v in g  o f  f a i l u r e  a c t i o n s .  M oreover, o u r  a p p ro a c h  h e r e  h a s  th e  added  com­

p l e x i t y  o f  a  n e s te d  ND c o n t r o l  o r g a n i z a t i o n ,  c a u s in g  q u i t e  d i f f e r e n t  l o g i c a l  

e f f e c t s  upon  f a i l u r e  i n  e a c h  o f  th e  tw o l e v e l s  (more w i l l  be  s a id  o f  t h i s  

s h o r t l y ) .

To s im p l i f y  o u r  p rogram m ing o f  t h i s  p ro b le m , we w i l l  assum e o u r  gram ­

m ars t o  be i n  t h e  fo l lo w in g  s p e c i a l  form  (w ith o u t  s i g n i f i c a n t  l o s s  o f  g en ­

e r a l i t y )  :

1) T h e i r  n o n te rm in a l  sym bol s e t s  a r e  d i s j o i n t  s u b s e t s  o f  th e  

u p p e r  c a s e  a lp h a b e t  {A3 . . . ,  Z};

2) T h e i r  t e r m in a l  sym bols a r e  ta k e n  from  th e  s e t  o f  lo w er c a s e  

a lp h a b e t i c s  { a , . . . . ,  z } ;

3) The gram m ars a r e  n o n - l e f t - r e c u r s i v e  ( t h i s  r e s t r i c t i o n  can  

be  e l im in a te d  by a  v a r i e t y  o f  m ethods a l l  c o m p l ic a t in g  

e x p o s i t i o n ) ;
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4) T h e re  i s  o n ly  one  r u l e  f o r  e a c h  n o n te rm in a l  sym bol a,  

and t h a t  r u l e  o b ey s  one o f  th e  fo l lo w in g  t h r e e  fo rm s: 

( a l t e r n a t i o n )  a  ->- 0 10 , w i th  g and g^ n o n te r m in a ls ;  

( c o n c a te n a t io n )  a -* 8 , 8 - ,  w i th  8 and  8 n o n te r m in a ls ,  o ri. ^ X ^

( te r m in a l )  a  -*■ t , w i th  x a  t e r m in a l  sym bol;

5) I n  e a c h  grammar th e  r u l e  f o r  th e  r o o t  sym bol p i s  o f  th e  

form  p a g , w here g z  i s  a  r u l e  i n  t h a t  grammar and 

p ,  g , and z  a p p e a r  in  no o t h e r  r u l e s  in  t h a t  gram m ar.

(T h is  e n s u re s  t h a t  a l l  s t r i n g s  i n  e a c h  la n g u a g e  end  w ith  

t h e  s p e c i a l  sym bol z ) .

F ig u re  3 show s a  s o l u t i o n  t o  P2 g iv e n  th e  a p p ro a c h  o u t l i n e d  above and 

t h i s  assum ed  c l a s s  o f  g ram m ars. The g e n e r a to r  and  p a r s e r  su b sy s te m s  b o th  

u s e  a  ND te c h n iq u e  due t o  F lo y d , p r e s e n t e d  i n  [F164] and e x te n s i v e l y  s tu d i e d  

i n  [L n 7 6 ]. F ig u r e  4 p r o v id e s  a  s c h e m a tic  r e p r e s e n t a t i o n  o f  th e  h i e r a r c h i c a l  

ND c o n t r o l  u s e d  i n  th e  p ro g ra m .

