
A miniPascal compiler for the E-machine
by Frances Wren Goosey

A thesis submitted in partial fulfillment of the requirements for the degree of Master of Science in
Computer Science
Montana State University
© Copyright by Frances Wren Goosey (1993)

Abstract:
This thesis is the third phase in the development of a program animation system called DYNALAB
(DYNAmic LABoratory). DYNALAB is an interactive software system that demonstrates
programming and computer science concepts at an introductory level. The first DYNALAB
development phase was the design of a virtual computer—the E-machine (Education Machine). The
E-machine was designed by Samuel D. Patton and is presented in his Master’s thesis, The E-machine:
Supporting the Teaching of Program Execution Dynamics. In order to facilitate the support of program
animation activities, the E-machine has many unique features, notably the ability to execute in reverse.
The second phase in the development of DYNALAB was the design and implementation of an
E-machine emulator, which is presented in Michael L. Birch’s Master’s thesis, An Emulator for the
E-machine. This thesis presents the design and implementation of a compiler for the E-machine. The
compiler’s source language is miniPascal, which is a subset of ISO Standard Pascal.

The miniPascal compiler was developed using the Unix lex and yacc compiler development tools. It
has successfully generated object files ready for execution on the E-machine. This thesis focuses on the
compilation aspects that are unique to the E-machine architecture and the planned animation
environment. 
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A B S T R A C T

T h is  th e s is  is t h e  t h i r d  p h a s e  in  t h e  d e v e lo p m e n t  o f  a  p r o g r a m  a n im a t io n  

s y s te m  c a lle d  D Y N A L A B  (D Y N A m ic  L A B o r a to r y ) .  D Y N A L A B  is a n  in te r a c t iv e  

s o f tw a re  s y s te m  t h a t  d e m o n s t r a te s  p r o g r a m m in g  a n d  c o m p u te r  s c ie n c e  c o n c e p ts  a t  

a n  in t r o d u c to r y  lev e l. T h e  f ir s t  D Y N A L A B  d e v e lo p m e n t p h a s e  w a s  t h e  d e s ig n  o f  

a  v i r tu a l  c o m p u te r — t h e  E - m a c h in e  ( E d u c a t io n  M a c h in e ) .  T h e  E -m a c h in e  w as d e 

s ig n e d  b y  S a m u e l D . P a t t o n  a n d  is p r e s e n te d  in  h is  M a s t e r ’s th e s is , The E-machine: 

Supporting the Teaching of Program Execution Dynamics. I n  o r d e r  to  f a c i l i ta te  th e  

s u p p o r t  o f  p r o g r a m  a n im a t io n  a c t iv i t ie s , t h e  E -m a c h in e  h a s  m a n y  u n iq u e  f e a tu r e s ,  

n o ta b ly  t h e  a b i l i ty  to  e x e c u te  in  r e v e r s e . T h e  s e c o n d  p h a s e  in  t h e  d e v e lo p m e n t o f  

D Y N A L A B  w a s  t h e  d e s ig n  a n d  im p le m e n ta t io n  o f  a n  E - m a c h in e  e m u la to r ,  w h ic h  

is  p r e s e n te d  in  M ic h a e l L . B i r c h ’s M a s t e r ’s th e s is , An Emulator for the E-machine. 

T h is  th e s is  p r e s e n ts  t h e  d e s ig n  a n d  im p le m e n ta t io n  o f  a  c o m p ile r  fo r  t h e  E -m a c h in e . 

T h e  c o m p i le r ’s s o u rc e  la n g u a g e  is  miniPascal, w h ic h  is a  s u b s e t  o f  IS O  S ta n d a r d  

P a s c a l .

T h e  m in iP a s c a l  c o m p ile r  w as  d e v e lo p e d  u s in g  t h e  U n ix  le x  a n d  y a c c  c o m p ile r  

d e v e lo p m e n t  to o ls . I t  h a s  s u c c e s s fu lly  g e n e r a te d  o b je c t  files r e a d y  fo r  e x e c u t io n  o n  

t h e  E -m a c h in e .  T h is  th e s is  fo c u s e s  o n  t h e  c o m p ila t io n  a s p e c ts  t h a t  a re  u n iq u e  to  

t h e  E - m a c h in e  a r c h i te c tu r e  a n d  t h e  p la n n e d  a n im a t io n  e n v ir o n m e n t .
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C H A P T E R  I  

I N T R O D U C T I O N

T h e  D Y N A L A B  S y s t e m

T h is  th e s is  re p re se n ts -  t h e  t h i r d  p h a s e  o f  t h e  o n g o in g  D Y N A L A B  s o f tw a re  d e 

v e lo p m e n t  p r o je c t .  DYNALAB  is  a n  a c ro n y m  fo r  DYNAmic LABoratory, a n d  i ts  

p u r p o s e  is t o  s u p p o r t  f o rm a l  c o m p u te r  s c ie n c e  la b o r a to r ie s  a t  t h e  in t r o d u c to r y  u n 

d e r g r a d u a te  le v e l. S tu d e n ts  w ill u s e  D Y N A L A B  to  e x p e r im e n t  w i th  a n d  e x p lo re  

p r o g r a m s  a n d  f u n d a m e n ta l  c o n c e p ts  o f  c o m p u te r  sc ie n c e . T h e  c u r r e n t  o b je c tiv e s  o f  

D Y N A L A B  in c lu d e :

o  p r o v id in g  s tu d e n ts  w i th  fa c il i t ie s  fo r  s tu d y in g  t h e  d y n a m ic s  o f  p r o g ra m m in g  

la n g u a g e  c o n s t r u c t s — s u c h  as i te r a t io n ,  s e le c tio n , r e c u r s io n , p a r a m e te r  p a s s in g  

m e c h a n is m s , a n d  so  f o r th — in  a n  a n im a te d  a n d  in te r a c t iv e  fa s h io n ;

o  p r o v id in g  s tu d e n ts  w i th  c a p a b ili t ie s  t o  v a lid a te  o r  e m p ir ic a lly  d e te r m in e  th e  

r u n  t im e  c o m p le x it ie s  o f  a lg o r i th m s  in te r a c t iv e ly  in  t h e  e x p e r im e n ta l  s e t t in g  

o f  a  la b o r a to r y ;

o  e x te n d in g  to  i n s t r u c to r s  t h e  c a p a b il i ty  o f  in c o r p o r a t in g  a n im a t io n  in to  le c tu re s  

o n  p r o g r a m m in g  a n d  a lg o r i th m  a n a ly s is .

I n  o r d e r  to  m e e t  th e s e  im m e d ia te  o b je c tiv e s ,  t h e  D Y N A L A B  p r o je c t  w as  d i

v id e d  in to  fo u r  p h a s e s . T h e  f ir s t  p h a s e  w as t h e  d e s ig n  o f  a  v i r tu a l  c o m p u te r ,  c a lle d  

t h e  Education Machine, o r  E-machine, t h a t  w o u ld  s u p p o r t  t h e  a n im a t io n  a c t iv i t ie s



2

e n v is io n e d  fo r  D Y N A L A B . T h e  tw o  p r im a r y  te c h n ic a l  p ro b le m s  to  o v e rc o m e  in  th e  

d e s ig n  o f  t h e  E - m a c h in e  w e re  t h e  in c o r p o r a t io n  o f  f e a tu r e s  fo r  re v e r s e  e x e c u tio n  a n d  

p ro v is io n s  fo r  c o o rd in a tio n  w i th  a  p r o g r a m  a n im a to r .  R e v e rs e  e x e c u t io n  w as e n g i

n e e r e d  in to  t h e  E - m a c h in e  to  a llo w  s tu d e n ts  a n d  in s t r u c to r s  t o  a n im a te  r e p e t i t iv e ly  

s e c tio n s  o f  a  p r o g r a m  t h a t  w e re  u n c le a r  w i th o u t  r e q u ir in g  t h a t  t h e  e n t i r e  p r o g r a m  

b e  r e s t a r t e d .  A lso , s in c e  t h e  p u r p o s e  o f  D Y N A L A B  is to  a llow  u s e r  in te r a c t io n  w i th  

a n im a te d  p r o g r a m s , t h e  E -m a c h in e  h a d  to  b e  d e s ig n e d  to  b e  d r iv e n  b y  a n  a n im a to r  

s y s te m  t h a t  c o n tro ls  t h e  e x e c u t io n  o f  p r o g r a m s  a n d  d isp la y s  p e r t i n e n t  in f o r m a tio n  

d y n a m ic a l ly  in  a n im a te d  f a s h io n  o n  a  v id e o  s c re e n . T h is  f ir s t  p h a s e  w a s  c o m p le te d  

b y  S a m u e l P a t t o n  in  h is  M a s t e r ’s th e s is ,  The E-machine: Supporting the Teaching 

of Program Execution Dynamics [ P a t to n  89].

T h e  s e c o n d  p h a s e  o f  t h e  D Y N A L A B  p r o je c t  w a s  t h e  im p le m e n ta t io n  o f  a n  e m 

u la to r  fo r  t h e  E -m a c h in e .  T h is  w as  a c c o m p lis h e d  b y  M ic h a e l B ir c h  in  h is  M a s te r ’s 

th e s is , An Emulator for the E-Machine, [B irc h  90]. A s t h e  e m u la to r  w as  im p le 

m e n te d ,  B ir c h  a lso  in c lu d e d  s o m e  m o d if ic a tio n s  a n d  e x te n s io n s  to  t h e  E -m a c h in e .

T h e  t h i r d  p h a s e  o f  t h e  D Y N A L A B  p r o je c t ,  a n d  t h e  s u b je c t  o f  th i s  th e s is , is 

t h e  d e s ig n  a n d  im p le m e n ta t io n  o f  a  P a s c a l  c o m p ile r  fo r  t h e  E -m a c h in e .  T h e  s o u rc e  

la n g u a g e  fo r  t h e  c o m p ile r  is a  s u b s e t  o f  IS O  S ta n d a r d  P a s c a l , c a lle d  miniPascal, a n d  

t h e  o b je c t  la n g u a g e  is E-code, t h e  m a c h in e  la n g u a g e  o f  t h e  E -m a c h in e .  D u r in g  c o m 

p i le r  d e v e lo p m e n t , t h e  E -m a c h in e  a n d  i t s  e m u la to r  w e re  a g a in  m o d if ie d  s o m e w h a t 

a s  p r a c t i c a l  c o n s id e ra tio n s  u n c o v e re d  n e w  d e s ig n  issu e s .

T h e  f o u r th  p h a s e  o f  t h e  D Y N A L A B  p r o je c t ,  c u r r e n t ly  in  p ro g re s s ,  is t h e  d e s ig n  

a n d  im p le m e n ta t io n  o f  a  p r o g r a m  a n im a to r  t h a t  w ill d r iv e  t h e  E -m a c h in e  a n d  d isp la y  

m in iP a s c a l  p r o g r a m s  in  d y n a m ic ,  a n im a te d  f a s h io n  u n d e r  c o n tr o l  o f  t h e  u s e r. O n c e  

t h e  a n im a to r  is c o m p le te ,  t h e  f ir s t  f u n c t io n a l  v e rs io n  o f D Y N A L A B  w ill b e  r e a d y  

fo r  u s e  in  in t r o d u c to r y  c o m p u te r  s c ie n c e  l a b o r a to r y  a n d  l e c tu r e  c o u rs e s  b y  s tu d e n ts  

a n d  in s t r u c to r s  a lik e .
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T h e  D Y N A L A B  p r o je c t  w ill n o t  e n d  a t  th is  p o in t.  C o m p ile rs  fo r  o th e r  p r o 

g r a m m in g  la n g u a g e s , s u c h  as C , A d a , a n d  J u n o — a  p s e u d o la n g u a g e  u s e d  p u r e ly  fo r 

t e a c h in g  [W in s le tt  93]— a re  in  t h e  in i t i a l  s ta g e s  o f  d e v e lo p m e n t . A lg o r i th m  a n im a 

t io n  (a s  o p p o s e d  to  p r o g r a m  a n im a t io n — see  fo r  e x a m p le , [B ro w n  8 8 -1 , B ro w n  8 8 -2 ]) 

is  a lso  a  p l a n n e d  e x te n s io n  to  D Y N A L A B . I n  f a c t ,  t h e  D Y N A L A B  p r o je c t  w ill l ik e ly  

n e v e r  b e  f in is h e d , as n e w  id e a s  a n d  p e d a g o g ic a l  c o n v e n ie n c e s  a re  in c o r p o r a te d  as 

t h e y  b e c o m e  a p p a r e n t .

P r e v i e w

T h e  th e s is  c o n s is ts  o f  fiv e  c h a p te r s  a n d  t h r e e  a p p e n d ic e s .  C h a p te r  I  p r e s e n ts  

a n  o v e rv ie w  o f  t h e  th e s is . S in c e  a  th o r o u g h  u n d e r s ta n d in g  o f  t h e  t a r g e t  c o m p u te r ’s 

a r c h i te c tu r e  a n d  in s t r u c t io n  s e t  is r e q u i r e d  fo r  c o m p ile r  d e v e lo p m e n t ,  a  s u m m a r y  

o f  t h e  E - m a c h in e  a n d  i ts  e m u la to r  is g iv e n  in  c h a p te r  2. M u c h  o f  t h e  in fo rm a tio n  

in  c h a p te r  2 is  t a k e n  f ro m  t h e  P a t t o n  a n d  B irc h  th e s e s . D u r in g  t h e  c o m p ile r  d e 

v e lo p m e n t  p ro c e s s , i t  b e c a m e  a p p a r e n t  t h a t  s e v e ra l  a d d i t io n a l  E - m a c h in e  f e a tu r e s  

a n d  m o d if ic a t io n s  w e re  n e c e s s a ry  o r  d e s ira b le . T h e s e  c h a n g e s  h a v e  b e e n  m a d e  a n d  

a r e  so  n o te d  in  c h a p te r  2 . F o r  a  m o r e  d e ta i le d  e x p la n a t io n  o f  t h e  E -m a c h in e  a n d  i ts  

e m u la to r ,  t h e  r e a d e r  is  r e f e r r e d  to  t h e  a b o v e - m e n t io n e d  th e s e s .

C h a p te r  3 d e s c r ib e s  t h e  s p e c ia l  c o n s id e ra tio n s  t h a t  E -m a c h in e  c o m p ile rs  m u s t  

a d d re s s  in  o r d e r  t o  f u n c t io n  w ith in  t h e  D Y N A L A B  a n im a t io n  e n v iro n m e n t.  

C h a p te r  4  c o n ta in s  a  d e s c r ip t io n  o f t h e  m in iP a s c a l  c o m p ile r . T h e  P a s c a l  s u b s e t  

c o m p r is in g  t h e  m in iP a s c a l  la n g u a g e  is p r e s e n te d ,  fo llo w ed  b y  a n  o v e rv ie w  o f  th e  

c o m p ile r  d e s ig n . I t  is t h e  in t e n t  o f  c h a p te r  4 to  fo c u s  o n  th e  s o lu tio n s  to  th e  c o m p i

l a t io n  c o n s id e r a tio n s  u n iq u e  t o  t h e  D Y N A L A B  a n im a t io n  e n v ir o n m e n t .  T h e  c u r r e n t  

s t a tu s  o f  t h e  m in iP a s c a l  c o m p ile r  is g iv e n  in  c h a p te r  5. C h a p te r  5 a lso  in c lu d e s  s u g 

g e s tio n s  fo r  f u tu r e  e n h a n c e m e n ts .
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S in c e  t h e r e  a r e  m a n y  E -c o d e  e x a m p le s  u s e d  th r o u g h o u t  t h e  th e s is ,  a p p e n d ic e s  

A  a n d  B  a re  in c lu d e d  fo r  c o m p le te n e s s . A p p e n d ix  A  d e s c r ib e s  t h e  E -m a c h in e  in 

s t r u c t io n  s e t  a n d  a p p e n d ix  B  d e s c r ib e s  t h e  E -m a c h in e  a d d re s s in g  m o d e s . B o th  o f  

th e s e  a p p e n d ic e s  a re  a d a p t e d  f ro m  c h a p te r  2  o f  B i r c h ’s th e s is .  A p p e n d ix  C  p r e s e n ts  

a  c o m p le te  m in i P  a s  c a l  c o m p ila t io n  e x a m p le .
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C H A P T E R  2  

T H E  E - M A C H I N E

T h is  c h a p te r  is  in c lu d e d  to  p r o v id e  a  d e s c r ip t io n  o f t h e  E -m a c h in e  a n d  is  a d a p te d  

f ro m  c h a p te r  5 o f  P a t t o n ’s th e s is  [ P a t to n  89] a n d  c h a p te r s  I ,  2, a n d  3 o f  B i r c h ’s th e s is  

[B irc h  90]. T h is  c h a p te r  is  a  s u m m a r y  a n d  u p d a te  o f  in f o r m a t io n  f ro m  th o s e  tw o  

th e s e s  ( m u c h  o f  t h e  m a te r i a l  is  t a k e n  v e r b a t im ) .  N e w  E -m a c h in e  f e a tu r e s  t h a t  h a v e  

b e e n  a d d e d  as a  r e s u l t  o f  th i s  th e s is  a re  n o te d  b y  a  le a d in g  a s te r i s k  (* ).

T h e  E - m a c h in e  is a  v i r tu a l  c o m p u te r  w i th  i t s  o w n  m a c h in e  la n g u a g e , c a lle d  

E - c o d e . T h e  E - c o d e  in s t r u c t io n s  a re  d e s c r ib e d  in  a p p e n d ix  A ; th e s e  in s t r u c t io n s  m a y  

r e f e re n c e  v a r io u s  E -m a c h in e  a d d r e s s in g  m o d e s , w h ic h  a re  d e s c r ib e d  in  a p p e n d ix  B . 

T h e  E - m a c h in e ’s t a s k  is  t o  e x e c u te  E -c o d e  t r a n s la t io n s  o f h ig h  le v e l la n g u a g e  p r o 

g r a m s . T h e  m in iP a s c a l  la n g u a g e  is t h e  f ir s t  l a n g u a g e  to  b e  t r a n s l a t e d  in to  E - co d e . 

T h e  r e a l  p u r p o s e  o f  t h e  E - m a c h in e  is to  s u p p o r t  t h e  D Y N A L A B  p r o g r a m  a n im a t io n  

s y s te m , a s  d e s c r ib e d  m o r e  fu lly  in  [R oss 91], [B irc h  90], [R oss 93] a n d  in  P a t t o n ’s 

th e s is  [ P a t to n  89], w h e re  i t  w a s  c a lle d  a  “d y n a m ic  d is p la y  s y s te m ” .

E - m a c h i n e  D e s i g n  C o n s i d e r a t i o n s

T h e  f a c t  t h a t  t h e  E - m a c h in e ’s so le  p u r p o s e  is to  s u p p o r t  p r o g r a m  a n im a t io n  

w a s  c e n t r a l  t o  i t s  d e s ig n . T h e  E -m a c h in e  o p e r a te s  as fo llow s. A f te r  t h e  E -m a c h in e
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is  lo a d e d  w i th  a  c o m p ile d  E -c o d e  t r a n s la t io n  o f  a  h ig h  le v e l la n g u a g e  p r o g r a m , i t  

a w a its  a  c a ll  f ro m  a  d r iv e r  p r o g r a m  ( th e  animator). A  c a ll f ro m  t h e  a n im a to r  c a u se s  

a  g ro u p  o f  E -c o d e  in s t r u c t io n s ,  c a lle d  a  packet, t o  b e  e x e c u te d  b y  t h e  E -m a c h in e . A  

p a c k e t  c o n ta in s  t h e  E - c o d e  t r a n s la t io n  o f  a  s in g le  h ig h  le v e l la n g u a g e  c o n s t r u c t ,  o r  

animation unit, t h a t  is to  b e  h ig h lig h te d  b y  t h e  a n im a to r .  A n  a n im a t io n  u n i t  c o u ld  

b e  a  c o m p le te  h ig h  le v e l la n g u a g e  a s s ig n m e n t s t a te m e n t ,  fo r  e x a m p le  

A := X + 2*Y;

w h ic h  is  t o  b e  h ig h lig h te d  a s  a  r e s u l t  o f  a  s in g le  c a ll f ro m  t h e  a n im a to r ;  t h e  c o r 

r e s p o n d in g  p a c k e t  w o u ld  b e  t h e  E - c o d e  in s t r u c t io n s  t h a t  t r a n s l a t e  th i s  a s s ig n m e n t  

s t a te m e n t .  A n o th e r  a n im a t io n  u n i t  c o u ld  b e  j u s t  t h e  c o n d it io n a l  p a r t  o f  a n  i f  s t a t e 

m e n t ;  in  th i s  c ase  t h e  c o r r e s p o n d in g  p a c k e t  w o u ld  b e  j u s t  t h e  E - c o d e  in s t r u c t io n s  

t r a n s l a t i n g  t h e  c o n d it io n a l  e x p re s s io n . I t  is  t h e  c o m p ile r  w r i t e r ’s r e s p o n s ib i l i ty  to  

id e n t i fy  t h e  a n im a t io n  u n i t s  in  t h e  s o u rc e  p r o g r a m  so t h a t  c o r r e s p o n d in g  E -c o d e  

p a c k e ts  c a n  b e  g e n e r a te d .  A f te r  t h e  E - m a c h in e  e x e c u te s  a  p a c k e t ,  c o n tr o l  is r e 

t u r n e d  to  t h e  a n im a to r ,  w h ic h  th e n  p e r f o rm s  t h e  n e c e s s a ry  a n im a t io n  a c tiv it ie s  

b e fo re  r e p e a t in g  t h e  p ro c e s s  b y  a g a in  c a llin g  t h e  E -m a c h in e  to  e x e c u te  t h e  p a c k e t 

c o r r e s p o n d in g  to  t h e  n e x t  a n im a t io n  u n i t .  C h a p te r  3 d e s c r ib e s  th is  p ro c e s s  in  m o re  

d e ta il .

S in c e  t h e  E - m a c h in e ’s p u r p o s e  is to  e n a b le  p r o g r a m  e x e c u tio n  d y n a m ic s  o f  h ig h  

le v e l p r o g r a m m in g  la n g u a g e s  to  b e  d is p la y e d  e a s ily  b y  a  p r o g r a m  a n im a to r ,  i t  h a d  

to  in c o r p o r a te  t h e  fo llow ing :

o  s t r u c tu r e s  fo r  e a s y  im p le m e n ta t io n  o f  h ig h  le v e l p r o g r a m m in g  la n g u a g e  

c o n s t r u c ts ;

o  a  s im p le  m e th o d  fo r  im p le m e n tin g  f u n c t io n s ,  p r o c e d u r e s ,  a n d  p a r a m e te r s ;

o  t h e  a b il i ty  to  e x e c u te  e i th e r  fo rw a rd  o r  in  re v e rs e .

T h e  d r iv in g  fo rc e  in  t h e  d e s ig n  o f t h e  E - m a c h in e  w as t h e  r e q u i r e m e n t  fo r  re v e rs e  

e x e c u tio n . T h e  a p p r o a c h  t a k e n  b y  t h e  E -m a c h in e  to  a c c o m p lis h  re v e r s e  e x e c u tio n
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is  t o  s a v e  t h e  m in im a l  a m o u n t  o f  in f o r m a t io n  n e c e s s a ry  to  r e c o v e r  j u s t  t h e  p re v io u s  

E - m a c h in e  s t a t e  f ro m  t h e  c u r r e n t  s t a t e  in  a  g iv e n  r e v e r s a l  s te p .  T h e  E -m a c h in e  c a n  

t h e n  b e  r e s to r e d  to  a n  a r b i t r a r y  p r io r  s t a t e  b y  d o in g  th e  r e v e r s a l  o n e  s t a t e  a t  a  t im e  

u n t i l  t h e  d e s i r e d  p r io r  s t a t e  is o b ta in e d .  T h is  o n e - s te p - a t - a - t im e  r e v e r s a l  m e a n s  t h a t  

i t  is n e c e s s a ry  o n ly  to  s to r e  su c c e s s iv e  d if fe re n c e s  b e tw e e n  t h e  p re v io u s  s t a t e  a n d  

t h e  c u r r e n t  s t a t e ,  in s t e a d  o f  s to r in g  t h e  e n t i r e  s t a t e  o f  t h e  E -m a c h in e  fo r  e a c h  s te p  

o f  e x e c u tio n .

O n e  o th e r  a s p e c t  o f  p r o g r a m  a n im a t io n  s u b s ta n t ia l ly  in f lu e n c e d  t h e  d e s ig n  o f  

t h e  r e v e r s in g  m e c h a n is m  o f  t h e  E -m a c h in e . S in c e  th e  a n im a to r  is m e a n t  to  a n im a te  

h ig h  le v e l la n g u a g e  p r o g r a m s , t h e  E -m a c h in e  a c tu a l ly  h a s  to  b e  a b le  to  e ffec t r e v e r 

s a l  o n ly  th r o u g h  h ig h  le v e l la n g u a g e  a n im a t io n  u n i t s  in  o n e  r e v e r s a l  s te p ,  n o t  e a c h  

lo w  le v e l E -m a c h in e  in s t r u c t io n  in  th e  p a c k e t  t h a t  is t h e  t r a n s la t io n  o f  a n  a n im a t io n  

u n i t .  T h is  o b s e r v a t io n  le d  to  f u r t h e r  e ffic ie n c ie s  in  t h e  d e s ig n  o f  t h e  E -m a c h in e  a n d  

t h e  i n c o r p o r a t io n  o f  tw o  c la sse s  o f  E -m a c h in e  c o d e  in s t r u c t io n s ,  c r i t ic a l  a n d  n o n c r i t -  

ic a l. A n  E - m a c h in e  in s t r u c t io n  w i th in  a  p a c k e t  is  c la ss if ie d  as critical i f  i t  d e s tro y s  

in f o r m a t io n  e s s e n t ia l  to  re v e r s in g  th r o u g h  t h e  c o r re s p o n d in g  h ig h  le v e l la n g u a g e  a n 

im a t io n  u n i t ;  i t  is c la ss if ie d  as noncritical o th e rw is e .  F o r  e x a m p le , in  t r a n s la t in g  th e  

a n im a t io n  u n i t  c o r r e s p o n d in g  to  a n  a r i t h m e t ic  a s s ig n m e n t s t a t e m e n t ,  a  n u m b e r  o f  

i n te r m e d ia t e  v a lu e s  a re  l ik e ly  to  b e  g e n e r a te d  in  t h e  c o r re s p o n d in g  E -c o d e  p a c k e t. 

T h e s e  i n te r m e d ia t e  v a lu e s  a re  n e e d e d  in  c o m p u t in g  t h e  v a lu e  o n  t h e  r ig h t - h a n d  s id e  

o f  t h e  a s s ig n m e n t  s t a t e m e n t  b e fo re  th is  v a lu e  c a n  b e  a s s ig n e d  to  t h e  v a r ia b le  o n  

t h e  l e f t - h a n d  s id e . H o w e v e r, t h e  o n ly  v a lu e  t h a t  n e e d s  to  b e  r e s to r e d  d u r in g  r e 

v e rs e  e x e c u t io n  a s  f a r  as t h e  a n im a t io n  u n i t  is c o n c e rn e d  is  t h e  o r ig in a l  v a lu e  o f 

t h e  v a r ia b le  o n  t h e  l e f t - h a n d  s id e . T h e  in te r m e d ia t e  v a lu e s  c o m p u te d  b y  v a r io u s  

E - c o d e  in s t r u c t io n s  a re  o f  n o  c o n s e q u e n c e . H e n c e , E -c o d e  in s t r u c t io n s  g e n e ra t in g  

i n te r m e d ia t e  v a lu e s  c a n  b e  c la ss if ie d  as n o n c r i t ic a l  a n d  t h e i r  e ffec ts  ig n o re d  d u r in g  

re v e r s e  e x e c u tio n . I t  is t h e  c o m p ile r  w r i t e r ’s r e s p o n s ib i l i ty  to  p r o d u c e  t h e  c o r re c t
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E -c o d e  ( in v o lv in g  c r i t ic a l  a n d  n o n c r i t ic a l  in s t r u c t io n s )  fo r  re v e r s e  e x e c u tio n . H o w 

e v e r , i t  s h o u ld  a lso  b e  n o te d  t h a t  t h e  E - m a c h in e  h a s  t h e  f le x ib il i ty  to  a c c u ra te ly  

e x e c u te  E -c o d e  in  r e v e r s e , i n s t r u c t io n  b y  in s t r u c t io n  ( r a t h e r  t h a n  a  p a c k e t  a t  a  

t im e ) ,  b y  s im p ly  d e s ig n a t in g  e a c h  E - c o d e  in s t r u c t io n  as c r i t ic a l .

E - m a c h i n e  A r c h i t e c t u r e

F ig u r e  I  sh o w s t h e  lo g ic a l s t r u c tu r e  o f  t h e  E -m a c h in e .  A  s ta c k - b a s e d  a rc h i te c tu r e  

w a s  c h o s e n  fo r  t h e  E r m a c h in e ; h o w e v e r , a  n u m b e r  o f  c o m p o n e n ts  t h a t  a re  n o t  fo u n d  

in  r e a l  s ta c k - b a s e d  c o m p u te r s  w e re  in c lu d e d .

Program memory c o n ta in s  th e  E - c o d e  p r o g r a m  c u r r e n t ly  b e in g  e x e c u te d  b y  th e  

E -m a c h in e . P r o g r a m  m e m o r y  is lo a d e d  w ith  th e  in s t r u c t io n  s t r e a m  f o u n d  in  th e  

C O D E S E C T I O N  o f  t h e  E - m a c h in e  o b je c t  c o d e  file , w h ic h  is d e s c r ib e d  l a t e r  in  th is  

c h a p te r .  T h e  program counter c o n ta in s  t h e  a d d re s s  in  p r o g r a m  m e m o r y  o f  t h e  n e x t  

E -c o d e  i n s t r u c t io n  to  b e  e x e c u te d .  T h e  previous program counter, n e e d e d  f o r  re v e rs e  

e x e c u tio n , c o n ta in s  t h e  a d d re s s  in  p r o g r a m  m e m o r y  o f  t h e  m o s t  r e c e n t ly  e x e c u te d  

E -c o d e  in s t r u c t io n .

Packet memory c o n ta in s  in f o r m a t io n  a b o u t  t h e  t r a n s l a t e d  E - c o d e  p a c k e ts  a n d  

th e i r  c o r r e s p o n d in g  s o u rc e  la n g u a g e  a n im a t io n  u n i ts .  P a c k e t  m e m o ry , w h ic h  is 

lo a d e d  w i th  t h e  in f o r m a t io n  f o u n d  in  t h e  P A C K E T S E C T I O N  o f  t h e  E -m a c h in e  o b 

j e c t  c o d e  file , e s s e n tia lly  e ffec ts  t h e  “p a c k e t iz a t io n ” o f  t h e  E - c o d e  p r o g r a m  fo u n d  

in  p r o g r a m  m e m o ry . P a c k e t  in f o r m a t io n  in c lu d e s  t h e  s t a r t i n g  a n d  e n d in g  l in e  a n d  

c o lu m n  n u m b e r s  o f  t h e  o r ig in a l  s o u rc e  p r o g r a m  a n im a t io n  u n i t  (e .g , a n  e n ti r e  a s 

s ig n m e n t  s t a t e m e n t ,  o r  j u s t  t h e  c o n d it io n a l  e x p re s s io n  in  a n  i f  s t a t e m e n t )  w h o s e  

t r a n s l a t i o n  is  t h e  p a c k e t  o f  E - c o d e  in s t r u c t io n s  a b o u t  to  b e  e x e c u te d .  O th e r  p a c k e t  

in f o r m a t io n  in c lu d e s  t h e  s t a r t i n g  a n d  e n d in g  p r o g r a m  m e m o r y  a d d re s s e s  fo r  t h e  

E -c o d e  p a c k e t ,  w h ic h  a re  u s e d  in te r n a l ly  to  d e te r m in e  w h e n  e x e c u t io n  o f  t h e  p a c k e t
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is  c o m p le te . T h e  packet register c o n ta in s  t h e  p a c k e t  m e m o r y  a d d re s s  o f  t h e  p a c k e t 

in f o r m a t io n  c o r r e s p o n d in g  to  e i th e r  t h e  n e x t  p a c k e t  to  b e  e x e c u te d ,  o r  t h e  p a c k e t  

t h a t  is  c u r r e n t ly  b e in g  e x e c u te d .

T h e  variable registers a re  a n  u n b o u n d e d  n u m b e r  o f  r e g is te r s  t h a t  a re  a s s ig n e d  

to  s o u rc e  p r o g r a m  v a r ia b le s ,  c o n s ta n ts ,  a n d  p a r a m e te r s  d u r in g  c o m p ila t io n  o f  a  

s o u rc e  p r o g r a m  in to  E -c o d e . E a c h  id e n t i f ie r  n a m e  r e p r e s e n t in g  m e m o r y  in  t h e  s o u rc e  

p r o g r a m  w ill b e  a s s ig n e d  i t s  o w n  u n iq u e  v a r ia b le  r e g is te r  in  t h e  E -m a c h in e .  F o r  

e x a m p le , in  a  m in iP a s c a l  p r o g r a m , a  v a r ia b le  n a m e d  Result m ig h t  b e  d e c la r e d  in  

t h e  c u r r e n t  p r o g r a m  s c o p e  a n d  a n o th e r  v a r ia b le — also  n a m e d  Result— m ig h t b e  

d e c la r e d  in  a n o th e r  e n c lo s in g  p r o c e d u r e  sc o p e . T h e  c o m p ile r  w ill a s s ig n  a  u n iq u e  

v a r ia b le  r e g i s te r  t o  e a c h  o f  th e s e  tw o  v a r ia b le s . O n c e  a  v a r ia b le  is  a s s ig n e d  a  v a r ia b le  

r e g is te r , t h e  r e g is te r  r e m a in s  a s s o c ia te d  w i th  t h e  v a r ia b le  fo r  t h e  d u r a t io n  o f  t h e  

p r o g r a m ’s c o m p ila t io n  a n d  s u b s e q u e n t  e x e c u tio n ,  re g a rd le s s  o f  w h e th e r  t h e  v a r ia b le  

is  c u r r e n t ly  a c t iv e  o r  n o t .

T h e  in f o r m a t io n  h e ld  in  a  v a r ia b le  r e g is te r  c o n s is ts  o f  t h e  c o r re s p o n d in g  v a r i

a b le ’s size  ( e .g .,  n u m b e r  o f  b y te s )  as w e ll as a  p o in te r  to  a  c o r r e s p o n d in g  variable 

stack. E a c h  v a r ia b le  s ta c k  e n tr y , in  tu r n ,  h o ld s  a  p o in te r  in to  data memory, w h e re  

t h e  a c tu a l  v a r ia b le  v a lu e s  a r e  s to re d . T h e  v a r ia b le  s ta c k s  a re  n e c e s s a ry  b e c a u s e  a  

p a r t i c u l a r  v a r ia b le  m a y  h a v e  m u l t ip le  a s s o c ia te d  in s ta n c e s  d u e  to  b e in g  d e c la re d  in  

r e c u r s iv e  p r o c e d u r e s  o r  f u n c t io n s . I n  s u c h  in s ta n c e s ,  t h e  to p  o f  a  p a r t i c u l a r  v a r ia b le ’s 

r e g is te r  s ta c k  p o in ts  to  t h e  v a lu e  o f  t h e  c u r r e n t  in s ta n c e  o f  t h e  a s s o c ia te d  v a r ia b le  

in  d a t a  m e m o ry ;  t h e  s e c o n d  s ta c k  e le m e n t p o in ts  to  t h e  v a lu e  o f  t h e  p re v io u s  in 

s t a n t i a t i o n  o f  t h e  v a r ia b le , a n d  so o n . T h e  E - m a c h in e ’s d a t a  m e m o r y  r e p r e s e n ts  th e  

u s u a l  r a n d o m  a cc e ss  m e m o r y  f o u n d  o n  r e a l  c o m p u te r s . T h e  E -m a c h in e ,  h o w e v e r , 

u se s  d a t a  m e m o r y  o n ly  to  h o ld  d a t a  v a lu e s  ( i t  d o e s  n o t  h o ld  a n y  o f  t h e  p r o g r a m  

in s t r u c t io n s ) .
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* T h e  string space c o m p o n e n t  o f  t h e  E - m a c h in e ’s a r c h i te c tu r e  w a s  a d d e d  a s  a  

r e s u l t  o f  th e  m in iP a s c a l  c o m p ile r  d e v e lo p m e n t . T h e  s t r in g  s p a c e  c o n ta in s  t h e  v a lu e s  

o f  a ll s t r in g  l i te r a l s  a n d  e n u m e r a te d  c o n s ta n t  n a m e s  e n c o u n te r e d  d u r in g  t h e  c o m 

p i la t io n  o f a  m in iP a s c a l  p r o g r a m . T h e  s t r in g  s p a c e  is  lo a d e d  w i th  t h e  in f o r m a tio n  

c o n ta in e d  in  t h e  S T R I N G S E C T I O N  o f  t h e  E -m a c h in e  o b je c t  file . C u r re n t ly ,  th is  

s t r in g  s p a c e  is u s e d  o n ly  b y  t h e  a n im a to r  w h e n  d is p la y in g  s t r in g  c o n s ta n t  a n d  e n u 

m e r a te d  c o n s ta n t  v a lu e s . A  m o r e  d e ta ile d  d is c u s s io n  o f  t h e  i n te r a c t io n  o f  t h e  s t r in g  

s p a c e  a n d  v a r ia b le  re g is te r s  is f o u n d  in  c h a p te r  4

T h e  label registers a r e  a n o th e r  u n iq u e  c o m p o n e n t  o f  t h e  E - m a c h in e  r e q u i r e d  fo r 

re v e r s e  e x e c u tio n .  T h e r e  a re  a n  u n b o u n d e d  n u m b e r  o f  t h e s e  r e g is te r s ,  a n d  th e y  a re  

u s e d  to  k e e p  t r a c k  o f  la b e le d  E - c o d e  in s t r u c t io n s .  E a c h  E -c o d e  l a b e l  i n s t r u c t io n  

is  a s s ig n e d  a  u n iq u e  l a b e l  r e g is te r  a t  c o m p ile  t im e . T h e  in f o r m a t io n  h e ld  in  a  la b e l  

r e g is te r  c o n s is ts  o f  t h e  p r o g r a m  m e m o r y  a d d re s s  o f  t h e  c o r re s p o n d in g  E - c o d e  l a b e l  

i n s t r u c t io n  as w e ll as a  p o in te r  t o  a  label stack. A  la b e l  s ta c k  e s s e n t ia lly  m a in ta in s  

a  h i s to r y  o f  p re v io u s  in s t r u c t io n s  t h a t  c a u s e d  a  b r a n c h  to  th e  la b e l  r e p r e s e n te d  b y  

t h e  la b e l  r e g is te r  in  q u e s t io n . D u r in g  re v e r s e  e x e c u tio n ,  t h e  to p  o f  t h e  la b e l  s ta c k  

a llo w s fo r  c o r r e c t  d e te r m in a t io n  o f  t h e  in s t r u c t io n  t h a t  p re v io u s ly  c a u s e d  t h e  b r a n c h  

to  t h e  l a b e l  in s t r u c t io n .

T h e  index register is f o u n d  in  r e a l  c o m p u te r s  a n d  se rv e s  t h e  s a m e  p u r p o s e  in  

t h e  E -m a c h in e .  I n  m a n y  c ir c u m s ta n c e s ,  t h e  d a t a  in  a  v a r ia b le  is  a c c e s s e d  d i r e c tly  

th r o u g h  t h e  a p p r o p r i a te  v a r ia b le  re g is te r .  H o w e v e r, in  t h e  t r a n s l a t i o n  o f  a  h ig h  lev e l 

la n g u a g e  d a t a  s t r u c tu r e ,  s u c h  as a n  a r r a y  o r r e c o r d , t h e  a d d re s s  o f  t h e  b e g in n in g  

o f  t h e  s t r u c tu r e  is i n  a  v a r ia b le  re g is te r ;  to  a cc e ss  a n  in d iv id u a l  d a t a  v a lu e  in  th e  

s t r u c tu r e ,  a n  o f fse t— s to r e d  in  t h e  in d e x  r e g i s te r — is u s e d . W h e n  n e c e s s a ry , t h e  

c o m p ile r  c a n  th e r e f o r e  u ti l iz e  t h e  in d e x  r e g is te r  so t h a t  t h e  E - m a c h in e  c a n  a cc ess  

t h e  p r o p e r  m e m o r y  lo c a tio n  v ia  o n e  o f  t h e  in d e x e d  a d d re s s in g  m o d e s .
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T h e  address register is  p r o v id e d  to  a llo w  a cc ess  to  m e m o r y  a re a s  t h a t  a re  n o t  

a c c e s s ib le  th r o u g h  v a r ia b le  r e g is te r s .  F o r  e x a m p le ,  a  p o in te r  in  P a s c a l  is a  v a r ia b le  

t h a t  c o n ta in s  a  d a t a  a d d re s s . D a t a  a t  t h a t  a d d re s s  c a n  b e  a c c e s s e d  u s in g  th e  a d d re s s  

r e g is te r  v ia  t h e  a p p r o p r i a te  E - m a c h in e  a d d re s s in g  m o d e . T h e  a d d re s s  r e g is te r  c a n  

b e  u s e d  in  p la c e  o f  v a r ia b le  re g is te r s  fo r  a n y  o f  t h e  a d d re s s in g  m o d e s .

A s in  m a n y  r e a l  c o m p u te r s ,  t h e  r e s u l ts  o f  a ll a r i t h m e t ic  a n d  lo g ic a l  o p e ra t io n s  

a r e  m a in ta in e d  o n  t h e  evaluation stack] t h e  evaluation stack register k e e p s  t r a c k  o f  

t h e  to p  o f  th i s  s ta c k .  F o r  e x a m p le , in  a n  a r i t h m e t ic  o p e ra t io n ,  t h e  o p e ra n d s , a re  

p u s h e d  o n to  t h e  e v a lu a t io n  s ta c k  a n d  t h e  a p p r o p r ia te  o p e r a t io n  is  p e r f o rm e d  o n  

th e m .  T h e  o p e r a n d s  a re  c o n s u m e d  b y  t h e  o p e r a t io n  a n d  t h e  r e s u l t  is  p u s h e d  o n to  

t h e  to p  o f  t h e  s ta c k .  A n  a s s ig n m e n t  is p e r f o r m e d  b y  p o p p in g  t h e  to p  v a lu e  o f  t h e  

e v a lu a t io n  s ta c k  a n d  p la c in g  i t  in to  t h e  p r o p e r  lo c a tio n  in  d a t a  m e m o ry .

T h e  return address stack (o r  call stack) is  t h e  E - m a c h in e ’s m e c h a n is m  fo r  im p le 

m e n t in g  p r o c e d u r e  a n d  f u n c t io n  c a lls . W h e n  a  s u b r o u t in e  c a ll  is  m a d e ,  t h e  p r o g r a m  

c o u n te r  p lu s  o n e  is  p u s h e d  o n to  t h e  r e t u r n  a d d re s s  s ta c k .  T h e n , w h e n  t h e  E -m a c h in e  

e x e c u te s  a  r e t u r n  f ro m  s u b r o u t in e  in s t r u c t io n ,  a l l i t  h a s  to  d o  is  lo a d  t h e  p r o g r a m  

c o u n te r  w i th  t h e  to p  o f / th e  r e t u r n  a d d re s s  s ta c k .  A  p o in te r  t o  t h e  to p  o f  t h e  r e t u r n  

a d d re s s  s ta c k  is k e p t  in  t h e  return address stack register.

T h e  save stack c o n ta in s  in f o r m a t io n  n e c e s s a ry  fo r  r e v e rs e  e x e c u tio n .  W h e n e v e r  

s o m e  c r i t ic a l  in f o r m a t io n  (a s  d e te r m in e d  b y  t h e  e x e c u tio n  o f  a  c r i t ic a l  i n s t r u c t io n )  is 

a b o u t  t o  b e  d e s t r o y e d , t h e  r e q u i r e d  in f o r m a t io n  is  p u s h e d  o n to  t h e  s a v e  s ta c k . T h is  

e n s u re s  t h a t  w h e n  b a c k in g  u p ,  t h e  in s t r u c t io n  t h a t  m o s t  r e c e n t ly  d e s t ro y e d  so m e  

c r i t ic a l  in f o r m a t io n  c a n  b e  r e v e r s e d  b y  r e t r ie v in g  t h a t  c r i t ic a l  in f o r m a t io n  f ro m  t h e  

s a v e  s ta c k .  T h e  save stack registers p o in t  to  t h e  to p  a n d  b o t to m  o f  t h e  sav e  s ta c k .

* T h e  dynamic scope stack w a s  a d d e d  to  t h e  o r ig in a l E - m a c h in e  a r c h i te c tu r e  

a s  a  r e s u l t  o f  t h e  m in iP a s c a l  c o m p ile r  d e v e lo p m e n t .  T h e  o r ig in a l E -m a c h in e  

d id  n o t  p r o v id e  a  w a y  fo r  t h e  a n im a to r  t o  d e te r m in e  ( fo r  d is p la y )  t h e  c u r r e n t ly
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a c t iv e  p r o g r a m  sc o p es . T h e  a n im a to r  m u s t  b e  a b le  to  d is p la y  v a r ia b le  v a l

u e s  a s s o c ia te d  w i th  t h e  e x e c u tio n  o f  a  p a c k e t  b o th  f ro m  w ith in  t h e  c u r 

r e n t  in v o c a tio n  o f  a  p r o c e d u r e  (o r  f u n c t io n )  a n d  f ro m  w i th in  th e  c a ll

in g  s c o p e ( s ) . T h a t  is , t h e  a n im a to r  m u s t  h a v e  t h e  a b i l i ty  to  i l lu s t r a te  

a  p r o g r a m ’s r u n  t im e  s ta c k  d u r in g  e x e c u tio n . T h e  S ta t i c  S c o p e  T a b le , 

w h ic h  is  lo a d e d  in to  static scope memory f ro m  t h e  E - m a c h in e  o b je c t  f i le ’s 

S T A T S C O P E S E C T I O N , p ro v id e s  t h e  a n im a to r  w i th  t h e  in f o r m a t io n  re le v a n t to  

t h e  s t a t i c  n a t u r e  o f  a  p r o g r a m  (e .g .,  in f o r m a t io n  p e r ta in in g  to  v a r ia b le  n a m e s  lo c a l 

to  a  g iv e n  p r o c e d u r e ) .  H o w e v e r, t h e  sp e c ific  c a llin g  s e q u e n c e  r e s u l t in g  in  a  p a r t i c u la r  

in v o c a t io n  o f  a  p r o c e d u r e  (o r  f u n c t io n )  w as  n o t  a v a ila b le ,

T h e  d y n a m ic  s c o p e  s ta c k  p ro v id e s  t h e  d y n a m ic  c h a in  as f o u n d  in  t h e  r u n  t im e  

s ta c k  a c t iv a t io n  r e c o rd s  g e n e r a te d  b y  m o s t  c o n v e n t io n a l c o m p ile rs . E v e n  th o u g h  

t h e  E - m a c h in e ’s r e t u r n  a d d re s s  s ta c k  c o u ld  b e  u s e d  to  h o ld  th is  in fo rm a tio n ,  a  

s e p a r a t e  d y n a m ic  s c o p e  s ta c k  w as a d d e d  to  t h e  E -m a c h in e  a r c h i te c tu r e  in  o r d e r  

t o  m in im iz e  t h e  im p a c t  o n  t h e  e x is t in g  E -m a c h in e  a n d  i ts  e m u la to r .  A t a n y  g iv e n  

p o in t  d u r in g  p r o g r a m  e x e c u tio n ,  t h e  d y n a m ic  s c o p e  s ta c k  e n tr ie s  re f le c t  t h e  c u r r e n t ly  

a c t iv e  s c o p e s . E a c h  d y n a m ic  s c o p e  s ta c k  e n t r y — c o r re s p o n d in g  to  a  p r o g r a m  n a m e , 

a  p r o c e d u r e  n a m e , o r  a  f u n c t io n  n a m e — c o n ta in s  t h e  in d e x  o f  t h e  S ta t i c  S c o p e  

T a b le  e n t r y  d e s c r ib in g  t h a t  n a m e  ( i .e .,  a  s t a t i c  s c o p e  n a m e ) . O n c e  th e s e  in d ic e s  a re  

a v a ila b le , t h e  a n im a to r  c a n  t h e n  u se  t h e  S ta t i c  S c o p e  T a b le  in f o r m a t io n  to  d e te r m in e  

t h e  v a r ia b le s  w h o se  v a lu e s  m u s t  b e  d is p la y e d  fo llo w in g  t h e  e x e c u t io n  o f  a  p a c k e t. 

T h e  a n im a to r  n e e d s  a c c e ss  to  t h e  e n t i r e  d y n a m ic  s c o p e  s ta c k  in  o r d e r  to  d isp la y  a ll 

p e r t i n e n t  d a t a  m e m o r y  in f o r m a t io n  fo llo w in g  t h e  e x e c u tio n  o f  a n y  g iv e n  p a c k e t. A  

m o re  d e ta i le d  d is c u s s io n  o f  th is  p ro c e s s  is  f o u n d  in  c h a p te r  4 . T h e  dynamic scope 

stack register p o in ts  to  t h e  to p  o f  t h e  d y n a m ic  s c o p e  s ta c k .

* In  o r d e r  to  h a n d le  re v e rs e  e x e c u tio n , a  save dynamic scope stack w a s  a d d e d  

to  t h e  E -m a c h in e  a r c h i te c tu r e .  T h is  s ta c k  r e c o rd s  t h e  h is to r y  o f  p r o c e d u r e s  a n d / o r
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f u n c t io n s  t h a t  h a v e  b e e n  c a lle d  a n d . s u b s e q u e n t ly - r e tu r n e d  f ro m . T h e  save dynamic 

stack register p o in ts  to  t h e  to p  o f  th i s  s ta c k .

F in a lly , source memory h o ld s  a n  a r r a y  o f  r e c o rd s ,  e a c h  o f  w h ic h  is  a  c o p y  o f  a  

l in e  o f  s o u rc e  c o d e  fo r  t h e  c o m p ile d  p r o g r a m . S o u rc e  m e m o r y  is  lo a d e d  f ro m  t h e  

E - m a c h in e  o b je c t  f i le ’s S O U R C E S E C T I O N  a t  r u n  t im e  a n d  is r e f e re n c e d  o n ly  b y  

t h e  a n im a to r  fo r  d is p la y  p u rp o s e s .

