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Abs t rac t  

Exotic ins t ruc t ions  are complex  ins t ruc t ions ,  suc h  
as block move, s t r ing search,  and  s t r ing  edit, which are 
found on m o s t  convent ional  compute r s .  Recent  re ta r -  
ge table  code g ene ra to r  and in s t ruc t ion  se t  analysis  sys- 
t e m s  have not  dealt  with exotic ins t ruc t ions .  A m e t h o d  
to analyze exotic ins t ruc t ions  is p r e s e n t e d  which pro- 
vides the  informat ion needed  by a r e t a rge t ab l e  code 
genera tor .  The analysis  uses  source - to - source  t ransfor -  
ma t ions  to prove the  equivalence of high-level language 
opera tors  to exotic ins t ruc t ions .  Examples  are 
p r e s e n t e d  which i l lus t ra te  the  analysis  p rocess .  

I .  I n t r o d u c t i o n  

Exotic ins t ruc t ions  are cha r ac t e r i z ed  by complex  
semant ics ,  usual ly involving looping behavior.  These 
ins t ruc t ions  can be though t  of as pe r fo rming  a sequence  
of primit ive actions.  Exotic i n s t ruc t ions  a re  useful  
b ecau se  they  can of ten pe r fo rm  opera t ions  in less  t ime  
and  space  than  an equivalent  s equence  of primit ive 
actions.  Examples  of exotic ins t ruc t ions  are  block move 
ins t ruc t ions ,  l inked list  i n s t ruc t ions  and s t r ing edit  
ins t ruc t ions .  Exotic ins t ruc t ions  occur  on such  diverse 
m a c h i n e s  as the  VAX-11 [DEC76], the  Bur roughs  B4800 
[Burroughs76],  the  Intel  B086 lintel79], and  the  IBM 370 
tIB~B1]. 

Recen t  work in produc ing  r e t a rge t ab l e  code genera-  
tors  [Glanville78, CattellB0] has  focused  on genera t ing  
code for express ion  evaluat ion and  simple control  s t ruc -  
tures .  The code g e n e r a t o r s  which have been  p roduced  
have used  the a r i thmet ic ,  logical, and  b ranch ing  ins t ruc-  
t ions of the  hos t  machine ,  bu t  have not  used  the  exotic 
ins t ruc t ions  of a m a c h i n e ' s  reper to i re .  Similarly, [Oak- 
Icy79] has  fo rmula t ed  a m e t h o d  to analyze a genera l  
purpose  m ach ine  descr ip t ion  and  provide input  to a 
r e t a rge tab le  code genera tor .  Oakley is able to produce  
a s se r t ions  describing the  effects  of i n s t ruc t ions  by sym-  
bolically execut ing  a p rocedura l  desc r ip t ion  of the tar-  
ge t  machine .  However, his  m e t h o d  is unable  to deal with 
exotic ins t ruc t ions  due to the i r  g r e a t e r  complexity.  This 
paper  descr ibes  an  approach  to analyzing exotic ins t ruc-  
t ions and the f ea tu res  requi red  of a r e t a rge t ab l e  code 
g e n e r a t o r  to g ene ra t e  them.  
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The analysis  of exotic i n s t ruc t ions  is based  on the 
fac t  t ha t  high-level l anguages  of ten  have opera tors  or 
r u n t i m e  rout ines  whose s e m a n t i c s  closely m a t c h  those  
of exotic ins t ruc t ions .  For ins tance ,  a s s i g n m e n t  be tween 
s t r ings  in Pascal  is essen t ia l ly  the  s a m e  operat ion as 
t ha t  pe r fo rme d  by the  block move ins t ruc t ion  (move3) 
on the  VAX-11. Thus, the  Berkeley  Pascal  Compiler  for 
t h e  VAX-II g e n e r a t e s  move 3  to i m p l e m e n t  s t r ing  assign-  
ment .  