An im p o r ta n t  c o n t r o l  s u b le ty  s h o u ld  be p o in te d  o u t  in  th e  n o t io n  o f  

h i e r a r c h i c a l  ND p rog ram m ing . N o t ic e  in  o u r  exam ple t h a t  t h e  i n n e r  ND sy s tem  

( i . e .  t h e  p a r s e r )  d o e s  n o t  o p e r a te  in  a  s im p le  s u b r o u t in e  r e l a t i o n s h i p  w ith  

t h e  o u t e r  ND sy s te m  ( i . e .  t h e  g e n e r a t o r ) .  I f  i t  d i d ,  i t  w ould  be  p r e s e n te d  

an  in d e p e n d e n t  new t a s k  on e a c h  a c t i v a t i o n  t o  be  c o n c lu s iv e ly  p u rs u e d  b e f o r e  

r e t u r n i n g .  R a th e r ,  t h e  i n n e r  sy s te m  in c r e m e n ta l ly  s e a r c h e s  fo rw a rd  on e a ch  

a c t i v a t i o n .  ,

H ow ever, t h i s  r e l a t i o n s h i p  i s  n o t  a  sy m m etric  one a s  was th e  c a s e  in  

o u r  s o l u t i o n  t o  P i .  I n s t e a d ,  t h e  i n n e r  ND sy s te m  i s  l o c a l  t o  th e  o u t e r  

s y s te m , so  t h e r e  i s  a  s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  e f f e c t  o f  f a i l u r e  in  th e  

tw o c a s e s .  When th e  i n n e r  ND sy s te m  r e a c h e s  a  f a i l u r e  s t a t e ,  i t  a lo n e
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ty p e  symb = ' a '  . .  'Z ' ;  { v o c a b u la ry  o f  gram m ars}
ntsym b = 'A ' 'Z ' ;  { n o n te rm in a l  sym bols}
term sym b = ' a '  . .  ' z ' ;  { te r m in a l  sym bols}
p t r v a l  = 1 . .  s trm a x ; { p o in te r  i n t o  s t r i n g }
s u b s t r l e n g t h  = 1 . .  s trm a x ; { s u b s t r in g  l e n g th  i n  s t r i n g }

v a r  r u l e :  a r r a y  [n tsy m b ,1 . .2 ]  oJf symb; { r u le s  o f  gram m ars}
r u l e t y p e :  a r r a y  [n tsym b] erf ( a l t , c o n c , t e r m ) ; { r u le  ty p e s }
r o o t l ,  r o o t 2 : n tsym b ; {grammar r o o t  sym bols}
o k : B o o le a n ; { s i g n a l l i n g  v a r i a b le }
k ,  l im :  p t r v a l ;  { s t r i n g  l e n g th  v a r i a b le s }

p r o c e d u r e  g e n b o ss  (k : p t r v a l ) ;

v a r  s t r :  a r r a y  [ p t r v a l ]  o f  term sym b; { s t r i n g  b u f f e r }
p a r s e r e f :  r e f ; { r e f  t o  p a r s e r  ND system }
g e n p t r :  p t r v a l ;  { c u r r e n t  s t r i n g  le n g th }

p ro c e d u re  g e n e r a te  ( g o a l :  n tsy m b ; k :  s u b s t r l e n g t h ) ;

v a r  j :  s u b s t r l e n g t h ;  { le n g th  p a r t i t i o n i n g  v a r i a b le }

b e g in  c a s e  r u le t y p e [ g o a l ]  o £

a l t :  g e n e r a t e ( r u l e [ g o a l , c h o ic e ( 2 ) ] , k ) ;

c o n c : b e g in  j  := c h o ic e ( k - 1 ) ; { fo rm  a l l  2 - p a r t i t i o n s }  
g e n e r a t e ( r u l e [ g o a l , 1 ] ,  j )  ; 
g e n e r a t e ( r u l e [ g o a l , 2 ] ,k - j )

e n d ;

te rm : b e g in  i f  k ^ l  th e n  f a i l u r e ;
s t r [ g e n p t r ]  := r u l e [ g o a l , 1 ] ;  
w r i t e l n ( s t r [ g e n p t r ] ) ;  
ok := f a l s e ;
c a l l ( p a r s e r e f ) ;  { se e  i f  p a r s e r  o b l ig e s }  
i f  n o t  ok th e n  f a i l u r e ;  { r e t r a c t  c h a r a c te r }  
i f  r u l e [g o a l , l ] = 'z '  th e n  {have f u l l  s t r i n g }  
b e g in  s u c c e s s ;  { r e l e a s e  p r i n t i n g }  