E - m a c h i n e  E m u l a t o r

T h e  E - m a c h in e  e m u la to r  w a s  d e s ig n e d  a n d  w r i t t e n  b y  M ic h a e l B ir c h  a n d  is d e 

s c r ib e d  in  h is  th e s is  [B irc h  90]. T h e  e m u la to r ’s d e s ig n  e s s e n t ia lly  fo llow s t h e  d e s ig n  

o f  t h e  E - m a c h in e  p r e s e n te d  t h e  p re v io u s  s e c tio n s  o f  th is  c h a p te r .  T h e  e m u la to r  

w a s  w r i t t e n  in  A N S I  S ta n d a r d  C fo r  p o r t a b i l i t y  a n d  h a s  b e e n  c o m p ile d  in  b o th  

T u r b o  C  2 .0  a n d  B o r la n d  C + +  3.1  b y  t h e  c u r r e n t  a u th o r .  W i th in  t h e  c o m p le te  

D Y N A L A B  e n v ir o n m e n t ,  t h e  e m u la to r  w ill a c t  as a  s lav e  to  t h e  p r o g r a m  a n im a to r , 

e x e c u tin g  a  p a c k e t  o f  E - c o d e  in s t r u c t io n s  u p o n  e a c h  call. T h e  c u r r e n t  a u th o r  h a s  

w r i t t e n  a  s im p le  D O S  a n im a to r  t o  d r iv e  t h e  e m u la to r  in  o r d e r  t o  t e s t  c o m p ile d  

m in iP a s c a l  p r o g r a m s . T h is  a n im a to r / e m u la to r  h a s  su c c e s s fu lly  r u n  c o m p ile d  m in i-  

P a s c a l  p r o g r a m s  o n  s e v e ra l  IB M  P O  c o m p a t ib le  c o m p u te r s  in c lu d in g  286 , 386 , a n d  

486  a r c h i te c tu r e s .

E - m a c h i n e  O b j e c t  F i l e  S e c t i o n s

T h e  E - m a c h in e  e m u la to r  d e fin e s  t h e  o b je c t  file  fo rm a t ' t h a t  m u s t  b e  g e n e r a te d  

b y  a  c o m p ile r . A s a  r e s u l t  o f  t h e  m in iP a s c a l  c o m p ile r  d e v e lo p m e n t ,  s e v e ra l  c h a n g e s  

w e re  m a d e  to  t h e  o r ig in a l  E rm a c h in e  o b je c t  file  d e f in it io n  a n d  a re  d e n o te d  w ith  a
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le a d in g  a s te r i s k  (* ) in  th e  fo llo w in g  d is c u s s io n . A  s in g le  E -c o d e  o b je c t  file  r e a d y  

fo r  e x e c u t io n  o n  t h e  E - m a c h in e  c o n s is ts  o f  s e v e n  s e c tio n s , w h ic h  m a y  o c c u r  in  a n y  

o rd e r .  E a c h  s e c t io n  is p r e c e d e d  b y  a n  o b je c t  file  r e c o r d  c o n ta in in g  t h e  s e c t io n ’s n a m e  

fo llo w e d  b y  a  r e c o r d  t h a t  c o n ta in s  a  c o u n t o f  t h e  n u m b e r  o f  r e c o r d s  in  t h a t  p a r t i c u la r  

s e c tio n .  E a c h  o f  th e s e  s e v e n  s e c tio n s  (w h o s e  n a m e s  a re  sh o w n  in  c a p i ta l  l e t t e r s )  h o ld s  

in f o r m a t io n  w h ic h  is  lo a d e d  in to  a  c o r r e s p o n d in g  E -m a c h in e  c o m p o n e n t  a t  r u n  t im e  

a s  fo llow s:

o  t h e  C O D E S E C T I O N , w h ic h  is lo a d e d  in to  p r o g r a m  m e m o ry ;

o  t h e  P A C K E T S E C T I O N , w h ic h  is  lo a d e d  in to  p a c k e t  m e m o ry ;

o  t h e  V A R I A B E E S E C T I O N , w h ic h  is lo a d e d  in to  th e  size  in f o r m a t io n  a s s o c ia te d  

w i th  t h e  v a r ia b le  re g is te rs ;

o  t h e  L A B E L S E C T I O N , w h ic h  is  lo a d e d  in to  t h e  la b e l  p r o g r a m  a d d re s s  in fo r 

m a t io n  a s s o c ia te d  w i th  t h e  la b e l  re g is te rs ;

o  t h e  S O U R C E S E C T I O N , w h ic h  is lo a d e d  in to  s o u rc e  m e m o ry ;

o t h e  S T A T S C O P E S E C T I O N , w h ic h  is lo a d e d  in to  s t a t i c  s c o p e  m e m o ry ;

o -  t h e  S T R I N G S E C T I O N , w h ic h  is lo a d e d  in to  t h e  s t r in g  s p a c e .

T h e  file  s e c tio n s  a re  d e s c r ib e d  b e lo w .

T h e  C O D E S E C T I O N

T h e  C O D E S E C T I O N  c o n ta in s  t h e  t r a n s l a t e d  p r o g r a m — t h e  E -c o d e  in s t r u c t io n  

s t r e a m . E v e n  th o u g h  t h e  in s t r u c t io n  s t r e a m  c a n  b e  th o u g h t  o f  as s t r e a m  o f p s e u d o  

a s s e m b ly  la n g u a g e  in s t r u c t io n s ,  t h e  in s t r u c t io n s  a re  a c tu a l ly  c o n ta in e d  in  a n  a r r a y  

o f  C s t r u c tu r e s ,  a n d  a re  lo a d e d  f ro m  t h e  C O D E S E C T I O N  in to  t h e  E - m a c h in e ’s p r o 

g r a m  m e m o r y  a t  r u n  t im e . E a c h  E - c o d e  i n s t r u c t io n  s t r u c tu r e  c o n ta in s  t h e  fo llo w in g  

in f o r m a tio n :

o  a n  o p e r a t io n  c o d e  (e .g .,  p u s h  o r  p o p ) ;

o  t h e  in s t r u c t io n  m o d e  ( c r i t ic a l  o r  n o n  c r i t ic a l) ;
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O T h e  d a t a  ty p e  o f  t h e  o p e r a n d  (e .g .,  I  in d ic a te s  I N T E G E R ) ;  

o  E i th e r  a  n u m e r ic  d a t a  v a lu e  o r  a n  a d d re s s in g  m o d e .

* T h e  P A C K E T S E C T I O N

T h e  P A C K E T S E C T I O N  c o n s is ts  o f  p a c k e t  s t r u c tu r e s  d e s c r ib in g  s o u rc e  p r o g r a m  

a n im a t io n  u n i t s  a n d  t h e i r  t r a n s l a t e d  E - c o d e  p a c k e ts .  T h e s e  s t r u c tu r e s  a re  lo a d e d  

in to  t h e  E - m a c h in e ’s p a c k e t  m e m o r y  a t  r u n  t im e . E a c h  p a c k e t  s t r u c tu r e  c o n ta in s  

t h e  fo llo w in g  in fo rm a tio n :

o  t h e  p a c k e t ’s s t a r t i n g  a n d  e n d in g  E -c o d e  in s t r u c t io n  a d d re s s e s  in  p r o g r a m  m e m 

o ry ;

o  t h e  s t a r t i n g  a n d  e n d in g  l in e  a n d  c o lu m n  n u m b e r s  in  t h e  o r ig in a l s o u rc e  file  o f  

t h e  p r o g r a m  a n im a t io n  u n i t  c o r r e s p o n d in g  to  t h e  p a c k e t;

o * a n  in d e x  in to  t h e  c u r r e n t  s c o p e  b lo c k  o f  t h e  S ta t i c  S c o p e  T a b le  (d is c u s s e d  in  

c h a p te r  3 );

o  * th e  p r o g r a m  m e m o r y  a d d re s s  a t  w h ic h  t h e  p a c k e t  m a y  b e  “f r a g m e n te d ” (d is 

c u s s e d  in  c h a p te r  4 );

o  * a  flag  in d ic a t in g  w h e th e r  o r n o t  t h e  a n im a to r  s h o u ld  d is p la y  in f o rm a tio n  

w h e n  t h e  p a c k e t  is  e x e c u te d  (d is c u s s e d  in  c h a p te r  4 ).

T h e  V A R I A B L E S E C T I O N

T h e  V A R I A B L E S E C T I O N  c o n s is ts  o f  s t r u c tu r e s  d e s c r ib in g  t h e  v a r ia b le  re g is te rs  

u s e d  b y  t h e  c o m p ile d  p r o g r a m . A  v a r ia b le  r e g is te r  s t r u c tu r e  c o n s is ts  o f  a  s in g le  f ie ld  

t h a t  c o n ta in s  t h e  size  o f  t h e  d a t a  r e p r e s e n te d  b y  t h e  r e g is te r . F o r  e x a m p le , o n  a  

D O S  m a c h in e  w h e re  t h e  a d d re s s a b le  u n i t  is  a  b y te ,  a  v a r ia b le  r e p r e s e n t in g  a  3 2 -b it  

in te g e r  w o u ld  h a v e  a  s ize  o f  4. T h is  in f o r m a t io n  is  u s e d  to  in it ia l iz e  size  in f o rm a tio n  

h e ld  in  t h e  E - m a c h in e ’s v a r ia b le  re g is te r s .
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T h e  L A B E L S E C T I O N

T h e  L A B E L S E C T I O N  c o n s is ts  o f  la b e l  s t r u c tu r e s  d e s c r ib in g  t h e  la b e l  n u m b e r s  

g e n e r a te d  b y  t h e  c o m p ile d  p r o g r a m . A  la b e l  s t r u c tu r e  c o n s is ts  o f  a  s in g le  f ie ld  t h a t  

c o n ta in s  t h e  p r o g r a m  a d d re s s  a t  w h ic h  t h e  c o r re s p o n d in g  la b e l  is d e f in e d . T h is  

in f o r m a t io n  is  u s e d  to  in it ia l iz e  t h e  la b e l  p r o g r a m  a d d re s s  in f o r m a t io n  h e ld  in  t h e  

E - m a c h in e ’s la b e l  re g is te rs .

T h e  S O U R C E S E C T I O N

T h e  S O U R C E S E C T I O N  c o n ta in s  a  c o p y  o f  t h e  s o u rc e  p r o g r a m  b e in g  e x e c u te d .  

E a c h  r e c o r d  in  th is  s e c t io n  c o r r e s p o n d s  to  a  f in e  o f  o r ig in a l s o u rc e  c o d e , a n d  is lo a d e d  

in to  t h e  E - m a c h in e ’s s o u rc e  m e m o r y  a t  r u n  t im e .  S o u rc e  m e m o r y  is r e f e re n c e d  o n ly  

b y  t h e  a n im a to r  fo r  d is p la y  p u rp o s e s .  T h e  a n im a to r  re fe re n c e s  s o u rc e  m e m o ry  

v ia  p a c k e t  m e m o r y  in f o r m a t io n  t h a t  d e s c r ib e s  c o r r e la tio n s  b e tw e e n  t h e  c u r r e n t ly  

e x e c u t in g  E -c o d e  p a c k e t  a n d  t h e  c o r re s p o n d in g  s o u rc e  p r o g r a m  a n im a t io n  u n i t .  

T h e  a n im a to r  re fe re n c e s  t h e  p a c k e t  s t r u c tu r e  fie ld s  t h a t  h o ld  s t a r t i n g  a n d  e n d in g  

l in e  a n d  c o lu m n  n u m b e r s  in  s o u rc e  m e m o r y  to  d e te r m in e  t h e  a n im a t io n  u n i t  to  

h ig h l ig h t .

* T h e  S T A T S C O P E S E C T I O N

T h e  S T A T S C O P E S E C T I O N  w as o r ig in a lly  n a m e d  t h e  S Y M B O L S E C T IO N  in  

B i r c h ’s th e s is . I t  c o n ta in s  a  c o m p le x  s t r u c tu r e — t h e  S ta t ic  S c o p e  T a b le  (c a lle d  th e  

s y m b o l  t a b le  in  B i r c h ’s th e s is ) — w h ic h  is  u s e d  b y  t h e  a n im a to r  t o  d e te r m in e  th e  

v a r ia b le  v a lu e s  t h a t  s h o u ld  b e  d is p la y e d  u p o n  e x e c u tio n  o f  a  p a c k e t .  T h e  n a m e  

w a s  c h a n g e d  to  S ta t i c  S c o p e  T a b le  in  o r d e r  t o  a v o id  c o n fu s io n  w i th  t h e  c o m p ile r ’s 

s y m b o l t a b le .  T h e  S T A T S C O P E S E C T I O N  re c o rd s  a re  lo a d e d  in to  t h e  E - m a c h in e ’s 

s t a t i c  s c o p e  m e m o r y  a t  r u n  t im e .
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A  n u m b e r  o f  a d d it io n s  a n d  c h a n g e s  w e re  m a d e  to  t h e  S ta t i c  S c o p e  T a b le ’s s t r u c 

t u r e  d u r in g  m in iP a s c a l  c o m p ile r  d e v e lo p m e n t.  T h e s e  c h a n g e s  d e a l p r im a r i ly  w i th  

m a k in g  in f o r m a t io n  a v a ila b le  so  t h a t  t h e  a n im a to r  c a n  d is p la y  b o t h  t h e  d y n a m ic  

a n d  s t a t i c  in f o r m a t io n  t h a t  a re  a p p r o p r ia te  a t  v a r io u s  s ta g e s  o f  p r o g r a m  e x e c u tio n .  

T h e  S ta t i c  S c o p e  T a b le  is lo g ic a lly  d iv id e d  in to  “s c o p e  b lo c k s ,” e a c h  o f  w h ic h  d e 

s c r ib e s  id e n ti f ie r s  d e c la r e d  w i th in  a  s in g le  s t a t i c  s c o p e  o f  t h e  s o u rc e  p r o g ra m . A  

m o re  c o m p le te  d is c u s s io n  o f  th is  s e c t io n  is  f o u n d  in  c h a p te r s  3 a n d  4 . E a c h  S ta t i c  

S c o p e  T a b le  e n t r y  c o n ta in s  th e  fo llo w in g  in fo rm a tio n :

o  t h e  n a m e  o f  t h e  id e n t i f ie r  b e in g  d e s c r ib e d  (e .g .,  a  v a r ia b le  n a m e  o r  a  p r o c e d u r e  

n a m e ) ;

o  u p p e r  a n d  lo w e r b o u n d s  ( fo r  a r r a y  v a r ia b le s ) ;

o  * th e  in d e x  o f  t h e  S ta t i c  S c o p e  T a b le  e n t r y  c o n ta in in g  t h e  n e x t  a r r a y  in d e x  

b o u n d s  (fo r  m u l t id im e n s io n a l  a r r a y s ) ;

o  t h e  o ffse t  v a lu e  ( fo r  r e c o r d  f ie ld s ) ; ■

o  a n  e n u m e r a te d  v a lu e  in d ic a t in g  t h e  d a t a  t y p e  (e .g .,  I N T E G E R , R E C O R D , o r 

S T R I N G ) ;

o  * th e  r e c o r d  s iz e  ( fo r  a r r a y s  o f  r e c o rd s ) ;

o  a  p o in te r  to  th is  e n t r y ’s p a r e n t  S ta t i c  S c o p e  E n tr y ;

o  a  p o in te r  t o  t h e  c h ild  o f  th is  e n t r y  (e .g .,  i f  th is  s t a t i c  s c o p e  e n t r y  d e s c r ib e s  a  

p r o c e d u r e ,  th is  f ie ld  w o u ld  h o ld  t h e  in d e x  o f  t h e  f ir s t  e n t r y  in  t h e  s t a t i c  sc o p e  

b lo c k  d e s c r ib in g  t h e  v a r ia b le s  d e c la re d  lo c a l to  th e  p r o c e d u r e ) ;

o  a  v a r ia b le  r e g is te r  n u m b e r  (fo r  v a r ia b le  n a m e s ) ;

o  * a  n u m b e r  s t a t i c a l ly  a s s ig n e d  to  p r o c e d u r e  a n d  fu n c t io n s  e n tr ie s ;  th is  n u m b e r  

is u s e d  in  d e te r m in in g  t h e  d y n a m ic  s c o p in g  le v e l a t  e x e c u t io n  t im e .

* T h e  S T R I N G S E C T I O N

T h e  S T R I N G S E C T I O N , w h ic h  c o n ta in s  t h e  v a lu e s  o f s t r in g  l i te r a l s  a n d  e n u m e r 

a t e d  c o n s ta n t  n a m e s ,  w as  a d d e d  as a  r e s u l t  o f  m in iP a s c a l  c o m p ile r  d e v e lo p m e n t.  T h e
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c o n te n ts  o f  t h e  S T R I N G S E C T I O N  a re  lo a d e d  in to  t h e  E - m a c h in e ’s s t r in g  s p a c e  a t  

r u n  t im e . T h e  s t r in g  s p a c e  a llo w s t h e  a n im a to r  to  h a v e  d y n a m ic  a cc ess  to  t h e  n a m e s  

o f  a n  e n u m e r a te d  ty p e  as w e ll as t h e  in te r n a l  n u m e r ic  v a lu e s  c o r re s p o n d in g  to  th e  

n a m e s .  T h e  a n im a to r  c a n  a lso  r e t r ie v e  t h e  v a lu e s  o f  s t r in g  c o n s ta n t s  f ro m  th e  s t r in g  

s p a c e .
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C H A P T E R  3

E - M A C H I N E  C O M P I L A T I O N  

C O N S I D E R A T I O N S

M a n y  o f  t h e  c o m p ila t io n  c o n c e rn s  c o n fr o n tin g  E -m a c h in e  c o m p ile r  w r i te r s  a re  

t h e  s a m e  a s  th o s e  fa c e d  b y  w r i te r s  o f  c o m p ile rs  fo r  c o n v e n tio n a l m a c h in e s . T h e r e  

a re , h o w e v e r , s e v e ra l  u n iq u e  f a c to r s  t h a t  m u s t  b e  a d d re s s e d  w h e n  c o m p ilin g  fo r th e  

E - m a c h in e ’s a n im a t io n  e n v ir o n m e n t , in c lu d in g :

o  id e n t i f ic a t io n  a n d  t r a n s la t io n  o f  p r o g r a m  a n im a t io n  u n i t s  i n to  E -c o d e  p a c k e ts ;  

o  g e n e r a t io n  o f  t h e  S ta t i c  S c o p e  T a b le ;

o  p r o v id in g  a cc e ss  to  n a m e s  a s s o c ia te d  w i th  e n u m e r a te d  t y p e  v a r ia b le s ; 

o  id e n t i fy in g  c r i t ic a l  a n d  n o n c r i t ic a l  E -c o d e  in s t r u c t io n s .

P r o g r a m  A n i m a t i o n  U n i t s  a n d  E - c o d e  P a c k e t s

A s b r ie f ly  d e s c r ib e d  in  c h a p te r  2 , t h e  a n im a t io n  o f  a  h ig h  le v e l la n g u a g e  p ro g ra m  

is a c c o m p lis h e d  b y  d iv id in g  i t s  s o u rc e  c o d e  in to  p r o g r a m  “c h u n k s ” c a lle d  anima

tion units. T h e  c o m p ile r  is  r e s p o n s ib le  fo r  i s o la t in g  a  s o u rc e  p r o g r a m ’s a n im a t io n  

u n i ts .  E a c h  a n im a t io n  u n i t ,  in  t u r n ,  m u s t  b e  t r a n s l a t e d  in to  a  g r o u p — o r packet— o f 

E - c o d e  in s t r u c t io n s  a lo n g  w i th  c o r r e s p o n d in g  d e s c r ip t io n s  o f  t h e  a n im a t io n  u n i t  a n d  

i t s  t r a n s l a t e d  E - c o d e  p a c k e t  v ia  a  packet structure.
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W h e n  a  h ig h  le v e l l a n g u a g e  p r o g r a m  is a n im a te d ,  t h e  a n im a to r  b e g in s  e x e c u tio n  

b y  d is p la y in g  t h e  f ir s t  s e v e ra l  f in es  o f  t h e  s o u rc e  c o d e  a n d  h ig h lig h t in g  t h e  f ir s t 

a n im a t io n  u n i t  in  t h e  p r o g r a m . T h e  a n im a to r  t h e n  a w a its  a  r e s p o n s e  f ro m  th e  

u s e r . W h e n  t h e  u s e r  r e s p o n d s ,  t h e  a n im a to r  ca lls  t h e  E -m a c h in e  to  e x e c u te  t h e  

c u r r e n t ly  h ig h lig h te d  a n im a t io n  u n i t  o f  t h e  p r o g r a m . A c tu a l ly , w h a t  t h e  E -m a c h in e  

e x e c u te s  is  t h e  p a c k e t  o f  i n s t r u c t io n s  c o r re s p o n d in g  to  t h e  a n im a t io n  u n i t .  W h e n  

t h e  E - m a c h in e  h a s  c o m p le te d  e x e c u tio n  o f  t h e  in s t r u c t io n s  c o n ta in e d  in  th e  p a c k e t,  

c o n tr o l  is  r e t u r n e d  to  t h e  a n im a to r .  T h e  a n im a to r  t h e n  p e r f o rm s  v a r io u s  a n im a t io n  

t a s k s  ( e .g .,  d is p la y in g  p e r t i n e n t  d a t a  m e m o r y  v a lu e s )  a n d  t h e n  a g a in  a w a its  a  u s e r  

r e s p o n s e  b e fo re  r e p e a t in g  th is  p ro c e s s  b y  h ig h lig h t in g  t h e  n e x t  a n im a t io n  u n i t  a n d  so 

f o r th .  T h u s ,  tw o  o f  t h e  c h a lle n g in g  ta s k s  fa c in g  t h e  c o m p ile r  d e s ig n e r  a re  id e n ti fy in g  

a n im a t io n  u n i t s  a n d  p r o p e r ly  t r a n s la t in g  t h e m  in to  E -c o d e  p a c k e ts  fo r  su c ce ss fu l 

a n im a t io n .  T h e  fo llo w in g  tw o  s e c tio n s  p r e s e n t  a n  e x a m p le  p r o g r a m  to  i l lu s t r a te  

h o w  t h e  m in iP a s c a l  c o m p ile r  a c c o m p lis h e s  th e s e  tw o  ta s k s .  A l th o u g h  th is  e x a m p le  

p r o g r a m  p o s e d  n o  p a r t i c u la r  p ro b le m s  fo r  t h e  c o m p ile r , a  n u m b e r  o f  s u b t le  p ro b le m s  

r e la t iv e  to  id e n t i fy in g  a n d  t r a n s la t in g  p r o g r a m  a n im a t io n  u n i t s  w e re  e n c o u n te r e d  

d u r in g  t h e  c o m p i le r ’s d e v e lo p m e n t.  T h e s e  p ro b le m s  a n d  th e i r  s o lu tio n s  a re  d isc u ss e d  

in  d e ta i l  in  c h a p te r  4.

I d e n t i f y i n g  P r o g r a m  A n i m a t i o n  U n i t s

T h e  c o m p ile r  id e n t if ie s  in d iv id u a l  a n im a t io n  u n i ts  as i t  is  p a r s in g  t h e  h ig h  

le v e l la n g u a g e  s o u rc e  c o d e . C o n s id e r  t h e  m in iP a s c a l  p r o g r a m  in  f ig u re  2 ( th e  n u m 

b e r s  o n  t h e  le f t  c o r r e s p o n d  to  f in e  n u m b e r s  in  t h e  s o u rc e  p r o g r a m  file ) . F o r th is  

p r o g r a m , t h e  m in iP a s c a l  c o m p ile r  id e n tif ie s  t h e  n in e te e n  a n im a t io n  u n i ts  sh o w n  

in  f ig u re  3 ( th e  n u m b e r s  o n  t h e  le f t  c o r r e s p o n d  to  e a c h  a n im a t io n  u n i t ’s a sso c i

a t e d  p a c k e t  s t r u c tu r e ,  as d is c u s s e d  in  t h e  n e x t  s e c tio n ) .  T h e s e  a n im a t io n  u n i ts  

w ill b e  s u c c e s s iv e ly  h ig h lig h te d  ( in  t h e  o r ig in a l  s o u rc e  p r o g r a m  o f  f ig u re  2 ) b y  t h e
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Program Sampl;

VAR

I,J,K:INTEGER; 

I:IITEGER;

Procedure -Init(VAR X,Y :INTEGER) 

BEGIN 

X := I;

Y := 2;

END;

BEGIN

Init(IjJ) ;

IF I < 10

THEN K := 100 

ELSE K := 0;

N := K + I*J 

END.

F ig u r e  2: S o u rc e  C o d e  fo r  P r o g r a m  S a m p l

0 Program Sampl;

1 VAR

2 IjJ jK:INTEGER;
3 N :INTEGER;

4 Procedure Init

5 (VAR X jY:INTEGER);
6 BEGIN

7 X := I;

8 Y := 2;

9 END;

10 BEGIN

11 Init(IjJ);
12 IF I < 10

13 THEN

14 K := 100

15 ELSE

16 K := 0

17 N := K + I*J

18 END.

F ig u r e  3: A n im a t io n  U n i t s . I d e n t i f ie d  in  P r o g r a m  S a m p l
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a n im a to r  a s  i t  p e r f o rm s  t h e  a n im a t io n  o f  t h e  p r o g r a m . I t  s h o u ld  b e  n o te d  t h a t  

t h e  d e te r m in a t io n  o f  a n im a t io n  u n i ts  is a r b i t r a r y  a n d  c a n  v a ry  f ro m  o n e  c o m p ile r  

t o  a n o th e r  b a s e d  o n  s u b je c t iv e  a e s th e t ic s  o f p r o g r a m  a n im a t io n . A s c a n  b e  se en  

f ro m  th is  e x a m p le ,  a n  a n im a t io n  u n i t  c a n  c o r r e s p o n d  to  “c h u n k s ” o f  s o u rc e  c o d e  

r e p r e s e n t in g  a  s in g le  k e y w o rd , a n  e n t i r e  p r o g r a m  s t a te m e n t ,  t h e  c o n d it io n a l  p a r t  o f  

a n  i f  s t a t e m e n t ,  a n d  so f o r th .

T r a n s l a t i n g  P r o g r a m  A n i m a t i o n  U n i t s  i n t o  E - c o d e  P a c k e t s

O n c e  t h e  c o m p ile r  h a s  id e n t i f ie d  a n  a n im a t io n  u n i t ,  i t  m u s t  t h e n  t r a n s la te  th is  

u n i t  in to  a  c o r r e s p o n d in g  p a c k e t  o f E -c o d e  in s t r u c t io n s  a lo n g  w i th  a n  a s s o c ia te d  

d e s c r ip t iv e  p a c k e t  s t r u c tu r e .  T h u s ,  c o m p ila t io n  o f  t h e  e x a m p le  g iv e n  in  f ig u re  2, 

w o u ld  r e s u l t  in  t h e  g e n e r a t io n  o f  n in e te e n  E - c o d e  p a c k e ts  a n d  n in e te e n  c o r r e s p o n d 

in g  p a c k e t  s t r u c tu r e s .  F ig u re . 4  sh o w s t h e  p s e u d o  a s s e m b ly  la n g u a g e  r e p r e s e n ta t io n  

o f  t h e  E -c o d e  in s t r u c t io n s  g e n e r a te d  fo r  t h e  m in iP a s c a l  p r o g r a m  s h o w n  in  f ig u re  2. 

T h e  n u m b e r s  s h o w n  o n  t h e  le f t  in  f ig u re  4  c o r r e s p o n d  to  p r o g r a m  m e m o r y  a d d re s s e s  

( in s t r u c t io n  n u m b e r s ) .  T h e  in d iv id u a l  p a c k e ts , c o r r e s p o n d in g  to  t h e  a n im a t io n  u n i ts  

o f  f ig u re  3 , a re  s h o w n  s e p a r a t e d  b y  b la n k  l in e s  in  f ig u re  4.

T a b le  I  sh o w s t h e  a r r a y  o f  p a c k e t  s t r u c tu r e s — c a lle d  t h e  P a c k e t  T a b le —  

d e s c r ib in g  t h e  in d iv id u a l  p a c k e ts  r e s u l t in g  f r o m  t h e  t r a n s la t io n  o f  t h e  p r o g r a m  o f  

f ig u re  2. T h e  P a c k e tN u m b e r  f ie ld  (c o lu m n )  is in c lu d e d  fo r  c la r i ty — i t  is  n o t  p a r t  o f  

t h e  P a c k e t  T a b le . T h e  f ir s t  tw o  fie ld s  in  t h e  P a c k e t  T a b le  ( S t a r tA d d r  a n d  E n d A d d r )  

g iv e  t h e  s t a r t i n g  a n d  e n d in g  a d d re s s e s  in  p r o g r a m  m e m o r y  o f  t h e  E -c o d e  p a c k e t. 

T h e  n e x t  fo u r  fie ld s  ( S ta r  t h in e ,  S t  a r t  C o l, E n d L in e ,  a n d  E n d C o l)  d e m a r k  th e  p h y s 

ic a l  lo c a t io n  o f  t h e  p a c k e t ’s c o r r e s p o n d in g  p r o g r a m  a n im a t io n  u n i t  in  t h e  s o u rc e  

p r o g r a m  a r ra y . T h e  S c o p e In d e x  fie ld  in  t h e  P a c k e t  T a b le  is  d is c u s s e d  in  t h e  n e x t  

s e c t io n  o f  t h i s  c h a p te r .  T h e  f in a l  tw o  fie ld s  ( F r a g A d d r  a n d  D is p la y P a c k e t ) p ro v id e
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0 pushd' Cl2 36 nop
I nop

37 push I,ClOO
2 nop 38 pop c,I,VO

39 br 5
3 inst c,VO
4 inst c,Vl 40 label 4
5 inst c,V2 41 nop.

6 inst c,V3 42 push I,C0
7 br 0 43 pop c,I,VO

8 label LI 44 label L5
9 pushd C9 45 inst c,V7

46 push I,V2
10 link V5 47 push I,Vl
11 link V4 48 mult c ,I

49 pop c,I,V7
12 nop 50 inst c,V8

51 push I,VO
13 push !,Cl 52 push I,V7
14 pop c,I,V5 53 add c,I

54 pop c,I,V8
15 push I,C2 55 push I,V8
16 pop c,I,V4 56 pop c,I,V3

17 nop 57 nop
18 unlink V4 58 uninst c,V8
19 unlink V5 59 uninst c,V7
20 popd 60 uninst c,V6
21 return 61 uninst c,V3

62 uninst c,VO
22 label 0 63 uninst c,Vl
23 nop 64 uninst c,V2

65 popd
24 pusha Vl

25 pusha V2
26 call I

27 label 2
28 label 3

29 inst c,V6

30 push I,V2

31 push I,CIO

32 . less c,I
33 pop c,B,V6

34 push B,V6
35 brf c,4

F ig u r e  4: E - c o d e  I n s t r u c t io n s  R e s u l t in g  f ro m  C o m p ila tio n  o f  P r o g r a m  S a m p l
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P a c k e t

N u m b e r

S t a r t

A d d r

E n d

A d d r

S ta r t

L in e

S ta r t

C ol

E n d

L in e

E n d

C o l

S c o p e

I n d e x

F ra g  

. A d d r

D isp la y

P a c k e t

0 0 I 0 0 0 14 0 - I T R U E

I 2 2 2 2 2 4 0 - I T R U E

2 3 5 3 4 3 17 3 - I T R U E

3 6 7 4 4 4 13 4 - I T R U E

4 8 9 6 2 6 15 0 - I T R U E

5 10 11 6 17 6 33 2 - I T R U E

6 12 12 7 4 7 8 2 - I T R U E

7 13 14 8 6 8 12 2 - I T R U E

8 15 16 9 6 9 12 2 - I T R U E

9 17 21 10 6 10 9 5 - I T R U E

10 2 2 2 3 12 2 12 6 5 - I T R U E

11 24 2 6 13 4 13 13 5 - I T R U E

12 27 35 14 4 14 12 5 - I T R U E

13 36 36 15 6 15 9 5 - I T R U E

14 37 3 9 15 11 15 18 5 - I T R U E

15 40 41 16 6 16 9 5 - I T R U E

16 42 43 16 11 16 17 5 - I T R U E

17 44 56 17 4 17 15 5 - I T R U E

18 57 65 18 4 18 7 5 - I T R U E

T a b le  I :  P a c k e t  T a b le  R e s u l t in g  f ro m  C o m p ila tio n  o f  P r o g r a m  S a m p l

a d d i t io n a l  in f o r m a t io n  n e c e s s a ry  fo r  a n im a t in g  a n  a n im a t io n  u n i t  a n d  a re  d isc u ss e d  

in  c h a p te r  4.

G e n e r a t i o n  o f  t h e  S t a t i c  S c o p e  T a b l e

T h e  c o m p ile r  w r i t e r  m u s t  a lso  p r o v id e  in f o r m a t io n  d e s c r ib in g  a ll o f  th e  d a t a  

m e m o r y  v a r ia b le s  t h a t  t h e  a n im a to r  m u s t  d isp lay . T h is  in f o r m a t io n  is  p ro v id e d  in  

t h e  S ta t i c  S c o p e  T a b le , a  l in e a r  a r r a y  w h ic h  is , in  t u r n ,  lo g ic a lly  d iv id e d  in to  n u m e r 

o u s  s c o p e  b lo c k s . E a c h  s c o p e  b lo c k  d e s c r ib e s  t h e  id e n t if ie r s  (e .g .,  v a r ia b le  n a m e s  

a n d  p r o c e d u r e  n a m e s )  d e c la re d  in  a  s in g le  s t a t i c  s c o p e  in  a  p r o g r a m . E v e n  th o u g h  

th is  in f o r m a t io n  is  o b ta in e d  f ro m  t h e  c o m p ile r ’s s y m b o l t a b le ,  t h e  g e n e r a t io n  o f  t h e



2 6

S ta t i c  S c o p e  T a b le  is  n o t  a  s t r a ig h t f o r w a r d  t a s k  d u e  to  s c o p e  n e s t in g  c h a r a c te r is t ic s  

o f  m a n y  h ig h  le v e l la n g u a g e s , s u c h  as m in iP a s c a l .

T a b le  2 sh o w s t h e  S ta t i c  S c o p e  T a b le  t h a t  is g e n e r a te d  as a  r e s u l t  o f  c o m p ilin g  t h e  

m in iP a s c a l  p r o g r a m  g iv e n  in  f ig u re  2. T h e  E n t r y  ( e n t r y  n u m b e r )  c o lu m n , o r  fie ld , 

is  in c lu d e d  fo r  c la r i ty — i t  is n o t  p a r t  o f  t h e  S ta t i c  S c o p e  T a b le . T h is  S ta t i c  S c o p e  

T a b le  c o n s is ts  o f  t h r e e  s c o p e  b lo c k s— a  b lo c k  d e s c r ib in g  t h e  id e n ti f ie r s  d e c la re d  

w i th in  t h e  s c o p e  o f  p r o c e d u r e  I n i t  ( e n tr ie s  0 - 3 ) ,  a  b lo c k  d e s c r ib in g  t h e  id e n t if ie r s  

d e c la r e d  w i th in  t h e  s c o p e  o f  p r o g r a m  S a m p l  ( e n tr ie s  4 - 1 0 ) ,  a n d  a  “b o o t s t r a p ” b lo c k  

d e s c r ib in g  t h e  m a in  p r o g r a m  e n t r y  ( e n tr ie s  11 -1 3 ).

E n I d U p r L w r N x t O f f T y p e R e c P a r C h V a r P r o c

t r y N a m e B n d B n d I d x s e t S iz e n t i ld R e g N u m

S c o p e  b lo c k  d e s c r i b in g  p r o c e d u r e  I n i t

0 - - - - H E A D E R - 4 - - -

I X - - - - IN T E G E R - - - 5 -

2 Y - - - - IN T E G E R - - - 4 -

3 - - - - E N D - - - - -

S c o p e  b lo c k  d e s c r i b in g  p r o g r a m  S a m p l

4 - - - - H E A D E R - 1 1 - - -

5 I - - - - IN T E G E R - - - 2 -

6 J - - - - IN T E G E R - - - I -

7 K - - - - IN T E G E R - - - 0 -

8 N - - - - IN T E G E R - - - 3 -

9 I n i t - - - - P R O C E D U R E - - 0 - I

1 0 - - - - E N D - - - - - -

Bootstrap scope block

1 1 - - - - H E A D E R - - - - -

1 2 S a m p l - - - - P R O G R A M - - 4 - 0

1 3 - - - - E N D - - - - -

T a b le  2: S t a t i c  S c o p e  T a b le  R e s u l t in g  f ro m  C o m p ila tio n  o f  P r o g r a m  S a m p l

T h e  b o o t s t r a p  b lo c k  c o n ta in s  th r e e  e n tr ie s :  t h e  H E A D E R  a n d  E N D  e n tr ie s  t h a t  

d e lim it  t h e  s c o p e  b lo c k  a n d  a  P R O G R A M  e n t r y  c o n ta in in g  in f o r m a t io n  a b o u t  t h e  

p r o g r a m  its e lf .  T h e r e  a re  tw o  fie ld s  o f in te r e s t  in  th e  P R O G R A M  e n t r y ;  th e s e  a re  t h e
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c h ild  p o in te r  f ie ld  (C h i ld )  a n d  th e  p r o c e d u r e  n u m b e r  f ie ld  ( P r o c N u m ) .  T h e  C h ild  

f ie ld  c o n ta in s  t h e  in d e x  o f  t h e  f ir s t  e n t r y  o f  t h e  s c o p e  b lo c k  d e s c r ib in g  th e  id e n tif ie rs  

d e c la r e d  in  t h e  p r o g r a m . T h e  P r o c N u m  f ie ld  c o n ta in s  a  c o m p ile r - g e n e r a te d  n u m b e r  

t h a t  is  u s e d  in  c o n ju n c t io n  w i th  d y n a m ic  s c o p in g ; th i s  f ie ld  is  d is c u s s e d  in  c h a p te r  4.

T h e  e n tr ie s  in  t h e  s c o p e  b lo c k  d e s c r ib in g  t h e  id e n ti f ie rs  d e c la re d  in  t h e  p r o 

g r a m  s c o p e  c o n s is t  o f  t h e  H E A D E R  a n d  E N D  d e lim ite r  e n tr ie s  as w e ll a s e n tr ie s  

d e s c r ib in g  e a c h  o f  t h e  s c o p e ’s id e n ti f ie rs .  T h e  P a r e n t  f ie ld  o f  t h e  H E A D E R  e n 

t r y  in  th is  s c o p e  b lo c k  c o n ta in s  t h e  in d e x  o f  t h e  f ir s t  e n t r y  o f  t h e  b o o t s t r a p  sc o p e  

b lo c k . T h is  s c o p e  b lo c k ’s P R O C E D U R E  e n t r y — d e s c r ib in g  p r o c e d u r e  I n i t — u se s  t h e  

C h i ld  f ie ld , w h ic h  c o n ta in s  t h e  in d e x  o f t h e  f i r s t  e n t r y  o f  t h e  s c o p e  b lo c k  d e s c r ib in g  

t h e  id e n ti f ie r s  d e c la re d  in  p r o c e d u r e  I n i t . T h e  P r o c N u m  f ie ld  is  a lso  u s e d  in  t h e  

P R O C E D U R E  e n tr y ;  i t  c o n ta in s  a  c o m p ile r - g e n e r a te d  n u m b e r  to  b e  u s e d  in  c o n 

j u n c t i o n  w i th  d y n a m ic  sc o p in g .

T h e  e n tr ie s  in  t h e  s c o p e  b lo c k  d e s c r ib in g  t h e  id e n t if ie r s  d e c la r e d  in  p r o c e d u r e  I n i t  

c o n s is t  o f  t h e  H E A D E R  a n d  E N D  d e lim ite r  e n tr ie s  as w e ll as e n tr ie s  d e s c r ib in g  e ac h  

id e n t i f ie r  d e c la re d  in  t h e  s c o p e , in  th is  c a s e  t h e  p r o c e d u r e ’s p a r a m e te r s .  T h e  P a r e n t  

f ie ld  o f t h e  H E A D E R  e n t r y  o f  th i s  s c o p e  b lo c k  c o n ta in s  t h e  in d e x  o f  t h e  f i r s t  e n t r y  

o f  t h e  s c o p e  b lo c k  c o n ta in in g  t h e  p r o c e d u r e ’s d e c la ra tio n .

T h e r e  m u s t  a lso  b e  s o m e  w a y  to  r e la te  a  h ig h  le v e l l a n g u a g e  p r o g r a m ’s d y n a m ic  ' 

n a t u r e  to  t h e  s t a t i c  in f o r m a t io n  f o u n d  in  t h e  S ta t i c  S c o p e  T a b le .  T h a t  is , th e  

a n im a to r  m u s t  b e  a b le  to  d e te r m in e  a ll o f  t h e  a c t iv e  sc o p e s  a t  a n y  g iv e n  p o in t  d u r in g  

e x e c u t io n  o f  t h e  p r o g r a m . T h e  a n im a to r  c a n  t h e n  d isp la y  t h e  d a t a  m e m o ry  v a lu e s  

p e r t i n e n t  to  t h e  m o s t  c u r r e n t  s c o p e  as w e ll a s t h e  d a t a  m e m o r y  v a lu e s  a s s o c ia te d  

w i th  t h e  s c o p e s  in  t h e  c a llin g  s e q u e n c e  le a d in g  to  t h e  m o s t  c u r r e n t  sc o p e .

T h e  a n im a to r  r e t r ie v e s  d y n a m ic  sc o p in g  in f o r m a t io n  f ro m  t h e  E - m a c h in e ’s d y 

n a m ic  s c o p e  s ta c k . F o r  in s ta n c e ,  s u p p o s e  t h a t  t h e  a n im a to r  h a s  j u s t  h ig h lig h te d
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th_e a n im a t io n  u n i t  

X := I;

in  p r o c e d u r e  I n i t . A f te r  re c e iv in g  a  r e s p o n s e  f ro m  t h e  u s e r ,  t h e  a n im a to r  t h e n  

ca lls  t h e  E -m a c h in e  to  e x e c u te  t h e  E -c o d e  p a c k e t  c o r r e s p o n d in g  to  th is  a n im a t io n  

u n i t .  W h e n  t h e  E - m a c h in e  r e tu r n s  c o n tr o l  to  t h e  a n im a to r ,  t h e  a n im a to r  m u s t  t h e n  

d e te r m in e  t h e  r e le v a n t  d a t a  m e m o r y  v a lu e s  to  b e  d is p la y e d  fo llo w in g  a n y  c h a n g e s  

t h a t  r e s u l te d  f ro m  e x e c u t io n  o f  t h e  p a c k e t .  T h is  t a s k  is  a c c o m p lis h e d  b y  q u e ry in g  

t h e  E - m a c h in e ’s d y n a m ic  s c o p e  s ta c k , w h ic h  c o n ta in s  a  h i s to r y  o f  t h e  a c t iv e  sc o p e s . 

I n  th is  e x a m p le ,  t h e  d y n a m ic  s c o p e  s ta c k  c u r r e n t ly  c o n s is ts  o f  tw o  e n tr ie s ,  e a c h  

c o n ta in in g  a n  in d e x  in to  t h e  S ta t i c  S c o p e  T a b le . T h e  to p  e n t r y  c o n ta in s  t h e  v a lu e  9 

a n d  t h e  b o t to m  e n t r y  c o n ta in s  t h e  v a lu e  12. T h e s e  v a lu e s  in d ic a te  to  t h e  a n im a to r  

t h a t  p r o c e d u r e  I n i t  ( S t a t i c  S c o p e  T a b le  e n t r y  n u m b e r  9) is t h e  m o s t  c u r r e n t  a c tiv e  

s c o p e  a n d  t h a t  p r o g r a m  S a m p l  ( e n t r y  n u m b e r  12) is t h e  c a llin g  s c o p e , B y  u s in g  t h e  

c h ild  p o in te r s  a s s o c ia te d  w i th  th e s e  tw o  S ta t i c  S c o p e  T a b le  e n tr ie s ,  t h e  a n im a to r  c a n  

n o w  d e te r m in e  t h e  a p p r o p r i a te  d a t a  m e m o r y  v a lu e s  to  b e  d is p la y e d . F ig u r e  5 show s 

a  p o s s ib le  a n im a t io n  r e s u l t in g  f ro m  t h e  e x e c u tio n  o f  th is  a n im a t io n  u n i t .  T h e  a rro w  

(= = > ) p o in t in g  to  t h e  i n s t r u c t io n  Y := 2; in d ic a te s  w h e re  a n im a t io n  p ro c e e d s .

T h e  S c o p e In d e x  f ie ld  o f  t h e  p a c k e t  s t r u c tu r e  c a n  n o w  b e  e x p la in e d . S u p p o s e  

t h a t  t h e  E - m a c h in e  h a s  c o m p le te d  e x e c u tio n  o f  t h e  p a c k e t  c o r r e s p o n d in g  to  th e  

a n im a t io n  u n i t

I,J,K:INTEGER;

a n d  h a s  r e t u r n e d  c o n tr o l  t o  t h e  a n im a to r .  T h e  a n im a to r ,  v ia  a  q u e ry  o f  t h e  d y n a m ic  

s c o p e  s ta c k ,  n o w  d e te r m in e s  t h a t  o n ly  t h e  v a lu e s  o f  t h e  v a r ia b le s  c o n ta in e d  in  th e  

o u te r  p r o g r a m  s c o p e  s h o u ld  b e  d is p la y e d . T h e  v a r ia b le s  l is te d  in  t h e  b lo c k  d e s c r ib in g  

th is  s c o p e ’s v a r ia b le s  a re  I, J, K, a n d  N. H o w e v e r, a t  th is  p o in t  in  t h e  p r o g r a m ’s 

e x e c u tio n , v a r ia b le  N h a s  n o t  y e t  b e e n  d e c la r e d , a n d  th u s  s h o u ld  n o t  b e  d is p la y e d . 

T h e  S c o p e In d e x  f ie ld  o f  t h e  p a c k e t  s t r u c tu r e  a s s o c ia te d  w i th  t h e  a b o v e  a n im a t io n
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Program Sampl; Program Sampl

I = I
VAR J is undefined
I,J,K :INTEGER; K is undefined
N :INTEGER; N is undefined

Procedure Init(VAR X,Y :INTEGER); Procedure Init
BEGIN X = I
X := I; Y is undefined

==> Y := 2;
END;

BEGIN

Init(IjJ) ;

IF I < 10

THEN K := 100

ELSE K := 0;

N := K + I*J
END.

F ig u r e  5: A n im a t io n  D is p la y  A f te r  E x e c u tio n  o f  X :=  I ;

u n i t  c o n ta in s  t h e  v a lu e  3. T h is  v a lu e  in d ic a te s  to  t h e  a n im a to r  t h a t  i t  s h o u ld  o n ly  

d is p la y  d a t a  m e m o r y  v a lu e s  fo r  e n tr ie s  n u m b e r e d  0, I ,  2, a n d  3 in  t h e  w in d o w  

a s s o c ia te d  w i th  t h e  m o s t  current a c t iv e  s c o p e  b lo c k . H e n c e , t h e  a n im a to r  w ill 

d i s p la y  t h e  v a lu e s  o f  t h e  v a r ia b le s  I, J, a n d  K (0  s ta n d s  fo r  t h e  H E A D E R  e n t r y ) .  I n  

th is  c a s e , a l l o f  th e s e  v a r ia b le s  w o u ld  h a v e  t h e  v a lu e  “u n d e f in e d ,” as t h e y  h a v e  o n ly  

j u s t  b e e n  d e c la r e d  a n d  h a v e  n o t  y e t  h a d  v a lu e s  a s s ig n e d  to  th e m .

T r a n s l a t i n g  E n u m e r a t e d  T y p e  V a r i a b l e s

O rd in a r ily , o n ly  t h e  in te r n a l  n u m e r ic  v a lu e  o f  a n  e n u m e r a te d  ty p e  v a r ia b le  is 

r e q u i r e d  in  t r a n s l a t e d  o b je c t  c o d e . I t  is d e s ir a b le , h o w e v e r, fo r  p r o g r a m  a n im a t io n  

p u r p o s e s  to  h a v e  t h e  a n im a to r  d is p la y  t h e  e n u m e r a te d  c o n s ta n t  n a m e  r a t h e r  t h a n  

j u s t  t h e  in te r n a l  n u m e r ic  v a lu e  o f  a  v a r ia b le  o f  a n  e n u m e r a te d  ty p e .  T h u s ,  w h e n  

t r a n s la t in g  a n  e n u m e r a te d  t y p e  v a r ia b le , t h e  c o m p ile r  m u s t  p ro v id e  a  w a y  fo r  th e
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a n im a to r  to  r e l a te  t h e  v a r ia b le ’s in te r n a l  n u m e r ic  v a lu e  to  i t s  c o r r e s p o n d in g  c o n s ta n t  

n a m e . T h is  t a s k  w as a c c o m p lis h e d  b y  t h e  a d d i t io n  o f  t h e  s t r in g  s p a c e  to  t h e  El- 

m a c h in e ’s a r c h i te c tu r e .  T h e  s t r in g  s p a c e  h o ld s  t h e  e n u m e r a te d  c o n s ta n t  n a m e s  

(a s  w e ll as s t r in g  l i te r a l s )  d e f in e d  in  a  m in iP a s c a l  p ro g ra m . T h e  m e th o d  t h a t  th e  

m in iP a s c a l  c o m p ile r  u s e s  to  r e la te  a n  e n u m e r a te d  ty p e  v a r ia b le ’s i n te r n a l  n u m e r ic  

v a lu e  to  t h e  a p p r o p r i a te  n a m e  in  t h e  s t r in g  s p a c e  is d is c u s s e d  in  c h a p te r  4.

I d e n t i f y i n g  C r i t i c a l  a n d  N o n c r i t i c a I  E - c o d e  I n s t r u c t i o n s

T h e  f in a l  m a jo r  E -m a c h in e  c o m p ila t io n  c o n c e rn  is t h a t  o f  id e n t i fy in g  t h e  E -c o d e  

in s t r u c t io n s  t h a t  w o u ld  d e s t r o y  in f o r m a t io n  t h a t  is n e e d e d  ( i .e .,  c r i t ic a l)  fo r  s u c c e s s 

fu l  r e v e r s e  e x e c u tio n . S in c e  t h e  im m e d ia te  c o n c e rn  fo r  t h e  m in iP a s c a l  c o m p ile r  w as 

to  p r o d u c e  a  u s a b le  c o m p ile r ,  t h e  c u r r e n t  v e rs io n  o f  t h e  c o m p ile r  t r e a t s  a ll E -c o d e  

in s t r u c t io n s  as c r i t ic a l . F o r  e x a m p le , t h e  a n im a t io n  u n i t  

M := K + I*J;

in  f ig u re  2 c o r r e s p o n d s  to  t h e  p a c k e t  o f  E -c o d e  in s t r u c t io n s  n u m b e r e d  44  th r o u g h  

56 in  f ig u re  4. AU o f  th e s e  in s t r u c t io n s  a re  m a r k e d  c r i t ic a l  v ia  t h e  “c ” o p e ra n d .  