The s e m a n t i c s  of an exotic ins t ruc t ion  are  of ten 
close to those  of a language  opera to r  h u t  do not  m a t c h  
exactly.  For example,  the  Bur roughs  B4800 has  an  
ins t ruc t ion  to s e a r c h  th rough  a l inked list of records  for 
a r ecord  with a speclfied field. However, the  ins t ruc t ion  
a s s u m e s  tha t  the link field of the  list is the  first  field in 
the  record.  Thus, the  B4800 ins t ruc t ion  can  only be u sed  
to i m p l e m e n t  a genera l  list s e a r c h  opera t ion  if a specific 
c o n s t r a / n t  is satisfied, namely ,  t ha t  the  link field is the 
first field of the  record.  

The analysis  of exotic ins t ruc t ions  m u s t  identify 
which ins t ruc t ions  can  be u se d  to i m p l e m e n t  which 
high-level opera tors .  Moreover, the  special  condit ions 
u n d e r  which the  use  of the  ins t ruc t ion  is valid m u s t  also 
be  identified. This informat ion  can  t he n  be pa s sed  to a 
r e t a rge t a b l e  code g e n e r a t o r  enabling it to gene ra t e  
exotic ins t ruc t ions .  

The Exotic Ins t ruc t ion  Trans format iona l  Analysis 
S y s t e m  (EXTRA) has  been  des igned  and  i m p l e m e n t e d  to 
explore the  analysis  of exotic ins t ruc t ions .  EXTRA uses  
source - to - source  t r a n s fo rma t ions  [Loveman76] to prove 
the  equivalence of high-level l anguage  opera to r s  to 
exotic ins t ruc t ions .  EXTRA takes  a descr ip t ion  of a 
high-level language  opera to r  and a descr ip t ion  of an  
exotic ins t ruct ion.  The descr ip t ions  are  t r a n s f o r m e d  
unti l  t hey  are equivalent.  T rans fo rma t ions  are  provided 
to t r a n s f o r m  descr ip t ions  into semant i ca l ly  equivalent  
descr ipt ions ,  to uncover  cons t r a in t s  on the  equivalence,  
and  to augrr~ent exotic ins t ruc t ions  with o the r  code when 
needed.  In the  c u r r e n t  imp le me n ta t i on  of EXTRA the  
u se r  m u s t  guide the  s y s t e m  by choosing the  t r a n s fo rma-  
t ions to be p e r f o r m e d  and by choosing the  code to aug- 
m e n t  the  exotic ins t ruc t ion  descr ipt ion.  EXTRA verifies 
t ha t  the  t r a n s fo rma t ions  can  be cor rec t ly  applied and  
applies t hem.  The u l t imate  goal is to provide a s y s t e m  
that  ope ra t e s  with little or no u se r  intervent ion.  

The r e s t  of the  pape r  p r e s e n t s  detai ls  and examples  
of the  analysis  sys tem.  Sect ion 2 desc r ibes  the impor-  
t an t  c h a r a c t e r i s t i c s  of exotic ins t ruc t ions .  The details  of 
the  analys is  m e t h o d  are  p r e s e n t e d  in sec t ion 3. Sect ion 
4 p r e s e n t s  examples  of i n s t ruc t ions  analyzed by EXTRA, 
as well as  an  ins t ruc t ion  t ha t  could not  be analyzed. 
Sect ion 5 p r e s e n t s  our exper ience  with the  s y s t e m  
including a s u m m a r y  of all the  in s t ruc t ions  which have 
been  analyzed to date.  Compiler  suppor t  for exotic 
i n s t ruc t ions  is d i s cus sed  in sec t ion  6. Finally, sect ion 7 
p r e s e n t s  our  conclus ions  and  ideas for fu tu re  r e sea rch .  
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8. Exo t i c  I n s t r u c t i o n s  

Exotic instructions occur on a wide variety of 
current computers. In a sample of 6 machines, 
representing 6 different manufacturers, 67 string and 

list processing exotic instructions were identified ~. These 
instructions perform string operations such as string 
move, search, compare, and edit, and list operations 
such as list search, link, and unlink. Statistics on the 
number of such instructions for each machine are given 
h-~ table 1. 