te r m in a te  { c lo s e  o u t  s e a rc h }
end ;

c o n s t  s tr m a x  =  2 5 ;  {m axim um  s t r i n g  le n g t h }

g e n p tr  := g e n p tr+ 1
end

end  { c a se  s ta te m e n t}  
e n d ; { g e n e ra te }

F ig u r e  3 .  C o n t e x t - f r e e  la n g u a g e  i n t e r s e c t i o n  p ro g ra m  ( c o n t 'd  n e x t  p a g e ) .
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b e g in

e x i t : 
e n d .

p ro c e d u re  p a r s e  ( g o a l :  n ts y m b ) ;

b e g in  c a se  r u le ty p e [ g o a l ]  o £

a l t : p a r s e ( r u l e [ g o a l , c h o ic e (2) ])  ;

c o n c : b e g in  p a r s e ( r u l e [ g o a l , l ] ) ;
p a r s e ( r u l e [ g o a l , 2 ])

e n d ;

te rm : b e g in  i f  r u l e [ g o a l , l ] ^ s t r [ p a r s e p t r ]
th e n  f a i l u r e ;  { t r y  a l t .  p a r s e } 
i f  p a r s e p t r = g e n p t r  th e n  { c a u g h t up} 
b e g in  ok := t r u e ;

d e ta c h  { w a it  f o r  n e x t  c h a r .}
en d ;

p r o c e d u r e  p a r s e b o s s ;

v a r  p a r s e p t r :  p t r v a l ;

p a r s e p t r  := p a r s e p t r + 1  { g o t one}
end

end  { c a se  s ta te m e n t}  
e n d ; { p a rse }

b e g in  {body o f  p a rs e b o s s }
p a r s e p t r  := 1 ; { i n i t i a l i z e  p a r s e r ' s  s t r i n g  p o in te r }  
p a r s e ( r o o t 2 )  { c a l l  p a r s e r }

e n d ; { p a rse b o ss}

b e g in  {body o f  gen b o ss}
p a r s e r e f  := n d c r e a te ( p a r s e b o s s )  ; { c r e a te  p a r s e r  subsystem }  
g e n p t r  := 1 ; { i n i t i a l i z e  g e n e r a t o r 's  s t r i n g  p o in te r }  
g e n e r a t e ( r o o t l , k )  { c a l l  g e n e r a to r }  

e n d ; {g enboss}

{m ain p ro g ra m ; r e a d  i n  r u l e ,  r u l e t y p e ,  r o o t l ,  r o o t2  and lim }
ok := f a l s e ;
f o r  k := 1 to_ l im  do
b e g in  c a l l ( n d c r e a t e ( g e n b o s s ( k ) ) ) ;

i f  ok th e n  g o to  e x i t  •
e n d ;
w r i t e l n ( " n o  common s t r i n g  o f  l e n g th  l e s s  th a n  o r  e q u a l  t o " , l i m ) ;

{m ain p rogram }

F ig u r e  3 .  ( c o n c lu s io n )
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' '  At

F ig u r e  4_. H i e r a r c h i c a l  ND c o n t r o l  i n  f i g u r e  3 p ro g r a m .
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r e g r e s s e s  t o  an  e a r l i e r  s t a t e .  I n  c o n t r a s t ,  when th e  o u t e r  ND sy s te m  

f a i l s ,  b o th  sy s te m s  r e g r e s s  t o  e a r l i e r  s t a t e s .