O n ly  in s t r u c t io n  n u m b e r  56 is  a c tu a U y  c r i t ic a l ,  h o w e v e r, as o n ly  i t  r e s u l ts  in  c r i t ic a l  

in f o r m a t io n  b e in g  d e s t ro y e d . T h a t  is , t h e  o ld  v a lu e  o f  M is b e in g  d e s t ro y e d  b y  

p o p p in g  a  n e w  v a lu e  in to  i t  in  i n s t r u c t io n  56; fo r  re v e r s e  e x e c u tio n ,  th i s  o ld  v a lu e  

o f  N m u s t  b e  s a v e d . T h u s ,  t h e  p a c k e t  o f  E - c o d e  in s t r u c t io n s  c o r r e s p o n d in g  to  th is  

a n im a t io n  u n i t  c o u ld  b e  g e n e r a te d  as s h o w n  in  f ig u re  6, w h e re  t h e  o p e ra n d  “n ” 

in d ic a te s  a  n o n c r i t ic a l  in s t r u c t io n .



44 label L5

45 inst rL,V7

46 push I-V2

47 push IjVl

48 mult n ,I

49 pop U jIjVT

50 inst IxjVS

51 push IjVO

52 push IjVT

53 add-n,I

54 pop IxjIjVS

55 push IjVS

56 pop C jIjVS

F ig u r e  6: E -c o d e  I n s t r u c t io n s  T r a n s la t in g  N :=  K + l * j
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C H A P T E R  4

T H E  D E S I G N  O F  T H E  m i n i P A S C A L

C O M P I L E R

T h e  r a in iP a s c a l  c o m p ile r  is a  o n e -p a s s  c o m p ile r  w r i t t e n  in  A N S I  S ta n d a r d  C  a n d  

d e v e lo p e d  w i th  B o r la n d  C + +  3.1  o n  a n  IB M  P C  c o m p a tib le  c o m p u te r .  E -m a c h in e  

o b je c t  files (E - c o d e  file s) g e n e r a te d  b y  t h e  m in iP a s c a l  c o m p ile r  h a v e  b e e n  t e s te d  

u s in g  a  s im p le  D O S  a n im a to r  d r iv in g  th e  E -m a c h in e  e m u la to r .  E v e n  th o u g h  th e  

c a p a b il i t i e s  o f  th is  a n im a to r  a re  q u i te  l im i te d ,  a  s ig n if ic a n t n u m b e r  o f  m in iP a s c a l  

p r o g r a m s  h a v e  b e e n  c o m p ile d , e x e c u te d ,  a n d  a n im a te d  su c ce ss fu lly .

T h e  m i n i P a s c a l  L a n g n a g e

T h e  m in iP a s c a l  la n g u a g e  is a  s u b s e t  ( w i th  a  few  n o te d  e x te n s io n s )  o f  IS O  S ta n 

d a r d  P a s c a l  as d e f in e d  in  t h e  b o o k  Pascal User Manual and Report b y  J e n s e n  a n d  

W i r t h  [ J e n s e n  91]. T h e  fo llo w in g  P a s c a l  f e a tu r e s  a re  s u p p o r te d  b y  m in iP a s c a l:  

o  c o n s ta n t ,  ty p e ,  a n d  v a r ia b le  d e c la r a tio n s ;  

o  p r o c e d u r e  a n d  f u n c t io n  d e c la r a tio n s ;

o  s im p le  ty p e s  in c lu d in g  in te g e r ,  re a l ,  c h a r a c te r ,  b o o le a n , e n u m e r a te d  ty p e s ,  a n d  

s u b r a n g e  ty p e s ;
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o  s t r u c tu r e d  ty p e s :

— s in g le  a n d  m u l t id im e n s io n a l  a r r a y s ,

— s t r in g s ,  in c lu d in g  a r r a y s  o f  s t r in g s ,

• -  f ix e d - p a r t  r e c o rd s  in c lu d in g  r e c o r d s  w h o s e  fie ld s  a re  a r r a y s ,  re c o rd s , s tr in g s ,

o r  e n u m e r a te d  ty p e s  ( a r r a y s  o f  r e c o r d s  a re  a lso  s u p p o r te d ) ;

o  b o o le a n  e x p re s s io n s ,  u n a r y  e x p re s s io n s , a n d  in f ix  e x p re s s io n s ;

o  a s s ig n m e n t  s t a te m e n ts ;

o  p r o c e d u r e  a n d  f u n c t io n  calls;

o  c o n tr o l  s t a te m e n ts :

— t h e  i f i t h e n  a n d  i f - th e n -e ls e  s t a te m e n t s ,

— t h e  w h ile  lo o p ,

— t h e  r e p e a t  lo o p ,

— t h e  fo r  lo o p ,

— t h e  c ase  s t a t e m e n t  ( w i th  t h e  e x te n s io n  o f  a n  o th e r s  c la u s e ) .

T h e  fo llo w in g  P a s c a l  f e a tu r e s  a re  n o t  c u r r e n t ly  s u p p o r te d  in  m in iE a s c a l :  

o  r e c o rd s  w i th  v a r ia n t  p a r t s ;  

o  t h e  w i th  s t a te m e n t ;  

o  p o in te r s ;  

o  se ts ;  

o  la b e ls ;

o  t h e  g o to  s t a te m e n t ;  

o  e x te r n a l  files; 

o  t h e  f o rw a rd  d ire c tiv e ;  

o  p r e d e c la r e d  f u n c t io n s  a n d  p r o c e d u re s ;

o p r o c e d u r e  o r  f u n c t io n  n a m e s  as p a r a m e te r s ;  

o  c o n f o r m a n t- a r r a y  p a r a m e te r s .



3 4

O v e r v i e w  o f  t h e  m i n i P a s c a l  C o m p i l e r

T h e  m in iP a s c a l  c o m p ile r  w a s  d e v e lo p e d  u s in g  t h e  le x  a n d  y a c c  c o m p ile r  d e v e l

o p m e n t  to o ls  [M a so n  90]. L e x  is  a  s c a n n e r  g e n e r a to r  w r i t t e n  b y  M .E . L esk  a n d  E . 

S c h m id t  o f  B e ll  L a b o r a to r ie s  [L esk  75] a n d  y a c c  is a  p a r s e r  g e n e r a to r  w r i t te n  b y  

S .C . J o h n s o n ,  a lso  o f  B e ll  L a b o r a to r ie s  [ J o h n s o n  75]. L e x  r e a d s  a  s p e c if ic a tio n  file 

o f  r e g u la r  e x p re s s io n s  id e n t i fy in g  th e  to k e n s  in  a  la n g u a g e  a n d  g e n e r a te s  a  C m o d 

u le  c o n ta in in g  a  s c a n n e r  fo r  th o s e  to k e n s .  Y a c c  r e a d s  a  s p e c i f ic a t io n  file  c o n ta in in g  

a  c o n te x t- f r e e  g r a m m a r  ( a n d  a s s o c ia te d  s e m a n t ic  a c t io n s )  fo r  a  la n g u a g e  a n d  p r o 

d u c e s  a  C m o d u le  c o n ta in in g  a n  L A L R ( I )  p a r s e r  fo r  t h e  la n g u a g e .  T h e  b a s ic  le x  

a n d  y a c c  s p e c if ic a t io n s  fo r  IS O  S ta n d a r d  P a s c a l  w e re  o b ta in e d  f ro m  t h e  f tp  n e tw o rk  

s i te  p r im o s t.c s .w is c .e d u .  T h e  s e m a n t ic  s ta c k  d e f in it io n  a n d  s e m a n t ic  a c tio n s  w e re  

t h e n  a d d e d  to  th e s e  s p e c if ic a tio n s .

B o th  le x  a n d  y a c c  a re  s t a n d a r d  u t i l i t i e s  a v a ila b le  o n  U n ix  m a c h in e s .  E v e n  th o u g h  

t h e r e  a re  v e rs io n s  o f  th e s e  u t i l i t i e s  a v a ila b le  fo r  D O S  m a c h in e s ,  t h e  le x  a n d  y a cc  

s p e c i f ic a t io n s  fo r  m in iP a s c a l  h a v e  b e e n  r u n  e x c lu s iv e ly  o n  a  U n ix  m a c h in e ,  w i th  t h e  

r e s u l t in g  C  m o d u le s  b e in g  d o w n lo a d e d  to  a  D O S  m a c h in e . T h e s e  C  m o d u le s  w e re  

t h e n  c o m p ile d  a n d  l in k e d  w i th  n u m e ro u s  o th e r  C m o d u le s  c o n ta in in g  t h e  s e m a n tic  

a n a ly s is  a n d  c o d e  g e n e r a t io n  ro u t in e s .

T h e  c o m p ile r  c o n s is ts  o f  a  t o t a l  o f  s ix te e n  m o d u le s . F ig u r e  7 is a  s c h e m a tic  

d ia g r a m  s h o w in g  t h e  in te r a c t io n s  a m o n g  t h e  v a r io u s  m o d u le s — t h e  d i r e c tio n s  o f  th e  

a r ro w s  in d ic a te  ca lls  to  a  m o d u le . T h r e e  o f  t h e  s ix te e n  m o d u le s  a re  o m i t t e d  f ro m  

t h e  f ig u re  fo r  t h e  sa k e  o f  c la r i ty . T h e s e  a re  t h e  E r r o r  M e ss ag e  m o d u le ,  t h e  M e m o ry  

A llo c a tio n  m o d u le , a n d  t h e  m o d u le  t h a t  p r o d u c e s  a  t e x t  file  c o n ta in in g  t h e  p s e u d o  

a s s e m b ly  la n g u a g e  in s t r u c t io n s  t r a n s la t in g  t h e  s o u rc e  p r o g r a m  (u s e d  fo r  c o m p ile r  

d e b u g g in g  p u r p o s e s ) .  A  b r ie f  d e s c r ip t io n  o f  t h e  c o m p ile r  o p e r a t io n  is g iv e n  b e lo w .
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S T R IN G

M o d u le

S c a n n e r

M o d u le

S O U R C E

M o d u le

S o u rc e  

x F ile  J

V A R IA B L E

M o d u le

C o d e  D r iv e r  

M o d u le

P a r s e r

M o d u le

P A C K E T

M o d u le

M ain

M o d u le

C O D E

M o d u le

L A B E L

M o d u le

S y m b o l

T a b le

M o d u le

S e m a n tic

A n a ly s is

M o d u le

S T A T S C O P E

M o d u le

F ig u re  7: S c h e m a tic  D ia g ra m  o f  t h e  m in iP a s c a l  C o m p ile r

A f te r  t h e  M a in  m o d u le  o p e n s  a p p r o p r ia te  files, i t  ca lls  th e  P a r s e r  m o d u le ,  w h ich  

d r iv e s  t h e  c o m p ila t io n  p ro c e s s  b y  r e q u e s t in g  to k e n s  f ro m  th e  S c a n n e r  m o d u le  a n d  b y  

c a llin g  v a r io u s  s e m a n t ic  a n a ly s is  a n d  c o d e  g e n e r a t io n  ro u t in e s ,  n o ta b ly  th e  S e m a n t ic  

A n a ly s is  m o d u le  a n d  th e  C o d e  D r iv e r  m o d u le . A s c a n  b e  se e n  in  f ig u re  7, th e  S y m b o l 

T a b le  m o d u le  p la y s  a  c e n t r a l  ro le  d u r in g  s e m a n t ic  a n a ly s is  a n d  c o d e  g e n e r a t io n .

S e v e n  o f  t h e  m o d u le s  a re  d e d ic a te d  to  p r o d u c in g  th e  E -c o d e  o b je c t  file. T h e s e  

m o d u le s  a re :

•  t h e  P A C K E T  m o d u le , w h ich  p ro d u c e s  th e  P A C K E T S E C T I O N ;

•  th e  L A B E L  m o d u le , w h ic h  p r o d u c e s  th e  L A B E L S E C T I O N ;

•  th e  V A R IA B L E  m o d u le , w h ich  p ro d u c e s  t h e  V A R IA B L E S E C T IO N ;
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o  t h e  C O D E  m o d u le , w h ic h  p ro d u c e s  t h e  C O D E S E C T I O N ; 

o  t h e  S T R I N G  m o d u le , w h ic h  p ro d u c e s  t h e  S T R I N G S E C T I O N ;  

o  t h e  S O U R C E  m o d u le ,  w h ic h  p ro d u c e s  t h e  S O U R C E S E C T I O N ; 

o  t h e  S T A T S C O P E  m o d u le , w h ic h  p r o d u c e s  t h e  S T A T S C O P E S E C T I O N .

W h e n  c o m p ila t io n  is  c o m p le te , c o n tr o l  is r e t u r n e d  to  t h e  M a in  m o d u le , w h ic h  

t h e n  c a lls  r o u t in e s  in  e a c h  o f  th e s e  s e v e n  E -c o d e  p r o d u c t io n  m o d u le s  in  o rd e r  to  

g e n e r a te  t h e  f in a l  E -c o d e  file  ( th e s e  ca lls  a re  n o t  in d ic a te d  in  f ig u re  7 ). I f  t h e  

c o m p ile r  e n c o u n te r s  a n  e r r o r  d u r in g  c o m p ila t io n , a  c a ll is  m a d e  to  t h e  E r r o r  m o d u le  

( o m i t t e d  f ro m  f ig u re  7 ), w h ic h  p r in ts  a n  e r r o r  m e s s a g e  a n d  t h e n  c a lls  a  r o u t in e  in  

t h e  M a in  m o d u le  fo r  im m e d ia te  t e r m in a t io n  o f  c o m p ila tio n .

E r r o r  D e t e c t i o n  a n d  R e c o v e r y

W h e n  t h e  c o m p ile r  d e te c t s  a n  e r r o r  in  a  m in iP a s c a l  s o u rc e  file , a n  a p p r o p r ia te  

m e s s a g e  is p r in te d  a n d  t h e  c o m p ila t io n  is  h a l t e d .  T h e  in i t i a l  u s e rs  o f  th is  c o m 

p i le r  w ill b e  i n s t r u c to r s  p r e p a r in g  l a b o r a to r y  exercises-— n o t  s tu d e n ts  d e v e lo p in g  

p r o g r a m s . T h u s ,  m in im a l  e r r o r  r e p o r t in g  w i th  n o  re c o v e ry  w as c o n s id e re d  to  b e  

su f fic ie n t.

O p t i m i z a t i o n

T h e r e  a re  n o  p ro v is io n s  fo r  o p t im iz a t io n  in  t h e  c o m p ile r . T h e r e  is n o  re a l  n e e d  

fo r  o p t im iz a t io n  in  t h e  a n im a t io n  e n v ir o n m e n t ,  a n d  m a n y  o p t im iz a t io n s  w o u ld  a l te r  

t h e  E - c o d e /s o u r c e  la n g u a g e  r e la t io n s h ip  to o  s e v e re ly  fo r  a n im a t io n  to  b e  su c c e ss fu l.
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T h e  C o m p i l e r  M o d u l e s

T h e  r e m a in d e r  o f  th i s  c h a p te r  d e s c r ib e s  t h e  in d iv id u a l  c o m p ile r  m o d u le s  in  

m o re  d e ta il .  T h e  d is c u s s io n  is  fo c u s e d  o n  t h e  ro le  e a c h  m o d u le  p la y s  in  th e  

g e n e r a t io n  o f  t h e  s e v e n  s e c tio n s  o f  t h e  E -c o d e  file , g iv in g  p a r t i c u l a r  a t t e n t io n  to  

th o s e  s e c tio n s  t h a t  p r e s e n te d  p ro b le m s  u n iq u e  to  th is  c o m p ile r , T h e  E -c o d e ’s 

C O D E S E C T I O N  is e s s e n tia lly  t h e  e q u iv a le n t o f  t h e  in te r m e d ia t e  c o d e  files g e n 

e r a t e d  b y  m a n y  c o m p ile rs ; t h e  p ro b le m s  e n c o u n te r e d  in  g e n e r a t in g  th is  s e c tio n  w e re  

t h e  s a m e  as w o u ld  b e  fo u n d  in  t h e  d e v e lo p m e n t  o f  a n y  c o m p ile r . T h e  fo u r  s e c tio n s , 

V A R I A B L E S E C T I O N , L A B E L S E C T I O N , S O U R C E S E C T I O N , a n d  

S T R I N G S E C T I O N , a re  u n iq u e  to  t h e  E -m a c h in e ;  th e y , h o w e v e r , p o s e d  n o  

p a r t i c u l a r  p ro b le m s  a n d  a re  g e n e r a te d  in  a  s t r a ig h t f o r w a r d  m a n n e r . T h e  

P A C K E T S E C T I O N , a lso  u n iq u e  to  t h e  E -m a c h in e ,  d id  p r e s e n t  s o m e  p ro b le m s , 

w h ic h  a r e  d is c u s s e d  b e lo w  in  t h e  P a r s e r  M o d u le  d e s c r ip t io n . T h e  p ro b le m s  p r e 

s e n te d  b y  t h e  S T A T S C O P E S E C T I O N  a re  d is c u s s e d  in  t h e  S T A T S C O P E  M o d 

u le  d e s c r ip t io n . A n o th e r  E -c o d e  g e n e r a t io n  p r o b le m  o c c u r r e d  d u e  to  t h e  d e s ire  

t o  h a v e  t h e  a n im a to r  d is p la y  a n  e n u m e r a te d  t y p e  v a r ia b le ’s c o n s ta n t  n a m e  as 

w e ll a s  i t s  i n te r n a l  n u m e r ic  v a lu e . T h e  s o lu t io n  to  th is  p r o b le m  w as to  a d d  t h e  

S T R I N G S E C T I O N  t o  t h e  E -m a c h in e  o b je c t  file  as d isc u s s e d  in  t h e  S T R I N G  M o d 

u le  d e s c r ip t io n .

T h e  M a i n  M o d u l e

W h e n  t h e  m in iP a s c a l  c o m p ile r  is in v o k e d , c o n tr o l  p a s s e s  to  t h e  m a in  r o u t in e  

in  t h e  M a in  m o d u le . T h e  M a in  m o d u le  c o n s is ts  o f  t h e  m a in  r o u t in e ,  r o u t in e s  t h a t  

h a n d le  t h e  o p e n in g  a n d  c lo s in g  o f  file s , a n d  a  r o u t in e  to  h a n d le  a b n o r m a l  e n d  o f 

c o m p ila t io n . T h e  M a in  m o d u le  o p e n s  t h e  m in iP a s c a l  s o u rc e  file , w h o s e  n a m e  is
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o b ta in e d  f ro m  a  c o m m a n d  lin e  a r g u m e n t  w h e n  t h e  c o m p ile r  is in v o k e d . T h e  M a in  

m o d u le  t h e n  c re a te s  t h r e e  files to  h o ld  t h e  o u t p u t  f ro m  t h e  c o m p ila t io n : t h e  E - 

c o d e  ( o b je c t )  file , a  f ile  to  h o ld  t h e  p s e u d o  a s s e m b ly  la n g u a g e  in s t r u c t io n  s t r e a m  

( fo r  c o m p ile r  d e b u g g in g ) , a n d  a  t e m p o r a r y  file  t o  h o ld  o u t p u t  f ro m  t h e  m o d u le  

p r o d u c in g  t h e  C O D E S E C T I O N  o f  t h e  E -c o d e  file. N e x t ,  t h e  M a in  m o d u le  calls  

t h e  y a c c - g e n e r a te d  y y p a r s e  r o u t in e  in  t h e  P a r s e r  m o d u le  to  b e g in  t h e  c o m p ila tio n . 

W h e n  y y p a r s e  r e t u r n s  s u c c e s s fu lly  to  t h e  M a in  m o d u le , t h e  c o m p ila t io n  is c o m p le te ,  

a n d  t h e  M a in  m o d u le  t h e n  ca lls  r o u t in e s  in  t h e  c o d e  p r o d u c in g  m o d u le s  to  w r ite  

t h e  v a r io u s  E - c o d e  s e c tio n s  to  t h e  E -c o d e  file. F in a lly , t h e  files a r e  c lo se d  a n d  th e  

c o m p i le r  e x it s  n o rm a l ly . I f  a  r e t u r n  m a r k in g  a n  u n s u c c e s s fu l  c o m p ila t io n  is m a d e  to  

t h e  m a in  M o d u le , t h e  m in iP a s c a l  s o u rc e  file  is  c lo s ed , t h e  o u t p u t  files a re  d e le te d , 

a n d  a n  a b n o r m a l  e x it  is in d ic a te d .

T h e  P a r s e r  M o d u l e

A s i n d ic a t e d  a b o v e , t h e  y a c c -g e n e ra te d  P a r s e r  m o d u le  is  r e s p o n s ib le  fo r  d r iv in g  

t h e  c o m p ila t io n  p ro c e s s . Y a c c  p ro d u c e s  a n  L A L R (X ) p a r s e r  b y  p ro c e s s in g  a  s p e c i

f ic a tio n  file  c o n ta in in g  a  c o n te x t  f re e  g r a m m a r  t h a t  g e n e r a te s  t h e  s o u rc e  la n g u a g e . 

C a lls  t o  s e m a n t ic  r o u t in e s ,  w r i t t e n  in  C , a r e  in te r s p e r s e d  a m o n g  t h e  g r a m m a r  p r o 

d u c t io n  ru le s  g iv e n  in  t h e  m in iP a s c a l  y a c c  s p e c if ic a tio n . T h e  y a c c -g e n e ra te d  p a r s e r  

m a in ta in s  a  p a r s e r - c o n tr o l le d  s e m a n t ic  s ta c k , w h o s e  r e c o r d s  h o ld  in f o r m a t io n  c o r r e 

s p o n d in g  to  e a c h  to k e n  a n d  n o n - te r m in a l  f o u n d  in  t h e  g r a m m a r  p r o d u c t io n s . T h e  

p a r s e r  h a s  a cc ess  to  t h e  in f o r m a t io n  in  t h e  s e m a n t ic  s ta c k  r e c o rd s  v ia  p s e u d o  v a r i

a b le s  u s e d  in  t h e  s e m a n t ic  a c t io n s . T h e  y a c c  s p e c i f ic a t io n  p ro v id e s  a  u n io n  s t r u c tu r e  

to  d e f in e  t h e  d if fe re n t ty p e s  o f  s e m a n t ic  s t a c k  r e c o r d s  n e c e s s a ry  to  d e s c r ib e  t h e  v a r 

io u s  s e m a n t ic  in f o r m a t io n  r e q u i r e d  fo r  e a c h  s y m b o l in  t h e  g r a m m a r .  I n  t h e  c ase  

o f  t h e  m in iP a s c a l  s p e c i f ic a t io n ,  th is  u n io n  s t r u c tu r e  c o n s is ts  p r im a r i ly  o f  p o in te r s  

t o  d y n a m ic a l ly  a l lo c a te d  s t r u c tu r e s  c o n ta in in g  in f o r m a t io n  n e e d e d  to  p ro d u c e  t h e
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E - c o d e  fo r  t h e  a n im a t io n  o f  a  m in iP a s c a l  p r o g r a m . T h e  y a c c -g e n e ra te d  P a r s e r  m o d 

u le  c o n s is ts  o f  o n e  v e ry  la rg e  r o u t in e ,  y y p a rs e .  T w o  s m a ll  u s e r - s u p p l ie d  s u p p o r t in g  

r o u t in e s  a re  a lso  in c lu d e d  in  th is  m o d u le .

C a l l s  t o  t h e  S c a n n e r .  A s in  c o n v e n t io n a l  c o m p ile rs , t h e  P a r s e r  m o d u le  r e 

q u e s ts  t h e  n e x t  to k e n  f ro m  t h e  S c a n n e r  m o d u le  b y  c a llin g  t h e  le x - g e n e r a te d  y y le x  

r o u t in e .  T h e  P a r s e r  m o d u le  h a s  a cc e ss  to  t h e  v a lu e  o f  a  to k e n  th r o u g h  t h e  e x te r n a l  

v a r ia b le  y y t e x t ,  w h o se  v a lu e  is  p r o d u c e d  in  t h e  S c a n n e r  m o d u le . S in c e  th e  m in i-  

P a s c a l  la n g u a g e  is  n o t  c a s e - s e n s it iv e , t h e  S c a n n e r  c o n v e r ts  a l l l e t t e r s  in  a n  id e n ti f ie r  

n a m e  to k e n  to  lo w e r  c a s e  b e fo re  r e tu r n in g  t h e  to k e n  ( a n d  i t s  v a lu e )  t o  th e  P a r s e r  

m o d u le . T h e  n u m e r ic  v a lu e s  o f  in te g e r  a n d  r e a l  l i t e r a l  to k e n s  a re  a v a ila b le  to  t h e  

P a r s e r  m o d u le  v ia  t h e  e x te r n a l  v a r ia b le  y y lv a l, a lso  p r o d u c e d  in  t h e  S c a n n e r  m o d u le .

I n t e r f a c e  t o  t h e  S y m b o l  T a b l e .  T h e  P a r s e r  m o d u le  in te r f a c e s  d i r e c tly  w i th  

t h e  S y m b o l T a b le  m o d u le  to  e n te r  a n d  r e t r ie v e  id e n t i f ie r  n a m e s .  T h e  P a r s e r  m o d u le  

e n te r s  a n d  r e t r ie v e s  a n  id e n t i f i e r ’s s y m b o l  t a b le  a t t r i b u t e s  b y  c a llin g  ro u t in e s  in  th e  

S e m a n t ic  A n a ly s is  m o d u le .

I n i t i a t i n g  S e m a n t i c  A c t i o n s .  M a n y  o f  t h e  s e m a n t ic  a c t io n s  in i t i a t e d  b y  t h e  

P a r s e r  m o d u le  a re  a c c o m p lis h e d  b y  ca lls  to  r o u t in e s  in  t h e  C o d e  D r iv e r  m o d u le . 

T h e s e  r o u t in e s  p e r f o r m  f u r t h e r  s e m a n t ic  a n a ly s is  (v ia  ca lls  to  r o u t in e s  in  th e  S e 

m a n t ic  A n a ly s is  m o d u le )  a n d  th e n  g e n e r a te  c o d e  (v ia  ca lls  to  t h e  c o d e  p r o d u c t io n  

r o u t in e s ) .  F o r  e x a m p le , w h e n  t h e  P a r s e r  m o d u le  re c o g n iz e s  a n  a s s ig n m e n t  p r o d u c 

t io n ,  i t  c a lls  t h e  G e n A s s ig n  r o u t in e  in  t h e  C o d e  D r iv e r  m o d u le . T h e  p a r a m e te r s  

p a s s e d  to  G e n A s s ig n  a re  p o in te r s  to  t h e  s e m a n t ic  s ta c k  s t r u c tu r e s  c o r re s p o n d in g  to  

t h e  s y m b o ls  in v o lv e d  in  t h e  a s s ig n m e n t  p r o d u c t io n  ru le  o f  t h e  g r a m m a r .  G e n A s s ig n  

c a n  t h e n  d e te r m in e  w h e th e r  t h e  a s s ig n m e n t is v a lid , d e te r m in e  w h a t  v a lu e  ( if  a n y )  to  

lo a d  in to  t h e  in d e x  r e g is te r , a n d  g e n e r a te  a p p r o p r i a te  E -c o d e  b y  c a llin g  ro u t in e s  in
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t h e  c o d e  p r o d u c t io n  m o d u le s . T h e r e  a re  a lso  s i tu a t io n s  in  w h ic h  th e  P a r s e r  m o d u le  

i t s e l f  c a n  c a u s e  E -c o d e  g e n e r a t io n  d i r e c tly  b y  c a llin g  c o d e  p r o d u c t io n  r o u tin e s .

P r o v i d i n g  f o r  D y n a m i c  S c o p i n g .  T h e  P a r s e r  m o d u le  p ro v id e s  d y n a m ic  

s c o p in g  in f o r m a t io n  to  t h e  E -m a c h in e  b y  g e n e r a t in g  c o d e  to  m a n ip u la te  t h e  E - 

m a c h in e ’s d y n a m ic  s c o p e  s ta c k . ( S ta t i c  s c o p in g  in f o r m a t io n  is  c o n ta in e d  in  t h e  

S ta t i c  S c o p e  T a b le  a n d  is d is c u s s e d  in  d e ta i l  in  t h e  S T A T S C O P E  m o d u le  d e s c r ip 

t io n . )  W h e n  t h e  P a r s e r  m o d u le  e n c o u n te r s  t h e  b e g in n in g  o f  a  p r o g r a m , fu n c t io n ,  

o r  p r o c e d u r e  s c o p e , i t  c a lls  t h e  G e n I n s t r  r o u t in e  in  t h e  C O D E  m o d u le  to  g e n e r a te  

t h e  p u s h d  in s t r u c t io n .  A t r u n  t im e , t h e  p u s h d  in s t r u c t io n  c a u s e s  a n  e n t r y  to  b e  

p u s h e d  o n to  t h e  E - m a c h in e ’s d y n a m ic  s c o p e  s ta c k .  T h is  e n t r y  c o n ta in s  t h e  in d e x  o f  

t h e  s c o p e ’s d e c la r a t io n  (e .g .,  p r o c e d u r e  n a m e  d e s c r ip t io n )  in  t h e  S ta t i c  S c o p e  T a b le ;  

t h i s  in d e x  m u s t  b e  p a s s e d  a s  a n  o p e r a n d  in  t h e  p u s h d  in s t r u c t io n .  (R e c a ll  f ro m  t h e  

d is c u s s io n  o f  t h e  d y n a m ic  s c o p e  s ta c k  in  c h a p te r  2 t h a t  th is  is n e c e s s a ry  in  o r d e r  t h a t  

id e n ti f ie r s  in  c a llin g  s c o p e s  b e  a c c e s s ib le  a t  r u n  t im e .)  A t th is  p o in t  in  th e  p a rs e , 

h o w e v e r , th i s  in d e x  v a lu e  is  n o t  k n o w n  b e c a u s e  t h e  s c o p e ’s d e c la r a t io n  is “o w n e d ” 

b y  t h e  c o n ta in in g  s c o p e , w h o s e  S ta t i c  S c o p e  T a b le  e n tr ie s  w i l l .n o t  b e  g e n e r a te d  

u n t i l  t h a t  e n t i r e  s c o p e  h a s  b e e n  p a rs e d .  T h is  m e a n s  t h a t  t h e  P a r s e r  m u s t  a ss o 

c ia te  a  d u m m y  in d e x  v a lu e  w i th  t h e  p u s h d  in s t r u c t io n ,  a n d  t h e  in s t r u c t io n  m u s t  b e  

“p a tc h e d ” w h e n  t h e  a c tu a l  v a lu e  b e c o m e s  a v a ila b le . W h e n  t h e  P a r s e r  m o d u le  e n 

c o u n te r s  t h e  e n d  o f  a  s c o p e , i t  g e n e r a te s  t h e  p o p d  in s t r u c t io n  a n d  t h e n  ca lls  th e  

G e n  S t a t  S c o p  e B lo  ck  r o u t in e  in  t h e  S T A T S  G O P E  m o d u le  to  g e n e r a te  th e  S ta t ic  

S c o p e  T a b le  e n tr ie s  fo r  t h e  s c o p e . W h e n  th e  P a r s e r  m o d u le  f in a l ly  e n c o u n te r s  t h e  ' 

e n d  o f  a  c o n ta in in g  s c o p e , t h e  S T A T S C O P E  m o d u le  c a n  c a lc u la te  t h e  in d e x  o f  

a n y  n e s te d  p r o c e d u r e  o r  f u n c t io n  s c o p e  d e c la r a t io n s  a n d  p a tc h  th e i r  c o r re s p o n d in g  

p u s h d  in s t r u c t io n s  v ia  a  c a ll  to  t h e  C O D E  m o d u le .
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T r a n s l a t i n g  A n i m a t i o n  U n i t s  i n t o  P a c k e t s .  T h e  P a r s e r  m o d u le  c o n tro ls  

t h e  id e n t i f ic a t io n  a n d  s u b s e q u e n t  t r a n s la t io n  o f  a  m in iP a s c a l  p r o g r a m ’s a n im a t io n  

u n i ts .  T h is  t r a n s la t io n  in v o lv e s  t h e  g e n e r a t io n  o f  a  p a c k e t  o f  E - c o d e  in s t r u c t io n s  

(v ia  c a lls  to  t h e  C O D E  a n d  C o d e  D r iv e r  m o d u le s )  as w e ll as t h e  c o n s t r u c t io n  o f  

a n  a s s o c ia te d  p a c k e t  s t r u c tu r e  d e s c r ib in g  t h e  a n im a t io n  u n i t .  T h e  P a r s e r  ca lls  th e  

fo llo w in g  r o u t in e s  in  t h e  P A C K E T  m o d u le  to  c o n s t r u c t  a  p a c k e t  s t r u c tu r e :  

o  S t a r t  P a c k e t ;  

o  E n d P a c k e t ; 

o  A d ju s t  S t a r t  P a c k e t ;  

o  A d ju s tE n d P a c k e t ;  

o  A d d P k tF r a g I n s t r ;

A  p a c k e t  s t r u c t u r e ’s d e lim ite r  v a lu e s — p e r ta in in g  to  t h e  s o u rc e  file  f in e  a n d  co l

u m n  n u m b e r  b o u n d a r ie s  o f  t h e  a n im a t io n  u n i t  t h a t  th e . p a c k e t  t r a n s la te s ,  as w e ll as 

t h e  s t a r t i n g  a n d  e n d in g  p r o g r a m  m e m o r y  a d d re s s e s  o f t h e  E - c o d e  p a c k e t  i ts e l f— a re  

d e te r m in e d  b y  t h e  P a r s e r  m o d u le , w h ic h  t h e n  p a s s e s  th e s e  v a lu e s  to  t h e  a p p r o p r ia te  

P A C K E T  m o d u le  r o u t in e .  T h e  P a r s e r  m o d u le  h a s  a cc e ss  to  t h e  s o u rc e  file  fin e  a n d  

c o lu m n  n u m b e r  v a lu e s  v ia  e x te r n a l  v a r ia b le s  t h a t  a re  in it ia l iz e d  w h e n  t h e  S c a n n e r  

m o d u le  re c o g n iz e s  a  to k e n ; t h e  P a r s e r  h a s  a cc ess  to  t h e  c u r r e n t  p r o g r a m  m e m o ry  

a d d re s s  ( in s t r u c t io n  n u m b e r )  v ia  a n  e x te r n a l  v a r ia b le  m a in ta in e d  b y  t h e  C O D E  

m o d u le  as E - c o d e  in s t r u c t io n s  a re  g e n e r a te d . W h e n  t h e  P a r s e r  m o d u le  re c o g n iz e s  a  

to k e n  t h a t  m a r k s  t h e  b e g in n in g  o f a n  a n im a t io n  u n i t ,  i t  ca lls  t h e  S ta r tP a c k e t  r o u 

t in e ,  p a s s in g  a s  p a r a m e te r s  t h e  s o u rc e  file  l in e  a n d  c o lu m n  n u m b e r s  c o r re s p o n d in g  to  

t h e  f ir s t  c h a r a c te r  o f  th i s  to k e n  as w e ll as ( in  t h e  g e n e ra l  c a se )  t h e  n u m b e r  o f  t h e  next 

E -c o d e  i n s t r u c t io n  to  b e  g e n e r a te d .  T h e  P A C K E T  m o d u le  m a in ta in s  a n  in te r n a l  

v a r ia b le , P k t N u m ,  c o n ta in in g  t h e  n u m b e r  o f  t h e  p a c k e t  s t r u c tu r e  c u r r e n t ly  u n d e r  

c o n s t r u c t io n .  T h is  v a r ia b le ,  w h ic h  s e rv e s  as t h e  in d e x  in to  t h e  P A C K E T  m o d u le ’s
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a r r a y  o f  p a c k e t  s t r u c tu r e s ,  is  in c r e m e n te d  in  t h e  S t a r tP a c k e t  r o u t in e .  S u b s e q u e n t  

ca lls  t o  a n y  o f  t h e  o th e r  P A C K E T  m o d u le  r o u t in e s  l is te d  a b o v e  r e f e r  to  th e  p r e 

v io u s ly  “s t a r t e d ” p a c k e t  s t r u c tu r e .  T h u s , fo r  a  g iv e n  a n im a t io n  u n i t ,  S ta r tP a c k e t  

is  c a lle d  o n ly  o n c e , w h ile  t h e  r e m a in in g  r o u t in e s  ( in c lu d in g  E n d P a c k e t ) m a y  b e  

c a lle d  a n y  n u m b e r  o f  t im e s  w h ile  t h e  a n im a t io n  u n i t ’s p a c k e t  s t r u c tu r e  is b e in g  

c o n s t r u c te d .

I n  t h e  s im p le s t  c ase , u p o n  re c o g n iz in g  a  to k e n  t h a t  m a r k s  t h e  b e g i n n i n g  o f  a n  

a n im a t io n  u n i t ,  t h e  P a r s e r  m o d u le  f ir s t  ca lls  t h e  S ta r tP a c k e t  r o u t in e  a n d  th e n  g e n e r 

a te s  a n y  c o rr e s p o n d in g  E - c o d e  in s t r u c t io n s .  A s o th e r  to k e n s  w i th in  t h e  a n im a t io n  

u n i t  a re  re c o g n iz e d , t h e  P a r s e r  c o n tin u e s  to  g e n e r a te  E - c o d e  in s t r u c t io n s .  W h e n  

t h e  P a r s e r  re c o g n iz e s  t h e  to k e n  m a r k in g  t h e  e n d  o f  t h e  a n im a t io n  u n i t ,  i t  ca lls  th e  

E n d P a c k e t  r o u t in e ,  p a s s in g  as p a r a m e te r s  t h e  s o u rc e  file  l in e  a n d  c o lu m n  n u m b e rs  

c o r r e s p o n d in g  to  t h e  la s t  c h a r a c te r  o f  th is  to k e n  as w e ll as t h e  n u m b e r  o f  t h e  c u r r e n t  

E - c o d e  in s t r u c t io n .  F o r  e x a m p le , t h e  BEGII k e y w o rd  is  c o n s id e re d  to  b e  a  c o m p le te  

p a c k e t .  T h u s , u p o n  re c o g n iz in g  t h e  BEGIN to k e n ,  t h e  P a r s e r  f i r s t  ca lls  t h e  S ta r t -  

P a c k e t  r o u t in e ,  p a s s in g  t h e  s o u rc e  file  fin e  a n d  c o lu m n  n u m b e r s  a s s o c ia te d  w i th  t h e  

l e t t e r  B  as w e ll a s  t h e  n u m b e r  o f  t h e  n e x t  E -c o d e  in s t r u c t io n  to  b e  g e n e r a te d . N e x t ,  

t h e  P a r s e r  g e n e r a te s  t h e  E -c o d e  n o p  in s t r u c t io n  (v ia  a  c a ll to  t h e  C O D E  m o d u le ) . 

F in a lly , t h e  P a r s e r  ca lls  t h e  E n d P a c k e t  r o u t in e ,  p a s s in g  t h e  s o u rc e  f ile  f in e  a n d  co l

u m n  n u m b e r s  a s s o c ia te d  w i th  t h e  l e t t e r  N  as w e ll as t h e  c u r r e n t  E -c o d e  in s t r u c t io n  

n u m b e r  ( c o r re s p o n d in g  to  t h e  n o p  in s t r u c t io n ) .  T h e r e  a re  m a n y  c a se s  in  w h ic h  

a n  a n im a t io n  u n i t ’s d e lim ite r s  c a n  b e  d e te r m in e d  in  s u c h  a  s t r a ig h t f o r w a r d  m a n 

n e r ;  th e r e  w e re , h o w e v e r , a  n u m b e r  o f  s u b t le  a n im a t io n  u n i t  t r a n s la t io n  p ro b le m s  

e n c o u n te r e d  d u r in g  c o m p ile r  d e v e lo p m e n t .

T h e  L o o k a h e a d  P r o b l e m  i n  A n i m a t i o n  U n i t  T r a n s l a t i o n .  O n e  o f  th e s e  

p ro b le m s  o c c u rs  w h e n  t h e  P a r s e r  m o d u le  is  a s s ig n in g  s o u rc e  file  f in e  a n d  c o lu m n
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n u m b e r s  to  a n  a n im a t io n  u n i t .  F o r  th o s e  to k e n s  t h a t  d e lim it  a n  a n im a t io n  u n i t ,  

t h e  p a r s e r  c a lls  e i th e r  S t a r tP a c k e t  o r  E n d P a c k e t , p a s s in g  t h e  to k e n ’s l in e  a n d  co l

u m n  n u m b e r s  a n d  t h e  a p p r o p r ia te  i n s t r u c t io n  n u m b e r . T h e  v a lu e s  in  t h e  e x te r n a l  

v a r ia b le s  c o n ta in in g  t h e  l in e  a n d  c o lu m n  n u m b e r s ,  h o w e v e r, a re  in c o r r e c t  w h e n  t h e  

P a r s e r  m o d u le  m u s t  e x a m in e  t h e  lo o k a h e a d  to k e n  in  o r d e r  to  d e te r m in e  w h ic h  p r o 

d u c t io n  to  r e d u c e .  (R e c a ll  t h a t  y a c c  p r o d u c e s  a n  L A L R ( I )  p a r s e r  t h a t  s o m e tim e s  

r e q u ir e s  a  o n e -s y m b o l  lo o k a h e a d  fo r  p r o p e r  p a r s in g  a c t io n s .)  I n  th e s e  c a se s , t h e  

c u r r e n t  l in e  a n d  c o lu m n  n u m b e r s  re f le c t  t h e  lo c a tio n  o f  t h e  lo o k a h e a d  to k e n  in s te a d  

o f  t h e  to k e n  d e lin e a t in g  t h e  a n im a t io n  u n i t .  T h is  p ro b le m  w a s  so lv e d  b y  id e n ti -  

fy in g  t h e  to k e n s  t h a t  w e re  in v o lv e d  in  th e s e  s i tu a t io n s  a n d  r e p la c in g  th e m  w ith  

n o n - te r m in a ls  o n  t h e  r ig h t - h a n d  s id e s  o f  p r o d u c t io n s .  E a c h  n e w  n o n - te r m in a l  b e 

c o m e s t h e  l e f t - h a n d  s id e  o f  a  u n i t  p r o d u c t io n  w h o s e  r ig h t - h a n d  s id e  is  j u s t  t h e  to k e n  

t h e  n o n - te r m in a l  r e p la c e d .  D u r in g  r e d u c t io n  o f  o n e  o f  th e s e  n e w  u n i t  p r o d u c t io n s ,  

t h e  t o k e n ’s l in e  a n d  c o lu m n  n u m b e r s  c a n  b e  c a p tu r e d  a n d  p la c e d  in  t h e  s e m a n t ic  

r e c o r d  b e lo n g in g  to  th e  to k e n  b e c a u s e  n o  lo o k a h e a d  is r e q u i r e d  to  r e d u c e  th e s e  u n i t  

p r o d u c t io n s .  Y a c c  p la c e s  th is  r e c o r d  o n  t h e  s e m a n t ic  s ta c k ,  w h ic h  a llow s a cc ess  b y  

r o u t in e s  p r o c e s s in g  t h e  s ta c k . T h u s ,  w h e n  a  p r o d u c t io n  t h a t  h a s  o n e  o f  t h e  n e w  

n o n - te r m in a ls  o n  i t s  r ig h t - h a n d  s id e  is r e d u c e d ,  t h e  c o r r e c t  v a lu e s  c a n  b e  r e t r ie v e d  

f ro m  t h e  s e m a n t ic  s ta c k  a n d  p a s s e d  to  t h e  P A C K E T  m o d u le  r o u t in e s .

T h e  S e m i c o l o n  P r o b l e m  i n  A n i m a t i o n  U n i t  T r a n s l a t i o n .  A n o th e r  p r o b 

le m  w a s  e a s ily  so lv e d  b y  c a llin g  th e  E n d P a c k e t  r o u t in e  m o re  t h a n  o n c e  fo r th e  s a m e  

a n im a t io n  u n i t .  T h is  s i t u a t io n  c a n  b e  i l l u s t r a te d  b y  P a s c a l ’s u s e  o f  se m ic o lo n s  to  

s e p a r a te ,  r a t h e r  t h a n  t e r m in a t e ,  s t a te m e n t s  ( re c a l l  t h a t  t h e  s e m ic o lo n  is n o t  p a r t  o f  

a  P a s c a l  s t a t e m e n t  [ J e n s e n  9 1 ]). F o r e x a m p le , in  t h e  P a s c a l  c o d e  f r a g m e n t  sh o w n  

in  f ig u re  8, t h e  s e m ic o lo n  a t  t h e  e n d  of J := 2; is  u n n e c e s s a ry . I t  r e a lly  s e p a r a te s  

J := 2 f ro m  a  n u ll  s t a t e m e n t ,  a n d  t h e  n u l l  s t a t e m e n t  p re c e d e s  t h e  END s t a te m e n t .
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H o w ev e r , t h e  s t a t e m e n t  ( in c lu d in g  t h e  s e m ic o lo n )

J := 2;

is  c o n s id e re d  to  b e  a n  a n im a t io n  u n i t .  T h e  y a c c  p r o d u c t io n  a s s o c ia te d  w i th  a s s ig n 

m e n t  s t a te m e n t s  h o w e v e r, d o e s  n o t  im m e d ia te ly  a s s o c ia te  t h e  s e m ic o lo n  w i th  t h e  

s t a t e m e n t  ( e .g .,  J := 2). R a th e r ,  a n  e n c lo s in g  p r o d u c t io n  e v e n tu a l ly  a c c o m p lis h e s  

th is  a s s o c ia t io n .  T h u s , in  th is  c ase , t h e  P a r s e r  f ir s t  is su e s  a  c a ll  to  E n d P a c k e t , 

p a s s in g  t h e  s o u rc e  file  f in e  a n d  c o lu m n  n u m b e r s  a s s o c ia te d  w i th  t h e  to k e n  “2 ” , as 

w e ll a s  t h e  n u m b e r  o f  t h e  f in a l  i n s t r u c t io n  w i th in  t h e  E -c o d e  t r a n s la t io n  o f  t h e  a n 

im a t io n  u n i t .  T h e n ,  w h e n  t h e  P a r s e r  r e d u c e s  t h e  e n c lo s in g  p r o d u c t io n  re c o g n iz in g  

t h e  s e m ic o lo n , t h e  P a r s e r  a g a in  ca lls  t h e  E n d P a c k e t  r o u t in e ,  p a s s in g  t h e  so u rc e  file  

l in e  a n d  c o lu m n  n u m b e r s  a s s o c ia te d  w i th  t h e  to k e n  11; ” , as w e ll a s t h e  c u r r e n t  i n 

s t r u c t io n  n u m b e r  ( th is  n u m b e r  w ill n o t  h a v e  c h a n g e d  s in c e  n o  c o d e  is g e n e r a te d  fo r  

t h e  s e m ic o lo n ) . H e n c e , t h e  a n im a t io n  u n i t  is  “e n d e d ” c o r re c tly . A s n o te d  fo r  th is  

c a s e , s in c e  t h e  s t a t e m e n t  p re c e d e s  a n  END s t a t e m e n t ,  t h e  s e m ic o lo n  is o p tio n a l.  I f  

t h e  s e m ic o lo n  is  o m i t t e d ,  t h e  P a r s e r  p e r f o rm s  c o rr e c t ly  b y  c a llin g  t h e  E n d P a c k e t  

r o u t in e  o n ly  o n c e  b e c a u s e  t h e  e n c lo s in g  p r o d u c t io n  in  th is  c ase  h a s  n o  se m ic o lo n .

BEGIN 

I := I; 
J := 2; 

END;

F ig u r e  8: C o d e  F r a g m e n t  I l lu s t r a t in g  t h e  S e m ic o lo n  P r o b le m

A d j u s t i n g  a n  A n i m a t i o n  U n i t ’s  E n d i n g  D e l i m i t e r .  T h e r e  a re  in s ta n c e s  

w h e n  a n  a n im a t io n  u n i t ’s e n d in g  d e lim ite r s  m u s t  b e  a d ju s te d  a f te r  t h e  P a r s e r  h a s



4 5

a lr e a d y  e n d e d  c o n s t r u c t io n  o f  i t s  a s s o c ia te d  p a c k e t  s t r u c tu r e .  F o r  e x a m p le , i f  th e r e  

a r e  p r o c e d u r e  d e c la r a tio n s  fo llo w in g  a  s c o p e ’s v a r ia b le  d e c la r a tio n s ,  t h e  P a r s e r  m u s t  

g e n e r a te  a n  i n s t r u c t io n  to  b r a n c h  a r o u n d  t h e  c o d e  t r a n s la t in g  th e  n e s te d  p ro c e d u re s  

in  o r d e r  t o  a c h ie v e  t h e  c o r r e c t  p r o g r a m  flow . D u r in g  p r o g r a m  e x e c u tio n ,  t h e  a n 

im a to r  w ill n e e d  to  h ig h lig h t t h e  a n im a t io n  u n i ts  c o r r e s p o n d in g  to  th e  v a r ia b le  

d e c la r a t io n s  in  th is  r o u t in e ,  t h e n  sk ip  t h e  p r o c e d u r e  d e c la r a tio n s  a n d  c o n tin u e  b y  

h ig h lig h t in g  t h e  b o d y  o f  th i s  r o u t in e ,  d e m o n s t r a t in g  e x e c u tio n  flow . I n  s u c h  c a se s , 

t h e  P a r s e r  h a s  a l r e a d y  ( c o r r e c t ly )  e n d e d  t h e  c o n s t r u c t io n  o f  t h e  c u r r e n t  p a c k e t 

s t r u c t u r e — d e s c r ib in g  t h e  a n im a t io n  u n i t  c o n s is t in g  o f t h e  la s t  v a r ia b le  d e c la ra tio n  

in  t h e  s c o p e — p r io r  t o  r e a c h in g  t h e  f ir s t  p r o c e d u r e  d e c la r a tio n .  T h e  b r a n c h  in 

s t r u c t io n  n u m b e r ,  h o w e v e r, m u s t  n o w  b e  in c lu d e d  in  t h e  c u r r e n t  p a c k e t  s t r u c tu r e  

as t h e  e n d in g  p r o g r a m  m e m o r y  a d d re s s  o f  t h e  c o r re s p o n d in g  E - c o d e  in s t r u c t io n  

p a c k e t  t o  e n s u r e  p r o p e r  a n im a t io n  a r o u n d  t h e  p r o c e d u r e  d e c la r a tio n s .  In  th is  s i t 

u a t io n ,  t h e  p a c k e t  s t r u c tu r e  c a n n o t  s im p ly  b e  “e n d e d ” a g a in , b e c a u s e  th e  c u r r e n t  

s o u rc e  l in e  a n d  c o lu m n  n u m b e r s  n o w  re f le c t  t h e  lo c a tio n  o f  t h e  b e g in n in g  o f  t h e  

a n im a t io n  u n i t  c o r r e s p o n d in g  to  t h e  s u b s e q u e n t  p r o c e d u r e  d e c la r a t io n .  H e n c e , th e  

A d ju s tE n d P a c k e t  r o u t in e  w a s  d e s ig n e d  to  a l t e r  t h e  e n d in g  p r o g r a m  m e m o ry  a d 

d re s s  a s s o c ia te d  w i th  t h e  c u r r e n t  p a c k e t  s t r u c tu r e .  F o r  t h e  e x a m p le  g iv e n  a b o v e , 

t h e  P a r s e r  ca lls  t h e  A d ju s tE n d P a c k e t  r o u t in e ,  p a s s in g  as a  p a r a m e t e r  t h e  E - c o d e  

i n s t r u c t io n  n u m b e r  a s s o c ia te d  w i th  t h e  b r a n c h  in s t r u c t io n .  T h e  P a r s e r  t h e n  c o n tin 

u e s  b y  c a llin g  t h e  S t a r tP a c k e t  r o u t in e  to  b e g in  c o n s t r u c t io n  o f  t h e  p a c k e t  s t r u c tu r e  

d e s c r ib in g  t h e  p r o c e d u r e  d e c la r a t io n  a n im a t io n  u n i t .