Mach ine  N u m b e r  of Exot ic  
I n s t r u c t i o n s  

In te l  8086 6 
DG Ecl ipse  5 
Univac  1100 21 
IBM 370 7 
Burroughs B4800 16 
VAX-II 12 
Tota l  B7 

Table  1: Exot ic  I n s t r u c t i o n  S t a t i s t i c s  

The  exo t i c  i n s t r u c t i o n s  on t h e  va r i ous  m a c h i n e s  all  
h a v e  c e r t a i n  f e a t u r e s  in c o m m o n .  F i r s t ,  t h e  i n s t r u c t i o n s  
a r e  c h a r a c t e r i z e d  by c o m p l e x  s e m a n t i c s .  This  c o m p l e x -  
i ty  i nc ludes :  

• The  p r e s e n c e  of loops  in p r o c e d u r a l  d e s c r i p t i o n s  of 
t h e  i n s t r u c t i o n s .  

* The  s e t t i n g  of m u l t i p l e  r e g i s t e r s  a n d  m e m o r y  loca-  
t i o n s  by  t h e  i n s t r u c t i o n s .  

• Spec ia l  a d d r e s s i n g  r e q u i r e m e n t s ,  s u c h  as  o p e r a t i n g  
on  f ixed r e g i s t e r s .  

The c o m p l e x i t y  of exo t i c  i n s t r u c t i o n s  m a t t e s  t h e m  
di f~cul t  to ana lyze .  The  p r e s e n c e  of loops  in p a r t i c u l a r  
m e a n s  t h e  exo t i c  i n s t r u c t i o n s  c a n n o t  be  s y m b o l i c a l l y  
e x e c u t e d .  Thus ,  t h e  a n a l y s i s  m e t h o d s  in [ 0ak l ey79 ]  c an -  
n o t  be  appl ied .  

A l t h o u g h  exo t i c  in s ' c ruc t ions  a r e  c o m p l e x ,  t h e i r  
s e m a n t i c s  a r e  fa r  f r o m  a r b i t r a r y .  Exot ic  i n s t r u c t i o n s  
h a v e  a c lose  r e l a t i o n s h i p  to  o p e r a t o r s  a n d  d a t a  t y p e s  in 
h igh- leve l  l a n g u a g e s .  T h e r e .  a r e  exo t i c  i n s t r u c t i o n s  
w h i c h  m a n i p u l a t e  c h a r a c t e r  s t r i n g s ,  v e c t o r s ,  and  l is ts ,  
all of  wh ich  a r e  d a t a  t y p e s  in h igh- leve l  l a n g u a g e s .  While 
exo t i c  i n s t r u c t i o n s  e x i s t  to m a n i p u l a t e  t h o s e  d a t a  t y p e s ,  
t h e  o p e r a t i o n s  w h i c h  t h e  i n s t r u c t i o n s  p e r f o r m  r a r e l y  
m a t c h  e x a c t l y  t h e  o p e r a t i o n s  de f i ned  in  t h e  h igh- leve l  
l a n g u a g e s .  However,  t h e  i n s t r u c t i o n s  c a n  be m a d e  to  
m a t c h  t h e  l a n g u a g e  o p e r a t o r s  by: 

• C o v ~ . t ' r a ' ~ i ~  t h e  o p e r a n d s  of t h e  l a n g u a g e  o p e r a -  
to r .  

• ~ m p / i 3 ~ g  an  i n s t r u c t i o n  t h a t  is too  c o m p l e x  b y  
fixing t h e  v a l u e s  of s o m e  of i t s  o p e r a n d s .  

• ~ r n ~ n ~ n g  t h e  i n s t r u c t i o n  by  add i ng  e x t r a  code  to  
t h e  p r o l o g u e  o r  ep i logue  of t h e  i n s t r u c t i o n .  