In  te rm s  o f  o u r  p a r t i c u l a r  ex am p le , t h i s  p ro d u c e s  t h e  fo l lo w in g  

s a l u t a r y  c o n t r o l  e f f e c t .  When th e  g e n e r a to r  f a i l s  ( e i t h e r  th ro u g h  a  b l i n d  

a l l e y  o f  i t s  own o r  due t o  a  p a r s e r  r e j e c t i o n  o f  t h e  c u r r e n t  s t r i n g  f r a g ­

m ent) , t h e  f o l lo w in g  e v e n ts  o c c u r :

i )  t h e  g e n e r a to r  i s  r e s t o r e d  t o  t h e  s t a t e  a s s o c i a t e d  w ith  

i t s  m ost r e c e n t  u n e x h a u s te d  c h o ic e  o p e r a t i o n ,  th e r e b y  

r e t r a c t i n g  some num ber o f  g e n e r a te d  c h a r a c t e r s ,  and

i i )  t h e  p a r s e r  c o n c o m ita n t ly  i s  r e s t o r e d  t o  th e  s t a t e  i t  

p o s s e s s e d  when th e  f i n a l  c h a r a c t e r  o f  t h e  s t r i n g  (a s  

j u s t  t r u n c a te d )  was f i r s t  p ro d u c e d . Thus i t  i s  now 

" re a d y  t o  go" on new s u c c e s s o r  c h a r a c t e r s  t o  be  c o n c a te n ­

a te d  o n to  t h a t  s t r i n g  f ra g m e n t , even  th o u g h  i t  may have  

j u s t  p r e v i o u s ly  b een  in  a  t e r m in a te d  s t a t e  due t o  an  

u n s u c c e s s f u l  p a r s e  a t te m p t  on th e  s t r i n g  p r i o r  t o  t r u n c a ­

t i o n .
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In  o u r  p r e v io u s  tw o ex am p les  we hav e  c o n s id e r e d  c o r o u t in e s  c o n t r o l  

o v e r  m u l t i p l e  ND sy s te m s  o p e r a t in g  w ith  r e c u r s iv e  i n t e r n a l  c o n t r o l .  As 

o u r  f i n a l  exam ple we c o n s id e r  a  c o n v e rs e  s i t u a t i o n :  ND c o n t r o l  a p p l i e d  

g l o b a l l y  t o  a  sy s te m  u s in g  c o r o u t in e  c o n t r o l  i n t e r n a l l y ,  v i z . d i s c r e t e  

s im u la t io n  la n g u a g e  p rogram m ing .

We ta k e  th e  f o l lo w in g  a s  o u r  m o t iv a t in g  p ro b le m :

P ro b lem  P 3 : A m u ltip ro g ra m m in g  co m p u te r sy s te m  i s  g iv e n  a  s e t  

o f  in d e p e n d e n t  jo b s  t o  r u n .  E ach jo b  c o n s i s t s  o f  a  seq u en c e  

o f  t im e d  p h a s e s  d e l im i t e d  by th e  a l l o c a t i o n  o r  d e a l l o c a t i o n  

o f  a  s i n g l e ,  u n iq u e , n o n s h a ra b le  d e v ic e .  We c o n s id e r  th e  com­

p u t in g  lo a d  o f  e a c h  p h a s e  t o  be n e g l i g i b l e ,  so  t h e r e  i s  no a 

p r i o r i  l i m i t  on th e  num ber o f  jo b s  t h a t  can  ru n  c o n c u r r e n t ly ,  

n o r  d o e s  t h a t  num ber have  any im p a c t on th e  r e a l  t im e  sp e ed  

o f  e a c h  p h a s e  i n  p r o g r e s s .  Our q u e s t io n  i s :  w hat i s  th e  

e a r l i e s t  t im e  a t  w h ich  t h a t  jo b  mix can  be f in i s h e d ?