A d j u s t i n g  a n  A n i m a t i o n  U n i t ’s B e g i n n i n g  D e l i m i t e r .  T h e  ro u t in e ,  

A d j u s t S ta r tp a c k e t ,  w a s  p r o v id e d  to  s u p p o r t  t h e  s i tu a t io n  in  w h ic h  a n  a n im a t io n  

u n i t  is n e s te d  w i th in  a n o th e r  a n im a t io n  u n i t .  T h is  s i tu a t io n  o c c u rs  w h e n  th e r e  is 

a  f u n c t io n  c a ll w i th in  a n o th e r  m in iP a s c a l  s t a te m e n t .  F o r  e x a m p le ,  c o n s id e r  t h e
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fo llo w in g  s t a te m e n t :

Result := Min(x,y) + 2;

U p o n  re c o g n iz in g  t h e  a s s ig n m e n t p r o d u c t io n ,  t h e  P a r s e r  is s u e s  a  ca ll to  t h e  

S t a r tP a c k e t  r o u t in e  to  b e g in  c o n s t r u c t io n  o f  t h e  p a c k e t  s t r u c tu r e  d e s c r ib in g  th e  

a n im a t io n  u n i t  c o n s is t in g  o f  t h e  e n t i r e  s t a te m e n t .  F o r  a n im a t io n  p u rp o s e s ,  h o w 

e v e r , i t  is  d e s i r a b le  to  h ig h lig h t t h e  f u n c t io n  c a ll, Min ( x , y ) ,  s e p a r a te ly  in  o rd e r  to  

i l l u s t r a t e  t h e  f a c t  t h a t  t h e  f u n c t io n  M in  m u s t  b e  c a lle d  b e fo re  t h e  ,a s s ig n m e n t s t a t e 

m e n t  c a n  b e  c o m p le te d  ( i .e .,  Min ( x , y )  s h o u ld  b e  t r e a t e d  as a  s e p a r a t e  a n im a t io n  

u n i t ) .  T h u s ,  w h e n  t h e  P a r s e r  re c o g n iz e s  t h e  f u n c t io n  ca ll, i t  is s u e s  a  c a ll t o  t h e  

A d j u s t S ta r tP a c k e t  r o u t in e ,  p a s s in g  t h e  s o u rc e  l in e  a n d  c o lu m n  n u m b e r s  a s s o c ia te d  

w i th  t h e  b e g in n in g  o f  t h e  f u n c t io n  ca ll. T h e  A d j u s t S ta r tP a c k e t  r o u t in e  r e tu r n s  

( v ia  p a r a m e te r s )  t h e  p re v io u s  s o u rc e  l in e  a n d  c o lu m n  n u m b e r s  a s s o c ia te d  w i th  t h e  

o r ig in a l S t a r tP a c k e t  c a ll fo r  t h e  c u r r e n t  p a c k e t  s t r u c tu r e .  T h e  P a r s e r  t h e n  c o n tin 

u e s  to  c o n tr o l  t h e  c o n s t r u c t io n  o f  t h e  c u r r e n t  p a c k e t  s t r u c tu r e ,  w h ic h  n o w  d e s c r ib e s  

o n ly  t h e  Min ( x , y )  p o r t io n  o f  t h e  s t a te m e n t ,  g e n e r a t in g  a n  E -c o d e  in s t r u c t io n  p a c k e t  

t r a n s l a t i n g  Min ( x , y )  . W h e n  t h e  P a r s e r  c o m p le te s  t h e  p ro c e s s in g  o f  t h e  fu n c t io n  c a ll 

p r o d u c t io n ,  i t  ca lls  t h e  E n d P a c k e t  r o u t in e  to  e n d  t h e  c u r r e n t  p a c k e t  s t r u c tu r e  a n d  

t h e n  ca lls  t h e  S t a r tP a c k e t  r o u t in e  to  s t a r t  c o n s t r u c t io n  o f  t h e  n e x t  p a c k e t  s t r u c tu r e .  

T h e  l in e  a n d  c o lu m n  n u m b e r s  p a s s e d  to  th is  c a ll to  S ta r tP a c k e t  a re  th e  p re v io u s  

s o u rc e  l in e  a n d  c o lu m n  n u m b e r s  r e t u r n e d  b y  t h e  A d j u s t S ta r tP a c k e t  r o u t in e ;  t h e  

in s t r u c t io n  n u m b e r  o f  t h e  next E - c o d e  in s t r u c t io n  is a lso  p a s s e d  to  S ta r tP a c k e t .  

T h u s , t h e  s o u rc e  c o d e  a s s o c ia te d  w i th  t h e  n o w  c u r r e n t  p a c k e t  s t r u c t u r e  is th e  e n ti r e  

a s s ig n m e n t  s t a te m e n t ;  t h e  E - c o d e  p a c k e t  t r a n s la t in g  th is  a s s ig n m e n t  s t a te m e n t  d o e s  

n o t  in c lu d e  t h e  in s t r u c t io n s  t r a n s la t in g  t h e  f u n c t io n  call.

A d j u s t i n g  t h e  S t a r t i n g  M e m o r y  A d d r e s s  o f  a  P a c k e t .  T h e r e  is a  c ase  

w h e n  i t  is n e c e s s a ry  to  r e t a in  t h e  v a lu e  o f  t h e  c u r r e n t  E - c o d e  i n s t r u c t io n  n u m b e r  so
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t h a t  i t  c a n  b e  u s e d  as t h e  s t a r t i n g  p r o g r a m  m e m o r y  a d d re s s  o f  t h e  p a c k e t  t r a n s la t in g  

t h e  n e x t  a n im a t io n  u n i t .  N o rm a lly , a  p a c k e t ’s s t a r t i n g  p r o g r a m  m e m o r y  a d d re s s  is 

t h e  n e x t  i n s t r u c t io n  n u m b e r  to  b e  g e n e r a te d .  H o w e v e r, w h e n  a n  E -c o d e  l a b e l  in 

s t r u c t io n  is  t h e  c u r r e n t  in s t r u c t io n ,  th e r e  a r e  s i tu a t io n s  w h e n  th is  i n s t r u c t io n  m u s t  

b e c o m e  t h e  f ir s t  i n s t r u c t io n  in  t h e  n e x t  E -c o d e  p a c k e t.  U n f o r tu n a te ly ,  s in c e  i t  is 

n o t  a n  e n c lo s in g  p r o d u c t io n  t h a t  n e e d s  t h e  m e m o r y  a d d re s s  o f  t h e  la b e l  in s t r u c 

t io n ,  t h e  s e m a n t ic  s ta c k  c a n n o t  b e  u s e d  to  s to r e  th is  v a lu e . T h is  p r o b le m  is so lv e d  

b y  s to r in g  t h e  c u r r e n t  i n s t r u c t io n  n u m b e r  ( i .e .,  th e  n u m b e r  o f  t h e  E -c o d e  l a b e l  

in s t r u c t io n )  in  a  g lo b a l v a r ia b le , S a v e S ta r t I n s t r N u m , w h ic h  is  a c c e s s ib le  in  th e  a p 

p r o p r i a t e  p r o d u c t io n .  T h u s , w h e n e v e r  t h e  P a r s e r  re c o g n iz e s  a  to k e n  t h a t  m a rk s  

t h e  b e g in n in g  o f  a n  a n im a t io n  u n i t ,  i t  f ir s t  q u e r ie s  S a v e S ta r t I n s t r N u m  fo r  a  v a lid  

i n s t r u c t io n  n u m b e r .  I f  t h e  in s t r u c t io n  n u m b e r  is v a lid  ( i .e .,  i t s  v a lu e  is n o t  - I ) ,  th e  

P a r s e r  p a s s e s  th i s  i n s t r u c t io n  n u m b e r  v a lu e  to  t h e  S ta r tP a c k e t  r o u t in e  a n d  th e n  se ts  

S a v e S t a r t ln s t r N u m ’s v a lu e  to  - I .  I f  t h e  v a lu e  o f  S a v e S ta r t I n s t r N u m  is - I ,  t h e  P a r s e r  

p a s s e s  t h e  n u m b e r  o f  t h e  n e x t  E -c o d e  i n s t r u c t io n  to  b e  g e n e r a te d  to  S t a r t P a c k e t . 

I t  s h o u ld  b e  n o te d  t h a t  u s e  o f  g lo b a l v a r ia b le s  in  t h e  y a c c  p a r s e r  m u s t  b e  d o n e  v e ry  

c a re fu lly  to  e n s u r e  t h a t  t h e  p a r s e r  d o e s  n o t  a l t e r  a  v a r ia b le ’s v a lu e  b e fo re  i t  is u s e d .

A d j u s t i n g  t h e  E n d i n g  M e m o r y  A d d r e s s  o f  a  P a c k e t .  S im ila rly , th e r e  is 

a lso  a  c a s e  w h e n  i t  is n e c e s s a ry  to  r e t a in  t h e  v a lu e  o f  t h e  c u r r e n t  E -c o d e  in s t r u c t io n  

n u m b e r  so t h a t  i t  c a n  b e  u s e d  as t h e  e n d in g  p r o g r a m  m e m o r y  a d d re s s  o f  t h e  p a c k e t 

c u r r e n t ly  u n d e r  c o n s t r u c t io n .  T h is  s i tu a t io n  a ris e s  w h e n  t h e  P a r s e r  g e n e r a te s  a n  

E -c o d e  b r  ( b r a n c h )  o r  c a l l  i n s t r u c t io n  im m e d ia te ly  p re c e d in g  t h e  g e n e r a t io n  o f  a  

l a b e l  i n s t r u c t io n .  D u e  to  t h e  n a tu r e  o f  t h e  p a r s e ,  h o w e v e r , t h e  P a r s e r  h a s  n o t y e t  

d e te r m in e d  t h a t  i t  is  t im e  to  e n d  c o n s t r u c t io n  o f  t h e  a n im a t io n  u n i t  c o r re s p o n d in g  

to  t h e  c u r r e n t  p a c k e t.  T h is  d e c is io n  is m a d e  w h e n  t h e  n e x t  p r o d u c t io n  is p ro c e s s e d . 

T h is  n e x t  p r o d u c t io n  is  n o t  a n  e n c lo s in g  p r o d u c t io n ,  a n d  th u s  c a n n o t  r e t r ie v e  th e



4 8

n e c e s s a r y  in f o r m a t io n  f ro m  t h e  s e m a n t ic  s ta c k . H e re  a g a in , a  g lo b a l  v a r ia b le  is u se d . 

T h e  P a r s e r  q u e r ie s  th i s  v a r ia b le ,  S a v e E n d I n s t r N u m , b e fo re  c a llin g  t h e  E n d P a c k e t  

r o u t in e .  ( T h is  is t h e  s a m e  s i tu a t io n  in  w h ic h  t h e  s u c c e e d in g  l a b e l  i n s t r u c t io n  m u s t  

b e c o m e  t h e  s t a r t i n g  p r o g r a m  a d d re s s  fo r  t h e  n e x t  a n im a t io n  u n i t . )

F r a g m e n t e d  A n i m a t i o n  U n i t s .  A n o th e r  p r o b le m  in  t r a n s la t in g  a n im a t io n  

u n i t s  o c c u rs  w h e n  a n  a n im a t io n  u n i t  b e c o m e s  “f r a g m e n te d ” . F r a g m e n ts  r e s u l t  w h e n  

p a r s in g  e i th e r  a  s in g le  c o n d it io n a l  s t a te m e n t  o r  a  s in g le  p r o c e d u r e / fu n c t io n  ca ll 

t h a t  o c c u rs  w i th in  a n o th e r  c o n d it io n a l  s t a t e m e n t  a lo n e , n o t  w i th in  a  c o m p o u n d  

( B E G I N /E N D )  s t a te m e n t .  T h is  s i tu a t io n  is b e s t  e x p la in e d  b y  a n  e x a m p le . C o n 

s id e r  t h e  m in iP a s c a l  p r o g r a m  in  f ig u re  9 ( th e  n u m b e r s  o n  t h e  le f t  c o r r e s p o n d  to  

l in e  n u m b e r s  in  t h e  s o u rc e  h ie ) .  T h is  e x a m p le  i l lu s t r a te s  a  s in g le  p r o c e d u r e  c a ll 

s t a t e m e n t  t h a t  o c c u rs  w i th in  a  w h ile  lo o p  ( lin e  n u m b e r  11). F ig u r e  10 show s th e  

p s e u d o  a s s e m b ly  la n g u a g e  r e p r e s e n ta t io n  o f  t h e  E - c o d e  in s t r u c t io n s  t r a n s la t in g  p r o 

g r a m  I n c r e m e n t  I .  T h e  n u m b e r s  sh o w n  o n  t h e  le f t  c o r r e s p o n d  to  p r o g r a m  m e m o ry  

a d d re s s e s  ( in s t r u c t io n  n u m b e r s ) .  T h e  in d iv id u a l  p a c k e ts  a re  s e p a r a t e d  b y  a  b la n k  

l in e  in  t h e  f ig u re .

F i r s t ,  a s s u m e  t h a t  t h e  a n im a to r  h a s  tw o  o p t io n s  p e r ta in in g  to  w h e n  a n  a n im a t io n  

u n i t  s h o u ld  b e  h ig h lig h te d .  O n e  o f  th e s e  o p t io n s  is to  h ig h l ig h t a n  a n im a t io n  u n i t ,  

a w a i t  a  r e s p o n s e  f ro m  t h e  u s e r  b e fo re  e x e c u tin g  t h e  c o r r e s p o n d in g  E -c o d e  p a c k e t  

(so  t h a t  t h e  u s e r  c a n  c o n te m p la te  w h a t  w ill h a p p e n  w h e n  t h e  a n im a t io n  u n i t  is 

e x e c u te d ) ,  a n d  t h e n  r e h ig h l ig h t  t h e  s a m e  a n im a t io n  u n i t  u p o n  c o m p le tio n  o f  i ts  

e x e c u t io n  (so  t h a t  t h e  u s e r  c a n  p o n d e r  w h e re  e x e c u tio n  w ill p r o c e e d  n e x t ) .  T h is  

is  t h e  s c e n a r io  t h a t  h a s  b e e n  u s e d  in  p re v io u s  e x a m p le s . H o w e v e r , as th e  u s e r  

p ro g r e s s e s  in  h is  u n d e r s ta n d in g  o f  p r o g r a m  flow , i t  w o u ld  a lso  b e  d e s i ra b le  to  g iv e  t h e  

a n im a to r  a  s e c o n d  o p tio n . T h is  o p t io n  w o u ld  a llo w  t h e  a n im a to r ,  u p o n  c o m p le t io n  

o f  t h e  e x e c u t io n  o f  a n  a n im a t io n  u n i t ,  to  im m e d ia te ly  h ig h l ig h t t h e  next a n im a t io n
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0 PROGRAM Increment I;
1 VAR

2 i.: INTEGER;
3

4 PROCEDURE IncrI;
5 BEGIN

6 i:=i+l

7 END;
8

9 BEGIN
1 0  i : = 1 ;

11 WHILE i < 5 DO IncrI;
12 END.

F ig u r e  9: S o u rc e  C o d e  fo r  P r o g r a m  I n c r e m e n t  I

0 pushd C7 19 label 0
I nop 20 nop

2 nop 21 push !,Cl

22 pop c-, I,VO
3 inst c,VO

4 br 0 23 label 2
24 inst c,V2

5 label I 25 push I,VO
6 pushd C4 26 push I,C5

27 less c,I
7 nop 28 pop c,B,V2

29 push B ,V2
8 inst c,Vl 30 brf c,3
9 push I,VO
10 push I,Cl 31 nop
11 add c,I
12 pop c,I,Vl 32 call I
13 push I,Vl 33 label 5
14 pop c,I,VO 34 br 2

15 nop 35 label 3
16 uninst c,Vl 36 nop
17 popd 37 uninst c,V2
18 return 38 uninst c,V0

39 popd

F i g u r e  1 0 :  E - c o d e  T r a n s l a t i o n  o f  P r o g r a m  I n c r e m e n t  I
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u n i t  t o  b e  e x e c u te d .  T h e  fo llo w in g  d isc u s s io n  a s s u m e s  t h a t  t h e  a n im a to r  is  ru n n in g  

u n d e r  th is  s e c o n d  o p t io n .

S u p p o s e  t h a t  t h e  a n im a to r  h a s  j u s t  h ig h lig h te d  th e  a n im a t io n  u n i t  END; o f  p r o 

c e d u re  In c rL  U p o n  re c e iv in g  a  r e s p o n s e  f r o m  t h e  u s e r ,  t h e  a n im a to r  ca lls  t h e  E - 

m a c h in e  to  e x e c u te  t h e  c o r r e s p o n d in g  E -c o d e  p a c k e t  (c o n s is t in g  o f  t h e  in s t r u c t io n s  

n u m b e r e d  15 th r o u g h  18). T h e  E -m a c h in e  r e tu r n s  to  t h e  a n im a to r  w h e n  i t  c o m 

p le te s  e x e c u t io n  o f  t h e  p a c k e t.  T h e  a n im a to r  n o w  q u e rie s  t h e  E - m a c h in e ’s p a c k e t  

r e g is te r  in  o r d e r  t o  d e te r m in e  t h e  next a n im a t io n  u n i t  to  b e  h ig h lig h te d .  A l th o u g h  

i t  is  n o t  e v id e n t  f ro m  f ig u re  10, t h e  RETURN i n s t r u c t io n  ( n u m b e r  18) c au se s  c o n tro l  

t o  p a s s  to  t h e  LABEL i n s t r u c t io n  ( n u m b e r  33 ) fo llo w in g  t h e  CALL i n s t r u c t io n  t h a t  

c a u s e d  c o n tr o l  to  p a s s  to  p r o c e d u r e  I n c r l .  ( T h is  is  a c c o m p l is h e d  v ia  t h e  E - m a c h in e ’s 

q u e r y  o f  i t s  r e t u r n  a d d re s s  s ta c k , as d is c u s s e d  in  c h a p te r  2 .)  I n s t r u c t io n  n u m b e r  33 

is  w i th in  t h e  E - c o d e  p a c k e t  t r a n s la t in g  t h e  a n im a t io n  u n i t  c o n s is t in g  o f  th e  c a ll to  

p r o c e d u r e  I n c r I  ( in s t r u c t io n  n u m b e r s  32 th r o u g h  34 ). T h u s ,  t h e  E - m a c h in e ’s p a c k e t  

r e g is te r  c o n ta in s  t h e  a d d re s s  o f  t h e  p a c k e t  s t r u c tu r e  d e s c r ib in g  t h e  a n im a t io n  u n i t  

c o n s is t in g  o f  t h e  c a ll to  p r o c e d u r e  I n c r l .  T h is  a n im a t io n  u n i t ,  h o w e v e r , w as h ig h 

l ig h te d  p r io r  t o  t h e  c a ll to  t h e  p r o c e d u r e  a n d  s h o u ld  n o t  b e  r e h ig h l ig h te d .  T h e  

a n im a t io n  u n i t  t h a t  s h o u ld  b e  h ig h lig h te d  is  WHILE i < 5.

T h is  f r a g m e n ta t io n  p ro b le m  w as s o lv e d  b y  a d d in g  a  n e w  f ie ld  to  t h e  p a c k e t 

s t r u c tu r e  d e f in it io n . T a b le  3 sh o w s t h e  P a c k e t  T a b le  c o n ta in in g  t h e  p a c k e t  s t r u c 

tu r e s  r e s u l t in g  f ro m  t h e  c o m p ila t io n  o f  p r o g r a m  I n c r e m e n t  I .  T h is  n e w  fie ld , 

n a m e d  F r a g A d d r  in  t a b le  3 , h o ld s  t h e  f i r s t  p r o g r a m  m e m o ry  a d d re s s  a t  w h ic h  th is  

f r a g m e n ta t io n  c a n  o c c u r .  (M o re  t h a n  o n e  s u c h  LABEL i n s t r u c t io n  w i th in  t h e  E - c o d e  

p a c k e t  c a n  c a u s e  th is  p ro b le m  to  o c c u r  m u l t ip le  t im e s  d u e  to m u lt ip le  n e s t in g  p o s 

s ib il i t ie s .)  W h e n  t h e  P a r s e r  m o d u le  d e te r m in e s  t h a t  th is  s i t u a t io n  is p o s s ib le , i t  

c a lls  t h e  A d d P k tF r a g I n s t r  r o u t in e  to  in it ia l iz e  t h e  F r a g A d d r  f ie ld . T h e  a n im a to r  

m u s t  n o w  q u e ry  t h e  E - m a c h in e ’s p r o g r a m  c o u n te r  as w e ll as i t s  p a c k e t  r e g is te r  w h e n
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d e te rm in in g  t h e  n e x t  a n im a t io n  u n i t  to  b e  d is p la y e d . I f  t h e  p r o g r a m  c o u n te r  v a lu e  

is  g r e a t e r  t h a n  o r  e q u a l  t o  t h e  F r a g A d d r  v a lu e  in  t h e  p a c k e t  s t r u c t u r e  c o r re s p o n d in g  

to  t h e  p a c k e t  r e g is te r ,  t h e  a n im a to r  d o e s  n o t  c h a n g e  i ts  c u r r e n t  d is p la y  ( i .e .,  i t  c o n 

t in u e s  to  h ig h l ig h t  t h e  a n im a t io n  u n i t  i t  is o n , n o t  t h e  a n im a t io n  u n i t  d e s c r ib e d  b y  

t h e  p a c k e t  s t r u c tu r e  to  w h ic h  t h e  r e t u r n  w as m a d e ) .  O f  c o u rs e , t h e  a n im a to r  m u s t  

s t i l l  c a ll  t h e  E -m a c h in e  to  c o m p le te  e x e c u tio n  o f  t h e  f r a g m e n te d  E -c o d e  p a c k e t  e v e n  

th o u g h  t h e r e  is  n o  c h a n g e  in  w h a t  t h e  a n im a to r  h ig h lig h ts .  O n c e  e x e c u tio n  o f  t h e  

f r a g m e n te d  p a c k e t  is c o m p le te d ,  t h e  n e x t  a n im a t io n  u n i t  is  h ig h lig h te d , in  th is  c ase  

WHILE i < 5.

P a c k e t

N u m b e r

S t a r t

A d d r

E n d

A d d r

S ta r t

L in e

S ta r t

C o l

E n d

L in e

E n d

C o l

S c o p e

In d e x

F ra g

A d d r

D is p la y

P a c k e t

0 0 I 0 0 0 18 0 - I T R U E

I 2 2 I 2 I 4 0 - I T R U E

2 3 4 2 4 2 13 I - I T R U E

3 5 6 4 2 4 22 0 - I T R U E

4 7 7 5 4 5 .8 0 - I T R U E

5 8 14 6 5 6 10 0 - I T R U E

6 15 18 7 5 7 8 2 - I T R U E

7 19 20 9 2 ■9 6 2 - I T R U E

8 21 22 10 3 10 7 2 - I T R U E

9 23 30 11 3 11 13 2 - I T R U E

10 31 31 11 15 11 16 2 - I T R U E

11 32 34 11 18 11 2 8 2 3 3 T R U E

12 35 3 9 12 3 12 6 2 - I T R U E

T a b le  3: P a c k e t  T a b le  R e s u l t in g  f ro m  C o m p ila tio n  o f P r o g r a m  I n c r e m e n t  I

I t  s h o u ld  b e  n o te d  t h a t  t h e  m in iP a s c a l  c o d e  

WHILE i < 0 DO BEGII IncrI(i) END;

d o e s  n o t  p r o d u c e  a  f r a g m e n ta t io n  p r o b le m , b e c a u s e  t h e  c a ll to  I n c r I  is  c o n ta in e d  

in  a  c o m p o u n d  s t a t e m e n t  ( B E G I N /E N D )  p a ir . F ig u re  11 c o n ta in s  t h e  s o u rc e  

c o d e  i l lu s t r a t in g  th is  s i tu a t io n .  F ig u r e  12 sh o w s th e  p s e u d o  a s s e m b ly  la n g u a g e
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0 PROGRAM Increment2
1 VAR

2 i:INTEGER;
3

4 PROCEDURE IncrI;
5 BEGIN

6 i:=i+l

7 END;
8

9 BEGIN
10 i:=l;

11 WHILE i < 5 DO BEGIN IncrI END;
12 END.

F ig u r e  11: S o u rc e  C o d e  fo r  P r o g r a m  I n c r e m e n t2

0 pushd C7 21 push I,Cl
I nop 22 pop c,I,VO

2 nop 23 label 2
24 inst c,V2

3 inst c,VO 25 push I,VO
4 br 0 26 push I,C5

27 less c,I
5 label I 28 pop c,B,V2
6 pushd C4 29 push B ,V2

30 brf c,3
7 nop

31 hop
8 inst c,Vl
9 push I,VO 32 nop
10 push I,Cl

11 add c,I 33 call I
12 pop c,I,Vl
13 push I,Vl 34 label 5
14 pop c,I,V0 35 nop

36 br 2
15 nop
16 uninst c,Vl 37 label 3
17 popd 38 nop
1 8 return 39 uninst c,V2

40- uninst c,VO
19 label 0 41 popd
20 nop

F i g u r e  1 2 :  E - c o d e  T r a n s l a t i o n  o f  P r o g r a m  I n c r e m e n t 2



5 3

r e p r e s e n ta t io n  o f  t h e  E -c o d e  in s t r u c t io n s  t r a n s la t in g  p r o g r a m  I n c r e m e n t2 .  A s c a n  

b e  s e e n  in  f ig u re  12, in  th i s  c a s e  t h e  LABEL i n s t r u c t io n  fo llo w in g  t h e  CALL i n s t r u c 

t io n  is  n o t  w i th in  t h e  E - c o d e  p a c k e t  t h a t  c o n ta in s  t h e  CALL in s t r u c t io n .  T h is  LABEL 

i n s t r u c t io n  is t h e  f ir s t  i n s t r u c t io n  in  t h e  E -c o d e  p a c k e t  t r a n s la t in g  t h e  END s t a t e 

m e n t  a s s o c ia te d  w i th  t h e  w h ile  lo o p . T h u s ,  u p o n  c o m p le tio n  o f  t h e  e x e c u tio n  o f  th e  

E - c o d e  p a c k e t  t r a n s la t in g  t h e  p r o c e d u r e ’s END s t a te m e n t ,  t h e  a n im a to r  w o u ld  (c o r 

r e c t ly )  h ig h lig h t t h e  a n im a t io n  u n i t  c o n ta in in g  t h e  END s t a t e m e n t  o f  t h e  w h ile  lo o p . 

T h e  f a c t  t h a t  t h e  LABEL i n s t r u c t io n  is  p h y s ic a l ly  a d ja c e n t  to  a n  in s t r u c t io n  in v o lv e d  

in  t h e  t r a n s l a t i o n  o f  t h e  n e x t  a n im a t io n  u n i t  ( in  th i s  c ase , t h e  w h ile  lo o p ’s END 

s t a t e m e n t )  a llow s t h e  P a r s e r  to  “a d ju s t ” th e  E - c o d e  p a c k e t  b o u n d a r ie s  b y  q u e ry in g  

t h e  S a v e S ta r t I n s t r N u m  a n d  S a v e E n d I n s t r N u m  v a r ia b le s  as p r e v io u s ly  d isc u sse d .

T h e  s a m p le  p r o g r a m  f o u n d  in  a p p e n d ix  C i l lu s t r a te s  a n o th e r  s i tu a t io n  in  w h ic h  

a  p a c k e t  b e c o m e s  f r a g m e n te d .

T o  H i g h l i g h t  o r  N o t .  A  f in a l  f ie ld , n a m e d  D is p la y P a c k e t  in  t a b le  3, w as 

a d d e d  to  t h e  p a c k e t  s t r u c tu r e  to  in d ic a te  w h e th e r  o r  n o t  t h e  a n im a to r  s h o u ld  d is 

p la y  (h ig h lig h t)  a n y th in g  a t  a l l b e fo re  t h e  c o r re s p o n d in g  E -c o d e  p a c k e t  is e x e c u te d . 

T h e r e  a re  tw o  m in iP a s c a l  s i tu a t io n s  w h e n  t h e  a n im a to r  s h o u ld  n o t  c h a n g e  i ts  d isp la y  

b e fo re  e x e c u t io n  o f  a  p a c k e t:

o b e fo re  e x e c u tio n  o f  a  p a c k e t  a s s o c ia te d  w i th  t h e  r e t u r n  f ro m  a  fu n c t io n  call;

o b e fo re  e x e c u t io n  o f  a  p a c k e t  c o n ta in in g  in s t r u c t io n s  t h a t  d e te r m in e  th e  c ase  

la b e l  t o  w h ic h  a  b r a n c h  s h o u ld  b e  m a d e  b a s e d  o n  t h e  c ase  s e le c to r  v a lu e .

T h e  fo llo w in g  tw o  e x a m p le s  i l l u s t r a te  th e s e  s i tu a t io n s .  F i r s t ,  c o n s id e r  th e  m in i- 

P a s c a l  s t a te m e n t ,

R e s u l t  :=  M in ( x , y )  + 2 ;

I n  th is  e x a m p le ,  t h e  a n im a to r  w ill e v e n tu a l ly  h ig h l ig h t t h e  a n im a t io n  u n i t  M in ( x , y )  

a n d  t h e n  a w a it  a  r e s p o n s e  f r o m  t h e  u s e r  b e fo re  e x e c u tin g  t h e  c o r re s p o n d in g  E - 

c o d e  p a c k e t .  W h e n  e x e c u t io n  o f  M in  is  c o m p le te  a n d  c o n tr o l  r e t u r n s  to  t h e  c a llin g
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p ro c e d u r e ,  a  d u m m y  p a c k e t  c o n ta in in g  t h e  E - c o d e  to  p o p  t h e  v a lu e  r e tu r n e d  

b y  Min in to  a  t e m p o r a r y  v a r ia b le  is e x e c u te d . S in c e  Min(x,y) h a s  a lr e a d y  b e e n  

h ig h lig h te d  a n d  i t s  c o r r e s p o n d in g  E -c o d e  p a c k e t  h a s  b e e n  e x e c u te d ,  t h e r e  is n o  

c o r r e s p o n d in g  s o u rc e  c o d e  ( i .e .,  a n im a t io n  u n i t )  a s s o c ia te d  w i th  th is  d u m m y  p a c k e t. 

T h is  s i t u a t io n  is  s im ila r  to  t h e  f r a g m e n ta t io n  p ro b le m  d is c u s s e d  a b o v e . I n  th is  c ase , 

h o w e v e r , e x e c u t io n  o f  t h e  e n t i r e  d u m m y  p a c k e t  s h o u ld  n o t  r e s u l t  in  a n y  a n im a t io n  

(h ig h lig h t in g )  o f  t h e  s o u rc e  p r o g r a m . T h u s ,  t h e  D is p la y P a c k e t  f ie ld  in  th e  d u m m y  

p a c k e t ’s a s s o c ia te d  p a c k e t  s t r u c tu r e  is s e t  to  F A L S E . T h e  a n im a to r  w o u ld  c o n t in u e  

to  h ig h lig h t  Min(x,y) u n t i l  e x e c u tio n  o f  t h e  d u m m y  p a c k e t  is  c o m p le te , a n d  t h e n  

h ig h lig h t  t h e  a n im a t io n  u n i t  c o n ta in in g  t h e  s t a t e m e n t  Result :=  Min(x,y) + 2; 

in  o r d e r  t o  i l l u s t r a te  t h e  r e s u l t  o f  e x e c u tin g  th is  a s s ig n m e n t s t a te m e n t .

N o w , c o n s id e r  t h e  c o d e  in  f ig u re  13. I n  th is  e x a m p le , u p o n  c o m p le tio n  o f  p a rs e  

o f  t h e  e n t i r e  c a s e  s t a t e m e n t  (u p  to  t h e  END s t a t e m e n t ) ,  t h e  P a r s e r  M o d u le  calls 

t h e  G e n C a s e S e a rc h  r o u t in e  in  t h e  C o d e  D r iv e r  m o d u le .  T h is  r o u t in e  g e n e r a te s  

a  p a c k e t  o f E -c o d e  t h a t  e n a b le s  c o n tro l  t o  p a s s  to  t h e  p r o p e r  c a s e  la b e l  a t  r u n  

t im e . H e re  a g a in , th is  is  a  “d u m m y ” p a c k e t  in  t h a t  t h e r e  is  n o  a n im a t io n  u n i t  

a s s o c ia te d  d i r e c t ly  w i th  i t .  F o r  t h e  c a se  s t a t e m e n t  in  f ig u re  13, t h e  a n im a to r  w ill f ir s t 

h ig h lig h t  t h e  a n im a t io n  u n i t ,  CASE i OF, a n d  t h e n  a w a it  a  r e s p o n s e  f ro m  t h e  u s e r. 

U p o n  c o m p le t io n  o f  e x e c u tio n  o f  t h e  c o r re s p o n d in g  E -c o d e  p a c k e t ,  t h e  a n im a to r  w ill 

s u b s e q u e n t ly  c a ll  t h e  E - m a c h in e  to  e x e c u te  t h e  d u m m y  p a c k e t,  w i th o u t  c h a n g in g  i ts  

d is p la y  ( i .e . ,  CASE i OF c o n t in u e s  to  b e  h ig h lig h te d ) .  T h e n ,  s in c e  t h e  v a lu e  o f  t h e  

c a s e  s e le c to r  is 2 , t h e  a n im a to r  h ig h lig h ts  t h e  a n im a t io n  u n i t  c o n ta in in g  t h e  c ase  

la b e l  2 :  a n d  a g a in  a w a its  a  r e s p o n s e  f ro m  t h e  u s e r .

T h e  S c a n n e r  M o d u l e

T h e  S c a n n e r  m o d u le  p e r f o rm s  t h e  s c a n n in g  (o r  le x ic a l  a n a ly s is )  fu n c t io n  fo r  

t h e  c o m p ile r . T h is  m o d u le  c o n s is ts  o f  t h e  le x - g e n e r a te d  y y le x  r o u t in e  a n d  tw o
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i : =2;

CASE i OF

I: j:=100
2: j:=200
3: j :=300
OTHERS: j :=0
END;

F ig u r e  13: S o u rc e  C o d e  fo r  a  C A S E  S ta te m e n t

u s e r - s u p p l ie d  r o u t in e s  t h a t  h a n d le  m in i?  as c a l  c o m m e n ts  a n d  q u o te d  s t r in g s ,  r e s p e c 

tiv e ly . T h e  y y le x  r o u t in e  is  c a lle d  b y  t h e  P a r s e r  w h e n  t h e  n e x t  to k e n  is  r e q u ir e d . 

T h e  o th e r  tw o  r o u t in e s  a re  c a lle d  in te r n a l ly  ( f ro m  y y le x  in  t h e  S c a n n e r  m o d u le ) .

L e x  p r o d u c e s  a  s c a n n e r  b y  p ro c e s s in g  a  s p e c i f ic a t io n  file  c o n ta in in g  ru le s  t h a t  

c o n s is t  o f  r e g u la r  e x p re s s io n s . T h e s e  r e g u la r  e x p re s s io n s  d e fin e  t h e  to k e n s  in  a  

la n g u a g e , in  th is  c a s e  m in iP a s c a l . A c tio n s , w r i t t e n  in  C , a re  in te r s p e r s e d  a m o n g  t h e  

ru le s — th e s e  a c t io n s  e ffec t t h e  a c c o m p lis h m e n t  o f  t h e  tw o  s c a n n e r  ta s k s  p e r f o rm e d  

u p o n  e a c h  c a ll  to  y y le x . T h e  S c a n n e r  m o d u le ’s f ir s t  t a s k  is t o  re c o g n iz e  a n d  r e t u r n  

m in iP a s c a l  to k e n s  ( a n d  t h e i r  v a lu e s)  to  t h e  p a r s e r .  I t s  s e c o n d  t a s k  is  to  e n te r  th e  

o r ig in a l m in iP a s c a l  s o u rc e  c o d e  in to  t h e  E - c o d e ’s S O U R C E S E G T I O N  v ia  ca lls  th e  

G e n S o u rc e  r o u t in e  in  t h e  S O U R C E  m o d u le . T h e  S c a n n e r  m o d u le  is  a lso  re s p o n s ib le  

fo r  e n s u r in g  t h a t  t h e  m in iP a s c a l  c o m p ile r  is n o t  c a s e -s e n s it iv e . T h u s ,  w h e n  th e  

S c a n n e r  m o d u le  re c o g n iz e s  a  id e n t i f ie r  to k e n ,  i t  f ir s t  e n te r s  t h e  n a m e  o f  t h e  id e n t if ie r  

in to  t h e  S O U R C E S E C T I O N , a n d  th e n  c o n v e r ts  t h e  n a m e  ( in  t h e  y y t e x t  v a r ia b le )  

t o  a ll lo w e r c a s e  c h a r a c te r s  b e fo re  r e tu r n in g  to  th e  P a r s e r .
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T h e  C o d e  D r i v e r  M o d u l e

T h e  C o d e  D r iv e r  m o d u le  d r iv e s  t h e  E - c o d e  t r a n s la t io n  o f  t h e  s o u rc e  p r o g ra m . 

T h is  m o d u le  is  a  la rg e  o n e , c o n s is t in g  o f  t h i r ty - tw o  ro u t in e s .  M a n y  o f  th e s e  ro u t in e s  

a r e  c a lle d  b y  t h e  P a r s e r  m o d u le  w h e n  t h e  p a r s e  re a c h e s  a  p o in t  w h e re  c o d e  s h o u ld  

b e  g e n e r a te d .  T h e  r e m a in in g  r o u t in e s  in  th is  m o d u le  a re  c a lle d  in te r n a l ly  ( f ro m  

w i th in  t h e  C o d e  D r iv e r  m o d u le ) .  T h e  C o d e  D r iv e r  m o d u le  in te r f a c e s  d i r e c tly  w i th  

t h e  S e m a n t ic  A n a ly s is  a n d  S y m b o l  T a b le  m o d u le s  to  p e r f o rm  s e m a n t ic  a n a ly s is , a n d  

w i th  t h e  C O D E , L A B E L , a n d  V A R IA B L E  m o d u le s  to  p e r f o r m  c o d e  g e n e r a t io n .

T h e  S e m a n t i c  A n a l y s i s  M o d u l e

T h e  S e m a n t ic  A n a ly s is  m o d u le  p e r f o rm s  s e m a n t ic  a n a ly s is  d u r in g  c o m p ila tio n . 

T h is  m o d u le  is a  la rg e  m o d u le , c o n s is t in g  o f  f if ty -e ig h t r o u t in e s .  T h e s e  ro u t in e s  a re  

c a lle d  b y  t h e  P a r s e r  m o d u le , t h e  C o d e  D r iv e r  m o d u le , a n d  t h e  S T A T S C O P E  m o d 

u le s  w h e n  s e m a n t ic  c h e c k in g  m u s t  b e  d o n e . T h e  S e m a n tic  A n a ly sis , ro u t in e s  m a y  

a lso  b e  c a lle d  in te r n a l ly  ( f ro m  w i th in  t h e  S e m a n t ic  A n a ly s is  m o d u le ) .  T h e s e  r o u 

t in e s  p e r f o r m  ta s k s  r e le v a n t  t o  b o t h  t h e  in i t ia l iz a t io n  a n d  t h e  r e t r ie v a l  o f  s e m a n t ic  

in f o r m a t io n .  F o r  e x a m p le , t h e  P a r s e r  m o d u le  ca lls  t h e  S e tP r o c A t t r ib u te s  r o u t in e  

u p o n  e n c o u n te r in g  a  p r o c e d u r e  d e c la ra tio n .  T h is  r o u t in e  is  d e d ic a te d  to  a s s o c ia t in g  

w i th  t h e  p r o c e d u r e  n a m e  i ts  (c o m p ile r  g e n e r a te d )  s t a r t i n g  p r o g r a m  m e m o r y  a d d re s s  

a s  w e ll a s  a n y  fo rm a l  p a r a m e t e r  a t t r i b u t e s .  L a te r ,  w h e n  t h e  P a r s e r  e n c o u n te r s  a  

c a ll  t o  t h e  p r o c e d u r e ,  i t  ca lls  t h e  G e tP r o c A t t r i b u te s  r o u t in e  to  r e t r i e v e  th is  in fo rm a 

t io n  in  o r d e r  t o  a s s o c ia te  t h e  c o r r e c t  p r o g r a m  m e m o r y  a d d re s s  w i th  t h e  g e n e r a te d  

E -c o d e  c a l l  i n s t r u c t io n  a n d  to  v e rify  t h e  a c tu a l  p a r a m e te r  l is t .  T h e  S e m a n t ic  

A n a ly s is  m o d u le  in te r f a c e s  d i r e c t ly  w i th  t h e  S y m b o l  T a b le  m o d u le  to  e n te r  a n d  r e 

t r ie v e  s y m b o l t a b le  a t t r i b u t e  in f o r m a tio n .  T h e  S e m a n t ic  A n a ly s is  m o d u le  a lso  i n t e r 

fa c es  d i r e c t ly  w i th  t h e  S T R I N G  m o d u le  b y  c a llin g  t h e  E n te r S t r in g  r o u t in e  to  e n te r
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t h e  v a lu e s  o f  s t r in g  l i te r a ls  a n d  e n u m e r a te d  c o n s ta n t  n a m e s  in to  t h e  s t r in g  s p a c e  

a r ra y .

T h e  P A C K E T  M o d u l e

T h e  P A C K E T  m o d u le  p r o d u c e s  t h e  E - c o d e  p a c k e t  d e s c r ip to r s  d u r in g  c o m p ila 

t io n . T h is  m o d u le  c o n ta in s  r o u t in e s  t h a t  in it ia l iz e  a  s ta t i c a l ly  a l lo c a te d  a r r a y  o f 

s t r u c tu r e s  c o n ta in in g  t h e  p a c k e t  d e s c r ip tio n s . W i th  t h e  e x c e p tio n  o f  t h e  W r i te P K T  

r o u t in e ,  t h e  P A C K E T  m o d u le  r o u t in e s  a r e  c a lle d  b y  t h e  P a r s e r  m o d u le  d u r in g  

t h e  p a r s in g  p ro c e s s .  T h e  W r i t e P K T  r o u t in e ,  c a lle d  b y  t h e  M a in  m o d u le  a t  th e  

e n d  o f  c o m p ila t io n ,  w r i te s  t h e  p a c k e t  s t r u c tu r e  a r r a y  e le m e n ts  t o  re c o r d s  in  th e  

P A C K E T S E C T I O N  o f  t h e  E -c o d e  file.

T h e  S O U R C E  M o d u l e

T h e  S O U R C E  m o d u le  p ro d u c e s  th e  s o u rc e  c o d e  a r r a y  (fo r  a n im a t io n  p u rp o s e s ) .  

T h is  m o d u le  c o n ta in s  t h e  G e n S o u r c e  r o u t in e ,  w h ic h  in it ia l iz e s  a  s t a t i c a l ly  a llo c a te d  

a r r a y  c o n ta in in g  t h e  s o u rc e  c o d e  o f  t h e  m in iP a s c a l  p r o g r a m  b e in g  c o m p ile d . E a c h  

e le m e n t  in  t h e  s o u rc e  c o d e  a r r a y  c o r r e s p o n d s  to  a  s in g le  l in e  in  t h e  m in iP a s c a l  

s o u rc e  p r o g r a m . T h e  G e n S o u r c e  r o u t in e  is  c a lle d  b y  t h e  S c a n n e r  m o d u le  d u r in g  

t h e  s c a n n in g  p ro c e s s .  T h e  W r i te S O U R C E  r o u t in e ,  c a lle d  b y  t h e  M a in  m o d u le  a t  

t h e  e n d  o f c o m p ila t io n , w r i te s  t h e  s o u rc e  c o d e  a r r a y  e le m e n ts  to ' re c o rd s  in  t h e  

S O U R C E S E C T I O N  o f  t h e  E -c o d e  file.

T h e  L A B E L  M o d u l e

T h e  L A B E L  m o d u le  p ro d u c e s  th e  t a b le  t h a t  m a p s  E -c o d e  l a b e l  n u m b e rs  to  

t h e i r  c o r r e s p o n d in g  E -c o d e  in s t r u c t io n  n u m b e r s  ( i .e .,  E -c o d e  l a b e l  in s t r u c t io n s ) .  

T h is  m o d u le  c o n ta in s  t h e  G e n L a b R e g T a b le  r o u t in e ,  w h ic h  in i t ia l iz e s  a  s ta tic a l ly  

a l lo c a te d  a r r a y  w h o se  e le m e n ts  c o n ta in  t h e  in s t r u c t io n  n u m b e r  o f  c o r re s p o n d in g
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E -c o d e  ( l a b e l )  in s t r u c t io n s .  T h e  G e n L a b R e g T a b le  r o u t in e  is  c a lle d  b y  b o th  th e  

P a r s e r  a n d  t h e  C o d e  D r iv e r  m o d u le s  d u r in g  t h e  c o m p ila t io n  p ro c e s s . T h e  W ri te L A B  

r o u t in e ,  c a lle d  b y  t h e  M a in  m o d u le  a t  t h e  e n d  o f  c o m p ila t io n , w r i te s  t h e  la b e l  a r r a y  

e le m e n ts  t o  r e c o rd s  in  t h e  L A B E L S E G T I O N  o f  t h e  E - c o d e  file.

T h e  V A R I A B L E  M o d u l e

T h e  V A R IA B L E  m o d u le  p ro d u c e s  th e  t a b le  t h a t  m a p s  E - c o d e  v a r ia b le  r e g is te r  

n u m b e r s  to  t h e i r  c o r r e s p o n d in g  d a t a  m e m o r y  s izes . T h is  m o d u le  c o n ta in s  th e  G e n - 

V a rR e g T a b le  r o u t in e ,  w h ic h  in it ia l iz e s  a  s t a t i c a l ly  a llo c a te d  a r r a y  w h o s e  e le m e n ts  

c o n ta in  t h e  size  o f  t h e  d a t a  m e m o r y  r e s e r v e d  fo r  c o r r e s p o n d in g  v a r ia b le  r e g is te r  

n u m b e r s . T h e  G e n V a rR e g T a b le  r o u t in e  is c a lle d  b y  b o th  t h e  P a r s e r  a n d  t h e  C o d e  

D r iv e r  m o d u le s  d u r in g  t h e  c o m p ila t io n  p ro c e s s . T h e  W ri te V A R  r o u t in e ,  c a lle d  b y  

t h e  M a in  m o d u le  a t  t h e  e n d  o f  c o m p ila t io n , w r i te s  t h e  v a r ia b le  r e g is te r  a r r a y  e le 

m e n ts  t o  r e c o rd s  in  t h e  V A R IA B L E S E G T IO N  o f  t h e  E - c o d e  file.

T h e  S T R I N G  M o d u l e

T h e  S T R I N G  m o d u le  g e n e r a te s  t h e  s t r in g  a r r a y  f o u n d  in  t h e  E - c o d e  

S T R I N G S E C T I O N . T h e  m in iP a s c a l  c o m p ile r ’s im p le m e n ta t io n  o f  e n u m e r a te d  ty p e s  

p r e c ip i t a te d  t h e  n e e d  fo r  a  n e w  E -m a c h in e  c o m p o n e n t  ( th e  s t r in g  s p a c e ) , a n d  h e n c e  

t h e  n e e d  fo r  a  c o r r e s p o n d in g  s e c t io n  in  t h e  E - c o d e  file. T h is  n e w  s e c t io n  is c a lle d  th e  

S T R I N G S E C T I O N . O rd in a r i ly , o n ly  t h e  i n t e r n a l  n u m e r ic  v a lu e  o f  a n  e n u m e r a te d  

t y p e  v a r ia b le  is  r e q u i r e d  i n  t r a n s l a t e d  o b je c t  c o d e 'fo r  r e a l  c o m p u te r s  a n d  c o m p u t in g  

e n v ir o n m e n ts .  I t  is  d e s ir a b le , h o w e v e r, fo r  a  p r o g r a m  a n im a t io n  s y s te m  to  h a v e  th e  

a n im a to r  d is p la y  t h e  e n u m e r a te d  c o n s ta n t  n a m e  r a t h e r  t h a n  (o r  in  a d d i t io n  to )  t h e  

i n t e r n a l  n u m e r ic  v a lu e  o f  a  v a r ia b le  o f  a n  e n u m e r a te d  ty p e .  T h e  S T R I N G S E C T I O N  

c o n s is ts  o f  a  s t a t i c a l ly  a llo c a te d  c h a r a c te r  a r r a y  c o n ta in in g  a ll o f  t h e  e n u m e r a te d  

c o n s ta n t  n a m e s  d e f in e d  in  a  m in iP a s c a l  p r o g r a m , as w e ll as t h e  v a lu e s  o f  a n y  s t r in g
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l i t e r a l s  d e c la r e d  in  t h e  s o u rc e  p r o g r a m  (w h ic h  m a y  a lso  n e e d  to  b e  d is p la y e d  b y  

t h e  a n im a to r ) .  W h e n  t h e  S e m a n t ic  A n a ly s is  m o d u le  e n c o u n te r s  t h e  d e f in it io n  o f  a  

s t r in g  l i t e r a l  o r  a n  e n u m e r a te d  c o n s ta n t  n a m e , i t  ca lls  t h e  E n te r S t r in g  r o u t in e  in  

t h e  S T R I N G  m o d u le . T h e  W r i te S T R I N G S  r o u t in e ,  c a lle d  b y  t h e  M a in  m o d u le  a t  

t h e  e n d  o f  c o m p ila t io n , w r i te s  t h e  s t r in g  c h a r a c te r  a r r a y  to  t h e  S T R I N G S E C T I O N  

o f  t h e  E -c o d e  file.