C o n s t r a i n t s  a r e  i m p o r t a n t  b e c a u s e  t h e  l a n g u a g e  
o p e r a t o r  m a y  m a t c h  t h e  exo t i c  i n s t r u c t i o n  in on ly  a con-  
d i t iona l  way. A c o m m o n  t y p e  of c o n s t r a i n t  dea l s  wi th  
s t o r i n g  o p e r a n d s  to  t h e  i n s t r u c t i o n  in f ie lds  of l i m i t e d  
s ize .  The s ize  of t h e  field l i m i t s  t h e  r a n g e  of v a l u e s  w h i c h  
t h e  i n s t r u c t i o n  c a n  o p e r a t e  on.  An e x a m p l e  of t h i s  t y p e  
of size c o n s t r a i n t  is t h e  IBM 370 rove  i n s t r u c t i o n  w h i c h  
h a s  a s t r i n g  l e n g t h  o p e r a n d  in a b y t e  f ield a n d  t h u s  c a n  
on ly  m o v e  a t  m o s t  258 c h a r a c t e r s  a t  a t i m e .  O t h e r  con-  
s t r a i n t s  dea l  wi th  t h e  a d d r e s s i n g  of o p e r a n d s .  Fo r  
i n s t a n c e ,  o p e r a n d s  to  an  exo t i c  i n s t r u c t i o n  m a y  h a v e  to  

SThese machines also contain other exotic ~ctiorm such as de- 
elmal and array indexing instructions which are not covered in this pa- 
Per. 

be in fixed memory locations or registers. Other restric- 
tions that would be handled by a storage allocator are 
also possible, as in the case of the B4BO0 list search 
instruction described earlier. 

When exotic instructions are too complex to match 
a language operator, it is sometimes possible to simplify 
t h e  i n s t r u c t i o n .  For  e x a m p l e ,  a n  exo t i c  i n s t r u c t i o n  m a y  
be  m o r e  g e n e r a l  t h a n  a l a n g u a g e  o p e r a t o r .  In wh ich  
case ,  t h e  i n s t r u c t i o n  c a n  be  s impl i f i ed  by  fixing t h e  
v a l u e s  of  s o m e  of i ts  o p e r a n d s .  For  e x a m p l e ,  t h e  ]n t e l  
8086 s t r i n g  i n s t r u c t i o n s  c a n  p r o c e s s  s t r i n g s  f r o m  low 
a d d r e s s e s  to  h i g h  o r  vice v e r s a  d e p e n d i n g  on  t h e  s e t t i n g  
of t h e  d f  flag. Those  i n s t r u c t i o n s  c a n  be  s impl i f i ed  b y  
fo r c ing  d f  to have  a f ixed va lue  (e.g.,  s e t t i n g  d f  to  0 so  
t h a t  s t r i n g s  a re  a lways p r o c e s s e d  low a d d r e s s e s  to h igh) .  
T h e n  t h e  i n s t r u c t i o n s  c a n  t h o u g h t  of as s i m p l e r  i n s t r u c -  
t i ons  wi th  one  l e s s  ope rand .  

While s o m e  exo t i c  i n s t r u c t i o n s  m a t c h  a l a n g u a g e  
o p e r a t o r  d i r ec t ly ,  m a n y  i n s t r u c t i o n s  only  m a t c h  if s o m e  
e x t r a  code  is a d d e d  to t h e  i n s t r u c t i o n .  The  cod e  m a y  
n e e d  to be  a d d e d  to e i t h e r  t h e  p r o l o g u e  o r  t h e  ep i logue  
of t h e  i n s t r u c t i o n .  With e x t r a  code  t h e  a u g m e n t e d  
i n s t r u c t i o n  is able  to  c o m p u t e  t h e  s a m e  r e s u l t s  as t h e  
l a n g u a g e  o p e r a t o r .  For  e x a m p l e ,  t h e  VAX-11 l o c e  
i n s t r u c t i o n  s e a r c h s  a s t r i n g  for  a c h a r a c t e r  a n d  r e t u r n s  
t h e  a d d r e s s  of c h a r a c t e r  if found .  However ,  t h e  P L / 1  
i n d e x  o p e r a t o r  (if u s e d  to s e a r c h  for a s ing le  c h a r a c t e r )  
r e t u r n s  t h e  i n d e x  of t h e  c h a r a c t e r  in t h e  s t r i ng ,  a n d  n o t  
t h e  a d d r e s s  in m e m o r y .  Thus ,  c o d e  m u s t  be  a d d e d  to 