The l o g i c a l  p a r a l l e l i s m  o f  t h i s  p ro b le m  m akes a  s im u la t io n  la n g u a g e  

a p p ro a c h  i d e a l .  H ow ever, two c o m p l ic a t io n s  a r i s e :

1) t h i s  i s  a  m in im iz a t io n  p ro b le m  o v e r  th e  s p a c e  o f  a l l  p o s s ib l e  

a l l o c a t i o n  and d e a l l o c a t i o n  s e q u e n c e s , so  some ty p e  o f  enum era­

t i o n  s t r a t e g y  m u st be f o l lo w e d , and

2) t h e  p o s s i b i l i t y  o f  d e a d lo c k  s i t u a t i o n s  make o n ly  some o f  

th o s e  s e q u e n c e s  a d m is s ib le .

B oth  o f  t h e s e  add ed  c o n c e rn s  make a  m in im iz in g  ND s e a r c h  reg im e  o v e r  a  co n ­

v e n t i o n a l  s i m u l a t i o n - s t y l e  p ro g ram  a  n a t u r a l  o v e r a l l  s t r a t e g y  f o r  t h i s  

p ro b le m .

7 .  G e n e r a l i z a t i o n  3 : ND c o n t r o l  o v e r  c o r o u t in e  s y s te m s
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In  o r d e r  t o  p r o v id e  a c o n v e n ie n t  s e t t i n g  f o r  program m ing a  s o lu t i o n  

t o  t h i s  p ro b le m , we w i l l  e x te n d  o u r  PASCAL v a r i a n t  f u r t h e r  t o  in c lu d e  

c e r t a i n  p r i m i t i v e s  a b s t r a c t e d  from  SIMULA-67. T hese in c lu d e :

i )  t h e  f u n c t io n  SIMCREATE(<proaeduiie a a l l > )  , w hich  c r e a t e s  a 

c o r o u t in e  i n s t a n c e  o f  t h e  g iv e n  p ro c e d u re  o p e r a t in g  a s  a  

s im u la t io n  sy s te m . T h is  m eans:

a )  t h e  i n s t a n c e  may be  m a n ip u la te d  ( e .g .  CALLe.d and 

DETACHed) a s  an  o r d in a r y  c o r o u t in e  i n s t a n c e ,  b u t  in  

a d d i t i o n :

b ) one may u se  t h e  s p e c i a l  s im u la t io n  c o n t r o l  fo rm s 

SCHEDULE and PASSIVATE w i th in  i t s  dynam ic sc o p e ;

c ) any  c o r o u t in e s  i n s t a n c e s  c r e a t e d  w i th in  i t s  dynam ic 

sc o p e  (b u t o u t s i d e  o f  any in n e r  su c h  sy s tem ) a r e  c o n ­

s id e r e d  p r o c e s s e s  o f  t h i s  sy s te m ;

d) th e  body o f  th e  s im u la t io n  sy s te m  i t s e l f  i s  a  p r o c e s s  

w i th  th e  s p e c i a l  name MAIN;

e) a  s p e c i a l  i n t e g e r  v a r i a b l e  TIME i s  c r e a te d  l o c a l  t o  th e  

sy s te m  and  i n i t i a l i z e d  t o  z e r o ,  and

f ) a  s p e c i a l  s e t  v a r i a b l e  c a l l e d  th e  e v e n t  s e t  i s  c r e a te d  

l o c a l  t o  th e  sy s te m  and i n i t i a l i z e d  t o  th e  em pty s e t ;

i i )  t h e  f u n c t io n  SCHEDULE(<proaess>3 < t i m e > ) , w h ich  c r e a t e s  an  

e v e n t  n o t i c e  (< proaess> 3 <t ime>)  and a d d s  i t  t o  th e  c u r r e n t  

s y s te m 's  e v e n t  s e t ,  and

i i i )  t h e  f u n c t io n  PASSIVATE, w hich  c a u s e s  th e  fo l lo w in g  seq u en c e  

o f  a c t i o n s  t o  t a k e  p l a c e :

a ) t h e  c u r r e n t  p r o c e s s  i s  DETACHed;
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b) i f  th e  e v e n t  s e t  o f  th e  c u r r e n t  sy s te m  i s  em pty , a  

TERMINATE i s  done e x i t i n g  from  th e  sy s te m ;

c) o th e r w is e ,  an  e v e n t  n o t i c e  (p , t ) w i th  m inimim  t  i s  

rem oved from  th e  c u r r e n t  s y s te m 's  e v e n t  s e t ;

d) i f  t  > TIME, TIME i s  s e t  t o  t .