W h e n  a  m in iP a s c a l  p r o g r a m  is a n im a te d ,  t h e  S T R I N G S E C T I O N  p o r t io n  o f  t h e  

E -c o d e  file  is  lo a d e d  in to  t h e  E - m a c h in e ’s s t r in g  sp a c e . T h e  s t r in g  s p a c e  is t h e n  

a c c e s s e d  b y  t h e  a n im a to r  fo r  d is p la y in g  s t r in g  c o n s ta n ts  a n d  e n u m e r a te d  v a r ia b le  

v a lu e s . F o r  e x a m p le , u p o n  c o m p le tio n  o f  e x e c u t io n  o f  t h e  p r o g r a m  in  f ig u re  14, t h e  

a n im a to r  Can d is p la y  t h e  e n u m e r a te d  ty p e  v a r ia b le  v a lu e s  as s h o w n  in  f ig u re  15.

F ig u r e  16 i l lu s t r a te s  t h e  r e la t io n s h ip  o f  t h e  E - m a c h in e ’s s t r in g  s p a c e  w i th  th e  

v a r ia b le  r e g is te r s  a n d  d a t a  m e m o ry . T h is  i l l u s t r a t io n  a s s u m e s  t h a t  a  v a r ia b le  re g is 

t e r  a s s o c ia te d  w i th  a n  e n u m e r a te d  ty p e  v a r ia b le  r e p r e s e n ts  3 2 -b its  o f  d a t a  m e m o ry . 

T h e  16 h ig h - o r d e r  b i ts  o f  th is  d a t a  m e m o r y  lo c a tio n  c o n ta in  t h e  d y n a m ic a lly  d e 

t e r m in e d  in te r n a l  n u m e r ic  v a lu e  o f  t h e  e n u m e r a te d  c o n s ta n t  a s s o c ia te d  w i th  th is  

v a r ia b le ;  t h e  16 lo w -o rd e r  b i ts  c o n ta in  a n  in d e x  in to  t h e  s t r in g  s p a c e  w h e re  t h e  a s 

s o c ia te d  e n u m e r a te d  c o n s ta n t  n a m e  c a n  b e  fo u n d . A s c a n  b e  s e e n  in  f ig u re  16, t h e  

in d e x  in to  t h e  s t r in g  s p a c e  is a lw a y s  t h a t  o f  t h e  f ir s t  c o n s ta n t  n a m e  o f  t h e  e n u m e r 

a te d  ty p e .  T h is  is d u e  to  t h e  f a c t  t h a t  t h e  c o m p ile r  c a n  s ta t i c a l ly  g e n e r a te  c o d e  to  

in c r e m e n t  o r  d e c r e m e n t  t h e  n u m e r ic  v a lu e  o f  a n  e n u m e r a te d  ty p e  v a r ia b le  (e .g .,  fo r  

a n  e n u m e r a te d  ty p e  c o n tr o l  v a r ia b le  in  a  fo r  lo o p ) . T h e  c o m p ile r  c a n n o t ,  h o w e v e r , 

s t a t i c a l ly  d e te r m in e  in  a d v a n c e  t h e  a b s o lu te  s t r in g  s p a c e  in d e x  o f  t h e  e n u m e r a te d  

c o n s ta n t  n a m e  a s s o c ia te d  w i th  a n  e n u m e r a te d  t y p e  v a r ia b le  a t  a n y  g iv e n  t im e . I n 

s te a d ,  t h e  a n im a to r  h a s  t h e  c a p a b il i ty  to  r e t r i e v e  t h e  v a r ia b le ’s n u m e r ic  v a lu e  a n d  

t h e  s t a r t i n g  s t r in g  s p a c e  in d e x .  T h e  a n im a to r  c a n  t h e n  s te p  s e q u e n t ia l ly  th r o u g h  

t h e  s t r in g  s p a c e  u n t i l  t h e  n a m e  c o rr e s p o n d in g  to  t h e  n u m e r ic  v a lu e  is  fo u n d ; t h e
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Program Payroll!;

TYPE

DAYS = (MON,TUES,WED,THURS,FRI); 

FREQUENCY = (WEEK,MONTH);

VAR

OffDay,PayDay:DAYS;

PayFreq:FREQUENCY;

BEGIN

OffDay:=WED;
PayDay:=FRI;

PayFreq:=WEEK;

END.

F ig u r e  14: S o u rc e  C o d e  fo r  P r o g r a m  P a y r o l I l

Program Payroll!; Program Payroll!
OffDay = 2  /* WED */

TYPE PayDay = 4 /* FRI */
DAYS = (MON,TUES,WED,THURS,FRI); PayFreq = 0 /* WEEK */
FREQUENCY = (WEEK,MONTH);

VAR

OffDay,PayDay:DAYS;

PayFreq:FREQUENCY;

BEGIN

OffDay:=WED;

PayDay:=FRI;

PayFreq:=WEEK;

END.

F ig u r e  15: A n im a t io n  D is p la y  A f te r  E x e c u t io n  o f  P r o g r a m  P a y r o l l l
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F ig u re  16: S tr in g  S p a c e ’s R e la tio n s h ip  w ith  V a r ia b le  R e g is te rs  a n d  D a ta  M e m o ry
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n a m e s  a re  n u l l- te r m in a te d ,,  t h u s  ■ a llo w in g  s u c h  a. s e a rc h . (A  s im ila r  s i tu a t io n  w ill 

e x is t  w h e n  t h e  p r e d e c la r e d  P a s c a l  fu n c t io n s , p r e d  a n d  su c c , a re  e v e n tu a l ly  im p le 

m e n te d . )

T h e  a n im a to r  a lso  a c c ess e s  th e  s t r in g  s p a c e  w h e n  d is p la y in g  e n u m e r a te d  ty p e  

a r r a y  in d ic e s . T h u s , u p o n  c o m p le tio n  o f  t h e  e x e c u tio n  o f  t h e  p r o g r a m  sh o w n  in  

f ig u re  17, t h e  a n im a to r  c a n  d is p la y  D a y C o d e ’s v a lu e  as s h o w n  in  f ig u re  18. I n  

th is  c a s e , t h e  a n im a to r  r e t r ie v e s  t h e  v a lu e s  o f  t h e  e n u m e r a te d  ty p e  in d ic e s  th r o u g h  

in f o r m a t io n  s to r e d  in  t h e  S ta t i c  S c o p e  T a b le . I n  th is  e x a m p le , t h e  S ta t i c  S c o p e  

T a b le  e n t r y  fo r  t h e  v a r ia b le  D a y C o d e  c o n ta in s  t h e  fo llo w in g  in f o r m a tio n :  

o  Id e n t i f ie r  N a m e : D a y C o d e  

o  U p p e r  a r r a y  b o u n d :  19 

o  L o w er a r r a y  b o u n d :  O 

o  E n t r y  ty p e :  I N T E G E R E N U M I  

o  V a ria b le  R e g : O

T y p e  I N T E G E R E N U M I  m e a n s  t h a t  t h e  v a r ia b le  D a y C o d e  is a n  a r r a y  w i th  in te g e r  

e le m e n ts  a n d  a n  e n u m e r a te d  in d e x  ty p e .  T h is  in d ic a te s  to  th e  a n im a to r  t h a t  th e  

a r r a y  b o u n d s  a re  in d ic e s  in to  t h e  s t r in g  s p a c e  r a t h e r  t h a n  a b s o lu te  n u m b e r s .

T h e  E r r o r  M o d u l e

T h e  E r r o r  m o d u le  p r o d u c e s  a n  e r r o r  m e s s a g e  w h e n e v e r  a n  e r r o r  is  e n c o u n te r e d  

d u r in g  c o m p ila t io n . T h is  m o d u le  c o n s is ts  o f  r o u t in e s  to  r e p o r t  t h e  fo llo w in g  ty p e s  

o f  e r ro rs :

o  s c a n  e r ro rs ;  

o  p a r s e  e r ro rs ;  

o  i n te r n a l  e r ro rs ;  

o  p a r s e  w a rn in g s ;  

o la c k  o f  s u p p o r t  m e s sa g e s .
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Program Payroll2;

TYPE

DAYS = (MON,TUBS,WED,THURS,FRI); 

DAYLIST = ARRAY [MON..FRI] OF INTEGER;

VAR

DayCode:DAYLIST:
Day:DAYS;

BEGIN

FOR Day := MON TO FRI DO 
DayCode[Day] := O;

END.

F ig u r e  17: S o u rc e  C o d e  fo r  P r o g r a m  P a y r o l ls

Program Payrolls; Program Payrolls 

DayCode[MON] = O
TYPE DayCode[TUBS] = O

DAYS=(MON,TUBS,NED,THURS,FRI); DayCode[WED] = O
DAYLIST=ARRAY [MON..FRI] OF INTEGER; DayCode[THURS] = O

VAR

DayCode:DAYLIST:

Day:DAYS;

BEGIN

FOR Day := MON TO FRI DO 

DayCode[Day] := O ;
END.

DayCode[FRI] = O

F ig u r e  18: A n im a t io n  D is p la y  A f te r  E x e c u t io n  o f  P r o g r a m  P a y r o l ls



6 4

E a c h  o f  th e s e  r o u t in e s  p r in ts  a n  a p p r o p r i a te  m e s s a g e , a n d , w i th  t h e  e x c e p tio n  o f  t h e  

p a r s e  w a r n in g  r o u t in e ,  t h e n  ca lls  t h e  A b n o r m a lE n d  r o u t in e  in  t h e  M a in  m o d u le .  T h e  

E r r o r  m o d u le  r o u t in e s  a r e  c a lle d  b y  v a rio u s  o th e r  m o d u le s  d u r in g  th e  c o m p ila tio n  

p ro c e s s .

T h e  M e m o r y  A l l o c a t i o n  M o d u l e

T h e  M e m o ry  A l lo c a tio n  m o d u le  is re s p o n s ib le  fo r  a llo c a t in g  a n d  f re e in g  m e m o ry  

fo r  t h e  v a r io u s  d a t a  s t r u c tu r e s  r e q u i r e d  d u r in g  t h e  c o m p ila t io n  p ro c e s s .  T h is  m o d u le  

c o n s is ts  o f  a llo c a te  a n d  f re e  ro u t in e s  a s s o c ia te d  w i th  e a c h  d a t a  s t r u c t u r e  d e fin e d  in  

t h e  c o m p ile r . T h e  M e m o ry  A llo c a tio n  m o d u le  ro u t in e s  a re  c a lle d , b y  m a n y  o f  th e  

o th e r  m o d u le s  d u r in g  t h e  c o m p ila t io n  p ro c e s s .

T h e  A s s e m b l y  C o d e  M o d u l e

T h e  A s s e m b ly  C o d e  m o d u le  p ro d u c e s  a  t e x t  file  c o n ta in in g  t h e  p s e u d o  a s s e m b ly  

la n g u a g e  t r a n s la t io n  o f  a  s o u rc e  p r o g r a m . T h e  W r tA s m F ile  r o u t in e  in  th is  m o d u le  

w r i te s  a  c o p y  o f  t h e  C O D E S E C T I O N  in s t r u c t io n s  to  a  t e x t  file  in  p s e u d o  a s s e m b ly  

la n g u a g e  f o r m a t .  T h is  m o d u le  is n o t  r e q u i r e d  fo r  c o m p ila t io n  s in c e  i t  d o e s  n o t  g e n 

e r a t e  a n y  o f  t h e  E - c o d e  file  s e c tio n s ;  i t  d o e s , h o w e v e r , p r o v id e  a n  e x c e lle n t  d e b u g g in g  

to o l  fo r  c o m p ile r  d e v e lo p m e n t .  T h e  r o u t in e s  in  th i s  m o d u le  a re  (o p t io n a lly )  c a lle d  

b y  t h e  C O D E  m o d u le  as t h e  in s t r u c t io n s  a re  g e n e r a te d .

T h e  C O D E  M o d u l e

T h e  C O D E  m o d u le  p ro d u c e s  t h e  a r r a y  o f  C s t r u c tu r e s  c o n ta in in g  th e  E -c o d e  

in s t r u c t io n s .  T h e  C O D E  m o d u le  c o n ta in s  t h e  G e n I n s t r  r o u t in e  w h ic h  w r i te s  a  

s in g le  E -c o d e  in s t r u c t io n  to  a  t e m p o r a r y  file , a n d  (o p t io n a lly )  ca lls  t h e  W rtA s m F ile  

r o u t in e  in  t h e  A s s e m b ly  C o d e  m o d u le  ( to  o u t p u t  a n  e q u iv a le n t p s e u d o  a s s e m b ly  c o d e  

in s t r u c t io n ) .  T h e  G e n I n s t r  r o u t in e  is  c a lle d  b y  th e  P a r s e r  a n d  C o d e  D r iv e r  m o d u le s .
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T h e  C O D E  m o d u le  a lso  c o n ta in s  t h e  P a t c h I n s t r  r o u t in e ,  w h ic h  m a in ta in s  a n  a r r a y  

o f  s t r u c tu r e s  t h a t  a s s o c ia te  a  “p a tc h  v a lu e ” w i th  a  p r o g r a m  m e m o r y  a d d re s s . T h e r e  

a re  tw o  s i tu a t io n s  w h e n  a  c o d e  p a tc h  is n e c e s s a ry :

1. R e fe r e n c e s  to  la b e l  v a lu e s  b e fo re  th e y  a re  k n o w n  d u r in g  t h e  g e n e r a t io n  o f  c ase  

s t a t e m e n t  c o d e .

2. T h e  a s s o c ia t io n  o f  t h e  in d e x  o f t h e  S ta t i c  S c o p e  T a b le  e n t r y  fo r  a  p r o c e 

d u r e / f u n c t i o n  w i th  t h e  a p p r o p r ia te  p u s h d  in s t r u c t io n  (se e  t h e  P a r s e r  m o d u le  

s e c t io n  p re v io u s ly  in  th is  c h a p te r ) .

W h e n  c o m p ila t io n  is c o m p le te , t h e  M a in  m o d u le  c lo ses a n d  r e o p e n s  th e  t e m 

p o r a r y  C O D E S E C T I O N  file  a n d  th e n  ca lls  t h e  W r i te C O D E  r o u t in e .  T h is  r o u t in e  

r e a d s  t h e  t e m p o r a r y  file  a n d  w r i te s  t h e  r e c o r d s  to  t h e  C O D E S E C T I O N  o f  th e  E -c o d e  

h ie , i n c o r p o r a t in g  a n y  p a tc h e s  in to  t h e  p r o p e r  in s t r u c t io n s .

T h e  S y m b o l  T a b l e  M o d u l e

T h e  S y m b o l  T a b le  m o d u le  m a n a g e s  t h e  c o m p ile r ’s s y m b o l t a b le .  T h e  S y m b o l 

T a b le  m o d u le  r o u t in e s  a r e  r e s p o n s ib le  fo r  o p e n in g  a n d  c lo s in g  s t a t i c  sc o p e s  as w ell 

a s  e n te r in g  a n d  r e t r ie v in g  id e n t i f ie r  n a m e s  a n d  t h e i r  a t t r i b u t e s .  T h e  S y m b o l T a b le  

r o u t in e s  a r e  c a lle d  b y  t h e  P a r s e r ,  t h e  S e m a n t ic  A n a ly s is , t h e  C o d e  D r iv e r , a n d  t h e  

S T A T S C O P E  m o d u le s .

E a c h  id e n t i f ie r  n a m e  in  t h e  s y m b o l t a b le  h a s  a  s t a t i c  s c o p e  le v e l a n d ,  p o s s i

b ly , a  r e c o r d  n u m b e r ,  a s s o c ia te d  w i th  i t .  T h is  a llow s t h e  s a m e  id e n t i f ie r  n a m e  to  

b e  u s e d  in  m o re  t h a n  o n e  s c o p e , in c lu d in g  s c o p e s  n e s te d  w i th in  e a c h  o th e r . T h e  

c u r r e n t  s c o p e  le v e l is  c o n ta in e d  in  a  g lo b a l v a r ia b le  in  t h e  S y m b o l  T a b le  I n te r f a c e  

m o d u le . W h e n  t h e  P a r s e r  m o d u le  d e te r m in e s  t h e  b e g in n in g  o f  a  s c o p e , i t  ca lls th e  

O p e n S c o p e  r o u t in e ,  w h ic h  s im p ly  in c r e m e n ts  t h e  s c o p e  lev e l. W h e n  t h e  P a r s e r  m o d 

u le  d e te r m in e s  a n  e n d  o f  s c o p e , i t  ca lls  t h e  C lo s e S c o p e  r o u t in e ,  w h ic h  d e le te s  a ll 

s y m b o l t a b le  e n tr ie s  fo r  t h a t  s c o p e  a n d  th e n  d e c r e m e n ts  t h e  s c o p e  lev e l. I t  s h o u ld
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b e  n o te d  t h a t ,  a t  t h e  b e g in n in g  o f  c o m p ila t io n , t h e  P a r s e r  m o d u le  (v ia  t h e  S e m a n 

t ic  A n a ly s is  m o d u le )  e n te r s  t h e  p re d e f in e d  P a s c a l  t y p e s — in te g e r ,  re a l ,  b o o le a n , a n d  

c h a r — a n d  t h e  p re d e f in e d  P a s c a l  c o n s ta n t s — tr u e ,  fa lse , a n d  m a x in t— i n t o  t h e  s y m 

b o l t a b le .  T h e s e  p r e d e f in e d  id e n ti f ie rs  a re  a s s o c ia te d  w i th  th e  o u te r m o s t  s c o p e  o f  

t h e  p r o g r a m .

T h e  s y m b o l  t a b le  i t s e l f  is  im p le m e n te d  as a  s in g le  h a s h  t a b le  u s in g  c h a in in g  to  

re s o lv e  co ll is io n s . T h e  c h a in e d  b u c k e ts  a re  s ta c k e d  s u c h  t h a t  t h e  id e n ti f ie rs  d e c la re d
i

in  t h e  m o s t  r e c e n t  s c o p e  a re  a t  t h e  to p  o f  t h e  s ta c k . T h is  e n s u re s  t h a t  th e  p r o p e r  

id e n t i f ie r  is  r e t r i e v e d  b y  a n  o u tw a r d  s e a rc h  o f  t h e  b u c k e ts  a s s o c ia te d  w i th  th e  s a m e  

id e n t i f ie r  n a m e . T h e  h a s h in g  a lg o r i th m  u s e d  is  “h a s h p jw ” f ro m  P .J .  W e in b e rg e r ’s 

C  c o m p ile r ,  a s  p r e s e n te d  in  Compilers: Principles, Techniques, and Tools b y  A h o , 

S e th i , a n d  U l lm a n  [A ho  86].

T h e  b a s ic  s t r u c tu r e  o f  t h e  s y m b o l t a b le ,  as w e ll as t h e  d e s ig n  o f  t h e  S y m b o l T a 

b le  m o d u le , a re  b a s e d  o n  th e  s y m b o l t a b le  d e s ig n  p r e s e n te d  in  Crafting A Compiler 

b y  C h a r le s  N . F is c h e r  a n d  R ic h a r d  J .  L e B la n c , J r .  [F isc h e r  88]. T h e r e  a re  a lso  s e v 

e ra l  s y m b o l t a b le  f e a tu r e s  a d a p te d  f ro m  t h e  s y m b o l t a b le  d e s ig n  g iv e n  in  Compiler 

Design in C b y  A lle n  I . H o lu b  [H o lu b  90]. F ig u r e  19 i l lu s t r a te s  t h e  s y m b o l t a b le  

im p le m e n ta t io n .

A  s y m b o l  t a b le  e n t r y  fo r  a n  id e n t i f ie r  c o n s is ts  o f  s e v e ra l  s t r u c tu r e s  w h ic h  a re  

c h a in e d  to g e th e r .  T h e  v a r io u s  s y m b o l  t a b le  s t r u c tu r e s  a re  s h o w n  in  f ig u re  20. T h e  

id e n t i f i e r ’s p r im a r y  s t r u c tu r e ,  t h e  S y m b o l  S t r u c tu r e ,  is in it ia l iz e d  as so o n  as t h e  

P a r s e r  m o d u le  e n c o u n te r s  t h e  id e n t i f i e r ’s d e c la r a tio n .  L a te r ,  w h e n  t h e  p a rs e  h a s  

p r o g re s s e d  to  t h e  p o in t  w h e re  t h e  id e n t i f i e r ’s a t t r i b u t e s  b e c o m e  k n o w n , th e  r e 

m a in in g  “d e s c r ip to r ” s t r u c tu r e s  a re  in it ia l iz e d . O n c e  i t s  a t t r i b u t e s  a re  k n o w n , a n  

id e n t i f i e r ’s s y m b o l t a b le  e n t r y  w ill c o n s is t  o f  a t  l e a s t  a  S y m b o l  S t r u c tu r e ,  a  T y p e  

D e s c r ip to r  S t r u c tu r e ,  a n d  a  C lass  D e s c r ip to r  S t r u c tu r e .  T h e  v a r io u s  s y m b o l t a b le  

s t r u c tu r e s  a r e  d e s c r ib e d  b e lo w .
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F ig u r e  19: T h e  S y m b o l T a b le  H a s h  I m p le m e n ta t io n

A  S y m b o l s t r u c tu r e  c o n s is ts  o f  th e  fo llo w in g  fields:

•  I d N a m e  ( id e n t if ie r  n a m e ) . T h is  field c o n ta in s  a  p o in te r  to  t h e  d y n a m ic a l ly  

a llo c a te d  m e m o ry  lo c a tio n  c o n ta in in g  t h e  id e n ti f ie r  n a m e .

•  S c o p e L e v e l. T h is  fie ld  c o n ta in s  th e  s t a t i c  sc o p e  lev e l o f  t h e  id e n tif ie r .

•  R e c o r d N u m . I f  th e  id e n ti f ie r  b e in g  d e s c r ib e d  is a  fie ld  n a m e ,  th is  S y m b o l 

S t r u c tu r e  field  c o n ta in s  th e  c o m p ile r - a s s ig n e d  n u m b e r  o f  t h e  r e c o rd  c o n ta in in g  

th e  id e n t i f ie r  n a m e . I f  th e  id e n ti f ie r  is n o t a  field  n a m e , th is  n u m b e r  is 0.

•  L in e N u m . T h is  field  c o n ta in s  th e  id e n t i f i e r ’s s o u rc e  c o d e  l in e  n u m b e r . S in ce  

a ll o f  t h e  s y m b o l t a b le  n a m e s  a re  s to r e d  as lo w e r c ase , th is  n u m b e r  is l a te r  

u s e d  b y  th e  S T A T S C O P E  m o d u le  to  r e t r ie v e  th e  id e n t i f ie r ’s o r ig in a l n a m e  (fo r  

a n im a t io n  p u rp o s e s )  f ro m  th e  s o u rc e  c o d e  a r ra y , w h ic h  is m a in ta in e d  in  th e  

S O U R C E  m o d u le .
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o ,  C o lN u x n . T h is  h e ld  c o n ta in s  t h e  id e n t i f i e r ’s s t a r t i n g  c o lu m n  n u m b e r  in  t h e  

s o u rc e  c o d e  a n d  is  l ik e w ise  u s e d  b y  th e  S T A T S C O P E  m o d u le  to  r e t r ie v e  th e  

id e n t i f i e r ’s o r ig in a l  n a m e .

0 I d T y p e .  T h is  f ie ld  c o n ta in s  t h e  p o in te r  to  t h e  id e n t i f i e r ’s T y p e  D e s c r ip to r  

r e c o rd .

o  I d C la s s . T h is  f ie ld  c o n ta in s  a  p o in te r  to  t h e  id e n t i f i e r ’s C la s s  D e s c r ip to r  r e c o rd .

o  N e x tI n L is t .  I f  t h e  id e n t i f ie r  is d e c la r e d  w i th in  a  f is t  o f  id e n t i f ie r s ,  th is  f ie ld  

c o n ta in s  t h e  p o in te r  to  t h e  S y m b o l S t r u c tu r e  o f  t h e  p re v io u s  id e n ti f ie r  in  th e  

l is t .  T h e  P a r s e r  m o d u le  c a n  th e n  t r a v e r s e  th is  c h a in  to  a s s o c ia te  c o m m o n  

a t t r i b u t e s  w i th  t h e  id e n ti f ie rs  in  t h e  l is t .  T h is  c h a in  is  a lso  u s e d  ( in  re v e rs e  

o r d e r )  w h e n  a s s ig n in g  in te r n a l  n u m e r ic  v a lu e s  to  e n u m e r a te d  c o n s ta n t  n a m e s .

o  N e x tIn S c o p e .  T h is  f ie ld  c o n ta in s  a  p o in te r  to  th e  S y m b o l  S t r u c tu r e  o f  t h e  

p r e v io u s  id e n t i f ie r  in  t h e  c u r r e n t  s t a t i c  s c o p e  lev e l. T h is  c h a in  is t r a v e r s e d  b y  

t h e  S T A T S C O P E  m o d u le  to  r e t r ie v e  t h e  id e n t if ie r s  d e c la r e d  w ith in  a  g iv e n  

s t a t i c  s c o p e  (a s  d is c u s s e d  in  t h e  n e x t  s e c tio n ) .

o N e x tB u c k e t . T h is  f ie ld  c o n ta in s  t h e  p o in te r  to  t h e  p re v io u s  S y m b o l  S t r u c tu r e  

in  t h e  h a s h  t a b le  e n t r y ’s c o llis io n  c h a in . T h is  c h a in  is  u s e d  in te r n a l ly  in  th e  

S y m b o l T a b le  m o d u le .

A  T y p e  D e s c r ip to r  s t r u c tu r e  c o n s is ts  o f  t h e  fo llo w in g  fie ld s:

o  U s e C o u n t .  S in c e  n u m e ro u s  o th e r  s t r u c tu r e s  m a y  p o in t  t o  t h e  s a m e  T y p e  

D e s c r ip to r  s t r u c tu r e ,  t h e  U s e C o u n t  f ie ld  is u t i l iz e d  to  p r e v e n t  t h e  M e m o ry  

A l lo c a tio n  m o d u le  f ro m  f r e e in g  t h e  s t r u c tu r e  w h ile  i t  is s t i l l  in  u se .

o  S ize. T h is  f ie ld  c o n ta in s  th e  id e n t i f i e r ’s s ize  ( in  te r m s  o f  t h e  h o s t  c o m p u te r ’s 

s m a lle s t  a d d re s s a b le  m e m o r y  size , n o rm a l ly  b y te s ) .

o  P a c k e d . T h is  f ie ld  in d ic a te s  w h e th e r  o r  n o t  a  s t r u c tu r e d  t y p e  id e n ti f ie r  is 

p a c k e d . T h e  m in iP a s c a l  c o m p ile r  re c o g n iz e s  t h e  p a c k e d  a t t r i b u t e  o n ly  i f  th e  

id e n t i f ie r  is a  s t r in g  v a r ia b le .

0 T y p e N a m e . T h is  f ie ld  c o n ta in s  a n  e n u m e r a te d  c o n s ta n t  v a lu e  in d ic a t in g  t h e  

id e n t i f i e r ’s t y p e  ( e .g .,  I N T E G E R T Y P E ,  E N U M T Y P E , o r  A R R A Y T Y P E ) .

o  S e le c tT y p e .  T h is  f ie ld  c o n ta in s  a  p o in te r  to  a n o th e r  d e s c r ip to r  b a s e d  o n  t h e  

v a lu e  o f  t h e  T y p e N a m e  fie ld . F o r  e x a m p le , i f  t h e  T y p e N a m e  is  A R R A Y T Y P E , 

S e le c tT y p e  w o u ld  p o in t  to  a n  A r r a y  D e s c r ip to r  r e c o rd ,  w h ic h  w o u ld  c o n ta in  

f u r t h e r  a t t r i b u t e  in f o r m a t io n  p e r ta in in g  to  t h e  id e n ti f ie r .  '
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F ig u re  20: T h e  S y m b o l T a b le  S t r u c tu r e s
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A  C la s s  D e s c r ip to r  s t r u c tu r e  c o n s is ts  o f  t h e  fo llo w in g  fie ld s:

o C la s s N a m e . T h is  f ie ld  c o n ta in s  a n  e n u m e r a te d  c o n s ta n t  v a lu e  in d ic a t 

in g  t h e  id e n t i f i e r ’s c la ss  (e .g .,  V A R IA B L E C L A S S , C O N S T A N T C L A S S , 

o r  P R O C E D U R E C L A S S ) .

o S e le c t  C las s . T h is  f ie ld  is  c o m p o s e d  o f  a  u n io n  s t r u c tu r e  c o n ta in in g  in f o r m a tio n  

b a s e d  o n  t h e  v a lu e  o f  t h e  C la s s N a m e  fie ld . F o r  e x a m p le , i f  t h e  C la s s N a m e  

is V A R IA B L E C L A S S , o n e  o f  t h e  f ie ld s  in  th i s  s t r u c tu r e  w o u ld  c o n ta in  t h e  

v a r ia b le  r e g is te r  n u m b e r  a s s o c ia te d  w i th  t h e  v a ria b le .

T h e  r e m a in in g  s y m b o l t a b le  s t r u c tu r e s  a re  u s e d  in  d e s c r ib in g  sp e c ific  t y p e  o r 

c la ss  a t t r i b u t e s  p e r ta in in g  to  a  g iv e n  id e n ti f ie r .  T h e s e  s y m b o l t a b le  s t r u c tu r e s  a re  

d i s c u s s e d  b e lo w . F ig u r e  21 sh o w s t h e  e n u m e r a te d  n a m e s  o f  t h e  v a r io u s  m in iP a s c a l  

id e n t i f ie r  ty p e s ;  f ig u re  22 sh o w s t h e  e n u m e r a te d  n a m e s  o f  t h e  v a r io u s  m in iP a s c a l  

id e n t i f ie r  c la ss e s . ( I d e n t i f ie r  ty p e s  P O I N T E R T Y P E ,  S E T T Y P E , a n d  F I L E T Y P E  

l is te d  in  f ig u re  21 a re  n o t  c u r r e n t ly  im p le m e n te d .)

/* Identifier types */ 
typedef enmti

INTEGERTYPE, REALTYPE, BOOLEAFTYPE, CHARTYPE, ENUMTYPE, SUBRANGETYPE, 

POINTERTYPE, SETTYPE, ARRAYTYPE, RECORDTYPE, FILETYPE, EXISTINGTYPE, 
STRINGTYPE 

} IdTypes;

F ig u r e  21: T h e  m in iP a s c a l  Id e n t i f ie r  T y p e s

/* Identifier classes */ 
typedef enum

VARIABLECLASS, FIELDCLASS, TYPENAMECLASS, CONSTANTCLASS, 

PROCEDURECLASS, FUNCTIONCLASS, INTLITCLASS, REALLITCLASS,

CHARLITCLASS, STRINGLITCLASS, PROGRAMCLASS, TEMPCLASS , PARAMETERCLASS 
} IdClasses;

F ig u r e  22: T h e  m in iP a s c a l  I d e n t i f ie r  C lasse s
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In  s o m e  c as e s , n o  a d d i t io n a l  s t r u c tu r e s  a re  n e e d e d  to  d e s c r ib e  a n  id e n t i f ie r ’s 

a t t r i b u t e s .  F o r  e x a m p le , t h e  th r e e  b a s ic  s y m b o l s t r u c tu r e s  (d e f in e d  a b o v e )  su ffice  

in  d e s c r ib in g  a  v a r ia b le  ( i .e .,  id e n t i f ie r  c la ss  is V A R IA B L E C L A S S )  o f  ty p e  in te g e r  

( i .e . ,  id e n t i f ie r  ty p e  is I N T E G E R T Y P E ) .

A n  A r r a y  D e s c r ip to r  s t r u c tu r e  is u s e d  w h e n  a n  id e n t i f i e r ’s T y p e N a m e  fie ld  ( in  i ts  

T y p e  D e s c r ip to r  s t r u c tu r e )  h a s  t h e  v a lu e  A R R A Y T Y P E . T h e  S e le c tT y p e  fie ld  h o ld s  

a  p o in te r  t o  th e  c o r r e s p o n d in g  A r r a y  D e s c r ip to r  s t r u c tu r e .  A n  A r r a y  D e s c r ip to r  

s t r u c tu r e  c o n s is ts  o f  t h e  fo llo w in g  fie ld s;

o  U s e C o u n t . S in c e  n u m e ro u s  o th e r  s t r u c tu r e s  m a y  p o in t  to  t h e  s a m e  A r ra y  

D e s c r ip to r  s t r u c tu r e ,  t h e  U s e C o u n t  f ie ld  is u t i l iz e d  to  p r e v e n t  t h e  M e m o ry  

A llo c a tio n  m o d u le  f ro m  f r e e in g  t h e  s t r u c t u r e  w h ile  i t  is s t i l l  in  u se .

o  E le m n t T y p e . T h is  f ie ld  h o ld s  a  p o in te r  to  t h e  T y p e  D e s c r ip to r  s t r u c tu r e  

d e f in in g  th e  a r r a y ’s e le m e n t  ty p e  ( e .g .,  t h e  p re d e f in e d  in te g e r  ty p e  o r  so m e  

p r e v io u s ly  d e c la re d  u s e r -d e f in e d  ty p e ) .

o F i r s t l n d e x .  T h is  f ie ld  h o ld s  th e  p o in te r  to  t h e  I n d e x  D e s c r ip to r  s t r u c tu r e  

d e s c r ib in g  t h e  a r r a y ’s ( f ir s t)  in d e x .  T h e  I n d e x  D e s c r ip to r  s t r u c tu r e  is d e fin e d  

b e lo w .

o  C o n s t P a r t . T h is  f ie ld  h o ld s  t h e  “c o n s ta n t  p a r t ” u s e d  in  t h e  a lg o r i th m  t h a t  

c a lc u la te s  t h e  l in e a r  a d d re s s  fo r  a  (m u lt id im e n s io n a l)  a r r a y  re f e re n c e . T h is  

a lg o r i th m  w a s  t a k e n  f r o m  [F isc h e r 88].

A n  I n d e x  D e s c r ip to r  s t r u c tu r e  is re f e re n c e d  b y  t h e  F i r s t l n d e x  f ie ld  in  a  c o r r e 

s p o n d in g  A r r a y  D e s c r ip to r  s t r u c tu r e ,  as d is c u s s e d  a b o v e . I t  m a y  a lso  b e  re f e re n c e d  

b y  t h e  N e x t I n d e x  f ie ld  o f  a n o th e r  I n d e x  D e s c r ip to r  s t r u c tu r e .  A n  I n d e x  D e s c r ip to r  

s t r u c tu r e  c o n s is ts  o f  t h e  fo llo w in g  fie lds;

o U s e C o u n t . S in c e  n u m e ro u s  o th e r  s t r u c tu r e s  m a y  p o in t  t o  t h e  s a m e  I n d e x  

D e s c r ip to r  s t r u c tu r e ,  t h e  U s e C o u n t f ie ld  is u t i l iz e d  to  p r e v e n t  t h e  M e m o ry  

A l lo c a tio n  m o d u le  f r o m  f r e e in g  t h e  s t r u c tu r e  w h ile  i t  is  s t i l l  in  u se .

o  L o w e rB o u n d . T h is  f ie ld  h o ld s  t h e  (n u m e r ic )  lo w e r  b o u n d  o f  a n  a r r a y  in d e x .

o  U p p e r B o u n d .  T h is  f ie ld  h o ld s  t h e  (n u m e r ic )  u p p e r  b o u n d  o f  a n  a r r a y  in d e x .
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o  E n u m D e s c . I f  t h e  a r r a y  in d e x  v a lu e s  a re  a n  e n u m e r a te d  ty p e ,  th is  f ie ld  h o ld s  

a  p o in te r  to  t h e  E n u m e r a t io n  D e s c r ip to r  s t r u c tu r e  d e s c r ib in g  t h e  e n u m e r a te d  

ty p e .  T h e  E n u m e r a t io n  D e s c r ip to r  s t r u c tu r e  is  d is c u s s e d  b e lo w .

o  I s  C h a r .  T h is  f ie ld ’s v a lu e  is T R U E  i f  t h e  a r r a y  in d e x  v a lu e s  a re  C H A R T Y P E ; 

o th e r w is e  th is  f ie ld ’s v a lu e  is F A L S E .

o N e x t ln d e x .  T h is  f ie ld  h o ld s  a  p o in te r  to  t h e  I n d e x  D e s c r ip to r  s t r u c tu r e  d e 

s c r ib in g  th e  n e x t  a r r a y  in d e x  ( if  a n y ) .

A n  E n u m e r a t io n  D e s c r ip to r  s t r u c tu r e  is u s e d  w h e n  a n  id e n t i f i e r ’s T y p e N a m e  

f ie ld  ( in  i t s  T y p e  D e s c r ip to r  s t r u c tu r e )  h a s  th e  v a lu e  E N U M T Y P E . T h e  S e le c tT y p e  

f ie ld  h o ld s  a  p o in te r  t o  t h e  c o r r e s p o n d in g  E n u m e r a t io n  D e s c r ip to r  s t r u c tu r e .  A n  

E n u m e r a t io n  D e s c r ip to r  s t r u c tu r e  c o n s is ts  o f  t h e  fo llo w in g  fie ld s:

o  U s e C o u n t . S in c e  n u m e r o u s  o th e r  s t r u c tu r e s  m a y  p o in t  t o  t h e  s a m e  E n u m e r a 

t io n  D e s c r ip to r  s t r u c tu r e ,  t h e  U s e C o u n t  f ie ld  is u t i l iz e d  to  p r e v e n t  t h e  M e m o ry  

A llo c a tio n  m o d u le  f ro m  f re e in g  t h e  s t r u c tu r e  w h ile  i t  is  s t i l l  in  u se .

o  F i r s tC o n s t .  T h is  f ie ld  h o ld s  t h e  p o in te r  to  t h e  S y m b o l  s t r u c tu r e  d e s c r ib in g  

t h e  f i r s t  c o n s ta n t  in  t h e  e n u m e r a t io n .

o  B a s e T y p e .  T h is  f ie ld  h o ld s  a  p o in te r  to  t h e  T y p e  D e s c r ip to r  s t r u c tu r e  t h a t  

d e s c r ib e s  t h e  f ir s t  c o n s ta n t  in  t h e  e n u m e r a t io n .

o  M a x V a L  T h is  f ie ld  h o ld s  t h e  m a x im u m  n u m e r ic  v a lu e  a s s o c ia te d  w i th  t h e  

e n u m e r a t io n  ( b e . , t h e  n u m b e r  o f  c o n s ta n t s  in  t h e  e n u m e r a t io n  m in u s  I ) .

A  S u b r a n g e  D e s c r ip to r  s t r u c tu r e  is u s e d  w h e n  a n  id e n t i f i e r ’s T y p e N a m e  

f ie ld  ( in  i t s  T y p e  D e s c r ip to r  s t r u c tu r e )  h a s  t h e  v a lu e  S U B R A N G E T Y P E . T h e  

S e le c tT y p e  f ie ld  h o ld s  t h e  p o in te r  to  t h e  c o r re s p o n d in g  S u b r a n g e  D e s c r ip to r  s t r u c 

tu r e .  A  S u b r a n g e  D e s c r ip to r  s t r u c tu r e  c o n s is ts  o f  t h e  fo llo w in g  fie ld s :

o  U s e C o u n t . S in c e  n u m e ro u s  o th e r  s t r u c tu r e s  m a y  p o in t  t o  t h e  s a m e  S u b ra n g e  

D e s c r ip to r  s t r u c tu r e ,  t h e  U s e C o u n t  f ie ld  is u t i l iz e d  to  p r e v e n t  t h e  M e m o ry  

A l lo c a tio n  m o d u le  f ro m  f r e e in g  t h e  s t r u c tu r e  w h ile  i t  is s t i l l  in  u se .

o  B a s e T y p e .  T h is  f ie ld  h o ld s  a  p o in te r  to  t h e  T y p e  D e s c r ip to r  s t r u c tu r e  d e 

s c r ib in g  t h e  b a s e  ty p e  o f  t h e  s u b r a n g e  (e .g .,  a  p o in te r  t o  t h e  T y p e  D e s c r ip to r  

s t r u c tu r e  d e s c r ib in g  t h e  p re d e f in e d  in te g e r  o r  c h a r  ty p e s ) .
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o  L o w e rB o u n d . T h is  f ie ld  h o ld s  t h e  (n u m e r ic )  lo w e r  b o u n d  o f  t h e  s u b ra n g e .

o  U p p e r B o u n d .  T h is  f ie ld  h o ld s  t h e  (n u m e r ic )  u p p e r  b o u n d  o f  t h e  s u b ra n g e .

A  R e c o r d  D e s c r ip to r  s t r u c tu r e  is u s e d  w h e n  a n  id e n t i f ie r ’s T y p e N a m e  fie ld  ( in  

i t s  T y p e  D e s c r ip to r  s t r u c tu r e )  h a s  t h e  v a lu e  R E C O R D T Y P E .  T h e  S e le c tT y p e  fie ld  

h o ld s  a  p o in te r  to  t h e  c o r r e s p o n d in g  R e c o rd  D e s c r ip to r  s t r u c tu r e .  A  R e c o rd  D e 

s c r ip to r  s t r u c tu r e  c o n s is ts  o f  t h e  fo llo w in g  fie ld s:

o  U s e C o u n t . S in c e  n u m e r o u s  o th e r  s t r u c tu r e s  m a y  p o in t  to  t h e  s a m e  R e c o rd  

D e s c r ip to r  s t r u c tu r e ,  t h e  U s e C o u n t  f ie ld  is  u t i l iz e d  to  p r e v e n t  t h e  M e m o ry  

A l lo c a tio n  m o d u le  f r o m  f r e e in g  t h e  s t r u c tu r e  w h ile  i t  is s t i l l  in  u se .

o  R e c o r d N u m , T h is  f ie ld  h o ld  t h e  ( c o m p ile r - g e n e r a te d )  n u m b e r  a s s o c ia te d  w i th  

t h e  r e c o r d .

o  S ize . T h is  f ie ld  h o ld s  t h e  r e c o r d ’s size  (n o rm a lly , in  b y te s ) .

o  N u m F ie ld s .  T h is  f ie ld  h o ld s  t h e  n u m b e r  o f  f ie ld s  in  t h e  re c o rd .

o  F i r s tF ie ld .  T h is  f ie ld  h o ld s  a  p o in te r  to  t h e  S y m b o l s t r u c t u r e  a s s o c ia te d  w i th  

t h e  r e c o r d ’s f ir s t  fie ld .

A  P a r a m e te r  D e s c r ip to r  s t r u c tu r e  is u s e d  w h e n  a n  id e n t i f i e r ’s C la s s N a m e  

f ie ld  ( in  i t s  C la s s  D e s c r ip to r  s t r u c tu r e )  h a s  t h e  v a lu e  P R O C E D U R E C L A S S  o r  

F U N C T I O N C L A S S . A  P a r a m e te r  D e s c r ip to r  s t r u c tu r e  d e s c r ib e s  t h e  fo rm a l  p a r a m 

e te r s  a s s o c ia te d  w i th  a  p r o c e d u r e  (o r  f u n c t io n ) .  T h e  u n io n  s t r u c tu r e  c o r re s p o n d in g  

to  t h e  S e le c tC la s s  f ie ld  h o ld s  a  p o in te r  to  t h e  P a r a m e te r  D e s c r ip to r  s t r u c tu r e  d e 

s c r ib in g  t h e  f ir s t  p a r a m e t e r  in  t h e  f o rm a l  p a r a m e t e r  l is t .  A  P a r a m e te r  D e s c r ip to r  

s t r u c tu r e  c o n s is ts  o f  t h e  fo llo w in g  fie lds:

o  U s e C o u n t . S in c e  n u m e ro u s  o th e r  s t r u c tu r e s  m a y  p o in t  to  t h e  s a m e  P a r a m e te r  

D e s c r ip to r  s t r u c tu r e ,  t h e  U s e C o u n t  f ie ld  is u t i l iz e d  to  p r e v e n t  t h e  M e m o ry  

A l lo c a tio n  m o d u le  f ro m  f r e e in g  t h e  s t r u c tu r e  w h ile  i t  is s t i l l  in  u se .

o M o d e . T h is  f ie ld  h o ld s  t h e  p a r a m e t e r ’s m o d e  ( i .e .,  V A L U E  o r  R E F E R E N C E ) .

o  P a r a m T y p e .  T h is  f ie ld  h o ld s  a  p o in te r  t o  t h e  T y p e  D e s c r ip to r  s t r u c tu r e  t h a t  

d e s c r ib e s  t h e  p a r a m e te r .

o  N e x t P a r a m . T h is  f ie ld  h o ld s  a  p o in te r  to  t h e  P a r a m e te r  D e s c r ip to r  s t r u c tu r e  

o f  t h e  n e x t  p a r a m e t e r  in  th e  f o rm a l  p a r a m e t e r  l is t.
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T h e  S T A T S  C O P E  M o d u l e

T h e  S T A T S G O P B  m o d u le  c o n ta in s  t h e  r o u t in e s  t h a t  b u i ld  t h e  S ta t i c  S c o p e  

T a b le . T h e  a n im a to r  u s e s  t h e  S ta t i c  S c o p e  T a b le  in  c o n ju n c t io n  w i th  t h e  d y n a m ic  

s c o p e  s ta c k  to  d e te r m in e  t h e  d a t a  m e m o r y  v a lu e s  t h a t  s h o u ld  b e  d is p la y e d  a t  a  g iv e n  

p o in t  d u r in g  a  p r o g r a m ’s e x e c u tio n . T h e  S ta t i c  S c o p e  T a b le  w a s  c a lle d  t h e  S y m b o l 

T a b le  in  B i r c h ’s th e s is  [B irc h  90]; t h e  n a m e  w a s  c h a n g e d  h e re  to  a v o id  c o n fu s io n  

w i th  t h e  c o m p ile r ’s s y m b o l ta b le .  T h is  t a b le  is a  l in e a r  a r r a y  o f  s t r u c tu r e s  (o r  

e n tr ie s )  w h ic h  a re  in  t u r n  d iv id e d  in to  n u m e ro u s  s c o p e  b lo c k s . T h e  sc o p e  b lo ck s  

a re  c h a in e d  to g e th e r  v ia  p a r e n t / c h ild  p o in te r s  as d is c u s s e d  l a te r .  A  sc o p e  b lo c k  is 

u s e d  to  d e s c r ib e  t h e  p r o g r a m  id e n t if ie r s  a s s o c ia te d  w i th  a  s in g le  s t a t i c  sc o p e . F o r  

e x a m p le , a  s c o p e  b lo c k  w o u ld  d e s c r ib e  a ll o f  t h e  lo c a l v a r ia b le  n a m e s  a n d  lo ca lly  

d e c la r e d  f u n c t io n s  a n d / o r  p r o c e d u r e s  w i th in  a  g iv e n  p r o c e d u r e .

G e n e r a t i n g  a  S t a t i c  S c o p e  B l o c k .  T h e  P a r s e r  m o d u le  ca lls  t h e  

S T A T S C O P E  m o d u le ’s G e n S ta tS c o p e B lo c k  r o u t in e  w h e n e v e r  t h e  e n d  o f  a  s t a t i c  

s c o p e  is e n c o u n te r e d  d u r in g  p a r s in g  ( i .e .,  a t  t h e  e n d  o f  a  p r o c e d u r e ,  f u n c t io n ,  o r  

p r o g r a m ) .  T h e  p a r s in g  o f  a n  in n e r  s c o p e  is  a lw a y s  c o m p le te d  b e fo re  t h e  c o n ta in in g  

s c o p e  is  c o m p le te ly  p a r s e d  ( a  r e s u l t  o f  P a s c a l  s y n ta x ) .

T h e  G e n S ta tS c o p e B lo c k  r o u t in e  d r iv e s  t h e  g e n e r a t io n  o f  t h e  s t a t i c  sc o p e  b lo c k  

in  t h e  S ta t i c  S c o p e  T a b le  fo r  t h e  s c o p e  in  q u e s t io n  f ro m  in f o r m a t io n  in  t h e  s y m b o l 

t a b le  fo r  t h e  c u r r e n t  s c o p e . (R e c a ll  t h a t  t h e  s y m b o l t a b le  e n tr ie s  fo r  th is  sc o p e  w ill 

b e  d e le te d  a t  th i s  p o in t  o f  th e . p a r s e ,  so th is  in f o r m a t io n  m u s t  b e  s a v e d  in  t h e  S ta t i c  

S c o p e  T a b le  fo r  a n im a t io n  p u r p o s e s .)  T h is  r o u t in e ,  v ia  ca lls  t o  o th e r  S T A T S C O P E  

m o d u le  r o u t in e s ,  p e r f o rm s  t h e  fo llo w in g  ta s k s :

o d y n a m ic  a llo c a t io n  o f  a  s t a t i c  s c o p e  b lo c k . T h e  n u m b e r  o f  s t a t i c  sc o p e  e n 

t r ie s  ( i .e , t h e  s ize  o f  t h e  s t a t i c  s c o p e  b lo c k )  is  p a s s e d  as a  p a r a m e te r  to  G e n 

S ta tS c o p e B lo c k ;
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o e n t r y  o f  t h e  s t a t i c  s c o p e ’s o w n e r n a m e  in to  t h e  S c o p e  O w n e r  T a b le . T h e  S c o p e  

O w n e r  T a b le  c o n ta in s  t h e  in f o r m a t io n  n e c e s s a ry  to  t ie  a ll o f  t h e  s t a t i c  s c o p e  

b lo c k s  to g e th e r  a t  t h e  e n d  o f  c o m p ila t io n . T h e  s t a t i c  s c o p e ’s o w n e r  n a m e  is 

p a s s e d  as a  p a r a m e t e r  to  G e n S ta tS c o p e B lo c k ;

o in i t i a l i z a t io n  o f  t h e  d e s c r ip t iv e  in f o r m a t io n  c o n ta in e d  in  t h e  s t a t i c  s c o p e  b lo c k  

e n tr ie s .

T h e  n a m e s  a n d  d e s c r ip t iv e  a t t r i b u t e s  o f  t h e  id e n ti f ie rs  d e c la re d  w ith in  a  sc o p e  

a re  r e t r i e v e d  b y  t r a v e r s in g  t h e  s y m b o l t a b l e ’s N e x tIn S c o p e  c h a in ; t h e  h e a d  o f  t h e  

a p p r o p r i a te  “s c o p e  c h a in ” is p a s s e d  as a  p a r a m e t e r  to  G e n S ta tS c o p e B lo c k .

A  S ta t i c  S c o p e  T a b le  e n t r y  d e s c r ib in g  a  s im p le  v a r ia b le  id e n t i f ie r  in c lu d e s  t h e  

v a r ia b le ’s ty p e  a t t r i b u t e  ( e .g .,  I N T E G E R )  a n d  i ts  v a r ia b le  r e g is te r  n u m b e r  a t t r i b u t e .  