to  c o m p u t e  t h e  i n d e x  f r o m  t h e  a d d r e s s  if l o e c  is to  
m a t c h  i ndex .  

In s u m m a r y  exo t i c  i n s t r u c t i o n s  o c c u r  on a wide 
v a r i e t y  of  m a c h i n e s .  Exot ic  i n s t r u c t i o n s  a r e  c o m p l e x  
w h i c h  h a s  p r e v e n t e d  t h e m  f r o m  be ing  a n a l y z e d  by prev i -  
ous  m e t h o d s .  B e c a u s e  exo t i c  i n s t r u c t i o n s  a r e  c l o se ly  
r e l a t e d  to  o p e r a t o r s  in h igh - l eve l  l a n g u a g e s  t h e y  c a n  b e  
u s e d  to i m p l e m e n t  t h e  l a n g u a g e  o p e r a t o r s  u n d e r  c e r t a i n  
c o n s t r a i n t s  or  w h e n  s i m p l i f i c a t i o n s  o r  a u g m e n t s  a r e  
m a d e  to  t h e  i n s t r u c t i o n s .  The n e x t  s e c t i o n  sho ws  how 
exo t i c  i n s t r u c t i o n s  wi th  t h e  above  c h a r a c t e r i s t i c s  c a n  b e  
ana lyzed .  

3. Analysis of Exotic Instructions 

The goal of the analysis is to establish that an exotic 
i n s t r u c t i o n  c a n  be  u s e d  to  i m p l e m e n t  a h igh- leve l  
l a n g u a g e  o p e r a t o r .  In add i t ion ,  t h e  a n a l y s i s  m u s t  dis-  
c o v e r  a n y  c o n d i t i o n s  t h a t  c o n t r o l  w h e n  t h e  i m p l e m e n t a -  
t i on  is valid.  

B o t h  exo t i c  i n s t r u c t i o n s  a n d  l a n g u a g e  o p e r a t o r s  a r e  
r e p r e s e n t e d  by  d e s c r i p t i o n s  w r i t t e n  in a n o t a t i o n  s i m i l a r  
to  ISPS [Barbacc i77 ] .  An i n s t r u c t i o n  c a n  be  u s e d  to  
i m p l e m e n t  a l a n g u a g e  o p e r a t o r  if t h e i r  d e s c r i p t i o n s  a r e  
equ iva l en t .  The d e s c r i p t i o n s  a r e  e q u i v a l e n t  if t h e y  c a n  
be  t r a n s f o r m e d  in to  a c o m m o n  f o r m  t h r o u g h  a s e q u e n c e  
of s o u r c e - t o - s o u r c e  t r a n s f o r m a t i o n s .  The d e s c r i p t i o n s  
a r e  in a c o m m o n  f o r m  if t h e y  a r e  i d e n t i c a l  e x c e p t  for 
va r i ab l e  a n d  r e g i s t e r  n a m e s .  The  a p p l i c a t i o n  of s o u r c e -  
t o - s o u r c e  t r a n s f o r m a t i o n s  c h a n g e s  t h e  p r o c e d u r a l  
d e s c r i p t i o n s ,  b u t  n o t  t h e  r e s u l t s  t h a t  a r e  c o m p u t e d .  For  
e x a m p l e ,  t h e  s a m p l e  t r a n s f o r m a t i o n  in f igure  1 r e v e r s e s  
t h e  c l a u s e s  of a cond i t iona l ,  b u t  h a s  no  e f fec t  on t h e  
s e m a n t i c s  of t h e  c o n d i t i o n a l  as  a whole.  