3) a  CALL(p)  i s  p e r fo rm e d .

F ig u r e  5 g iv e s  a  s o lu t i o n  t o  P3 p h r a s e d  i n  t h e s e  c o n t r o l  t e r m s .  N ote 

t h a t  t h e  p ro g ram  p r i n t s  a s e r i e s  o f  a l l o c a t i o n  and  d e a l l o c a t i o n  s e q u e n c e s , 

e a c h  f i n i s h i n g  th e  jo b  m ix (w ith o u t  d e a d lo c k )  a t  a  t im e  e a r l i e r  th a n  th e  

p r e v i o u s .  The f i n a l  su c h  se q u en c e  r e p r e s e n t s  th e  minimum f i n i s h  t im e .
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c o n s t  jobm ax = 10 ; {max num ber o f  jo b s  i n  mix}
phasem ax  = 8 ; {max num ber o f  p h a s e s  p e r  job}
p h ase tim em ax  = 100 ; {max tim e  p e r  phase}
t l a r g e  = 10000; {much l a r g e r  th a n  any p o s s i b l e  f i n i s h  tim e}
devmax = 25; {max num ber o f  u n iq u e  d e v ic e s}

ty p e  jo b n r  = 1 . .  jobm ax;
p h a s e n r  = 1 . .  phasem ax; 
f i n i s h t i m e  = 0  •• t l a r g e ;  
d e v n r  = 1 . .  devmax; 
p h a s e t im e  = 0 . .  ph ase tim em ax ;
e v e n ts  = a r r a y  [ jo b n r ,p h a s e n r ]  o £  ( a l l o c , d e a l l o c ) ; { r e q u e s ts }  
d e v s  = a r r a y  [ j o b n r ,p h a s e n r ]  £ f  d e v n r ;  { d e v ic e s  in v o lv e d }
p h a s e le n g th  = a r r a y  [ j o b n r ,p h a s e n r ]  of_ p h a s e t im e ;  { d u r a t io n  o f  p h a se s}  
p h a s e c o u n t  = a r r a y  [ jo b n r ]  oJ? p h a s e n r ;  {num ber o f  p h a se s}

v a r  m i n f in i s h t i m e , t l a s t f i n i s h :  f i n i s h t i m e ;  
n r j o b s , j :  jo b n r ;  
e v :  e v e n t s ;  
d v : d e v s ;  
p i s  p h a s e l e n g th ; 
p c :  p h a s e c o u n t ;

p r o c e d u r e  m in im iz e ;

p ro c e d u r e  s u p e r v i s o r ;  { see  n e x t  p ag e

b e g in  {body o f  m in im ize}
m in f in i s h t im e  := t l a r g e ;  
c a l l ( s i m c r e a t e ( s u p e r v i s o r ) ) 

e n d ; {m inim ize}

b e g in  {m ain p ro g ra m ; r e a d  n r j o b s ,  e v , d v , p i ,  and  pc} 
c a l l ( b t c r e a t e ( m i n i m i z e ) ) 

e n d . {m ain p rogram }

F ig u re  5 . O p tim iz in g  jo b  a l l o c a t i o n  p ro g ram  ( c o n t 'd  n e x t  two p a g e s ) .
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p r o c e d u r e  s u p e r v i s o r ;

v a r  d ev q : a r r a y  [d ev n r]  of^ s e t  o f  jo b n r ;
s t a t u s :  a r r a y  [d ev n r] of_ ( b u s y , f r e e ) ;  
j o b r e f :  a r r a y  [ jo b n r ]  o f  r e f ; 
j : jo b n r ;  
d : d e v n r ;