F o r  t h e  m o re  c o m p lic a te d  a r r a y  v a r ia b le  e n tr y , a d d i t io n a l  fie ld s  a r e  u t i l iz e d  to  d e 

s c r ib e  t h e  a r r a y  b o u n d s . I f  t h e  a r r a y ’s in d e x  v a lu e s  a re  s im p le  in te g e r s  o r  c h a r a c te r s ,  

t h e  lo w e r  a n d  u p p e r  b o u n d  v a lu e s  a re  e n te r e d  d ir e c tly  in to  t h e  c o r re s p o n d in g  fie ld s . 

F o r  a r r a y s  w h o s e  in d e x  v a lu e s  a re  e n u m e r a te d  ty p e  v a lu e s , t h e  a p p r o p r ia te  in d ic e s  

in to  t h e  S T R I N G S E C T I O N  a r r a y  a re  c o m p u te d  a n d  e n te r e d  in to  t h e  s ta t i c  s c o p e  

e n t r y ’s a r r a y  b o u n d  fie ld s  ( se e  t h e  S T R I N G  m o d u le  s e c t io n  p r e v io u s ly  in  th is  c h a p 

t e r ) .  F o r  m u l t id im e n s io n a l  a r r a y s , a d d i t io n a l  s c o p e  b lo c k s  a re  u s e d  to  d e s c r ib e  t h e  

o th e r  i n d e x  b o u n d s .  T h e s e  a d d i t io n a l  in d e x  s c o p e  b lo c k s  a re  c h a in e d  v ia  th e  N x t I d x  

fie ld . A  c o rr e s p o n d in g  e n t r y  is p la c e d  in  t h e  S c o p e  O w n e r  T a b le  in d ic a t in g  t h a t  t h e  

a r r a y  “o w n s ” t h e  in d e x  s c o p e  b lo c k  (v ia  t h e  A r r a y  D e s c r ip to r  f ie ld ) . R e c o rd  v a r ia b le  

e n tr ie s  a lso  u s e  a n  a d d i t io n a l  s c o p e  b lo c k  to  d e s c r ib e  th e  fie ld s  w i th in  th e  re c o rd . 

T h e  c h ild  p o in te r  is  u s e d  to  a s s o c ia te  a  r e c o r d  n a m e  w ith  i t s  d e f in in g  sc o p e  b lo c k . 

H e re  a g a in , a n  e n t r y  is p la c e d  in  t h e  S c o p e  O w n e r  T a b le  in d ic a t in g  t h a t  t h e  r e c o r d  

“o w n s ” t h e  s c o p e  b lo c k  (v ia  t h e  R e c o rd  D e s c r ip to r  f ie ld ).

T h e  P r o c N u m  F i e l d .  T h e  S ta t i c  S c o p e  T a b le ’s P r o c N u m  f ie ld  c a n  n o w  

b e  e x p la in e d . A s e a c h  p r o g r a m , p r o c e d u r e , a n d  f u n c t io n  n a m e  id e n ti f ie r  is
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e n c o u n te r e d  d u r in g  c o m p ila t io n ,  i t  is a s s ig n e d  a  u n iq u e  “p r o c e d u r e  n u m b e r .” T h e  

id e n t i f ie r  n a m e s  a re  r e f e r r e d  to  as static scope names in  t h e  fo llo w in g  d isc u ss io n . 

T h e  p r o c e d u r e  n u m b e r  is p r o d u c e d  b y  a  c o u n te r  v a r ia b le  in  t h e  S e m a n t ic  A n a ly 

sis m o d u le . T h u s , t h e  p r o c e d u r e  n u m b e r  a s s ig n e d  to  a  m in iP a s c a l  p r o g r a m  n a m e  

is a lw a y s  0. T h e  n e x t  s t a t i c  s c o p e  n a m e  d e c la r a t io n  e n c o u n te r e d  in  t h e  p r o g r a m  

w o u ld  b e  a s s ig n e d  t h e  p r o c e d u r e  n u m b e r  I ,  a n d  so on . A  s t a t i c  s c o p e  n a m e ’s p r o 

c e d u r e  n u m b e r  is s to r e d  as o n e  o f  i t s  s y m b o l t a b le  a t t r i b u t e s .  T h u s ,  w h e n  th e  

G e n S ta tS c o p e B lo c k  r o u t in e  e n c o u n te r s  a  s t a t i c  sc o p e  n a m e  w h ile  t r a v e r s in g  a  c o n 

ta in in g  s c o p e ’s N e x t In S c o p e  c h a in , o n e  o f  t h e  a t t r i b u t e s  i t  r e t r ie v e s  is  t h e  c o r r e 

s p o n d in g  p r o c e d u r e  n u m b e r .  T h is  n u m b e r  is t h e n  p la c e d  in  t h e  P r o c N u m  fie ld  o f  

t h e  S ta t i c  S c o p e  T a b le  e n t r y  d e s c r ib in g  t h e  s t a t i c  s c o p e  n a m e .

T h e  a n im a to r  u s e s  t h e  P r o c N u m  f ie ld  in  c o n ju n c t io n  w ith  t h e  d y n a m ic  s c o p e  

s ta c k  w h e n  d e te r m in in g  t h e  d y n a m ic s  o f  p r o g r a m  e x e c u tio n . T h e  u s e  o f  th is  f ie ld  is 

b e s t  e x p la in e d  b y  a n  e x a m p le . T h e  p r o g r a m  sh o w n  in  f ig u re  23 c o n ta in s  a  re c u rs iv e ly  

c a lle d  f u n c t io n  ( f u n c t io n  F a c t) .  T h a t  F a c t  is re c u r s iv e  im p lie s  t h a t  fo r  a n y  g iv e n  

c a ll  t o  f u n c t io n  F a c t ,  t h e  a n im a to r  m u s t  b e  a b le  to  d e te r m in e  t h e  “d e p th ” o f  th e  

p e r t i n e n t  d a t a  m e m o r y  v a lu e s  a s s o c ia te d  w i th  t h e  v a r ia b le s  d e c la r e d  in  fu n c t io n  

F a c t ,  a s  w e ll as t h e  d e p th s  o f  a n y  v a r ia b le s  in  t h e  c a llin g  ( p r o g r a m )  sc o p e . T h e s e  

v a lu e s  a re  r e t r i e v e d  b y  q u e ry in g  t h e  a p p r o p r i a te  v a r ia b le  s ta c k s ,  as d isc u ss e d  in  

c h a p te r  2. T h u s , u p o n  t h e  f in a l  r e c u r s iv e  c a ll to  f u n c t io n  F a c t,  t h e  a n im a to r  s h o u ld  

b e  a b le  to  d is p la y  d a t a  m e m o r y  v a lu e s  as sh o w n  in  f ig u re  24.

T h e  P r o c N u m  f ie ld  is  u s e d  in  t h e  fo llo w in g  m a n n e r  w h e n  d e te r m in in g  th e  d e p th s  

o f  t h e  v a r ia b le s  d e c la re d  in  a  p r o g r a m , p r o c e d u r e  o r  f u n c t io n  s c o p e . A f te r  t h e  

E - m a c h in e  h a s  b e e n  lo a d e d  w i th  t h e  E - c o d e  t r a n s la t io n  o f a  s o u rc e  p r o g r a m , t h e  

a n im a to r  q u e r ie s  t h e  E - m a c h in e  to  d e te r m in e  t h e  t o t a l  n u m b e r  o f  s t a t i c  “p r o c e d u r e ” 

s c o p e s  t h a t  a re  d e s c r ib e d  in  t h e  S ta t i c  S c o p e  T a b le . T h e  S ta t i c  S c o p e  T a b le  fo r  t h e  

e x a m p le  in  f ig u re  23 is  s h o w n  in  t a b le  4. T h e  a n im a to r  t h e n  d y n a m ic a l ly  a llo c a te s
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Program Ftrl;

VAR

n ,nfact:INTEGER;

Function Fact(n:INTEGER):INTEGER; 
BEGIN

IF n = 0

THEN Fact==I

ELSE Fact:=n * Fact(n-1)
END ;

BEGIN
n:=3;

nfact:=Fact(n);
END.

F ig u r e  23: S o u rc e  C o d e  fo r  P r o g r a m  F t r l

Program Ftrl; Program Ftrl 

n = 3
VAR nfact is undefined
n.nfact:INTEGER;

Function Fact
Function Fact(n:INTEGER):INTEGER; n = 3

BEGIN Fact is undefined
IF n = 0

THEN Fact:=1 Function Fact
ELSE Fact:=n * Fact(n-1) n = 2

END; Fact is undefined

BEGIN Function Fact
n:=3; n = I
nfact:=Fact(n); Fact is undefined
END.

Function Fact 
n = 0 

Fact = I

F ig u r e  24: A n im a t io n  D is p la y  A f te r  F in a l  R e c u rs iv e  C a ll  o f  F u n c t io n  F a c t
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a  procedure count array t h a t  c o n ta in s  a n  e n t r y  c o r re s p o n d in g  to  e a c h  o f  th e s e  sc o p es . 

T h u s ,  fo r  t h e  p r o g r a m  s h o w n  in  f ig u re  23, th i s  a r r a y  h a s  tw o  e n tr ie s .  E n t r y  0 c o r 

r e s p o n d s  to  t h e  p r o g r a m  s c o p e  a n d  e n t r y  I  c o r r e s p o n d s  to  f u n c t io n  F a c t.  D u r in g  

p r o g r a m  a n im a t io n ,  t h e  a n im a to r  s e ts  t h e  v a lu e s  o f  t h e  p r o c e d u r e  c o u n t  a r r a y  e n 

t r ie s  t o  re f le c t  t h e  c u r r e n t  n u m b e r  o f  a c t iv e  ca lls  to  t h e  c o r re s p o n d in g  p r o c e d u r e  o r  

fu n c t io n . ( T h is  m e a n s  t h a t  t h e  a n im a to r  re in it ia l iz e s  t h e  v a lu e s  in  t h e  p r o c e d u r e  

c o u n t  a r r a y  every t im e  c o n tr o l  is p a s s e d  to  t h e  a n im a to r .)  A t t h e  s a m e  tim e , t h e  

E - m a c h in e ’s d y n a m ic  s c o p e  s ta c k  c o n ta in s  a  h is to r y  o f  a c tiv e  s c o p e s , w i th  th e  S ta t ic  

S c o p e  T a b le  e n t r y  n u m b e r  o f  t h e  m o s t c u r r e n t  s c o p e  b e in g  t h e  v a lu e  a t  t h e  to p  o f  

th i s  s ta c k .

E n I d U p r L w r N x t O f f T y p e R e c P a r C h V a r P r o c

t r y N a m e E n d E n d I d x s e t S iz e n t i ld R e g N u m

S c o p e  b lo c k  d e s c r i b in g  f u n c t i o n  F a c t

0 - - - - H E A D E R - 4 - - -

I n - - - - I N T E G E R - - - 2 _

2 F a c t - - - - IN T E G E R - - - 3 -

3 - - - - E N D - - - - -

S c o p e  b lo c k  d e s c r i b in g  p r o g r a m  F t r l

4 - - - - H E A D E R - 9 - - -

5 n - - - - IN T E G E R - - - I

6 n f a c t - - - - IN T E G E R - - - 0

7 F a c t - - - - F U N C T IO N - - 0 - I

8 - - - - E N D - - - - -

B o o t s t r a p  s c o p e  b lo c k

9 - - - - H E A D E R - - - - _

10 F t r l - - - - P R O G R A M - - 4 - 0

11 - - - - E N D - - - - - I

T a b le  4: S t a t i c  S c o p e  T a b le  R e s u l t in g  f ro m  C o m p ila tio n  o f  P r o g r a m  F t r l

N o w , c o n s id e r  t h e  a n im a t io n  o f  t h e  c u r r e n t  e x a m p le . S u p p o s e  t h e  p r o g r a m  h a s  

e x e c u te d  to  t h e  p o in t  t h a t  i t  is  in  t h e  t h i r d  r e c u r s iv e  c a ll to  f u n c t io n  F a c t.  W h e n  th e  

a n im a to r  b e g in s  d is p la y in g  d a t a  m e m o r y  v a r ia b le s  a f te r  t h e  e x e c u t io n  o f  t h e  p a c k e t
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t r a n s la t i n g  t h e  a n im a t io n  u n i t  F a c t : - I ,  t h e  p r o c e d u r e  c o u n t a r r a y  a n d  th e  d y n a m ic  

s c o p e  s ta c k  a re  in  t h e  s t a t e  sh o w n  in  f ig u re  25. T h e  v a lu e s  in  t h e  p r o c e d u r e  c o u n t  

a r r a y  in d ic a te  t h a t  t h e  p r o g r a m  F t r l  h a s  o n e  a c t iv e  “c a ll” a n d  t h a t  f u n c t io n  F a c t h a s  

fo u r  a c t iv e  ca lls . I n  th is  e x a m p le , t h e  a n im a to r  b e g in s  i t s  r e t r ie v a l  o f  d a t a  m e m o ry  

v a lu e s  b y  e x a m in in g  th e  v a lu e  a t  t h e  bottom o f  t h e  d y n a m ic  s c o p e  s ta c k . T h e  b o t to m  

s ta c k  v a lu e  is 10, w h ic h  m e a n s  t h a t  t h e  a n im a to r  n o w  e x a m in e s  t h e  t e n t h  e n t r y  in  

t h e  S ta t i c  S c o p e  T a b le . T h is  e n t r y  is  a  P R O G R A M  e n t r y  d e s c r ib in g  F trL  T h e  

P r o c N u m  f ie ld  in  t h e  P R O G R A M  e n t r y  h a s  t h e  v a lu e  0. N e x t ,  t h e  a n im a to r  w ill 

e x a m in e  e n t r y  0 in  t h e  p r o c e d u r e  c o u n t a r r a y  to  d e te r m in e  t h e  d e p th  o f  t h e  v a ria b le s  

to  b e  d is p la y e d  fo r  th i s  in v o c a tio n  o f  t h e  p r o g r a m  sc o p e . S in c e  t h e  p r o g r a m  sc o p e  

c a n n o t  b e  c a lle d  re c u rs iv e ly , th i s  v a lu e  w ill a lw a y s  b e  I .  T h u s ,  w h e n  t h e  a n im a to r  

r e t r ie v e s  t h e  v a lu e s  o f  t h e  v a r ia b le s  d e s c r ib e d  in  t h e  p r o g r a m ’s c h ild  s c o p e  b lo c k , i t  

w ill i n s t r u c t  t h e  E -m a c h in e  to  r e t r ie v e  t h e  d a t a  m e m o r y  v a lu e s  a s s o c ia te d  w i th  th e  

to p  o f  t h e  a p p r o p r i a te  v a r ia b le  s ta c k s . A f te r  th e s e  v a lu e s  h a v e  b e e n  d is p la y e d , th e  

a n im a to r  d e c r e m e n ts  t h e  v a lu e  in  e n t r y  0 o f  t h e  p r o c e d u r e  c o u n t  a rra y .

P r o c e d u r e

C o u n t

A r r a y

( P r o g r a m  F t r l )  Q

( F u n c t io n  F a c t)  I

I
4

D y n a m ic

S c o p e

S ta c k

0

1

2

3

4

Jl O

_ 7 _

_7_

_7_

7

( b o t to m )

( to p )

F ig u r e  25: P r o c e d u r e  C o u n t A r r a y  a n d  D y n a m ic  S c o p e  S ta c k
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N e x t ,  t h e  a n im a to r  e x a m in e s  t h e  v a lu e  in  e n t r y  I  in  t h e  d y n a m ic  s c o p e  s ta c k . 

T h is  v a lu e  is 7, c o r r e s p o n d in g  to  t h e  s e v e n th  e n t r y  in  th e  S ta t i c  S c o p e  T a b le . T h is  

e n tr y ,  w h o se  P r o c N u m  f ie ld  h a s  t h e  v a lu e  I ,  d e s c r ib e s  fu n c t io n  F a c t .  T h e  a n im a to r  

t h e n  e x a m in e s  e n t r y  I  in  t h e  p r o c e d u r e  c o u n t  a r ra y . T h e  c u r r e n t  v a lu e  in  th is  

e n t r y  is  4 , in d ic a t in g  t h a t  t h e  a n im a to r  s h o u ld  in s t r u c t  t h e  E - m a c h in e  to  r e t r ie v e  

d a t a  m e m o r y  v a lu e s  a s s o c ia te d  w i th  t h e  f o u r th  le v e l o f  t h e  a p p r o p r ia te  v a r ia b le  

s ta c k s  w h e n  d is p la y in g  v a r ia b le  v a lu e s  d e s c r ib e d  in  t h e  f u n c t io n ’s c h ild  s c o p e  b lo c k . 

T h e s e  v a lu e s  re f le c t  t h e  f u n c t io n ’s v a r ia b le  v a lu e s  r e s u l t in g  f r o m  i t s  in i t ia l  c a ll f ro m  

t h e  p r o g r a m  s c o p e . T h e  a n im a to r  t h e n  d e c r e m e n ts  t h e  v a lu e  in  e n t r y  I  o f  t h e  

p r o c e d u r e  c o u n t  a r r a y  so t h a t  t h e  n e x t  i t e r a t i o n  w ill r e s u l t  in  d is p la y in g  th e  v a lu e s  

a s s o c ia te d  w i th  t h e  f ir s t  r e c u r s iv e  c a ll to  f u n c t io n  F a c t.  T h e  a n im a to r  c o n tin u e s  th is  

p r o c e s s  u n t i l  t h e  d y n a m ic  s c o p e  s ta c k  is e x h a u s te d ,  r e s u l t in g  in  t h e  d is p la y  sh o w n  

in  f ig u re  24.

W r i t i n g  t h e  S T A T S C O P E S E C T I O N .  W h e n  p a rs in g  is  c o m p le te d , t h e  M a in  

m o d u le  c a lls  t h e  W r i te S T A T S C O P E  r o u t in e .  T h is  r o u t in e  f ir s t  t r a v e r s e s  t h e  S c o p e  

O w n e r  T a b le  in  re v e r s e  o r d e r  to  in it ia l iz e  t h e  p r o g r a m , p r o c e d u r e , a n d  fu n c t io n  p a r 

e n t /  c h ild  p o in te r s  t h a t  w ill a p p e a r  in  t h e  f in a l  l in e a r  a r r a y  c o n ta in in g  t h e  c o m p le te  

S ta t i c  S c o p e  T a b le . S in c e  t h e  n e s t in g  c h a r a c te r i s t ic s  o f  m in iP a s c a l  a llow  th e  s a m e  

n a m e  to  b e  g iv e n  to  m o re  t h a n  o n e  p r o c e d u r e  o r  f u n c t io n ,  t h e  re v e r s e  o r d e r  t r a v e r s a l  

e n s u re s  t h a t  t h e  p r o p e r  c h ild  is  fo u n d . T h e  f in a l  e n t r y  in  t h e  S c o p e  O w n e r  T a b le  

d e s c r ib e s  a  “b o o t s t r a p ” s c o p e  b lo c k , w h ic h  w ill b e c o m e  t h e  f in a l  s c o p e  b lo c k  in  th e  

c o m p le te d  S ta t i c  S c o p e  T a b le . T h e  S c o p e  O w n e r  T a b le  c o n ta in s  t h e  in f o rm a tio n  

n e e d e d  to  in it ia l iz e  t h e  c h ild  p o in te r  in  th e  b o o t s t r a p  sc o p e  b lo c k ; th i s  c h ild  p o in te r  

is  t h e  c o m p u te d  in d e x  o f  t h e  f ir s t  e n t r y  in  t h e  s c o p e  b lo c k  d e s c r ib in g  th e  lo c a l v a r i

a b le s , p r o c e d u r e s ,  a n d  fu n c t io n s  b e lo n g in g  to  t h e  p ro g ra m . A lso , t h e  p a r e n t  p o in te r  

in  t h e  p r o g r a m  s c o p e  b lo c k  c a n  n o w  b e  in it ia l iz e d  w ith  t h e  c o m p u te d  in d e x  o f  th e
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b o o t s t r a p  s c o p e  b lo ck . S im ila rly , e a c h  f u n c t io n  a n d  p r o c e d u r e  c a n  h a v e  i ts  c h ild  

a n d  p a r e n t  p o in te r s  in it ia l iz e d . ■

F in a lly , t h e  W r i te S T A T S C O P E  r o u t in e  t r a v e r s e s  t h e  S c o p e  O w n e r  T a 

b le  in  f o rw a rd  o r d e r  to  s e q u e n t ia l ly  w r i te  t h e  v a r io u s  s c o p e  b lo c k s  to  th e

S T A T S C O P E S E C T I O N  o f  t h e  E -c o d e  file.

E x a m p l e  o f  S T A T S C O P E S E C T I O I V  G e n e r a t i o n .  P r o g r a m  S a m p 2 , sh o w n  

in  f ig u re  26 , is  u s e d  to  i l l u s t r a te  t h e  g e n e r a t io n  o f  t h e  S T A T S C O P E S E C T I O N . T h is  

p r o g r a m  c o n ta in s  tw o  p r o c e d u r e s ,  n a m e d  A  a n d  B , w h ic h  a re  a t  t h e  s a m e  s ta t i c  

s c o p e  le v e l. P r o c e d u r e  A  c o n ta in s  a  n e s te d  fu n c t io n ,  a lso  n a m e d  B . T a b le  5 is t h e  

S c o p e  O w n e r  T a b le  fo r  th is  p r o g r a m . T h e  S c o p e  O w n e r  T a b le  h o ld s  t h e  fo llo w in g  

in f o r m a tio n :

o  O w n e r  N a m e . T h is  f ie ld  c o n ta in s  t h e  c o r re s p o n d in g  s t a t i c  s c o p e ’s o w n e r ’s 

n a m e  (fo r  p r o g r a m , p r o c e d u r e ,  a n d  f u n c t io n  s co p e s );

o  P o in te r  to  S c o p e  B lo c k . T h is  f ie ld  c o n ta in s  t h e  m e m o r y  a d d re s s  o f  t h e  c o r 

r e s p o n d in g  s c o p e ’s d y n a m ic a l ly  a l lo c a te d  s c o p e  b lo c k . T h e  n u m b e r s  u s e d  in  

th is  e x a m p le  a re  fo r  i l lu s t r a t iv e  p u r p o s e s  o n ly ;

o S c o p e  T a b le  In d e x . T h is  f ie ld  c o n ta in s  t h e  c o m p u te d  ( f in a l)  in d e x  o f  th e  f ir s t 

e n t r y  o f  t h e  s t a t i c  s c o p e  b lo c k  d e s c r ib in g  t h e  c o r re s p o n d in g  s t a t i c  sco p e ;

o  N u m b e r  o f  S c o p e  E n tr ie s . T h is  f ie ld  c o n ta in s  th e  n u m b e r  o f  id e n t if ie r s  (e .g ., 

v a r ia b le  n a m e s  a n d  f u n c t io n  n a m e s )  d e c la r e d  in  t h e  c o r r e s p o n d in g  s ta t i c  sc o p e ;

o  A r r a y  D e s c r ip to r  ( in d ic a te s  t h e  “o w n e r” o f  a d d i t io n a l  s c o p e  b lo c k s  c o n ta in in g  

in d e x  d e s c r ip t io n s  fo r  m u lt id im e n s io n a l  a r r a y  v a riab le s ') . T h is  f ie ld  c o n ta in s  

t h e  m e m o r y  a d d re s s  o f  a  d y n a m ic a l ly  a l lo c a te d  s y m b o l t a b le  a r r a y  d e s c r ip to r  

s t r u c tu r e ,  a n d  th u s  a llo w s a r r a y  v a r ia b le s  s h a r in g  t h e  s a m e  u s e r  d e fin e d  ty p e  

to  s h a r e  a n  in d e x  s c o p e  b lo ck ;

o  R e c o r d  D e s c r ip to r  ( in d ic a te s  t h e  “o w n e r” o f  t h e  a d d i t io n a l  s c o p e  c o n ta in in g  

r e c o r d  f ie ld  d e s c r ip t io n s ) .  T h is  f ie ld  c o n ta in s  t h e  m e m o r y  a d d re s s  o f a  d y 

n a m ic a l ly  a llo c a te d  s y m b o l t a b le  r e c o r d  d e s c r ip to r  s t r u c tu r e ,  a n d  th u s  a llow s 

r e c o r d  v a r ia b le s  t h a t  s h a r e  t h e  s a m e  u s e r  d e fin e d  t y p e  a lso  to  s h a re  a  f ie ld  

d e s c r ip t io n  s c o p e  b lo c k .
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Program - S amp 2 ;

TYPE

LIST = ARRAY [I..4] OF INTEGER;

VAR

X,Y :INTEGER;
Listl=LIST;

Procedure A(VAR X,Y :INTEGER);

Function B (I:INTEGER):INTEGER; 

BEGIN { Function B }

END; { Function B }

BEGIN { Procedure A }

END; { Procedure A }

Procedure B(I,J :INTEGER); 
VAR

List2=LIST;

BEGIN { Procedure B }

END; { Procedure B } 

BEGIN { Program Samp2 }

END. { Program Samp2 }

F ig u r e  26: S o u rc e  C o d e  fo r  P r o g r a m  S a m p 2
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O w n e r

N a m e

P o in te r  to  

S c o p e  B lo c k

S c o p e  T a b le  

I n d e x

N u m b e r  o f 

S c o p e  E n tr ie s

A r r a y

D e s c r ip to r

R e c o rd

D e s c r ip to r

B 1000 0 4 - _

A 3002 4 5 - -

B 5001 9 5 - -

S a m p 2 6 2 4 0 14 7 - -

B o o t s t r a p 7000 21 3 -

T a b le  5: S c o p e  O w n e r  T a b le  fo r  P r o g r a m  S a m p 2

T a b le s  6 th r o u g h  10 sh o w  t h e  five  s c o p e  b lo c k s  g e n e r a te d  b y  t h e  S T A T S C O P E  

m o d u le  d u r in g  c o m p ila t io n .  T a b le  11 sh o w s th e  c o m p le te d  S ta t i c  S c o p e  t a b le  as i t  

w o u ld  b e  w r i t t e n  to  t h e  S T A T S C O P E S E C T I O N  a t  t h e  e n d  o f  c o m p ila t io n .

E n

t r y

I d

N a m e

U p r

B n d

L w r

B n d

N x t

I d x

O f f

s e t

T y p e R e c

S iz

P a r

e n t

C h

i ld

V a r

R e g

P r o c

N u m

0 - - - - H E A D E R - - - - -

I I - - - . - IN T E G E R - - - 5 -

2 B - - - - IN T E G E R - - - 6 -

3 - - - - E N D - - - - -

T a b le  6: S c o p e  B lo c k  fo r  F u n c t io n  B  in  P r o c e d u r e  A  in  P r o g r a m  S a m p 2

E n

t r y

I d

N a m e

U p r

B n d

L w r

B n d

N x t

I d x

O f f

s e t

T y p e R e c

S iz

P a r

e n t

C h

i l d

V a r

R e g

P r o c

N u m

0 - - - - H E A D E R - - - - -

I X - - - - IN T E G E R - - - 4 -

2 Y - - - - IN T E G E R - - - 3 -

3 B - - - - F U N C T IO N - - - - 2

4 - - - - E N D - - - - -

T a b le  7: S c o p e  B lo c k  fo r  P r o c e d u r e  A  in  P r o g r a m  S a m p 2
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E n

t r y

I d

N a m e

U p r

B n d

L w r

B n d

N x t

I d x

O f f

s e t

T y p e R e c

S iz

P a r

e n t

C h

i ld

V a r

R e g

P r o c

N u m

0 - - - - H E A D E R - - - - _

I I - - - - I N T E G E R - - - 8 -

2 J - - - " I N T E G E R - - - 7 -

3 L i s t 2 4 I - - IN T E G E R - - - 9 _

4 - - - - E N D - - - - -

T a b le  8: S c o p e  B lo c k  fo r  P r o c e d u r e  B  in  P r o g r a m  S a m p 2

E n

t r y

I d

N a m e

U p r

B n d

L w r

B n d

N x t

I d x

O f f

s e t

T y p e R e c

S iz

P a r

e n t

C h

i ld

V a r

R e g

P r o c

N u m

0 - - - - H E A D E R - - - - -

I X - - - - IN T E G E R - - I -

2 Y - - - - IN T E G E R - - - 0 -

3 L i s t l 4 I - - IN T E G E R - - - 2 -

4 A - - - - P R O C E D U R E - - - - I

5 B - - - - P R O C E D U R E - - - - 3

6 - - - - E N D - - - - -

T a b le  9: S c o p e  B lo c k  fo r  P r o g r a m  S c o p e  in  P r o g r a m  S a m p 2

E n

t r y

I d

N a m e

U p r

B n d

L w r

B n d

N x t

I d x

O ff

s e t

T y p e R e c

Siz

P a r

e n t

C h

ild

V a r

R e g

P r o c

N u m

0 - - - - H E A D E R - - - - -

I S a m p  2 - - - - P R O G R A M - - - - 0

2 - - - - E N D - - - - -

T a b le  10: S c o p e  B lo c k  fo r  “B o o t s t r a p ” S c o p e  in  P r o g r a m  S a m p 2
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E n

t r y

I d

N a m e

U p r

B n d

L w r

B n d

N x t

I d x

O f f

s e t

T y p e R e c

S iz

P a r

e n t

C h

i ld

V a r

R e g

P r o c

N u m

S c o p e  b lo c k  d e s c r i b in g  f u n c t i o n  B  i n  p r o c e d u r e  A

0 - - - - H E A D E R - 4 - - _

I I - - - - IN T E G E R - - - 5 _

2 B - - - - I N T E G E R - - - 6 _

3 - - - - E N D - - - - -

b c o p e  b lo c k  d e s c r i b in g  p r o c e d u r e  A

4 - - - - H E A D E R - 1 4 - - -

5 X - - - - IN T E G E R - - - 4 -

6 Y - - - - I N T E G E R - - - 3 -

7 B - - - - F U N C T IO N - - 0 - 2

8 - - - - E N D - - - - -

Scope block describing procedure B

9 - - - - H E A D E R - 1 4 - - -

1 0 I - - - - I N T E G E R - - - 8 -

1 1 J - - - - I N T E G E R - - _ 7

1 2 L i s t  2 4 I - - I N T E G E R - - _ 9

1 3 - - - - E N D - - - - -

Scope block describing program Samp2

1 4 - - - - H E A D E R - 2 1 - - -

1 5 X -  ,, - - - I N T E G E R - - - I _

1 6 Y - - - - I N T E G E R - _ 0

1 7 L i s t l 4 I - - I N T E G E R - - - 2 _

1 8 A - - - - P R O C E D U R E - - 4 - I

1 9 B - - - - P R O C E D U R E - - 9 - 3

2 0 - - - - E N D - - - - -

Bootstrap scope block

2 1 - - - - H E A D E R - - - -

2 2 S  a m p  2 - - - - P R O G R A M - - 1 4 _ 0

2 3 - - - - E N D - - - - -

T a b le  11: F in a l  S t a t i c  S c o p e  T a b le  fo r  P r o g r a m  S a m p 2
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C H A P T E R  5

C O N C L U S I O N S  A N D  F U T U R E  

E N H A N C E M E N T S

C o n c l u s i o n s

T h e  f i r s t  c o m p ile r  fo r  t h e  E -m a c h in e  h a s  b e e n  d e s ig n e d  a n d  im p le m e n te d .  T h e  

c o m p i le r ’s s o u rc e  la n g u a g e , c a lle d  miniPascal, is a  s u b s e t  o f  IS O  S ta n d a r d  P a s c a l. 

T h e  m in iP a s c a l  c o m p ile r  is  a  o n e -p a s s  c o m p ile r  w r i t t e n  in  A N S I  S ta n d a r d  C  a n d  

w a s  d e v e lo p e d  u s in g  t h e  U n ix  d e v e lo p m e n t to o ls , le x  a n d  y a c c  [M a so n  90], [L esk  75], 

[ J o h n s o n  75]. T h e  c o m p ile r ’s s c a n n e r  m o d u le , p r o d u c e d  b y  r u n n in g  le x  o n  a  U n ix  

m a c h in e , a n d  i t s  p a r s e r  m o d u le ,  p r o d u c e d  b y  r u n n in g  y a c c  o n  a  U n ix  m a c h in e , w e re  

s u b s e q u e n t ly  d o w n lo a d e d  to  a  D O S  m a c h in e . T h e s e  tw o  m o d u le s ,  c o m p ile d  a n d  

f in k e d  w i th  n u m e r o u s  s e m a n t ic  a n a ly s is  a n d  c o d e  g e n e r a t io n  m o d u le s ,  c o m p r is e  th e  

m in iP a s c a l  c o m p ile r . A  n u m b e r  o f  m in iP a s c a l  p ro g ra m s  c o m p ile d  in to  E -m a c h in e  

o b je c t  files h a v e  b e e n  -su ccessfu lly  a n im a te d  u s in g  a  s im p le  D O S  a n im a to r  to  d r iv e  

t h e  E -m a c h in e .
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F u t u r e  E n h a n c e m e n t s

S in c e  m in iP a s c a l  is  a  s u b s e t  o f  P a s c a l ,  f u t u r e  v e rs io n s  o f  m in iP a s c a l  w ill in c lu d e  

a d d i t io n a l  P a s c a l  f e a tu r e s .  A  n e x t  lo g ic a l  f e a tu r e  to  b e  im p le m e n te d  is p o in te r s —  

p a r t i c u la r ly  i m p o r t a n t  to  a n im a te ,  b e c a u s e  t h e y  a re  o f te n  a  d iff ic u lt c o n c e p t fo r 

s tu d e n ts  t o  g r a s p i O th e r  d e s i ra b le  f e a tu r e s  to  b e  im p le m e n te d  in  t h e  f u tu r e  in c lu d e : 

r e c o rd s  w i th  v a r ia n t  p a r t s ,  t h e  w i th  s t a t e m e n t ,  s e ts , a n d  p r e d e c la r e d  f u n c t io n s  a n d  

p r o c e d u r e s .  I t  w o u ld  b e  p a r t i c u la r ly  u s e fu l to  im p le m e n t  th e  p r e d e c la r e d  p r o c e d u r e , 

read. T h e  a v a ila b il i ty  o f  t h e  r e a d  p r o c e d u r e  w o u ld  g r e a t ly  f a c i l i t a te  t h e  in i t ia l iz a tio n  

o f  d a t a  ( e .g . ,  a r r a y s )  in  p r o g r a m s  d e m o n s t r a t in g  c o n c e p ts  s u c h  a s  s o r t in g  a n d  m a t r ix  

m u l t ip l ic a t io n .

O n e  f e a tu r e  t h a t  is  n o t  c o m p le te ly  im p le m e n te d  in  t h e  c u r r e n t  v e rs io n  is t h e  

m e th o d  o f  d i s p la y in g  t h e  v a lu e  r e t u r n e d  b y  a  f u n c t io n  c a ll. C u r r e n t ly ,  t h e  c o d e  

g e n e r a te d  b y  t h e  c o m p ile r  a llo w s t h e  a n im a to r  t o  d is p la y  a  f u n c t io n  v a lu e  o n ly  w h e n  

d is p la y in g  t h e  v a r ia b le  v a lu e s  in  a  w in d o w  a s s o c ia te d  w i th  t h e  c a lle d  f u n c t io n  i ts e lf .  

T h e  f u n c t io n  n a m e ,  h o w e v e r , is  a c tu a l ly  d e c la re d  in  t h e  c a llin g  s c o p e , a n d  h e n c e  

i t s  v a lu e  is a v a ila b le  in  th is  s c o p e . I t  w o u ld  b e  d e s i ra b le  to  h a v e  t h e  fu n c t io n  v a lu e  

a lso  d is p la y e d  in  t h e  c a llin g  s c o p e ’s d a t a  m e m o r y  w in d o w . A  p ro b le m  o c c u rs  w h e n  

a  f u n c t io n  is  c a lle d  m u l t ip le  t im e s  f ro m  t h e  s a m e  sc o p e , e i th e r  b y  c a lls  in  s e v e ra l  

d i f f e re n t s t a te m e n t s  o r  b y  m u l t ip le  ca lls  w i th in  t h e  s a m e  s t a te m e n t .  T h e  q u e s tio n  

h e re  is w h e th e r  t o  d is p la y  o n ly  t h e  m o s t  r e c e n t  v a lu e  r e tu r n e d  b y  t h e  f u n c t io n ,  o r  to  

d is p la y  a ll p r e v io u s  f u n c t io n  v a lu e s  as w ell. O n c e  th is  d e s ig n  d e c is io n  is  m a d e , th e  

c o m p ile r  w ill r e q u ir e  m o d if ic a t io n  to  p r o d u c e  c o d e  to  s u p p o r t  t h e  d is p la y  m e th o d .

T h e  c o m p ile r  s h o u ld  a lso  b e  e n h a n c e d  t o  id e n t i fy  t h e  E -c o d e  in s t r u c t io n s  t h a t  a re  

c o n s id e r e d  c r i t ic a l .  C u r r e n t ly ,  t h e  c o m p ile r  s im p ly  d e s ig n a te s  a ll E - c o d e  in s t r u c t io n s  

a s  c r i t ic a l ,  t h u s  h a m p e r in g  t h e  e ff ic ie n c y  o f  t h e  E -m a c h in e .
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A n o th e r  c o m p ile r  e n h a n c e m e n t  is im p r o v e m e n t  o f  e r r o r  h a n d lin g . C u rre n tly , 

o n ly  m in im a l  e r r o r  r e p o r t in g  is s u p p o r te d  b y  t h e  c o m p ile r , a n d  th e r e  is  n o  a t t e m p t  

a t  e r r o r  rec o v e ry . T h is  m in im a l  s u p p o r t  is  c o n s id e re d  su ff ic ie n t fo r  th e  p r e s e n t  

D Y N A L A B  s y s te m  s in c e  t h e  m in iP a s c a l  p r o g r a m s  w ill b e  p r e p a r e d  b y  e x p e r t  p r o 

g r a m m e r s .  L a te r ,  h o w e v e r , t h e  D Y N A L A B  s y s te m  m a y  b e  u s e d  b y  s tu d e n ts  p r e p a r 

in g  t h e i r  o w n  p r o g r a m s  fo r  a n im a t io n . T h u s , e r r o r  h a n d lin g  m u s t  b e  e n h a n c e d  to  

p ro v id e  a  m o re  “f r ie n d ly ” e n v ir o n m e n t  fo r  t h e  m in iP a s c a l  p r o g r a m m e r s .

F in a lly , s in c e  t h e  D Y N A L A B  s y s te m  is i n te n d e d  to  b e  a n  e v o lu t io n a r y  s y s te m , 

t h e  m in iP a s c a l  c o m p ile r  w ill c o n tin u e  to  e v o lv e  in  o rd e r  to  s u p p o r t  n e w  a n im a t io n  

f e a tu r e s .  F o r  e x a m p le , t h e  a n im a to r  m a y  p ro v id e  v is u a liz a t io n  o f  e x p re s s io n  e v a lu a 

t io n  in  o r d e r  to  d e m o n s t r a te  p re c e d e n c e  ru le s  in  a  l a n g u a g e .  T h e  a n im a to r  m a y  a lso  ' 

d is p la y  “T R U E ” o r  “F A L S E ” as c o n d it io n a l  e x p re s s io n s  a re  e v a lu a te d .  I t  m a y  b e  

d e s i r a b le  to  h a v e  t h e  p r o g r a m m e r  in d ic a te  g ro u p s  o f  s o u rc e  c o d e  l in e s  t h a t  s h o u ld  

a p p e a r  in  t h e  s a m e  s o u rc e  c o d e  a n im a t io n  w in d o w  in  o r d e r  to  c le a r ly  i l l u s t r a te  so m e  

c o n c e p t.  AU o f  th e s e  a n im a t io n  f e a tu r e s  r e q u i r e  m o d if ic a tio n s  to  t h e  c o m p ile r  in  

o r d e r  t o  g e n e r a te  t h e  s u p p o r t in g  co d e .

T h u s , e v e n  th o u g h  t h e  m in iP a s c a l  c o m p ile r  is a  u s a b le  f ir s t  c o m p ile r  fo r  t h e  

E -m a c h in e ,  i t s  e v o lu tio n  is e x p e c te d  to  c o n tin u e .  T h e  c o m p ile r  is  a lso  e x p e c te d  to  

s e rv e  a s  a  p a t t e r n  fo r  d e v e lo p e rs  o f  f u tu r e  E -m a c h in e  c o m p ile rs .
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A P P E N D I X  A

T H E  E - M A C H I N E  I N S T R U C T I O N  S E T

T h is  a p p e n d ix ,  w h ic h  is a d a p te d  f ro m  c h a p te r  2 o f  B i r c h ’s th e s is ,  l is ts  a ll o f  t h e  

in s t r u c t io n s  in  t h e  in s t r u c t io n  s e t  o f  t h e  E -m a c h in e .  A  p s e u d o  a s s e m b ly  la n g u a g e  

f o r m a t  is  u s e d  to  d e s c r ib e  t h e  in s t r u c t io n s ,  h o w e v e r  t h e  i n s t r u c t io n  s t r e a m  i ts e l f  

is  a c tu a l ly  a n  a r r a y  o f  s t r u c tu r e s  lo a d e d  f ro m  t h e  C O D E S E C T I O N  p o r t io n  o f  t h e  

E - m a c h in e  o b je c t  file  a t  r u n  t im e . T h e  o b je c t  file  is d e s c r ib e d  in  d e ta i l  in  c h a p te r s  2 

a n d  4 o f  th i s  th e s is .

E a c h  in s t r u c t io n  is  c o m p o s e d  o f fo u r  fie ld s  (o r  a rg u m e n ts ) :  

o  a n  o p c o d e  m n e m o n ic  (e .g .,  p u s h ,  p o p ,  a d d ) ;  

o  a  f lag  m a r k in g  t h e  in s t r u c t io n  c r i t ic a l  o r  n o n c r i t ic a l  (C F L A G ) ;  

o  a n  f ie ld  d e n o tin g , t h e  d a t a  ty p e  to  b e  u s e d  in  t h e  in s t r u c t io n  ( T Y P E ) ;

o  a  f ie ld  c o n ta in in g  e i th e r  a  n u m b e r  ( # )  o r  a n  a d d re s s in g  m o d e  (A D D R );

A d d re s s in g  m o d e s  a n d  th e i r  f o r m a ts  a r e  d e s c r ib e d  in  a p p e n d ix  B .

T h e  m n e m o n ic  f ie ld  is s e p a r a te d  f ro m  t h e  o th e r s  b y  o n e  o r  m o r e  s p a c e s , a n d  t h e  

r e m a in in g  f ie ld s  a re  s e p a r a t e d  b y  c o m m a s . T h e  C F L A G  fie ld  m u s t  b e  e i th e r  c o r n  

to  d e s ig n a te  w h e th e r  t h e  in s t r u c t io n  is to  b e  t r e a t e d  as c r i t ic a l  (c )  o r  n o n c r i t ic a l  (n), 

T h e  T Y P E  f ie ld  h o ld s  a  s in g le  c a p i ta l  l e t t e r ,  I ,  R , B , C , o r  A , r e f e r r in g  to  t h e  d a t a  

ty p e s  integer, real, boolean, character, o r  address, re s p e c t iv e ly . T h e  ^  re fe rs  to  a  

c o n s ta n t  s p e c ify in g  t h e  n u m b e r  o f  a n  E - c o d e  la b e l,  a  c o n s ta n t  n u m e r ic  v a lu e , o r  a n
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E -m a c h in e  v a r ia b le  r e g is te r  n u m b e r .  I f  t h e  A D D R  a r g u m e n t  is  u s e d  fo r  t h e  f o u r th  

f ie ld , i t  re fe rs  t o  a n y  o f  t h e  a d d r e s s in g  m o d e s  d e s c r ib e d  in  a p p e n d ix  B .

I n  t h e  fo llo w in g  d e s c r ip t io n  o f  t h e  in s t r u c t io n  s e t ,  t h e  e ffec ts  off e x e c u tin g  a n  

i n s t r u c t io n  b o t h  f o rw a rd  a n d  in  re v e r s e  a re  g iv e n . T h e  a c t io n s  t a k e n  in  e a c h  c ase  

w ill b e  d if f e re n t, d e p e n d in g  o n  w h e th e r  t h e  in s t r u c t io n  h a s  b e e n  d e s ig n a te d  c r i t ic a l  

o r  n o n c r i t ic a l .  S o m e  in s t r u c t io n s  h a v e  n o  c r i t i c a l /n o n c r i t ic a l  f lag , b e c a u s e  th e i r  

e x e c u t io n  ( e i th e r  fo rw a rd  o r  in  r e v e rs e )  w o u ld  b e  th e  s a m e  in  e i th e r  c ase . R e v e rs in g  

th r o u g h  a  n o n c r i t ic a l  i n s t r u c t io n  s o m e tim e s  r e q u ir e s  t h a t  s o m e th in g  b e  p u s h e d  o n to  

t h e  e v a lu a t io n  s ta c k  to  k e e p  t h e  s ta c k  o f  t h e  p r o p e r  size; in  s u c h  c a se s  a n  a r b i t r a r y  

v a lu e , c a lle d  D U M M Y  is u s e d .

a d d  C F L A G ,  T Y P E

A d d s  t h e  t o p  t w o  v a l u e s  o n  t h e  e v a l u a t i o n  s t a c k  a n d  p l a c e s  t h e  r e s u l t  o n t o  t h e  e v a l u a t i o n  

s t a c k .

F o rw a rd -C ritic a l:  P o p s  t h e  t o p  t w o  v a l u e s  o f  t h e  e v a l u a t i o n  s t a c k ,  p u s h e s  t h e m  o n t o  t h e  

s a v e  s t a c k ,  a n d  t h e n  p u s h e s  t h e i r  s u m  o n t o  t h e  e v a l u a t i o n  s t a c k .

F o rw a r d -N o n c r it ic a h  P o p s  t h e  t o p  t w o  v a l u e s  o f  t h e  e v a l u a t i o n  s t a c k  a n d  p u s h e s  t h e i r  

s u m  o n t o  t h e  e v a l u a t i o n  s t a c k .

R e v e r s e -C r it ic a l:  P o p s  t h e  t o p  v a l u e  o f  t h e  e v a l u a t i o n  s t a c k  a n d  d i s c a r d s  t h e  v a l u e .  P o p s  

t h e  t o p  t w o  e l e m e n t s  o f  t h e  s a v e  s t a c k  a n d  p u s h e s  t h e m  o n t o  t h e  e v a l u a t i o n  s t a c k .

R e v e r s e -N o n c r it ic a l:  P u s h e s  D U M M Y  o n t o  t h e  e v a l u a t i o n  s t a c k .

a l l o c  C F L A G ,  #

A l l o c a t e s  a  b l o c k  o f  m e m o r y  o f  #  s i z e .

F o rw a rd :  A t t e m p t s  t o  a l l o c a t e  #  c o m p u t e r  w o r d s  o f  s t o r a g e .  I f  s u c c e s s f u l ,  t h e  a d d r e s s  o f  

t h e  f i r s t  w o r d  o f  d a t a  m e m o r y  t h a t  w a s  a l l o c a t e d  i s  p u s h e d  o n t o  t h e  e v a l u a t i o n  s t a c k .  

O t h e r w i s e ,  a  N U L L  a d d r e s s  i s  p u s h e d  o n t o  t h e  e v a l u a t i o n  s t a c k .

R e v e rs e :  P o p s  t h e  t o p  v a l u e  o f f  t h e  e v a l u a t i o n  s t a c k ,  w h i c h  s h o u l d  b e  a  d a t a  a d d r e s s ,  a n d  

f r e e s  #  w o r d s  o f  d a t a  m e m o r y  s t a r t i n g  a t  t h a t  a d d r e s s .

a n d  C F L A G ,  T Y P E

B i t w i s e  a n d ’s  t h e  t o p  t w o  v a l u e s  o f  t h e  e v a l u a t i o n  s t a c k  a n d  p l a c e s  t h e  r e s u l t  o n t o  t h e  

e v a l u a t i o n  s t a c k .
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F o rw u rd -C ritic a l:  P o p s  t h e  t o p  t w o  v a l u e s  o f  t h e  e v a l u a t i o n  s t a c k ,  p u s h e s  t h e  t w o  v a l u e s  

o n t o  t h e  s a v e  s t a c k ,  a n d  t h e n  p u s h e s  t h e  b o t t o m  v a l u e  b i t w i s e  a n d ’ e d  w i t h  t h e  t o p  

v a l u e  o n t o  t h e  e v a l u a t i o n  s t a c k .

F o rw a rd -N o n c r it ic a l:  P o p s  t h e  t o p  t w o  v a l u e s  o f  t h e  e v a l u a t i o n  s t a c k  a n d  p u s h e s  t h e  

b o t t o m  v a l u e  b i t w i s e  a n d ’ e d  w i t h  t h e  t o p  v a l u e  o n t o  t h e  e v a l u a t i o n  s t a c k .

R e v e r s e -C r it ic a l:  P o p s  t h e  t o p  v a l u e  o f  t h e  e v a l u a t i o n  s t a c k  a n d  d i s c a r d s  i t .  P o p s  t h e  t o p  

t w o  v a l u e s  o f  t h e  s a v e  s t a c k  a n d  p u s h e s  t h e m  o n t o  t h e  e v a l u a t i o n  s t a c k .

R e v e r s e -N o n c r it ic a l:  P u s h e s  D U M M Y  o n t o  t h e  e v a l u a t i o n  s t a c k .

b r  #

U n c o n d i t i o n a l l y  b r a n c h e s  t o  l a b e l  # .

F o rw a rd :  L o a d s  t h e  p r o g r a m  c o u n t e r  w i t h  t h e  a d d r e s s  o f  t h e  l a b e l  #  i n s t r u c t i o n .  

R e v e rs e :  N o  o p e r a t i o n .

b r t ,  b r f  C F L A G ,  #

C o n d i t i o n a l l y  b r a n c h e s  d e p e n d i n g  o n  w h e t h e r  t h e  t o p  o f  t h e  e v a l u a t i o n  s t a c k  i s  T R U E  o r  

F A L S E .

F o rw a rd -C ritic a l:  P o p s  t h e  t o p  v a l u e  o f f  t h e  e v a l u a t i o n  s t a c k  a n d  p u s h e s  i t  o n t o  t h e  s a v e  

s t a c k .  I f  t h e  v a l u e  s a t i s f i e s  t h e  c o n d i t i o n a l  o n  t h e  b r a n c h  ( T R U E  f o r  b r t ,  F A L S E  f o r  

b r f ) ,  t h e  p r o g r a m  c o u n t e r  i s  l o a d e d  w i t h  t h e  a d d r e s s  o f  t h e  l a b e l  #  i n s t r u c t i o n .