if exp if not exp 
then then 

stmLAistl => stmLAist2 
else 

strut-list2 strnt_list I 
end-if ead_2f 

Fig. 1: Reverse Conditional Transformation 
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A t r a n s f o r m a t i o n  c a n  be  app l i ed  w h e n e v e r  t h e  syn -  
t a c t i c  a n d  d a t a  flow c o n d i t i o n s  t h a t  c o n t r o l  i t  a r e  
sa t i s f ied .  Also, s o m e  t r a n s f o r m a t i o n s  c a n  be  app l i ed  
on ly  w h e n  c e r t a i n  c o n d i t i o n s  on  t h e  v a l u e s  of v a r i a b l e s  in 
t h e  d e s c r i p t i o n  a r e  sa t i s f ied .  T hese  c o n d i t i o n s  b e c o m e  
c o n s t r a i n t s  on  t h e  v a l u e s  of t h e  h igh- level  l a n g u a g e  
o p e r a t o r ' s  o p e r a n d s  a n d  m u s t  be  s a t i s f i ed  a t  compi l e -  
t i m e  in o r d e r  for  t h e  i n s t r u c t i o n  to be  g e n e r a t e d .  

In s o m e  i n s t a n c e s ,  t h e  i n s t r u c t i o n  a n d  t h e  l a n g u a g e  
o p e r a t o r  a r e  n o t  equ iva len t ,  b u t  t h e  i n s t r u c t i o n  c a n  st i l l  
be  u s e d  by  t h e  code  g e n e r a t o r .  When t h e y  a r e  n o t  
e q u i v a l e n t  i t  is s o m e t i m e s  poss ib l e  t h a t  a ~ p t i f i e d  
iTtstruction c a n  be  c o n s t r u c t e d  b y  r e s t r i c t i n g  t h e  v a l u e s  
of  s o m e  of t h e  i n s t r u c t i o n ' s  o p e r a n d s .  Al te rna t ive ly ,  a 
v a r i a n t  of t h e  i n s t r u c t i o n  c a n  be  c o n s t r u c t e d .  The var i -  
an t ,  o r  augrnerded ins t ruc t io~  is c o n s t r u c t e d  by  add ing  
add i t i ona l  code  to t h e  p r o l o g u e  or  ep i logue  of t h e  exo t i c  
i n s t r u c t i o n .  The s imp l i f i ed  o r  a u g m e n t e d  i n s t r u c t i o n  c a n  
t h e n  be  p r o v e n  e q u i v a l e n t  to  t h e  l a n g u a g e  o p e r a t o r  and,  
c o n s e q u e n t l y ,  t h e  i n s t r u c t i o n  c a n  be  u s e d  to  i m p l e m e n t  
t h e  l a n g u a g e  o p e r a t o r .  

Dur ing  t h e  m a t c h i n g  p r o c e s s ,  v a r i a b l e s  in t h e  
l a n g u a g e  o p e r a t o r  d e s c r i p t i o n  a r e  b o u n d  to r ea l  r eg i s -  
t e r s  in t h e  i n s t r u c t i o n  d e s c r i p t i o n .  This  b ind ing  m a y  
r e s u l t  in f u r t h e r  c o n s t r a i n t s  on t h e  v a l u e s  of t h e  
o p e r a n d s  of t h e  l a n g u a g e  o p e r a t o r .  The o p e r a n d s  will be  
c o n s t r a i n e d  to  have  v a l u e s  in t h e  r a n g e  d e t e r m i n e d  by  
t h e  s ize  of  t h e  r e g i s t e r .  