p ro c e d u re  jo b  ( n r :  j o b n r ) ; { se e  n e x t  p a g e  »  ► }

b e g in  {body o f  s u p e r v is o r }
f o r  d := 1 t o  devmax do { i n i t i a l i z e  d e v ic e s }  
b e g in  d e v q [d ]  := n i l ;  s t a t u s [ d ]  := f r e e  
e n d ;
f o r  j  := 1 t o  n r jo b s  do { s t a r t  up jo b s}  
b e g in  j o b r e f [ j ]  := c r e a t e ( j o b ( j ) ) ;  

s c h e d u l e ( j o b r e f [ j ] ,0 )
e n d ;
s c h e d u l e ( m a i n , t l a r g e ) ;
p a s s i v a t e ;  { w a it t i l l  f i n i s h  o r  d e a d lo c k }  
f o r  d := 1 t o  devmax do_

i f  dev q [d ]= ^n il th e n  f a i l u r e ;  {have d e a d lo c k }  
m in f in i s h t im e  := t l a s t f i n i s h ;  {new minimum} 
s u c c e s s ;  { r e l e a s e  p r i n t i n g  o f  a c t io n s }  
f a i l u r e  {keep  t r y i n g  to  m in im ize}  

e n d ; { s u p e rv is o r}

F ig u re  5_. ( c o n t in u e d ;  c o n c lu d e s  n e x t  p age)
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p r o c e d u r e  jo b  ( n r :  j o b n r ) ;

v a r  p :  p h a s e n r ;  
j :  j o b n r ;

b e g in  {body o f  job}
f o r  p  := 1 t £  p c [ n r ]  do 
b e g in  c a se  e v [ n r ,p ]  o f

a l l o c :  b e g in  i f  s t a t u s [ d v [ n r ,p ] ] = b u s y  o r
c h o ic e (2)= 1  th e n  

b e g in  d e v q [ d v [ n r ,p ] ] :=
d e v q [ d v [ n r ,p ] ] + [ n r ] ; 

p a s s i v a t e ;  { w a it  t i l l  f r e e }  
d e v q [ d v [ n r ,p ] ] :=

d e v q [ d v [ n r ,p ] ] - [n r]
e n d ;
s t a t u s [ d v [ n r , p ] ] := b u sy  

• e n d ; { a l l o c a t i o n  a c t i o n  case}

d e a l l o c :  b e g in  s t a t u s [ d v [ n r , p ] ] := f r e e ;
i f  c h o ic e (2)=1 th e n
b e g in  {wake up a w a i t i n g  job}

;_ j  := c h o i c e ( n r j o b s ) ;
i f  n o t  ( j  i n  d e v q [ d v [ n r ,p ] ]) 

th e n  f a i l u r e ;  
s c h e d u le ( j o b r e f [j ] , tim e)

end
en d  { d e a l lo c a t io n  a c t i o n  case}

e n d ; { c ase  s ta te m e n t}
w r i t e l n ( " a c t i o n " Te v [ n r ,p ] , " o n  d e v i c e " , d v [ n r , p ] ,

" ta k e n  by j o b " , n r , " a t  t im e " , t im e ) ;  
s c h e d u l e ( j o b r e f [ n r ] , t i m e + p l [ n r , p ] ) ;  
p a s s i v a t e ;  {do p h a se }
i f  t im e > m in f in is h t im e  th e n  f a i l u r e  { a lr e a d y  to o  long}  

e n d ; { loop  on p h a s e s  o f  t h i s  job}  
t l a s t f i n i s h  : = tim e  

en d ; { jo b  body}

F ig u r e  5_. ( c o n c lu d in g  p a g e )
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Our g o a l  h e re  h a s  been  to  s k e tc h  v i a  ex am p les  t h e  s y n e r g e t i c  e f f e c t  

o f  co m b in in g  ND c o n t r o l  w ith  o th e r  ad v an ced  c o n t r o l  fo rm s (n o ta b ly  c o ro u ­

t i n e s )  . N e i th e r  c o n c e p tu a l  c i r c u m s p e c t io n  n o r  d e s c r i p t i v e  p r e c i s i o n  have 

b een  p u rs u e d  a s  th o ro u g h ly  a s  th e y  d e s e r v e .  Y et th e  w o r th in e s s  o f  th e  

b a s i c  n o t io n ,  we h o p e , h a s  b een  e s t a b l i s h e d .