F o rw a rd -N o n c r it ic a l:  P o p s  t h e  t o p  v a l u e  o f f  t h e  e v a l u a t i o n  s t a c k .  I f  t h e  v a l u e  a g r e e s  w i t h  

t h e  c o n d i t i o n a l  b r a n c h  ( T R U E  f o r  b r t ,  F A L S E  f o r  b r f ) ,  t h e  p r o g r a m  c o u n t e r  i s  l o a d e d  

w i t h  t h e  a d d r e s s  o f  t h e  l a b e l  #  i n s t r u c t i o n .

R e v e r s e -C r it ic a l:  P o p s  t h e  t o p  v a l u e  o f  t h e  s a v e  s t a c k  a n d  p u s h e s  i t  o n t o  t h e  e v a l u a t i o n  

s t a c k .

R e v e r s e -N o n c r it ic a l:  A r b i t r a r i l y  p u s h e s  D U M M Y  o n t o  t h e  e v a l u a t i o n  s t a c k .

c a l l  #

B r a n c h e s  t o  l a b e l  #  s a v i n g  t h e  p r o g r a m  a d d r e s s  w h i c h  f o l l o w s  t h e  c a l l  i n s t r u c t i o n  s o  t h a t  

e x e c u t i o n  w i l l  c o n t i n u e  t h e r e  u p o n  e x e c u t i o n  o f  a  r e t u r n  i n s t r u c t i o n .

F o rw ard :  P u s h e s  t h e  c u r r e n t  p r o g r a m  c o u n t e r  o n t o  t h e  r e t u r n  a d d r e s s  s t a c k ,  t h e n  l o a d s  

t h e  a d d r e s s  o f  t h e  l a b e l  #  i n s t r u c t i o n  i n t o  t h e  p r o g r a m  c o u n t e r .

R e v e r s e :  P o p s  t h e  t o p  v a l u e  f r o m  t h e  r e t u r n  a d d r e s s  s t a c k .

c a s t  C F L A G ,  T Y P E ,  T Y P E

C h a n g e s  t h e  t o p  v a l u e  o f  t h e  e v a l u a t i o n  s t a c k  f r o m  t h e  f i r s t  T Y P E  t o  t h e  s e c o n d .

F o rw a rd -C ritic a l:  P o p s  t h e  t o p  v a l u e  o f  t h e  e v a l u a t i o n  s t a c k  a n d  p u s h e s  i t  o n t o  t h e  s a v e  

s t a c k ,  t h e n  t r a n s f o r m s  t h e  v a l u e  f r o m  t h e  f i r s t  T Y P E  t o  t h e  s e c o n d .  T h e  r e s u l t  i s  

p u s h e d  o n t o  t h e  e v a l u a t i o n  s t a c k .
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F o rw a rd -N o n c r it ic a l:  P o p s  t h e  t o p  v a l u e  o f  t h e  e v a l u a t i o n  s t a c k ,  t h e n  t r a n s f o r m s  t h e  v a l u e  

f r o m  t h e  f i r s t  T Y P E  t o  t h e  s e c o n d .  T h e  r e s u l t  i s  p u s h e d  o n t o  t h e  e v a l u a t i o n  s t a c k .

R e v e r s e -C r it ic a l:  P o p s  t h e  t o p  v a l u e  o f  t h e  e v a l u a t i o n  s t a c k .  T h e  p o p s  t h e  t o p  v a l u e  o f  

t h e  s a v e  s t a c k  a n d  p u s h e s  i t  o n t o  t h e  e v a l u a t i o n  s t a c k .

R e v e r s e -N o n c r it ic a l  N o t h i n g  h a p p e n s .

d i v  C F L A G 1 T Y P E

D i v i d e s  t h e  s e c o n d  v a l u e  f r o m  t h e  t o p  o f  t h e  e v a l u a t i o n  s t a c k  b y  t h e  f i r s t  a n d  p l a c e s  t h e  

r e s u l t  o n t o  t h e  e v a l u a t i o n  s t a c k .

F o rw a rd -C ritic a l:  P o p s  t h e  t o p  t w o  v a l u e s  o f  t h e  e v a l u a t i o n  s t a c k ,  p u s h e s  t h e  t w o  v a l u e s  

o n t o  t h e  s a v e  s t a c k ,  a n d  p u s h e s  t h e  b o t t o m  v a l u e  d i v i d e d  b y  t h e  t o p  v a l u e  o n t o  t h e  

e v a l u a t i o n  s t a c k .

F o rw a rd -N o n c r it ic a l:  P o p s  t h e  t o p  t w o  v a l u e s  o f  t h e  e v a l u a t i o n  s t a c k  a n d  p u s h e s  t h e  

b o t t o m  v a l u e  d i v i d e d  b y  t h e  t o p  v a l u e  o n t o  t h e  e v a l u a t i o n  s t a c k .

R e v e r s e -C r it ic a l:  P o p s  t h e  t o p  v a l u e  o f  t h e  e v a l u a t i o n  s t a c k  a n d  d i s c a r d s  i t .  P o p s  t h e  t o p  

t w o  v a l u e s  o f  t h e  s a v e  s t a c k  a n d  p u s h e s  t h e m  o n t o  t h e  e v a l u a t i o n  s t a c k .

R e v e r s e -N o n c r i t ic a l: P u s h e s  D U M M Y  o n t o  t h e  e v a l u a t i o n  s t a c k .

e q l ,  n e q l ,  l e s s ,  l e q l ,  g t r ,  g e q l  C F L A G , T Y P E

I f  t h e  s e c o n d  v a l u e  f r o m  t h e  t o p  o f  t h e  e v a l u a t i o n  s t a c k  c o m p a r e s  f a v o r a b l y  w i t h  t h e  f i r s t ,  

t h e n  T R U E  i s  p u s h e d  o n t o  t h e  e v a l u a t i o n  s t a c k .  O t h e r w i s e  F A L S E  i s  p u s h e d  o n t o  t h e  

e v a l u a t i o n  s t a c k .

F o rw a rd -C ritic a l:  P o p s  t h e  t o p  t w o  v a l u e s  o f f  t h e  e v a l u a t i o n  s t a c k ,  p u s h e s  t h e  t w o  v a l u e s  

o n t o  t h e  s a v e  s t a c k ,  c o m p a r e s  t h e  b o t t o m  v a l u e  w i t h  t h e  t o p .  I f  t h e  r e s u l t  o f  t h e  

c o m p a r i s o n  m a t c h e s  t h e  c o m p a r i s o n  o p e r a t i o n  p e r f o r m e d ,  a  b o o l e a n  T R U E  i s  p u s h e d  

o n t o  t h e  e v a l u a t i o n  s t a c k ,  o t h e r w i s e ,  a  b o o l e a n  F A L S E  i s  p u s h e d  o n t o  t h e  e v a l u a t i o n  

s t a c k .

F o rw a rd -N o n c r it ic a l:  P o p s  t h e  t o p  t w o  v a l u e s  o f f  t h e  e v a l u a t i o n  s t a c k  a n d  c o m p a r e s  t h e  

b o t t o m  v a l u e  w i t h  t h e  t o p  v a l u e .  I f  t h e  r e s u l t  m a t c h e s  t h e  c o m p a r i s o n  o p e r a t i o n  

p e r f o r m e d ,  a  b o o l e a n  T R U E  i s  p u s h e d  o n t o  t h e  e v a l u a t i o n  s t a c k ,  o t h e r w i s e ,  a  b o o l e a n  

F A L S E  i s  p u s h e d  o n t o  t h e  e v a l u a t i o n  s t a c k .

R e v e r s e -C r it ic a l:  P o p s  t h e  t o p  v a l u e  o f  t h e  e v a l u a t i o n  s t a c k  a n d  d i s c a r d s  i t ,  t h e n  p o p s  t h e  

t o p  t w o  v a l u e s  o f f  t h e  s a v e  s t a c k  a n d  p u s h e s  t h e m  o n t o  t h e  e v a l u a t i o n  s t a c k .

R e v e r s e -N o n c r it ic a l:  P u s h e s  D U M M Y  o n t o  t h e  e v a l u a t i o n  s t a c k .

i n s t  C F L A G ,  #

C r e a t e s  a n  i n s t a n c e  o f  t h e  v a r i a b l e  r e g i s t e r  # .

F o rw a rd - C r itica l:  A l l o c a t e s  e n o u g h  d a t a  m e m o r y  f o r  t h e  v a r i a b l e  r e p r e s e n t e d  b y  t h e  v a r i 

a b l e  r e g i s t e r  # .  T h e  a d d r e s s  o f  t h e  a l l o c a t e d  m e m o r y  i s  t h e n  p u s h e d  o n t o  t h e  v a r i a b l e  

r e g i s t e r ’s  s t a c k .
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F o rw a rd -N o n c r it ic a l:  A l l o c a t e s  e n o u g h  d a t a  m e m o r y  f o r  t h e  v a r i a b l e  r e p r e s e n t e d  b y  t h e  

v a r i a b l e  r e g i s t e r  # .  T h e  s i z e  o f  t h e  v a r i a b l e  i s  s t o r e d  i n  t h e  v a r i a b l e  r e g i s t e r .  T h e  

a d d r e s s  o f  t h e  a l l o c a t e d  m e m o r y  i s  t h e n  p u s h e d  o n t o  t h e  v a r i a b l e  r e g i s t e r ’ s  s t a c k .

R e v e r s e -C r it ic a l:  T h e  d a t a  m e m o r y  o c c u p i e d  b y  t h e  v a r i a b l e  r e g i s t e r  i s  f r e e d  a n d  t h e  t o p  

v a l u e  i s  p o p p e d  o f f  t h e  v a r i a b l e  r e g i s t e r ’s  s t a c k .

R e v e r s e -N o n c r it ic a l:  F r e e s  t h e  s p a c e  t a k e n  u p  b y  t h e  v a r i a b l e  i n  d a t a  m e m o r y  a n d  p o p s  

t h e  t o p  v a l u e  o f f  t h e  v a r i a b l e  r e g i s t e r ’ s  s t a c k .

l a b e l  #

M a r k s  t h e  l o c a t i o n  t o  w h i c h  a  b r a n c h  m a y  b e  m a d e .

F o rw a rd :  P u s h e s  t h e  p r e v i o u s  p r o g r a m  c o u n t e r  o n t o  t h e  s t a c k  p o i n t e d  t o  b y  l a b e l  r e g i s t e r  

# •

R e v e rs e :  P o p s  t h e  t o p  v a l u e  o f  t h e  s t a c k  p o i n t e d  t o  b y  l a b e l  r e g i s t e r  #  a n d  p l a c e s  i t  i n  

t h e  p r o g r a m  c o u n t e r .

l i n k  #

A s s o c i a t e s  o n e  v a r i a b l e  r e g i s t e r  w i t h  t h e  v a l u e  o f  a n o t h e r .

F o rw a rd :  P o p s  t h e  t o p  v a l u e  o f  t h e  e v a l u a t i o n  s t a c k  a n d  p u s h e s  i t  o n t o  t h e  v a r i a b l e  s t a c k  

p o i n t e d  t o  b y  v a r i a b l e  r e g i s t e r  # .

R e v e r s e :  P o p s  t h e  t o p  v a l u e  o f  t h e  v a r i a b l e  s t a c k  p o i n t e d  t o  b y  v a r i a b l e  r e g i s t e r  #  a n d  

p u s h e s  i t  o n t o  t h e  e v a l u a t i o n  s t a c k .

I o a d a r  C F L A G ,  A D D R

P l a c e s  t h e  a d d r e s s  A D D R  i n  t h e  a d d r e s s  r e g i s t e r .

F o rw a rd -C r itic a l:  T h e  c o n t e n t s  o f  t h e  a d d r e s s  r e g i s t e r  a r e  p u s h e d  o n t o  t h e  s a v e  s t a c k .  

T h e n  t h e  a d d r e s s  c o m p u t e d  f o r  t h e  a d d r e s s i n g  m o d e  i s  p l a c e d  i n  t h e  a d d r e s s  r e g i s t e r .  

I m p o r t a n t  n o t e :  i t  i s  t h e  a d d r e s s  t h a t  i s  c o m p u t e d  b y  t h e  a d d r e s s i n g  m o d e  t h a t  i s  

u s e d ,  n o t  t h e  c o n t e n t s  o f  t h a t  a d d r e s s .

F o rw a rd -N o n c r it ic a l:  T h e  a d d r e s s  c o m p u t e d  f o r  t h e  a d d r e s s i n g  m o d e  i s  p l a c e d  i n  t h e  

a d d r e s s  r e g i s t e r .  S a m e  n o t e  f o r  F o r w a r d - C r i t i c a l  a p p l i e s  h e r e .

R e v e r s e -C r it ic a l:  T h e  a d d r e s s  o n  t o p  o f  t h e  s a v e  s t a c k  i s  p o p p e d  o f f  a n d  p l a c e d  i n  t h e  

a d d r e s s  r e g i s t e r .

R e v e r s e -N o n c r it ic a l:  N o t h i n g  h a p p e n s .

I o a d i r  C F L A G ,  #

P l a c e s  t h e  #  i n t o  t h e  i n d e x  r e g i s t e r .

F o rw a rd -C r itic a l:  T h e  c o n t e n t s  o f  t h e  i n d e x  r e g i s t e r  a r e  p u s h e d  o n t o  t h e  s a v e  s t a c k .  T h e n  

#  i s  p l a c e d  i n  t h e  a d d r e s s  r e g i s t e r .

F o rw a rd -N o n c r it ic a l:  #  i s  p l a c e d  i n  t h e  i n d e x  r e g i s t e r .
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R e v e r s e -C r it ic a l:  T h e  v a l u e  o n  t o p  o f  t h e  s a v e  s t a c k  i s  p o p p e d  o f f  a n d  p l a c e d  i n  t h e  i n d e x  

r e g i s t e r .

R e v e r s e -N o n c r it ic a l:  N o t h i n g  h a p p e n s .

m o d  C F L A G 1 T Y P E

F i n d s  t h e  r e m a i n d e r  o f  t h e  d i v i s i o n  o f  t h e  s e c o n d  v a l u e  f r o m  t h e  t o p  o f  t h e  e v a l u a t i o n  s t a c k  

b y  t h e  f i r s t  a n d  p l a c e s  t h e  r e s u l t  o n t o  t h e  e v a l u a t i o n  s t a c k .

F o rw a rd -C ritic a l:  P o p s  t h e  t o p  t w o  v a l u e s  o f  t h e  e v a l u a t i o n  s t a c k ,  p u s h e s  t h e  t w o  v a l u e s  

o n t o  t h e  s a v e  s t a c k ,  a n d  t h e n  p u s h e s  t h e  b o t t o m  v a l u e  m o d u l o  t h e  t o p  v a l u e  o n t o  t h e  

e v a l u a t i o n  s t a c k .

F o rw a r d -N o n c r it ic a l  P o p s  t h e  t o p  t w o  v a l u e s  o f  t h e  e v a l u a t i o n  s t a c k  a n d  p u s h e s  t h e  b o t t o m ,  

v a l u e  m o d u l o  t h e  t o p  v a l u e  o n t o  t h e  e v a l u a t i o n  s t a c k .

R e v e r s e -C r it ic a l:  P o p s  t h e  t o p  v a l u e  o f  t h e  e v a l u a t i o n  s t a c k  a n d  d i s c a r d s  i t .  P o p s  t h e  t o p  

t w o  v a l u e s  o f  t h e  s a v e  s t a c k  a n d  p u s h e s  t h e m  o n t o  t h e  e v a l u a t i o n  s t a c k .

R e v e r s e -N o n c r it ic a l:  P u s h e s  D U M M Y  o n t o  t h e  e v a l u a t i o n  s t a c k .

m u l t  C F L A G ,  T Y P E

M u l t i p l i e s  t h e  t o p  t w o  v a l u e s  o n  t h e  e v a l u a t i o n  s t a c k  a n d  p l a c e s  t h e  r e s u l t  o n t o  t h e  e v a l u 

a t i o n  s t a c k .

F o rw a rd -C ritic a l:  P o p s  t h e  t o p  t w o  v a l u e s  o f  t h e  e v a l u a t i o n  s t a c k ,  p u s h e s  t h e  t w o  v a l u e s  

o n t o  t h e  s a v e  s t a c k ,  a n d  t h e n  p u s h e s  t h e i r  p r o d u c t  o n t o  t h e  e v a l u a t i o n  s t a c k .

F o rw a rd -N o n c r it ic a l:  P o p s  t h e  t o p  t w o  v a l u e s  o f  t h e  e v a l u a t i o n  s t a c k . a n d  p u s h e s  t h e i r  

p r o d u c t  o n t o  t h e  e v a l u a t i o n  s t a c k .

R e v e r s e -C r it ic a l:  P o p s  t h e  t o p  v a l u e  o f  t h e  e v a l u a t i o n  s t a c k  a n d  d i s c a r d s  i t .  P o p s  t h e  t o p  

t w o  v a l u e s  o f  t h e  s a v e  s t a c k  a n d  p u s h e s  t h e m  o n t o  t h e  e v a l u a t i o n  s t a c k .

R e v e r s e -N o n c r it ic a l:  P u s h e s  D U M M Y  o n t o  t h e  e v a l u a t i o n  s t a c k .

n e g  T Y P E

N e g a t e s  t h e  t o p  v a l u e  o n  t h e  e v a l u a t i o n  s t a c k .

F o rw ard :  P o p s  t h e  t o p  o f  t h e  e v a l u a t i o n  s t a c k  a n d  p u s h e s  t h e  n e g a t i o n  o f  t h a t  v a l u e  o n t o  

t h e  e v a l u a t i o n  s t a c k .

R e v e rs e :  P o p s  t h e  t o p  o f  t h e  e v a l u a t i o n  s t a c k  a n d  p u s h e s  t h e  n e g a t i o n  o f  t h a t  v a l u e  o n t o  

t h e  e v a l u a t i o n  s t a c k .

n o p  T h i s  i n s t r u c t i o n  i s  t h e  s t a n d a r d  n o - o p e r a t i o n  i n s t r u c t i o n .  I t  c a n  b e  u s e d  t o  c r e a t e  p a c k e t s  

f o r  h i g h  l e v e l  p r o g r a m  t e x t  f o r  w h i c h  n o  E - m a c h i n e  i n s t r u c t i o n s  a r e  g e n e r a t e d  b u t  w h i c h  

n o n e t h e l e s s  n e e d  t o  b e  h i g h l i g h t e d  f o r  a n i m a t i o n  p u r p o s e s .  A n  e x a m p l e  o f  t h i s  i s  t h e  b e g i n  

k e y w o r d  i n  P a s c a l .  I n  i l l u s t r a t i n g  t h e  f l o w  o f  c o n t r o l  d u r i n g  p r o g r a m  a n i m a t i o n ,  a  b e g i n  

k e y w o r d  m a y  n e e d  t o  b e  h i g h l i g h t e d  ( a n d  t h u s  h a v e  i t s  o w n  u n d e r l y i n g  E - m a c h i n e  p a c k e t  

o f  i n s t r u c t i o n s ) .  T h e  n o p  i n s t r u c t i o n  c a n  b e  u s e d  i n  t h e s e  c a s e s .
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n o t  C F L A G ,  T Y P E

B i t w i s e  c o m p l e m e n t s  t h e  t o p  v a l u e  o f  t h e  e v a l u a t i o n  s t a c k .

F o rw a rd :  P o p s  t h e  t o p  o f  t h e  e v a l u a t i o n  s t a c k  a n d  p u s h e s  t h e  b i t w i s e  n o t  o f  t h a t  v a l u e  

o n t o  t h e  e v a l u a t i o n  s t a c k .

R e v e rs e :  P o p s  t h e  t o p  o f  t h e  e v a l u a t i o n  s t a c k  a n d  p u s h e s  t h e  b i t w i s e  n o t  o f  t h a t  v a l u e  

o n t o  t h e  e v a l u a t i o n  s t a c k .

o r  C F L A G ,  T Y P E

B i t w i s e  o r  s  t h e  t o p  t w o  v a l u e s  o f  t h e  e v a l u a t i o n  s t a c k  a n d  p l a c e s  t h e  r e s u l t  o n t o  t h e  e v a l u 

a t i o n  s t a c k .

F o rw a rd -C ritic a l:  P o p s  t h e  t o p  t w o  v a l u e s  o f  t h e  e v a l u a t i o n  s t a c k ,  p u s h e s  t h e  t w o  v a l u e s  

o n t o  t h e  s a v e  s t a c k ,  a n d  t h e n . p u s h e s  t h e  b o t t o m  v a l u e  b i t w i s e  o r ’ e d  w i t h  t h e  t o p  v a l u e  

o n t o  t h e  e v a l u a t i o n  s t a c k .

F o rw a rd -N o n c r it ic a l:  P o p s  t h e  t o p  t w o  v a l u e s  o f  t h e  e v a l u a t i o n  s t a c k  a n d  p u s h e s  t h e  

b o t t o m  v a l u e  b i t w i s e  o r ’ e d  w i t h  t h e  t o p  v a l u e  o n t o  t h e  e v a l u a t i o n  s t a c k .

R e v e r s e -C r it ic a l:  P o p s  t h e  t o p  v a l u e  o f  t h e  e v a l u a t i o n  s t a c k  a n d  d i s c a r d s  i t .  P o p s  t h e  t o p  

t w o  v a l u e s  o f  t h e  s a v e  s t a c k  a n d  p u s h e s  t h e m  o n t o  t h e  e v a l u a t i o n  s t a c k .

R e v e r s e -N o n c r it ic a l:  P u s h e s  D U M M Y  o n t o  t h e  e v a l u a t i o n  s t a c k .

p o p  C F L A G ,  T Y P E ,  A D D R

P o p s  t h e  t o p  v a l u e  o f  t h e  e v a l u a t i o n  s t a c k  a n d  p l a c e s  i t  i n  A D D R .

F o rw a rd -C ritic a l:  P u s h e s  t h e  v a l u e  i n  A D D R  o n t o  t h e  s a v e  s t a c k  a n d  t h e n  p o p s  t h e  t o p  

v a l u e  o f  t h e  e v a l u a t i o n  s t a c k  a n d  s t o r e s  i t  i n  A D D R .

F o rw a rd -N o n c r it ic a l:  P o p s  t h e  t o p  v a l u e  o f  t h e  e v a l u a t i o n  s t a c k  a n d  s t o r e s  i t  i n  A D D R .

R e v e r s e -C r it ic a l:  P u s h e s  t h e  v a l u e  i n  A D D R  o n t o  t h e  e v a l u a t i o n  s t a c k  a n d  t h e n  p o p s  t h e  

t o p  v a l u e  o f  t h e  s a v e  s t a c k  a n d  p l a c e s  i t  i n  A D D R .

R e v e r s e -N o n c r it ic a l:  P u s h e s  t h e  v a l u e  i n  A D D R  o n t o  t h e  e v a l u a t i o n  s t a c k .

p o p a r  C F L A G

P o p s  t h e  a d d r e s s  o n  t o p  o f  t h e  e v a l u a t i o n  s t a c k  a n d  p l a c e s  i t  i n  t h e  a d d r e s s  r e g i s t e r .

F o rw a rd - C r itica l:  T h e  c o n t e n t s  o f  t h e  a d d r e s s  r e g i s t e r  a r e  p u s h e d  o n t o  t h e  s a v e  s t a c k .  T h e  

a d d r e s s  o n  t o p  o f  t h e  e v a l u a t i o n  s t a c k  i s  p o p p e d  a n d  p l a c e d  i n  t h e  a d d r e s s  r e g i s t e r .

F o rw a rd -N o n c r it ic a l:  T h e  a d d r e s s  o n  t o p  o f  t h e  e v a l u a t i o n  s t a c k  i s  p o p p e d  o f f  a n d  p l a c e d  

i n  t h e  a d d r e s s  r e g i s t e r .

R e v e r s e -  C r itica l:  T h e  c o n t e n t s  o f  t h e  a d d r e s s  r e g i s t e r  a r e  p u s h e d  o n t o  t h e  e v a l u a t i o n  s t a c k .  

T h e n  t h e  a d d r e s s  o n  t o p  o f  t h e  s a v e  s t a c k  i s  p o p p e d  o f f  a n d  p l a c e d  i n  t h e  a d d r e s s  

r e g i s t e r .

R e v e r s e -N o n c r it ic a l:  T h e  c o n t e n t s  o f  t h e  a d d r e s s  r e g i s t e r  a r e  p u s h e d  o n t o  t h e  e v a l u a t i o n  

s t a c k .



1 0 0

p o p d  P o p s  t h e  t o p  v a l u e  f r o m  t h e  d y n a m i c  s c o p e  s t a c k .

F o rw ard :  P o p s  t h e  t o p  v a l u e  f r o m  t h e  d y n a m i c  s c o p e  s t a c k  a n d  p u s h e s  i t  o n t o  t h e  s a v e  

d y n a m i c  s c o p e  s t a c k .

R e v e r s e :  P o p s  t h e  t o p  v a l u e  f r o m  t h e  s a v e  d y n a m i c  s c o p e  s t a c k  a n d  p u s h e s  i t  o n t o  t h e  

d y n a m i c  s c o p e  s t a c k .

p o p i r  C F L A G

P o p s  t h e  i n t e g e r  o n  t o p  o f  t h e  e v a l u a t i o n  s t a c k  a n d  p l a c e s  i t  i n  t h e  i n d e x  r e g i s t e r .

F o rw a rd -C ritic a l:  T h e  c o n t e n t s  o f  t h e  i n d e x  r e g i s t e r  a r e  p u s h e d  o n t o  t h e  s a v e  s t a c k .  T h e n  

t h e  i n t e g e r  o n  t o p  o f  t h e  e v a l u a t i o n  s t a c k  i s  p o p p e d  o f f  a n d  p l a c e d  i n  t h e  i n d e x  r e g i s t e r .

F o rw a rd -N o n c r it ic a l:  T h e  i n t e g e r  o n  t o p  o f  t h e  e v a l u a t i o n  s t a c k  i s  p o p p e d  o f f  a n d  p l a c e d  

i n  t h e  i n d e x  r e g i s t e r .

R e v e r s e -C r it ic a l:  T h e  c o n t e n t s  o f  t h e  i n d e x  r e g i s t e r  a r e  p u s h e d  o n t o  t h e  e v a l u a t i o n  s t a c k .  

T h e n  t h e  i n t e g e r  o n  t o p  o f  t h e  s a v e  s t a c k  i s  p o p p e d  o f f  a n d  p l a c e d  i n  t h e  i n d e x  r e g i s t e r .

R e v e r s e -N o n c r it ic a l:  T h e  c o n t e n t s  o f  t h e  i n d e x  r e g i s t e r  a r e  p u s h e d  o n t o  t h e  e v a l u a t i o n  

s t a c k .

p u s h  T Y P E ,  A D D R

P u s h e s  t h e  v a l u e  i n  A D D R  o n t o  t h e  e v a l u a t i o n  s t a c k .

F o rw a rd :  P u s h e s  t h e  v a l u e  i n  A D D R  o n t o  t h e  e v a l u a t i o n  s t a c k .

R e v e rs e :  P o p s  t h e  t o p  v a l u e  o f  t h e  e v a l u a t i o n  s t a c k  a n d  s t o r e s  i t  i n  A D D R .

p u s h a  A D D R

P u s h e s  t h e  c a l c u l a t e d  a d d r e s s  o f  A D D R  o n t o  t h e  e v a l u a t i o n  s t a c k .  T h i s  i n s t r u c t i o n  i s

i n t e n d e d  t o  b e  u s e d  f o r  p u s h i n g  t h e  a d d r e s s e s  o f  p a r a m e t e r s  p a s s e d  b y  r e f e r e n c e .

F o rw a rd :  P u s h e s  t h e  c a l c u l a t e d  a d d r e s s  o f  A D D R  o n t o  t h e  e v a l u a t i o n  s t a c k .

R e v e r s e :  P o p s  a n d  d i s c a r d s  t h e  a d d r e s s  o n  t o p  o f  t h e  e v a l u a t i o n  s t a c k .

p u s h d  #

P u s h e s  t h e  #  o n t o  t h e  d y n a m i c  s c o p e  s t a c k  ( w h e r e  #  i s  t h e  i n d e x  o f  a  p r o g r a m ,  p r o c e d u r e ,  

o r  f u n c t i o n  e n t r y  i n  t h e  S t a t i c  S c o p e  T a b l e )

F o rw ard :  P u s h e s  #  o n t o  t h e  d y n a m i c  s c o p e  s t a c k .

R e v e rs e :  P o p s  t h e  t o p  v a l u e  f r o m  t h e  d y n a m i c  s c o p e  s t a c k .

r e a d  C F L A G ,  T Y P E

R e a d s  a  v a l u e  f r o m  t h e  u s e r .

F o rw a rd : A  u s e r  i n t e r f a c e  f u n c t i o n  i s  c a l l e d  t o  g e t  i n p u t  f r o m  t h e  u s e r .  T h e  i n p u t  i s  

c o n v e r t e d  f r o m  a  s t r i n g  t o  t h e  a p p r o p r i a t e  t y p e  a n d  p u s h e d  o n t o  t h e  e v a l u a t i o n  s t a c k .
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R e v e r s e :  T h e  t o p  v a l u e  i s  p o p p e d  o f f  t h e  e v a l u a t i o n  s t a c k .

r e t u r n  R e t u r n s  t o  t h e  a p p r o p r i a t e  p r o g r a m  a d d r e s s  f o l l o w i n g  a  c a l l  i n s t r u c t i o n .

F o rw a rd :  P o p s  t h e  t o p  v a l u e  o f  t h e  r e t u r n  a d d r e s s  s t a c k  a n d  l o a d s  i t  i n t o  t h e  p r o g r a m  

c o u n t e r .

R e v e r s e :  P u s h e s  t h e  p r e v i o u s  p r o g r a m  c o u n t e r  o n t o  t h e  r e t u r n  a d d r e s s  s t a c k .

s h l  C F L A G 1 T Y P E ,  #

S h i f t s  t h e  v a l u e  o n  t o p  o f  t h e  e v a l u a t i o n  s t a c k  #  b i t s  t o  t h e  l e f t  f i l l i n g  o n  t h e  r i g h t  w i t h  0 ’ s .

F o rw a rd -C ritic a l:  P o p s  t h e  t o p  v a l u e  o f  t h e  e v a l u a t i o n  s t a c k ,  p u s h e s  i t  o n t o  t h e  s a v e  s t a c k ,  

t h e n  s h i f t  i t  b i t s  t o  t h e  l e f t  a n d  p u s h e s  t h e  r e s u l t  b a c k  o n t o  t h e  e v a l u a t i o n  s t a c k .

F o rw a rd -N o n c r it ic a l:  P o p s  t h e  t o p  v a l u e  o f  t h e  e v a l u a t i o n  s t a c k ,  s h i f t s  i t  l e f t  #  b i t s ,  t h e n  

p u s h e s  t h e  r e s u l t  b a c k  o n t o  t h e  e v a l u a t i o n  s t a c k .

R e v e rs e -  C r itica l:  P o p s  t h e  t o p  v a l u e  o f  t h e  e v a l u a t i o n  s t a c k .  T h e n  p o p s  t h e  t o p  v a l u e  o f  

t h e  s a v e  s t a c k  a n d  p u s h e s  i t  o n t o  t h e  e v a l u a t i o n  s t a c k .

R e v e r s e -N o n c r it ic a l:  N o t h i n g  h a p p e n s .

s h r  C F L A G ,  T Y P E ,  #

S h i f t s  t h e  v a l u e  o n  t o p  o f  t h e  e v a l u a t i o n  s t a c k  #  b i t s  t o  t h e  r i g h t  f i l l i n g  o n  t h e  l e f t  w i t h  0 ’ s .

F o rw a rd -C ritic a l:  P o p s  t h e  t o p  v a l u e  o f  t h e  e v a l u a t i o n  s t a c k ,  p u s h e s  i t  o n t o  t h e  s a v e  s t a c k ,  

t h e n  s h i f t  i t  b i t s  t o  t h e  r i g h t  a n d  p u s h e s  t h e  r e s u l t  b a c k  o n t o  t h e  e v a l u a t i o n  s t a c k .

F o rw a rd -N o n c r it ic a l:  P o p s  t h e  t o p  v a l u e  o f  t h e  e v a l u a t i o n  s t a c k ,  s h i f t s  i t  r i g h t  #  b i t s ,  

t h e n  p u s h e s  t h e  r e s u l t  b a c k  o n t o  t h e  e v a l u a t i o n  s t a c k .

R e v e r s e -C r it ic a l:  P o p s  t h e  t o p  v a l u e  o f  t h e  e v a l u a t i o n  s t a c k .  T h e n  p o p s  t h e  t o p  v a l u e  o f  

t h e  s a v e  s t a c k  a n d  p u s h e s  i t  o n t o  t h e  e v a l u a t i o n  s t a c k .

R e v e r s e -N o n c r it ic a l:  N o t h i n g  h a p p e n s .

s u b  C F L A G ,  T Y P E

S u b t r a c t s  t h e  v a l u e  o n  t h e  t o p  o f  t h e  e v a l u a t i o n  s t a c k  f r o m  t h e  s e c o n d  v a l u e  f r o m  t h e  t o p  

a n d  p l a c e s  t h e  r e s u l t  o n t o  t h e  e v a l u a t i o n  s t a c k .

F o rw a rd -C ritic a l:  P o p s  t h e  t o p  t w o  v a l u e s  o f  t h e  e v a l u a t i o n  s t a c k ,  p u s h e s  t h e  t w o  v a l u e s  

o n t o  t h e  s a v e  s t a c k ,  a n d  t h e n  p u s h e s  t h e  b o t t o m  v a l u e  m i n u s  t h e  t o p  v a l u e  o n t o  t h e  

e v a l u a t i o n  s t a c k .

F o rw a rd -N o n c r it ic a l:  P o p s  t h e  t o p  t w o  v a l u e s  o f  t h e  e v a l u a t i o n  s t a c k ,  a n d  p u s h e s  t h e  

b o t t o m  v a l u e  m i n u s  t h e  t o p  v a l u e  o n t o  t h e  e v a l u a t i o n  s t a c k .

R e v e r s e -C r it ic a l:  P o p s  t h e  t o p  v a l u e  o f  t h e  e v a l u a t i o n  s t a c k  a n d  d i s c a r d s  i t .  P o p s  t h e  t o p  

t w o  v a l u e s  o f  t h e  s a v e  s t a c k  a n d  p u s h e s  t h e m  o n t o  t h e  e v a l u a t i o n  s t a c k .

R e v e r s e -N o n c r it ic a l:  P u s h e s  D U M M Y  o n t o  t h e  e v a l u a t i o n  s t a c k .
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u n a l l o c  C F L A G ,  #

D e a l l o c a t e s  a  b l o c k  o f  m e m o r y  o f  #  s i z e  b e g i n n i n g  a t  t h e  d a t a  a d d r e s s  a t o p  t h e  e v a l u a t i o n  

s t a c k .

F o rw a rd -C r itic a l:  P o p s  t h e  t o p  v a l u e  o f f  t h e  e v a l u a t i o n  s t a c k ,  w h i c h  s h o u l d  b e  a  d a t a  

a d d r e s s ,  c o p i e s  #  w o r d s  o f  d a t a  m e m o r y  s t a r t i n g  a t  t h a t  a d d r e s s  t o  t h e  s a v e  s t a c k ,  

t h e n  f r e e s  t h e  d a t a  m e m o r y .

F o rw a rd -N o n c r it ic a l:  P o p s  t h e  t o p  v a l u e  o f f  t h e  e v a l u a t i o n  s t a c k ,  w h i c h  s h o u l d  b e  a  d a t a  

a d d r e s s ,  a n d  f r e e s  #  w o r d s  o f  d a t a  m e m o r y  s t a r t i n g  a t  t h a t  a d d r e s s .

R e v e r s e -C r it ic a l:  P o p s  t h e  t o p  v a l u e  o f f  t h e  s a v e  s t a c k ,  w h i c h  s h o u l d  b e  a  d a t a  a d d r e s s ,  

p u s h e s  i t  o n t o  t h e  e v a l u a t i o n  s t a c k  a n d  a l l o c a t e s  ^  w o r d s  o f  d a t a  m e m o r y  s t a r t i n g  a t  

t h a t  l o c a t i o n .  #  w o r d s  a r e  t h e n  m o v e d  f r o m  t h e  s a v e  s t a c k  t o  t h i s  d a t a  m e m o r y .

R e v e r s e -N o n c r it ic a l:  A l l o c a t e s  #  w o r d s  o f  d a t a  m e m o r y  a n d  p u s h e s  t h e  a d d r e s s  o f  t h e  

f i r s t  w o r d  o f  a l l o c a t e d  m e m o r y  o n t o  t h e  e v a l u a t i o n  s t a c k .

u n i n s t  C F L A G ,  #

D i s p o s e  o f  a n  i n s t a n c e  o f  v a r i a b l e  r e g i s t e r  # .

F o rw a rd -C ritic a l:  F r e e s  t h e  m e m o r y  o c c u p i e d  b y  t h e  v a r i a b l e  t h e n  p o p s  t h e  t o p  d a t a  

m e m o r y  a d d r e s s  o f f  t h e  v a r i a b l e  r e g i s t e r ’s  s t a c k  a n d  p u s h e s  i t  o n t o  t h e  s a v e  s t a c k .

F o rw a rd -N o n c r it ic a l:  F r e e s  t h e  m e m o r y  o c c u p i e d  b y  t h e  v a r i a b l e  t h e n  p o p s  t h e  t o p  a d d r e s s  

o f f  t h e  v a r i a b l e  r e g i s t e r ’ s  s t a c k .

R e v e r s e -C r it ic a l:  P o p s  t h e  a d d r e s s  o f f  t h e  s a v e  s t a c k  a n d  p u s h e s  i t  o n t o  t h e  v a r i a b l e  

r e g i s t e r ’ s  s t a c k  t h e n  r e a l l o c a t e s  e n o u g h  d a t a  m e m o r y  f o r  t h e  v a r i a b l e  #  s t a r t i n g  a t  

t h a t  a d d r e s s .

R e v e r s e -N o n c r it ic a l:  R e a l l o c a t e s  e n o u g h  d a t a  m e m o r y  f o r  t h e  v a r i a b l e  #  a n d  p u s h e s  t h e  

a d d r e s s  o f  t h e  d a t a  m e m o r y  a l l o c a t e d  o n t o  t h e  v a r i a b l e  r e g i s t e r ’ s  s t a c k .

u n l i n k  #

D i s a s s o c i a t e s  a  v a r i a b l e  r e g i s t e r  f r o m  a n o t h e r .

F o rw ard :  P o p s  t h e  t o p  v a l u e  o f  t h e  v a r i a b l e  s t a c k  p o i n t e d  t o  b y  v a r i a b l e  r e g i s t e r  #  a n d  

p u s h e s  i t  o n t o  t h e  s a v e  s t a c k .

R e v e rse :  P o p s  t h e  t o p  v a l u e  o f  t h e  s a v e  s t a c k  a n d  p u s h e s  i t  o n t o  t h e  v a r i a b l e  s t a c k  p o i n t e d  

t o  b y  v a r i a b l e  r e g i s t e r  # .

w r i t e  C F L A G ,  T Y P E

D i s p l a y s  a  v a l u e  f o r  t h e  u s e r .

F o rw a rd - C r itica l:  T h e  t o p  o f  t h e  e v a l u a t i o n  s t a c k  i s  p o p p e d  a n d  t h e  v a l u e  p u s h e d  o n t o  t h e  

s a v e  s t a c k .  T h i s  v a l u e  i s  t h e n  c o n v e r t e d  i n t o  a  s t r i n g  a n d  p a s s e d  t o  a  u s e r  i n t e r f a c e  

f u n c t i o n  w h i c h  t a k e s  a p p r o p r i a t e  a c t i o n  t o  d i s p l a y  t h e  v a l u e .

F o rw a rd -N o n c r it ic a l:  T h e  t o p  o f  t h e  e v a l u a t i o n  s t a c k  i s  p o p p e d  a n d  i s  c o n v e r t e d  i n t o  a  

s t r i n g  a n d  p a s s e d  t o  a  u s e r  i n t e r f a c e  f u n c t i o n  t o  b e  d i s p l a y e d .
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R e v e r s e -C r it ic a l:  T h e  v a l u e  o n  t o p  o f  t h e  s a v e  s t a c k  i s  p o p p e d  a n d  p u s h e d  o n t o  t h e  

e v a l u a t i o n  s t a c k .  T h e n  a  u s e r  i n t e r f a c e  f u n c t i o n  i s  c a l l e d  t o  h a n d l e  u n d i s p l a y i n g  o f  

t h e  l a s t  v a l u e  d i s p l a y e d .

R e v e r s e -N o n c r it ic a l:  D U M M Y  i s  p u s h e d  o n t o  t h e  e v a l u a t i o n  s t a c k  a n d  t h e n  a  u s e r  i n t e r 

f a c e  f u n c t i o n  i s  c a l l e d  t o  h a n d l e  u n d i s p l a y i n g  o f  t h e  l a s t  v a l u e  d i s p l a y e d .

x o r  C F L A G 1 T Y P E

B i t w i s e  e x c l u s i v e - o r  s  t h e  t o p  t w o  v a l u e s  o f  t h e  e v a l u a t i o n  s t a c k  a n d  p l a c e s  t h e  r e s u l t  o n t o  

t h e  e v a l u a t i o n  s t a c k .

F o rw a rd -C ritic a l:  P o p s  t h e  t o p  t w o  V a l u e s  o f  t h e  e v a l u a t i o n  s t a c k ,  p u s h e s  t h e  t w o  v a l u e s  

o n t o  t h e  s a v e  s t a c k ,  a n d  t h e n  p u s h e s  t h e  b o t t o m  v a l u e  b i t w i s e  e x c l u s i v e  o r ’ e d  w i t h  

t h e  t o p  v a l u e  o n t o  t h e  e v a l u a t i o n  s t a c k .

F o rw a rd -N o n c r it ic a l:  P o p s  t h e  t o p  t w o  v a l u e s  o f  t h e  e v a l u a t i o n  s t a c k  a n d  p u s h e s  t h e  

b o t t o m  v a l u e  b i t w i s e  e x c l u s i v e  o r ’ e d  w i t h  t h e  t o p  v a l u e  o n t o  t h e  e v a l u a t i o n  s t a c k .

R e v e r s e -C r it ic a l:  P o p s  t h e  t o p  v a l u e  o f  t h e  e v a l u a t i o n  s t a c k  a n d  d i s c a r d s  i t .  P o p s  t h e  t o p  

t w o  v a l u e s  o f  t h e  s a v e  s t a c k  a n d  p u s h e s  t h e m  o n t o  t h e  e v a l u a t i o n  s t a c k .

R e v e r s e -N o n c r it ic a l:  P u s h e s  D U M M Y  o n t o  t h e  e v a l u a t i o n  s t a c k .
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A P P E N D I X  B

T H E  E - M A C H I N E  A D D R E S S I N G  M O D E S

T h is  a p p e n d ix ,  w h ic h  is a d a p te d  f ro m  c h a p te r  2 o f  B i r c h ’s th e s is , d e s c r ib e s  th e  

v a r io u s  a d d re s s in g  m o d e s  a llo w e d  in  E - m a c h in e  in s t r u c t io n s .  Q u i te  a  few  m o d e s  

a re  d e f in e d  in  o r d e r  to  a c c o m m o d a te  s t a n d a r d  h ig h  le v e l la n g u a g e  d a t a  s t r u c tu r e s  

m o r e  c o n v e n ie n tly . N o te  t h a t  e a c h  a d d re s s in g  m o d e  re fe rs  to  e i th e r  t h e  d a t a  a t  

t h e  c o m p u te d  a d d re s s  o r  t h e  c o m p u te d  a d d re s s  i ts e lf ,  d e p e n d in g  o n  t h e  in s t r u c t io n .  

T h a t  is , fo r  th o s e  in s t r u c t io n s  t h a t  n e e d  a  d a t a  v a lu e , s u c h  as p u s h ,  t h e  d a t a  v a lu e  

a t  t h e  a d d re s s  c o m p u te d  f ro m  t h e  a d d re s s in g  m o d e  is u s e d . F o r  in s t r u c t io n s  t h a t  

n e e d  a n  a d d re s s , s u c h  as p o p ,  t h e  a d d re s s  t h a t  w a s  c o m p u te d  f ro m  t h e  a d d re s s in g  

m o d e  is u s e d .

F o r  e a c h  a d d re s s in g  m o d e  l is te d  b e lo w , a n  e x a m p le  o f  i t s  i n te n d e d  u se  is g iv en . 

E a c h  e x a m p le  is g iv e n  in  p s e u d o  a s s e m b ly  la n g u a g e  fo rm  fo r  c la r i ty ;  i t  is  i m p o r t a n t  

t o  r e m e m b e r  t h a t  n o  a s s e m b le r  ( a n d  h e n c e  n o  a s s e m b ly  la n g u a g e )  h a s  y e t  b e e n  

d e v e lo p e d  fo r  t h e  E -m a c h in e .  H o w e v e r , t h e  p s e u d o  a s s e m b ly  la n g u a g e  e x a m p le s  

s h o u ld  b e  e a s ily  u n d e r s to o d .
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c o n s t a n t  m o d e  -  C #

T h i s  m o d e  i s  o f t e n  c a l l e d  t h e  i m m e d i a t e  m o d e  i n  o t h e r  a r c h i t e c t u r e s ;  #  i s  i t s e l f  t h e  i n t e g e r ,  

r e a l ,  b o o l e a n ,  c h a r a c t e r ,  o r  a d d r e s s  c o n s t a n t  o p e r a n d  r e q u i r e d  i n  t h e  i n s t r u c t i o n .

E x a m p le :

A  1 . 5 ;

c o u l d  b e  t r a n s l a t e d  i n t o :

■ p u s h  R , C 1 . 5  ; p u s h  1 . 5

p o p  c , R , V l  ; a s s i g n  t o  A

v a r i a b l e  m o d e  - V # :

va riab le  reg is te r  #  ---- » to p  o f  va riab le  s t a c k ---- > d a ta  m e m o r y

T h i s  m o d e  a c c e s s e s  t h e  d a t a  m e m o r y  l o c a t i o n  g i v e n  i n  t h e  t o p  e l e m e n t  o f  t h e  v a r i a b l e  s t a c k  

t h a t  i s  p o i n t e d  t o  b y  v a r i a b l e  r e g i s t e r  f f .  T h i s  m o d e  i s  i n t e n d e d  t o  a d d r e s s  s o u r c e  p r o g r a m  

v a r i a b l e s  t h a t  a r e  o f  o n e  o f  t h e  b a s i c  E - m a c h i n e  t y p e s .

E x a m p le :

B  : =  I ;

c o u l d  b e  t r a n s l a t e d  i n t o :

p u s h  ! , C l  ; p u s h  I

p o p  c , I , V 3  ; a s s i g n  t o  B

v a r i a b l e  i n d i r e c t  -  ( V # ) :

variab le  reg is te r  #  ---- » to p  o f  va r iab le  s t a c k ---- > d a ta  m e m o r y  — > d a ta  m e m o r y

T h i s  m o d e  a c c e s s e s  t h e  d a t a  i n  d a t a  m e m o r y  w h o s e  l o c a t i o n  i s  s t o r e d  a t  a n o t h e r  d a t a  

m e m o r y  l o c a t i o n ,  w h i c h  i s  p o i n t e d  t o  b y  t h e  t o p  o f  t h e  v a r i a b l e  s t a c k  p o i n t e d  t o  b y  v a r i a b l e  

r e g i s t e r  # .  T h i s  m o d e  i s  i n t e n d e d  f o r  a c c e s s i n g  t h e  c o n t e n t s  o f  a  h i g h  l e v e l  l a n g u a g e  p o i n t e r  

v a r i a b l e s .  I t  w o u l d  b e  p a r t i c u l a r l y  u s e f u l  f o r  h a n d l i n g  p a r a m e t e r s  i n  C  w h i c h  a r e  p a s s e d  a s  

p o i n t e r s  f o r  t h e  i n t e n t i o n  o f  p a s s i n g  b y  r e f e r e n c e .

E x a m p le :

i n t  f o o (  C  )  

i n t  * C  

{

* C  =  I ;

}
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c o u l d  b e  t r a n s l a t e d  i n t o :

l a b e l c , 5 p r o c e d u r e  e n t r y

i n s t c , V 3 c r e a t e  n e w  i n s t a n c e  o f  C

p o p c , A , V 3 a s s i g n  a r g u m e n t  p a s s e d  t o  * c

p u s h ! , C l p u s h  I

p o p c , I , ( V 3 ) a s s i g n  t o  * c

u n i n s t c , V 3 d e s t r o y  i n s t a n c e  o f  C

r e t u r n r e t u r n  f r o m  c a l l

v a r i a b l e  o f f s e t  m o d e  -  V # { o f f s e t } :

va r ia b le  re g is te r  #  — > to p  o f  va r iab le  s ta c k  +  I R  — > d a ta  m e m o r y

T h i s  m o d e  a c c e s s e s  t h e  d a t a  p o i n t e d  t o  b y  t h e  t o p  o f  t h e  v a r i a b l e  r e g i s t e r  f f  s t a c k  p l u s  

a  b y t e  o f f s e t  w h i c h  w a s  p r e v i o u s l y  l o a d e d  i n t o  t h e  i n d e x  r e g i s t e r .  T h i s  m o d e  i s  u s e f u l  f o r  

a c c e s s i n g  f i e l d s  i n  a  s t r u c t u r e d  d a t a  t y p e  s u c h  a s  a  P a s c a l  r e c o r d  o r  C  s t r u c t .

E x a m p le :

A  : =  D . F i e l d 2  

c o u l d  b e  t r a n s l a t e d  i n t o :

p u s h 1 , 2 ; D  i s  a t  o f f s e t  o f  2  i n  s t r u c t u r e

p o p i r C ; p u t  o f f s e t  i n t o  i n d e x  r e g i s t e r

p u s h R , V 4 { I R > ; p u s h  D . F i e l d 2

p o p c , R , V l ; a s s i g n  t o  A

a d d r e s s  i n d i r e c t  -  ( A ) :

a d d ress  re g is te r  — > d a ta  m e m o r y

T h i s  m o d e  p r o v i d e s  a c c e s s  t o  d a t a  l o c a t e d  a t  t h e  d a t a  a d d r e s s  i n  t h e  a d d r e s s  r e g i s t e r .  T h e  

a d d r e s s  r e g i s t e r  m u s t  b e  l o a d e d  w i t h  a  d a t a  m e m o r y  a d d r e s s  w h i c h  p o i n t s  t o  d a t a  m e m o r y .  

T h i s  m o d e  i s  u s e f u l  f o r  m u l t i p l e  i n d i r e c t i o n .