We c lo s e  by m e n tio n in g  j u s t  f o u r  o f  th e  many a r e a s  f o r  c o n t in u in g  

r e s e a r c h  i n d i c a t e d  by  t h i s  b r i e f  s tu d y :

i )  im p le m e n ta t io n : I f  one a c c e p t s  th e  p re m ise  t h a t  ND c o n t r o l  

and c o r o u t in e s  can  be  m ixed t o  a d v a n ta g e ,  how does one 

c o n s t r u c t  a  la n g u a g e  d e s ig n  and  im p le m e n ta t io n  schem e t h a t  

i s  b o th  e a sy  to  u se  and e f f i c i e n t ;

i i )  h i e r a r c h i c a l  s im u l a t io n : An im m e d ia te ly  a p p e a l in g  f u r t h e r  

a p p l i c a t i o n  o f  t h i s  c o n t r o l  c o m b in a tio n  l i e s  i n  h i e r a r c h i ­

c a l l y  o r g a n iz e d  s im u la t io n  s y s te m s . The e x a c t  m eaning  o f  

su c h  a  n o t io n ,  and  th e  s e t  o f  p ro b le m s  ( i f  any) f o r  w hich  

i t  i s  a  n a t u r a l  a p p ro a c h , rem a in  t o  be i n v e s t i g a t e d ,

i i i )  s im u la t io n  d e b u g g in g : One t r a d i t i o n a l  u se  o f  b a c k tr a c k

program m ing  i s  in  th e  m anagem ent o f  t e n t a t i v e  e x e c u t io n s  

o f  undebugged p ro g ra m s . The c o n t r o l  c o m b in a tio n  p ro p o se d  

h e re  s u g g e s t s  t h a t  t h i s  t e c h n iq u e  m ig h t be a p p l i e d  t o  

s im u la t io n  la n g u a g e  p ro g ra m s , w h ich  a r e  n o t o r i o u s ly  d i f f i ­

c u l t  t o  beb u g .

iv )  g e n e r a l  s t a t e  m anagem ent: T h ere  i s  no r e a s o n  why th e  s t a t e s

a s s o c i a t e d  w i th  ND c h o ic e  p o i n t s  m ust be r e s t o r e d  i n  a  s t a c k -  

b a s e d  o r d e r  (as  i s  done in  t r u e  b a c k t r a c k i n g ) .  I n s t e a d ,

8 .  F u t u r e  W o rk .
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g e n e r a l  m o b i l i t y  o f  ND s e a r c h ,  i n c lu d in g  b r e a d t h - f i r s t ,  

b e s t - f i r s t ,  and  g e n e r a l  s t a t e  r e c a l l  ( e .g .  a  r e t r o a c t i v e  

SUCCESS t o  e x h i b i t  a  p a th  l a t e r  found  t o  be  o p t im a l)  would 

be  f a r  p r e f e r a b l e .  One may c o n je c tu r e  t h a t  any  im plem en­

t a t i o n  schem e s u p p o r t in g  b o th  ND c o n t r o l  and  c o r o u t in e s  

m ust i n  f a c t  be r o b u s t  enough t o  s u p p o r t  t h e s e  m ore g e n e r a l  

fo rm s o f  e x e c u t io n  s t a t e  m anagem ent a s  w e l l .  Thus t r u l y  

c u s to m iz e d  m anagem ent o f  ND c o n t r o l  may i n  f a c t  be a v a i l a b l e  

a t  no added  c o s t  in  su ch  an im p le m e n ta t io n .
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