E x a m p le :

c  =  * ( * g ) ;

c o u l d  b e  t r a n s l a t e d  i n t o :

l o a d a r  c , V 7  ; l o a d  a d d r  r e g  w i t h  a d d r  o f  g

l o a d a r  c , ( A )  ; l o a d  a d d r  r e g  w i t h  a d d r  o f  * g

p u s h  I , ( A )  ; p u s h  * ( * g )

p o p  c , I , V 3  ; a s s i g n  t o  c
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a d d r e s s  o f f s e t  m o d e  -  A { o f f s e t } :

address  reg is te r  +  I R  - --- ► d a ta  m e m o r y

T h i s  m o d e  p r o v i d e s  a c c e s s  t o  s t r u c t u r e d  d a t a  t h r o u g h  t h e  a d d r e s s  r e g i s t e r .  T h e  i n d e x  

r e g i s t e r  i s  a d d e d  t o  t h e  a d d r e s s  r e g i s t e r  t o  p r o v i d e  a n  a d d r e s s  t o  t h e  d a t a  t o  b e  a c c e s s e d .  

T h i s  m o d e  i s  u s e f u l  f o r  i n d i r e c t i o n  w i t h  s t r u c t u r e d  d a t a ,  s u c h  a s  p o i n t e r s  t o  r e c o r d ' s  i n  

P a s c a l .

E x a m p le :

I  : =  H j . D a t a  

, c o u l d  b e  t r a n s l a t e d  i n t o :

p u s h A , V 8 ; p u s h  H f  ( a d d r e s s  v a l u e  o f  H )

p o p a r C ; l o a d  a r  w i t h  H t

p u s h I , C 2 ; D a t a  h a s  o f f s e t  o f  2  i n  r e c o r d

p o p i r c ; l o a d  I r  w i t h  o f f s e t

p u s h I , A { I R } p u s h  H t - D a t a

p o p c , I , V 9 ; a s s i g n  t o  I

v a r i a b l e  i n d e x e d  m o d e  -  V # [ i n d e x ] :

va r ia b le  reg is te r  #  — > to p  o f  va r iab le  s ta c k  +  I R  * d a ta  s i z e ---- > d a ta  m e m o r y

T h i s  a d d r e s s  m o d e  u s e s  t h e  t o p  o f  t h e  v a r i a b l e  r e g i s t e r  #  s t a c k  a s  a  b a s e  a d d r e s s  a n d  a d d s  

t h e  i n d e x  r e g i s t e r ,  w h i c h  m u s t  b e  p r e v i o u s l y  l o a d e d ,  m u l t i p l i e d  b y  t h e  n u m b e r  o f  b y t e s  

o c c u p i e d  b y  t h e  d a t a  t y p e ,  w h i c h  i s  a  b a s i c  E - m a c h i n e  d a t a  t y p e .  T h e  r e s u l t i n g  a d d r e s s  

p o i n t s  t o  t h e  d a t a  i t e m .  T h i s  m o d e  i s  u s e f u l  f o r  a c c e s s i n g  a n  a r r a y  w h o s e  e l e m e n t s  a r e  o f  a  

b a s i c  E - m a c h i n e  d a t a  t y p e .

E x a m p le :

B  : =  L [ 3 ] ;

c o u l d  b e  t r a n s l a t e d  i n t o :

p u s h n , I , 3 ; p u t  i n d e x  o f  3  i n t o

p o p i r C ; t h e  i n d e x  r e g i s t e r

p u s h I , V 1 2 [ I R ] ; p u s h  L  [ 3 ]

p o p c , I , V 2 I a s s i g n  t o  B

a d d r e s s  i n d e x e d  m o d e  -  A  [ i n d e x ] :

address  reg is te r  +  I R  * d a ta  s ize  — > d a ta  m e m o r y

T h i s  m o d e  p r o v i d e s  t h e  s a m e  f u n c t i o n  a s  v a r i a b l e  i n d e x e d  m o d e ,  e x c e p t  i n s t e a d  o f  a  v a r i a b l e  

r e g i s t e r  p r o v i d i n g  t h e  b a s e  a d d r e s s ,  t h e  a d d r e s s  r e g i s t e r  i s  l o a d e d  w i t h  t h e  b a s e  a d d r e s s .  

T h i s  m o d e  c o u l d  b e  u s e d  f o r  a c c e s s i n g  e l e m e n t s  o f  a n  a r r a y  w h i c h  i s  p o i n t e d  t o  b y  a  v a r i a b l e .
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E x a m p le :

B :=  STM;

c o u l d  b e  t r a n s l a t e d  i n t o :

p u s h A , V 1 9 ; p u t  a d d r e s s  o f  a r r a y  i n t o

p o p a r C ; a d d r e s s  r e g i s t e r

p u s h 1 , 4 ; p u t  i n d e x  o f  4  i n t o

p o p i r C ; t h e  i n d e x  r e g i s t e r

p u s h I 1A p R ] ; p u s h  S  T [ 4 ]

p o p c , I , V 2 ; a s s i g n  t o  B
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A P P E N D I X  C

A  m i n i P A S C A L  C O M P I L A T I O N  E X A M P L E

T h is  a p p e n d ix  p ro v id e s  a n  e x a m p le  s h o w in g  t h e  c o m p le te  r e s u l ts  o f  th e  c o m p i

l a t io n  o f  a  m in iP a s c a l  p r o g r a m . T h e  c o m p ila t io n  w as p r o d u c e d  o n  a  D O S  m a c h in e . 

T h e  e x a m p le  p r o g r a m , s h o w n  in  f ig u re  27, is r e f e r r e d  to  as p r o g r a m  S a m p S  th r o u g h 

o u t  t h e  r e m a in d e r  o f  th is  a p p e n d ix . T h e  n u m b e r s  o n  t h e  le f t  r e f e r  to  s o u rc e  p ro g ra m  

lin e  n u m b e r s .  T h e  p r o g r a m , as sh o w n  in  f ig u re  27 ( w i th  t h e  e x c e p t io n  o f  th e  l in e  

n u m b e r s ) ,  is w r i t t e n  to  t h e  S O U R C E S E C T I O N  p o r t io n  o f  t h e  E -m a c h in e  o b je c t  

file  (o r  E -c o d e  file ) . P r o g r a m  S a m p 3 c o n ta in s  s e v e ra l  f e a tu r e s  t h a t  w e re  n o t  i l lu s 

t r a t e d  p re v io u s ly . T h e s e  f e a tu r e s  in c lu d e  c o n s ta n t  a n d  ty p e  d e c la r a t io n s ,  a  re c o rd  

d e f in it io n , a  tw o  d im e n s io n a l a r ra y , a n d  a n  a r r a y  o f  re c o rd s . T h e  r e c o r d  d e fin it io n , 

D R e c ,  c o n s is ts  o f  tw o  f ie ld s , o n e  o f  w h ic h  is a  tw o -d im e n s io n a l  a r r a y  o f  t h e  p r e 

v io u s ly  d e f in e d  M a t r x  ty p e .  A n  a r r a y  o f  th e s e  r e c o r d s  (D B a s e )  is  t h e n  d e c la re d , 

w i th  a n  in s ta n c e  o f  s u c h  a n  a r r a y  ( D a ta )  b e in g  d e c la r e d  in  t h e  v a r ia b le  d e c la ra tio n  

s e c t io n  o f  t h e  m a in  p r o g r a m . A n o th e r  v a r ia b le — also  n a m e d  D a t a — is d e c la re d  in  

t h e  f o rm a l  p a r a m e t e r  l is t  o f  p r o c e d u r e  I n i t D . I n  th is  c ase , D a t a  is d e c la r e d  as o n ly  

a  s in g le  r e c o r d  o f  t y p e  D R e c .

P r o g r a m  S a m p 3 a lso  c o n ta in s  a  s i tu a t io n  in  w h ic h  a  p a c k e t  b e c o m e s  f r a g m e n te d  

(se e  c h a p te r  4  fo r  a  d is c u s s io n  o f  t h e  p a c k e t  f r a g m e n ta t io n  p r o b le m ) .  T h e  f r a g 

m e n ta t io n  o c c u rs  in  p r o c e d u r e  I n i t D , w h ic h  c o n ta in s  a  n e s te d  fo r  lo o p  in  w h ic h  t h e  

in n e r  fo r  lo o p  is  a  s in g le  s t a t e m e n t  w i th in  a n o th e r  c o n d itio n a lly  e x e c u te d  s t a te m e n t .
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T h e  p a r t i c u l a r  p a c k e t  f r a g m e n t a t i o n  s i t u a t i o n  f o u n d  i n  p r o g r a m  S a m p S  i s  d i s c u s s e d  

l a t e r  i n  t h i s  a p p e n d ix . .

T a b le  12 sh o w s t h e  a r r a y  c o n ta in in g  th e  p r o g r a m  m e m o r y  a d d re s s e s  c o r r e s p o n d 

in g  to  p r o g r a m  S a m p S ’s g e n e r a te d  E -c o d e  la b e l  in s t r u c t io n s .  T h e  c o lu m n  h o ld in g  

t h e  la b e l  n u m b e r s  (o r  la b e l  r e g is te r  n u m b e r s )  is  in c lu d e d  fo r  c la r i ty — o n ly  t h e  a r r a y  

o f  p r o g r a m  m e m o r y  a d d re s s e s  is  a c tu a l ly  w r i t t e n  to  th e  L A B E L S E C T I O N  p o r t io n  

o f  t h e  E -c o d e  file.

T a b le  13 sh o w s th e  a r r a y  c o n ta in in g  t h e  d a t a  m e m o r y  sizes  r e s e rv e d  fo r  p r o 

g r a m  S a m p S ’s v a r ia b le  re g is te r s .  T h e  c o lu m n s  h o ld in g  th e  v a r ia b le  n a m e s  a n d  th e  

v a r ia b le  r e g is te r  n u m b e r s  a r e  in c lu d e d  fo r  c la r i ty — o n ly  t h e  a r r a y  o f  d a t a  m e m o ry  

s iz es  is  a c tu a l ly  w r i t t e n  to  t h e  V A R I A B L E S E C T I O N  p o r t io n  o f  t h e  E - c o d e  file. 

T h e  v a r ia b le  r e g is te r s  w h o s e  c o r re s p o n d in g  n a m e s  a re  b la n k  a r e  t e m p o r a r y  re g is 

t e r s  n e e d e d  to  h o ld  i n te r m e d ia t e  v a lu e s . I n  th i s  im p le m e n ta t io n ,  t h e  d a t a  m e m o ry  

s iz es  a re  in  t e r m s  o f  b y te s ;  h e n c e , t h e  c o r re s p o n d in g  d a t a  m e m o r y  s iz e  fo r  a  3 2 -b it  

in te g e r  (e .g .,  J )  is  4 . A s c a n  b e  s e e n  in  t a b le  13, t h e  fu ll s ize  o f  t h e  a r r a y  o f  re c o rd s  

(v a r ia b le  D a t a  r e p r e s e n te d  b y  v a r ia b le  r e g is te r  n u m b e r  3) is  r e s e r v e d  fo r  th e  a r ra y . 

T h e  fu ll  s ize  o f  a  s in g le  r e c o r d  (4 0  b y te s )  is  r e s e r v e d  fo r  t h e  r e c o r d  D a t a  (v a r ia b le  

r e g is te r  n u m b e r  6 ) fo u n d  in  p r o c e d u r e  I n i t D . V a r ia b le  r e g is te r  n u m b e r  18, r e p r e 

s e n t in g  a  2 - b y te  t e m p o r a r y  v a r ia b le , h o ld s  t h e  r e s u l t  o f  t h e  i f  c o m p a r is o n  f o u n d  in  

f u n c t io n  F a c t.

F ig u r e  28 sh o w s t h e  c o n te n ts  o f  p r o g r a m  S a m p S ’s s t r in g  s p a c e  a r ra y . In  th is  

e x a m p le , t h e  s t r in g  l i te r a l ,  ’S a m p le  P r o g r a m ’ a s s o c ia te d  w i th  t h e  s t r in g  c o n s ta n t  

N a m e , is  e n te r e d  in to  t h e  s t r in g  a r ra y . T h e  s t r in g  a r r a y  is  s u b s e q u e n t ly  w r i t te n  to  

t h e  S T R I N G S E O T I O N  p o r t io n  o f  t h e  E -c o d e  file.

T a b le  14 sh o w s t h e  P a c k e t  T a b le  g e n e r a te d  fo r  p r o g r a m  S a m p 3 . T h e  c o lu m n  

h o ld in g  t h e  p a c k e t  n u m b e r  is in c lu d e d  fo r  c la r i ty — t h e  r e m a in in g  fie ld s  (c o lu m n s )  

a re  w r i t t e n  to  t h e  P A C K E T S E C T I O N  o f  t h e  E -c o d e  file . A s c a n  b e  s e e n  in  t a b le  14,



I l l

p a c k e t  n u m b e r  24  is a  f r a g m e n te d  p a c k e t.  T h is  f r a g m e n ta t io n  s i tu a t io n  is  d isc u ss e d  

l a t e r  in  th i s  a p p e n d ix .  T h e r e  a re  a lso  tw o  p a c k e ts  (n u m b e r s  36 a n d  43 ) w h o s e  

e x e c u t io n  s h o u ld  n o t  r e s u l t  in  c h a n g in g  t h e  a n im a t io n  d isp lay . T h e s e  tw o  p a c k e ts  

c o r r e s p o n d  to  a  r e t u r n  f ro m  a  f u n c t io n  call; th is  s i tu a t io n  w as d is c u s s e d  in  t h e  P a r s e r  

m o d u le  s e c t io n  o f  c h a p te r  4.

T a b le  1.5 sh o w s t h e  S ta t i c  S c o p e  T a b le  fo r  p r o g r a m  S a m p 3 . T h e  c o lu m n  h o ld in g  

t h e  e n t r y  n u m b e r  is in c lu d e d  fo r  c la r i ty — t h e  r e m a in in g  fie ld s  ( c o lu m n s )  a re  w r i t te n  

to  t h e  S T A T S C O P E S E G T I O N  o f  th e  E - c o d e  file. T w o  p r e v io u s ly  u n i l lu s t r a te d  

ty p e s  o f  s c o p e  b lo c k s  a re  f o u n d  in  t a b le  15. T h e s e  a re  a  r e c o r d  d e s c r ip t io n  sc o p e  

b lo c k  ( e n t r ie s  6 - 9 )  a n d  a n  a r r a y  in d e x  d e s c r ip t io n  sc o p e  b lo c k  ( e n tr ie s  1 0 -1 3 ).

A s c a n  b e  s e e n  in  t a b le  15, tw o  id e n ti f ie rs  ( e n t r y  I  in  p r o c e d u r e  I n i t D ’s sc o p e  

b lo c k  a n d  e n t r y  21 in  p r o g r a m  S a m p S ’s s c o p e )  b o th  r e f e r  t o  t h e  s a m e  c h ild  s c o p e  

b lo c k , w h ic h  is  t h e  r e c o r d  s c o p e  b lo c k  d e s c r ib in g  a  r e c o r d  o f  t y p e  D R e c  ( e n tr ie s  6 -  

9 ). T h e  c o m p ile r  is  a b le  to  d e te r m in e  t h a t  th is  r e c o r d  d e s c r ip t io n  s c o p e  b lo c k  n e e d s  

to  b e  p r e s e n t  o n ly  o n c e  ( a n d  p o s s ib ly  r e fe re n c e d  m u lt ip le  t im e s )  b y  q u e ry in g  th e  

S c o p e  O w n e r  T a b le ’s R e c o r d  D e s c r ip to r  f ie ld , as d is c u s s e d  in  t h e  S T A T S C O P E  

m o d u le  s e c t io n  o f  c h a p te r  4.

E x a m in e  e n t r y  n u m b e r  7 in  t a b le  15. T h is  e n t r y  d e s c r ib e s  f ie ld  A  o f  a  r e c o rd  

o f  t y p e  D R e c ; f ie ld  A  is a n  a r r a y  o f  ty p e  M a t r x .  T h e  b o u n d s  o f  A ’s f ir s t  in d e x  a re  

in c lu d e d  in  e n t r y  n u m b e r  7. T h e  N x t I d x  f ie ld  o f  th i s  e n t r y  h o ld s  t h e  in d e x  o f  t h e  

f ir s t  e n t r y  o f t h e  s c o p e  b lo c k  d e s c r ib in g  A ’s s e c o n d  in d e x  ( e n t r ie s  1 0 -1 3 ) . E n t r y  

n u m b e r s  7 a n d  8, w h ic h  d e s c r ib e  t h e  fie ld s  n a m e d  A  a n d  B , a lso  u t i l iz e  t h e  O ffse t 

f ie ld  to  d e n o te  t h e  f ie ld s ’ o ffse ts  f ro m  t h e  b e g in n in g  o f  t h e  r e c o r d . F in a lly , n o te  t h a t  

t h e  R e c S iz  f ie ld  is u t i l iz e d  fo r  a  v a r ia b le  r e p r e s e n t in g  a n  a r r a y  o f  r e c o rd s  (e .g .,  e n t r y  

n u m b e r  21 d e s c r ib in g  t h e  v a r ia b le  D a t a  in  p r o g r a m  S a m p 3 ) . T h is  v a lu e  is r e q u ir e d  

b y  t h e  a n im a to r  fo r  p r o p e r  c a lc u la t io n  o f  o ffse ts  w h e n  d is p la y in g  v a lu e s  a s s o c ia te d  

w i th  a r r a y s  o f  re c o rd s .
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F ig u r e  29 sh o w s t h e  p s e u d o  a s s e m b ly  la n g u a g e  r e p r e s e n ta t io n  o f  t h e  E - c o d e  in 

s t r u c t io n s  g e n e r a te d  fo r  p r o g r a m  S a m p S . F ig u r e  29 is f o r m a t te d  to  e n u m e r a te  t h e  

p r o g r a m ’s a n im a t io n  u n i t s ,  w i th  t r a n s l a t e d  E -c o d e  p a c k e ts  p r i n t e d  d i r e c tly  b e n e a th  

c o r r e s p o n d in g  a n im a t io n  u n i ts .  H e re  a g a in ,  t h e  r e a d e r  is r e m in d e d  t h a t  th e  p s e u d o  

a s s e m b ly  la n g u a g e  f o r m a t  is  u s e d  fo r  c la r i ty — i t  is a n  a r r a y  o f  C  s t r u c tu r e s  r e p r e s e n t 

in g  t h e  E -c o d e  in s t r u c t io n  s t r e a m  t h a t  is a c tu a l ly  w r i t te n  to  t h e  C O D E S E C T I O N  

o f  t h e  E - c o d e  file.

F ig u r e  29 i l lu s t r a te s  s e v e ra l  s i tu a t io n s  t h a t  n e e d  to  b e  d is c u s s e d . F i r s t ,  e x a m in e  

E -c o d e  in s t r u c t io n  n u m b e r s  3 -1 1 . E a c h  n a m e  d e c la r e d  in  t h e  c o n s ta n t  d e c la ra tio n  

s e c t io n  is  a s s ig n e d  a  v a r ia b le  r e g is te r  n u m b e r . T h e  c o n s t a n t s ’ v a lu e s  a re  th e n  s to re d  

in  t h e i r  c o r r e s p o n d in g  v a r ia b le  r e g is te r s .  T h u s ,  t h e  c o m p ile r  t r e a t s  c o n s ta n ts  as 

th o u g h  t h e y  w e re  v a r ia b le  n a m e s  in  o r d e r  to  a llow  t h e  a n im a to r  a cc ess  to  th e i r  v a l

u e s  a t  r u n  t im e . F ig u r e  30 sh o w s a  p o s s ib le  a n im a t io n  s n a p s h o t  a f t e r  t h e  c o n s ta n t  

d e c la r a t io n s  h a v e  b e e n  e x e c u te d  ( i .e .,  a t  th i s  p o in t  t h e  k e y w o rd  TYPE w ill b e  h ig h 

l ig h te d , in d ic a t in g  t h a t  i t  is  t h e  n e x t  a n im a t io n  u n i t  to  b e  e x e c u te d ) .  I t  s h o u ld  b e  

n o te d  t h a t  as e a c h  o f  t h e  s u b s e q u e n t  t y p e  d e c la r a tio n s  a re  e x e c u te d ,  t h e  a n im a to r  

s im p ly  s e q u e n t ia l ly  h ig h l ig h ts  t h e  c o r r e s p o n d in g  a n im a t io n  u n i t — t h e r e  w ill b e  n o  

c o r r e s p o n d in g  d a t a  m e m o r y  v a lu e s  a d d e d  to  t h e  r ig h t - h a n d  s id e  o f  t h e  d isp la y  u n t i l  

v a r ia b le  n a m e s  a re  a c tu a l ly  d e c la r e d . T h e  n o p  in s t r u c t io n s  ( n u m b e r s  1 2 -1 5 )  s e rv e  as 

“d u m m y ” in s t r u c t io n s  to  a llo w  t h e  a n im a to r  to  h ig h l ig h t t h e  a p p r o p r i a te  a n im a t io n  

u n i t .

A s m e n t io n e d  a b o v e , p r o g r a m  S a m p 3 c o n ta in s  a  s i tu a t io n  in  w h ic h  a  p a c k e t is 

f r a g m e n te d .  T h is  p a c k e t ,  n u m b e r  24 , is  t h e  E - c o d e  t r a n s la t io n  o f  t h e  a n im a t io n  

u n i t

Data.A[I,J] := I + 101.33 * MultF;

T h is  a n im a t io n  u n i t  is p a r t  o f  a  s in g le  fo r  s t a t e m e n t ,  t h u s  i l lu s t r a t in g  th e  f r a g 

m e n ta t io n  o f  a  p a c k e t  r e s u l t in g  f ro m  a  s in g le  fo r  s t a t e m e n t  n e s te d  w i th in  a
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c o n d it io n a l ly  e x e c u te d  s t a te m e n t ,  in  th is  c a s e  a n o th e r  fo r  s t a te m e n t .  T h e  f r a g 

m e n ta t io n  p r o b le m  is m a n i f e s te d  as fo llow s. A s t h e  in n e r  fo r  lo o p  is  e x e c u te d ,  th e  

a n im a to r  s e q u e n t ia l ly  h ig h l ig h ts  t h e  fo u r  a n im a t io n  u n i ts  c o m p o s in g  t h e  in n e r  fo r 

s t a t e m e n t  ( i .e . ,  t h e  a n im a t io n  u n i t s  t r a n s l a t e d  b y  E -c o d e  p a c k e ts  n u m b e r e d  2 1 -2 4 ) . 

T h e  a n im a to r  r e p e a t s  th i s  p ro c e s s  u p o n  e a c h  i t e r a t io n  o f t h e  in n e r  lo o p . W h e n  t h e  

in n e r  lo o p  in d e x  e v e n tu a l ly  re a c h e s  i t s  u p p e r  l im i t ,  t h e  b r a n c h  to  la b e l  7 ( sh o w n  in  

in s t r u c t i o n  n u m b e r  64) is  t a k e n .  T h e  E -c o d e  in s t r u c t io n  d e fin in g  la b e l  7 ( in s t r u c 

t io n  n u m b e r  117) is c o n ta in e d  in  p a c k e t  n u m b e r  24 , w h ic h  t r a n s la te s  t h e  a b o v e -  

m e n t io n e d  a n im a t io n  u n i t .  A t th is  p o in t ,  h o w e v e r , th is  a n im a t io n  u n i t  s h o u ld  n o t  

b e  h ig h lig h te d  (s in c e  t h e  in s t r u c t io n s  t r a n s la t in g  t h e  a s s ig n m e n t s t a te m e n t  r e p r e 

s e n te d  b y  t h e  a n im a t io n  u n i t  w ill n o t  n o w  b e  e x e c u te d ) .  T h e  F r a g A d d r  f ie ld  fo r  

p a c k e t  n u m b e r  24  in  t h e  P a c k e t  T a b le  ( sh o w n  in  t a b le  14) h o ld s  t h e  v a lu e  117, in d i 

c a t in g  t h a t  p a c k e t  n u m b e r  24  is  c o n s id e re d  f r a g m e n te d  w h e n e v e r  c o n tr o l  branches 

into t h e  p a c k e t  a t  (o r  b e y o n d )  in s t r u c t io n  n u m b e r  117. T h e  a n im a to r  q u e rie s  t h e  

E - m a c h in e ’s p r o g r a m  c o u n te r  a n d  p a c k e t  r e g is te r  to  d e te r m in e  w h ic h  a n im a t io n  u n i t  

( if  a n y )  s h o u ld  b e  h ig h lig h te d  p r io r  to  t h e  E - m a c h in e ’s e x e c u tio n  o f  t h e  c o r r e s p o n d 

in g  p a c k e t .  T h u s ,  t h e  a n im a to r ,  u p o n  q u e ry in g  t h e  E - m a c h in e ’s p r o g r a m  c o u n te r  

( c u r r e n t ly  117) a n d  p a c k e t  r e g is te r  ( c u r r e n t ly  2 4 ) , d e te rm in e s  t h a t  p a c k e t  n u m b e r  24 

is  f r a g m e n te d  a t  i t s  c u r r e n t  p o in t  o f  e n tr y , i n s t r u c t io n  n u m b e r  117. T h e  a n im a to r  

m u s t  n o w  r e t a in  i t s  p re v io u s  d is p la y  w h ile  t h e  E -m a c h in e  e x e c u te s  in s t r u c t io n  n u m 

b e r s  117—118. W h e n  t h e  b r a n c h  to  la b e l  2 ( s h o w n  in  in s t r u c t io n  n u m b e r  118) is 

a c c o m p l is h e d , t h e  E - m a c h in e  r e tu r n s  c o n tr o l  to  t h e  a n im a to r ,  w h ic h  a g a in  q u e rie s  

t h e  E - m a c h in e ’s p r o g r a m  c o u n te r  ( c u r r e n t ly  33 ) a n d  p a c k e t  r e g is te r  ( c u r r e n t ly  19). 

S in c e  p a c k e t  n u m b e r  19 is n o t  f r a g m e n te d ,  t h e  a n im a to r  n o w  h ig h lig h ts  t h e  a n im a 

t io n  u n i t  c o r r e s p o n d in g  to  th is  p a c k e t,

I := I TO Rows
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F in a lly , f ig u re s  31 a n d  32 sh o w  tw o  p o s s ib le  a n im a t io n  s c re e n s  o c c u r r in g  d u r in g  

t h e  a n im a t io n  o f  p r o g r a m  S a m p 3 . F ig u r e  31 sh o w s a n  a n im a t io n  d is p la y  t h a t  c o u ld  

o c c u r  im m e d ia te ly  b e fo re  p r o c e d u r e  I n i tD  is c a lle d  f ro m  t h e  m a in  p r o g r a m  ( i .e .,  th e  

a n im a to r  is  h ig h l ig h t in g  t h e  a n im a t io n  u n i t  I n i t D  ( D a ta  [ETum] , 3 )  ; w h ile  a w a itin g  

a  r e s p o n s e  f ro m  t h e  u s e r ) .  T h e  d o t te d  l in e s  s h o w n  in  th e  s o u rc e  p r o g r a m  w in d o w  

in d ic a te  o m i t t e d  s o u rc e  l in e s . F ig u r e  32 sh o w s a n  a n im a t io n  d is p la y  t h a t  c o u ld  

o c c u r  im m e d ia te ly  b e fo re  a  r e t u r n  is  is s u e d  f ro m  p r o c e d u r e  I n i tD  ( i .e ,,  t h e  a n im a to r  

is  h ig h lig h t in g  t h e  a n im a t io n  u n i t  EMD; in  p r o c e d u r e  I n i t D ). H e re  a g a in , th e  d o t te d  

H nes in d ic a te  o m i t t e d  s o u rc e  H n e s .
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0 Program Samp3;

1 CONST

2 Rows = 3;

3 Cols = 3;

4 Name = 'Sample Program';

5 TYPE

6 Matrx = ARRAY [I..Rows,I..Cols] of REAL;

7 DRec = RECORD

8 A:Matrx;

9 B .-INTEGER;

10 END; { DRec >

11 DBase = ARRAY [I..2] OF DRec;

12 VAR

13 Data .-DBase ;

14 Num,nFact:INTEGER;

15

16 Procedure InitD(VAR Data:DRec;

17 MultF:INTEGER);

18 VAR

19 I,J :INTEGER;

20 BEGIN •{ Procedure InitD }

21 FOR I := I TO Rows DO

22 FOR J := I TO Cols DO

23 Data.A [I,J] := I + 101.33 * MultF;

24 Data.B := MultF;

25 END; { Procedure InitD }

26

27 Function Fact(n:INTEGER):INTEGER;

28 BEGIN { Function Fact }

29 IF n = 0

30 THEN Fact := I

31 ELSE Fact := n * Fact(n-1)

32 END; { Function Fact }

33

34 BEGIN { Program Samp3 }

35 Num := 2;

36 InitD(Data[Num],3);

37 nFact := Fact(Data[Num].B);

38 END. -( Program SampS }

F i g u r e  2 7 :  T h e  E - c o d e  S O U R C E S E C T I O N  f o r  P r o g r a m  S a m p 3
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L a b e l

R e g is te r

N u m b e r

L a b e l

P r o g r a m

A d d re s s

LO 187

L I 21

L2 33

L3 42

L 4 .119

L5 51

L6 60

L7 117

L8 139

L9 145

LlO 157

L U 179

L12 166

L13 2 0 8

L 14 2 3 3

T a b le  12: T h e  E -c o d e  L A B E L S E C T I O N  fo r  P r o g r a m  S a m p 3
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V a r ia b le V a r ia b le V a r ia b le

N a m e R e g is te r

N u m b e r

S ize

R o w s 0 4

C ols I 4

N a m e 2 4

D a ta 3 80

n F a c t 4 4

N n m 5 4

D a t a 6 40

M u l tF 7 4

J 8 . 4

I 9 4

10 4

11 4

12 4

13 4

14 4

15 4

n 16 4

F a c t 17 4

18 2

19 4

20 4

21 4

2 2 4

23 4

24 4

25 4

26 4

T a b le  13: T h e  E -c o d e  V A R I A B L E S E C T I O N  fo r P r o g r a m  S a m p 3
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S tr in g

S p a c e

0 , ' 0

I S

2 a

3 m

4 P

5 ■ I

6 . e .

7

8 P

9 r

10 O '

11 g

12 r

13 a

14 m

15 0  ,

F ig u r e  28: T h e  E -c o d e  S T R I N G S E C T I O N  fo r  P r o g r a m  S a m p S
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P a c k e t

N u m b e r

S t a r t

A d d r

E n d

A d d r

S t a r t

L i n e

S t a r t

C o l

E n d

L i n e

E n d

C o l

S c o p e

I n d e x

F r a g

A d d r

D i s p l a y

P a c k e t

0 0 I 0 0 0 1 3 0 - I T R U E

I 2 2 I 0 I 4 0 - I T R U E

2 3 5 2 I 2 9 I - I T R U E

3 6 8 3 I 3 9 2 - I T R U E

4 9 1 1 4 I 4 2 4 3 - I T R U E

5 1 2 1 2 5 0 5 3 3 - I T R U E

6 1 3 1 3 6 I 6 4 0 3 - I T R U E

7 1 4 1 4 7 I 1 0 6 3 - I T R U E

8 1 5 1 5 1 1 I 1 1 2 9 3 - I T R U E

9 1 6 1 6 1 2 0 1 2 2 3 - I T R U E

1 0 1 7 1 7 1 3 I 1 3 1 1 4 - I T R U E

1 1 1 8 2 0 1 4 I 1 4 1 8 6 - I T R U E

1 2 2 1 2 2 1 6 I 1 6 1 5 0 - I T R U E

1 3 2 3 2 3 1 6 1 7 1 6 3 0 I - I T R U E

1 4 2 4 2 5 1 7 1 7 1 7 3 1 2 - I T R U E

1 5 2 6 2 6 1 8 3 1 8 5 2 - I T R U E

1 6 2 7 2 8 1 9 4 1 9 1 5 4 - I T R U E

1 7 2 9 2 9 2 0 3 2 0 7 4 - I T R U E

1 8 3 0 3 1 2 1 4 2 1 1 3 4 - I T R U E

1 9 3 2 4 6 2 1 8 2 1 2 1 4 - I T R U E

2 0 4 7 4 7 2 1 2 3 2 1 2 4 4 - I T R U E

2 1 4 8 4 9 2 2 5 2 2 1 4 4 - I T R U E

2 2 5 0 6 4 2 2 9 2 2 2 2 4 - I T R U E

2 3 6 5 6 5 2 2 2 4 2 2 2 5 4 - I T R U E

2 4 6 6 1 1 8 2 3 6 2 3 3 9 4 1 1 7 T R U E

2 5 1 1 9 1 3 0 2 4 4 2 4 1 9 4 - I T R U E

2 6 1 3 1 1 3 8 2 5 4 2 5 7 7 - I T R U E

2 7 1 3 9 1 4 0 2 7 I 2 7 1 3 0 - I T R U E

2 8 1 4 1 1 4 2 2 7 1 5 2 7 2 4 I - I T R U E

2 9 1 4 3 1 4 3 2 7 2 5 2 7 3 3 2 - I T R U E

3 0 1 4 4 1 4 4 2 8 3 2 8 7 2 - I T R U E

3 1 1 4 5 1 5 2 2 9 4 2 9 1 1 2 - I T R U E

3 2 1 5 3 1 5 3 3 0 6 3 0 9 2 - I T R U E

3 3 1 5 4 1 5 6 3 0 1 1 3 0 1 9 2 - I T R U E

3 4 1 5 7 1 5 8 3 1 6 3 1 9 2 - I T R U E

3 5 1 5 9 1 6 5 3 1 2 3 3 1 3 1 2 - I T R U E

3 6 1 6 6 1 6 8 - - - - 2 - I F A L S E

3 7 1 6 9 1 7 8 3 1 1 1 3 1 3 1 2 - I T R U E

3 8 1 7 9 1 8 6 3 2 4 3 2 7 8 - I T R U E

3 9 1 8 7 1 8 8 3 4 I 3 4 5 8 - I T R U E

4 0 1 8 9 1 9 0 3 5 2 3 5 1 0 8 - I T R U E

4 1 1 9 1 2 0 7 3 6 2 3 6 2 0 8 - I T R U E

4 2 2 0 8 2 3 2 3 7 1 1 3 7 2 7 8 - I T R U E

4 3 2 3 3 2 3 5 - - - - 8 - I F A L S E

4 4 2 3 6 2 3 7 3 7 2 3 7 2 8 8 - I T R U E

4 5 2 3 8 2 5 0 3 8 2 3 8 5 8 - I T R U E

T a b l e  1 4 :  T h e  E - c o d e  P A C K E T S E C T I O N  f o r  P r o g r a m  S a m p 3



1 2 0

E n I d U p r L w r N x t O f f T y p e R e c P a r C h V a r P r o c

t r y N a m e B n d B n d I d x s e t S iz e n t i ld R e g N u m

S c o p e  b lo c k  d e s c r i b i n g  p r o c e d u r e  I m t D

0 - - - - H E A D E R - 1 7 - - -

I D a t a - - - - R E C O R D - - 6 6 -

2 M u l t F - - - - IN T E G E R - - - 7 -

3 I - - - - IN T E G E R - - - 9 -

4 J - - - - IN T E G E R - - - 8 -

5 - - - - E N D - - - - -

S c o p e  b lo c k  d e s c r i b i n g  r e c o r d  o f  t y p e  D R e c

6 - - - - H E A D E R - - - - -

7 A 3 I 1 0 0 R E A L - - - - -

8 B - - - 3 6 IN T E G E R - - - - -

9 - - - - E N D - - - - -

Scope block describing second index of array of type Matrx

1 0 - - - - H E A D E R - - - - -

11 3 I - - - - - - - -

1 2 - - - - E N D - - - - -

Scope block describing function Fact

1 3 - - - - H E A D E R - 1 7 - - -

1 4 n - - - - I N T E G E R - - - 16 -

15 F a c t - - - - I N T E G E R - - - 17 -

16 - - - - E N D - - - - -

Scope block describing program SampS

1 7 - - - - H E A D E R - 27 - - -

18 R ow s - - - - I N T C O N S T - - - 0 -

19 C o ls - - - - I N T C O N S T - - - I -

2 0 N a m e - - - - S T R I N G C O N S T - - - 2 -

2 1 D a t a 2 I - - R E C O R D 4 0 - 6 3 -

22 N u m - - - - I N T E G E R - - - 5 -

23 n F a c t - - - - I N T E G E R - - - 4 -

24 I n i t D - - - - P R O C E D U R E - - 0 - I

25 F a c t - - - - F U N C T I O N - - 13 - 2

26 - - - - E N D - - - - -

Bootstrap scope block

27 - - - - H E A D E R - - - - -

28 S a m p 3 - - - - P R O G R A M - - 1 7 - 0

29 - - - - E N D - - - - -

T a b le  15: T h e  E -c o d e  S T A T S C O P E S E C T I O N  fo r P r o g r a m  S a m p S
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Pkt

Mum

O

1

2

3

4

5

6  

7

8

9

1 0

Animation Unit

Instr E-code 

Mum Instruction

Program Samp3;

0 pushd C28 ; Push program's Static Scope Table

I nop
; index onto dynamic scope stack

CONST

2 nop

Rows = 3;
3 inst c ,,VO ; Create instance of Rows
4 push I,C3 ; Store value of Rows in data memory
5 pop c,I,VO

Cols = 3;
6 inst c,Vl ; Create instance of Cols
7 push I,CS ; Store value of Cols in data memory
8 pop c,I,Vl

Name = 'Sample Program';
9 inst c,V2 ; Create instance of Name
10 push I,Cl ■ ; Store Name's string space index in
11 pop c,C,V2 ; corresponding Variable register

TYPE

12 nop

Matrx =: ARRAY [I..Rows,I..Cols] OF REAL;
13 nop

DRec = RECORD 

A : Matrx.;

B :INTEGER;

END;

14 nop

DBase = ARRAY [I..2] OF DRec;

15 nop

VAR

16 npp 

Data:DBase;

17 inst c,V3 ; Create instance of Data

F i g u r e  2 9 :  T h e  E - c o d e  C O D E S E C T I O N  f o r  P r o g r a m  S a m p 3
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Num,nFact:INTEGER;

18 inst c,V4 ; Create instance of nFact
19 inst c,V5 ; Create instance of Nmu
20 br 0 ; Branch to beginning of main program

12 Procedure InitD

2.1 label I ; Enter Procedure InitD
22 pushd 024 ; Push procedure's Static Scope Table 

; index onto dynamic scope stack

13 (VAR Data:DRec;
23 link V6 ; Link Data to actual param

14 MultF INTEGER);
24 inst c,V7 ; Create instance of MultF
25 pop c,I,V7 ; Put actual param into MultF

15 VAR

26 nop

16 I,J: INTEGER;
27 inst c,V8 ; Create instance of J
28 inst c,V9 ; Create instance of I

17 BEGIN
29 nop

18 FOR I := I

30 push I,Cl ; Initialize I with value of I
31 pop c,I,V9

19 I := I TO Rows

32 br 3 ; Branch around MAXINT test and 
; increment of I on first pass 
; through the loop

33 label 2 ; Test label of outer FOR loop
34 push I,V9

35 push 1,032767
36 eql c,I ; Test that I has not exceeded MAXINT
37 brt c,4 ; If so, branch out of loop
38 push I,V9

39 push 1,01

40 add c,I ; Increment I

41 pop c,I,V9

42 label 3
43 push I,V9

44 push 1,03

45 gtr c,I ; Test for I reaching upper loop limit
46 brt c,4 ; If so, branch out of loop

F i g u r e  2 9  ( c o n t i n u e d )
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20

47 nop

21 FOR J := I
48 push I,Cl

49 pop c,I,V8

22

50

J := I TO Cols 

hr 6

51 label 5

52 push I,V8

53 push I,C32767

54 eql c,I

55 brt c,7

56 push I,V8

57 push I,Cl

58 add c,I

59 pop c,I,V8

60 label 6

61 push I,V8

62 push I,C3

63 gtr c,I

64 brt c,7

23

65 nop

24 Data. A [I, J] := I -

66 inst c,VlO

67 push I,V9

68 pop c,I,VlO

69 inst c,Vll

70 push I,V8

71 pop c,I,Vll

72 inst c,V12

73 push I,CO

74 pop c,I,V12

75 push I,VlO

76 push I,C3

77 mult c,I

78 push I,Vll

79 add c,I

80 pop c,I,VlO

81 push I,VlO

82 push I,C4

83 sub c,I

84 pop c,I,V10

; Initialize J with value of I

Branch around MAXINT test and 
increment of J on first pass 
through the loop 
Test label of inner FOR loop

Test that J has not exceeded MAXINT 

If so, branch out of loop

; Increment J

Test for J reaching upper loop limit 
If so, branch out of loop

DO

Create instance of temporary 

variable (VlO) and store value of 

first index (I) in VlO 

Create instance of temporary 

variable (Vll) and store value of 

second index (J) in Vll 

Create instance of temporary 

variable (VI2) and calculate the 

final (lineal) array index value 

based on the values of the two 

indices, I and J

(  P a c k e t  n u m b e r  2 4  c o n t i n u e d  o n  n e x t  p a g e )

F i g u r e  2 9  ( c o n t i n u e d )
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(Continuation of packet number 24)
85 push I,VlO
86 push I,C4

87 mult c,I
88 push I,V12
89 add c,I

90 pop c,I,V12
91 push I,V12

9 2 push I,C0
93 add c,I
94 pop c,I,V12
95 inst c,V13

96 push R 1ClOl.33
97 push I,V7
98 cast c,I,R
99 mult c,R
100 pop C1R 1VlS
101 inst c,V14
102 push I,V9
103 cast C1I1R

104 push R 1V13
105 add C1R

106 pop c,R1V14
107 push R 1Vl4
108 push I,V12
109 popir c

H O pop C1R 1VC-ClRd

111 uninst c,V14
112 uninst c,V13
113 uninst C1Vl2
114 uninst C1Vll
115 uninst C1VlO
116 br 5

117 label 7

118 br 2

Data .B := MultF;
119 label 4

120 inst c,V15

121 push I,CO

122 pop C1I1VlB
123 push I1VlB

124 push I,C36
125 add c,I

126 pop C1I1VlS
127 push I,V7
128 push I1VlB

129 popir c
130 pop C1I1VO-ClRd

Store calculated value of final 
index in Vl2

Convert index value in Vl2 to 
offset value

Create instance of temporary 

variable (V13) to hold result 
of 101.33 * MultF 

Cast MultF to REAL 

101.33 * MultF

Store multiplication result in V13 
Create instance of temporary 

variable (V14) to hold result 

I + V13 and cast I to REAL

I + V13

Store addition result in V14

Put offset value in index reg 

Put V14,s value in Data.A[I,J] 

Delete instances of temporary 
variables created within the 
inner FOR loop

Branch to test of inner FOR loop 

Branch out label of inner FOR loop 

Branch to test of outer FOR loop

Branch out label of outer FOR loop 

Create instance of a temporary 

variable (V15) to hold offset of 

field B

Calculate offset of field B

Store offset of field B in V15 

Put MultF on evaluation stack 

Put offset of field B on eval stack 

Put offset of field B in index reg 

Put MultF in Data.B

F i g u r e  2 9  ( c o n t i n u e d )
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26 END;

131 nop
132 uninst c,V15 Delete instance of temporary 

variable

Delete instance of J133 uninst c,V8
134 uninst c,V9 Delete instance of I
135 uninst c,V7 Delete instance of MultF
136 unlink c,V6 Unlink Data
137 popd Pop procedure's Static Scope Table 

from the dynamic scope stack
138 return Return to calling scope

27 Function Fact
139 label L8 Enter Function Fact
140 pushd 025 Push function's Static Scope Table 

index onto dynamic scope stack

28 (n:INTEGER)
141 inst c,V16 Create instance of n
142 pop c,I,V16 Put actual param into n

29 INTEGER;
143 inst c,V17 Create instance of Fact (function's 

return value)

30 BEGIN

144 nop

31 IF n = 0
145 label L9
146 inst c,V18 Create instance of temporary
147 push I,V16 variable (V18) to hold comparison
148 push 1,00 result
149 eql c,I Check for n = 0
150 pop c,B,V18 Put comparison result in V18
151 push B ,V18

152 brf c,10 ; If n not = 0, branch to ELSE

32 THEN

153 nop

33 Fact := I

154 push 1,01 Put I in Fact
155 pop c,I,V17
156 br 11 Branch around ELSE

34 ELSE

157 label 10 ELSE label
158 nop

F i g u r e  2 9  ( c o n t i n u e d )
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35

36

37

38

39

4 0

Fact(n-1)
159 inst CjVlO ; Create instance of temporary
160 push I,V16 ; variable (VlO) to hold n-1
161 push I,Cl
162 sub c,I ; Subtract I from n
163 pop CjIjVlO ; Put n-1 in V19
164 push IjVlO ; Push n-1 onto evaluation stack
165 call 8 ; Call Fact

166 label 12 Return from Fact
167 inst c,V20 Create instance of temporary
168 pop c,I,V20 variable (V20) to hold function 

value

Fact := n * Fact(n-1)
169 inst 0,721 Create instance of temporary
170 push I,V16 variable (V21) to hold n* Fact(n-1)
171 push I,V20
172 mult c,I
173 pop 0,1,721 Put multiplication result in V21
174 push I,721
175 pop 0,1,717 Put function value in Fact
176 uninst c,V21 Delete instances of temporary
177 uninst c,V20 variables created in ELSE clause
178 uninst c,V19

END;

179 label 11 Branch out label for ELSE
180 nop

181 push 1,717 Put function value on eval stack 

index from the dynamic scope stack
182 uninst c,V18 Delete instance of temp variable ■
183 uninst c,V17 Delete instance of Fact's result var
184 uninst c,V16 Delete instance of n
185 popd Pop function's Static Scope Table
186 return Return to calling scope

BEGIN

187 label 0 Start label for main program
188 nop

Num : = 2;
189 push I,C2 Put value of 2 in Num
190 pop c,I,V5

F i g u r e  2 9  ( c o n t i n u e d )
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4 1

42

InitD(Data[Num] ,3) ;
191 inst c,V22 ;
192 push I,V5 ;
193 pop c , I,V22 ;

194 push I,V22 ;
195 push I,Cl ;

196 sub c,I

197 pop c,I,V22 ;

198 push I,C3 ;

199 inst c,V23 ;

200 push I,V22

201 push I,C40 ;

202 mult c,I ;
203 pop c,I,V23 ;

204 push I,V23

205 popir c ;

206 pusha V3{IR> ;

207 call I J

Fact(Data[Hum].B)
208 label 13 ;

209 inst c,V24 ;

210 push I,V5

211 pop c,I,V24 ;

212 inst c,V25 ;

213 push I,CO ;

214 pop c,I,V25 ;
215 push I,V24

216 push !,Cl

217 sub c,I

218 pop c,I,V24

219 push I,V24

220 push I,C40

221 mult c,I

222 push I,V25

223 add c,I

224 . pop c,I,V25

225 push I,V25

226 push I,C36

227 add c,I

228 pop c,I,V25

229 push I,V25 ;

230 popir c ;

231 push I,V3{IR> ;

232 call 8 :

Create instance of temporary 
variable (V22) and store value 
of index (Mum) in V22 

Calculate final (linear) array 
index

Put final array index in V22 

Put 3 on evaluation stack 

Create instance of temporary 

variable (V23) to hold offset of 
Data

Calculate Data's offset and 
put it in V23

Put Data's offset in index reg 

Put address of Data[Mum] on 
eval stack 

Call InitD

Return from InitD 

Create instance of temporary 

variable (V24) and store value 

of index (Mum) in V24 

Create instance of temporary 

variable to hold calculated 
offset of Data[Mum].B

Put offset of Data[Mum] .B in 

index reg

Put Data[Mum].B on eval stack 
Call Fact

F i g u r e  2 9  ( c o n t i n u e d )
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4 3

44

45

233 label 14 ; Return from Fact
234 inst c,V26 ; Create instance of temp variable
235 pop c,I,V26 ; (V26) to hold function value

nF act : = Fact (Data [Num] .B) :
236 push I,V26

237 pop c,I,V4 Put value of Fact in nFact

END

238 nop
239 uninst c,V26 Delete instances of temporary
240 uninst c,V25 variables

241 uninst c,V24
242 ■uninst c,V23
243 uninst c,V22
244 uninst c,V4 Delete instance of nFact
245 uninst c,V5 Delete instance of Num
246 uninst c,V3 Delete instance of Data
247 uninst c,V2 Delete instance of. Name
248 uninst c,Vl Delete instance of Cols
249 uninst c,VO Delete instance of Rows
250 popd Pop program's Static Scope Table 

index from the dynamic scope stac
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Program Samp3; Program Samp3
CONST Rows = 3
Rows = 3; Cols = 3
Cols = 3; Name = 'Sample Program'
Name = 'Sample Program';

TYPE

Matrx = ARRAY [I..Rows,I..Cols] OF REAL
DRec = RECORD

A: Matrx';
B :INTEGER;

END; -C DRec .}

DBase = ARRAY [I..2] OF DRec;
VAR

Data:DBase;

Num,nFact:INTEGER;
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Program Samp3; Program SampS
CONST Rows = 3
Rows = 3; Cols = 3
Cols =3; Name = 'Sample Program'
Name = 'Sample Program'; DataEl] .A
TYPE undef undef undef
Matrx = ARRAY [I..Rows,I..Cols] OF REAL undef undef undef
DRec = RECORD undef undef undef
A:Matrx; Data[l].B is undefined
B :INTEGER; Data[2] .A
END; { DRec } undef undef undef

DBase = ARRAY [I..2],OF DRec; undef undef undef
VAR undef undef undef

Data:DBase; Data[2].B is undefined
Num, nFact:INTEGER; Num = 2

BEGIN { Program Samp3 } 
Num := 2;

InitD(Data[Num],3);

nFact is undefined
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Program Samp3 

Rows = 3

Procedure InitD(VAR Data:DRec;
Cols = 3

Name = ’Sample Program’
MultF:INTEGER); Data[l] .A

VAR undef undef undef
I,J :INTEGER; undef undef undef

BEGIN d Procedure InitD } undef undef undef
FOR I := I TO Rows DO Data[1].B is undefined
FOR J := I TO Cols DO Data[2].A
Data.A[I,J] := I + 101.33 * MultF; 304.99 304.99 304.99

Data.B := MultF; 305.99 305.99 305.99
END; { Procedure InitD } 306.99 306.99 306.99

Data[2] .B = 3 
Num = 2

BEGIN { Program Samp3 }
nFact is undefined

Num := 2; Procedure InitD
InitD(Data[Num],3); Data.A
nFact := Fact(Data[Num].B); 304.99 304.99 304.99
END. { Program SampS } 305.99 305.99 305.99

306.99 306.99 306.99 
Data.B = 3 

MultF = 3 

I .= 4 

J = 4
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