The  r e s u l t s  of t h e  a n a l y s i s  a r e  p a s s e d  to a r e t a r g e t -  
ab le  code  g e n e r a t o r  as  p a r t  of  t h e  i n s t r u c t i o n  r e p e r t o i r e  
of  t h e  m a c h i n e .  The code  g e n e r a t o r  c a n  t h e n  g e n e r a t e  
t h e  a u g m e n t e d  i n s t r u c t i o n  w h e n  it  c an  s a t i s f y  t h e  con-  
s t r a i n t s  or  ver i fy  t h a t  t h e y  a r e  a l r e a d y  sa t i s f i ed  in t h e  
o r ig ina l  s o u r c e  p r o g r a m .  

As was  m e n t i o n e d  ea r l i e r ,  b o t h  t h e  exo t i c  i n s t r u c -  
t ion  a n d  t h e  l a n g u a g e  o p e r a t o r  a r e  r e p r e s e n t e d  by  
d e s c r i p t i o n s  w r i t t e n  in  a n o t a t i o n  s i m i l a r  to  ISPS. E a c h  
d e s c r i p t i o n  c a n  be  b r o k e n  up  in to  v a r i o u s  s ec t i ons .  E a c h  
s e c t i o n  m a y  c o n t a i n  r e g i s t e r  a n d  f u n c t i o n  d e c l a r a t i o n s .  
Main m e m o r y  is r e p r e s e n t e d  as  t h e  a r r a y  Mb. Sta t e -  
m e n t s  in  t h e  l a n g u a g e  i n c l u d e  loop s t a t e m e n t s  ( r epea t ) ,  
c o n d i t i o n a l s  (if), loop ex i t s  ( e x i t w h e n ) ,  a n d  exp l ic i t  i / o  
s t a t m e n t s  ( i n p u t  a n d  o u t p u t ) .  In o r d e r  to fac i l i t a t e  d a t a  
flow c o m p u t a t i o n s  t h e  l a n g u a g e  h a s  b e e n  r e s t r i c t e d  to 
e l i m i n a t e  a l ias ing  a m o n g  r e g i s t e r s .  For  e x a m p l e ,  on ly  
ca l l -by-va lue  p a r a m e t e r s  a r e  allowed. Also, t h e  a d d r e s s -  
ing c a l c u l a t i o n s  a s s o c i a t e d  wi th  o p e r a n d s  to  t h e  i n s t r u c -  
t i on  a r e  no t  r e p r e s e n t e d .  The p r o t o t y p e  s y s t e m  
a s s u m e s  t h a t  a d d r e s s i n g  c a l c u l a t i o n s  c a n  be  m a n i p u -  
l a t e d  by  o t h e r  m e t h o d s  s i n c e  i nc l u s i on  of a d d r e s s i n g  
m o d e s  would  m a k e  t h e  d e s c r i p t i o n s  m o r e  diff icul t  to 
dea l  with. 

The next section shows how the source-to-source 
transformations, constraints, simplifications, and aug- 
rxlents have been used to analyze real instructions. 

4. ~rAmples 

The a n a l y s i s  of exo t i c  i n s t r u c t i o n s  c a n  b e s t  be  iUus- 
t r a t e d  by  e x a m p l e s  of i n s t r u c t i o n s  a n a l y z e d  by  EXTRA. 
The  f i rs t  e x a m p l e  p r e s e n t s  a d e t a i l e d  a c c o u n t  of how t h e  
]n te l  8086 s c a s b  i n s t r u c t i o n  c a n  be  a n a l y z e d  with r e s p e c t  
to  t h e  Rigel  i n d e x  o p e r a t o r .  The  s e c o n d  e x a m p l e ,  shows  
h o w  a n  i d i o s y n c r a s y  on t h e  IBM 370 is h a n d l e d .  Finally,  
s o m e  of t h e  l imi t s  of EXTRA a r e  p r e s e n t e d  by way of a n  
i n s t r u c t i o n  a n d  a l a n g u a g e  o p e r a t o r  t h a t  a r e  equ iva len t ,  
b u t  cou ld  n o t  be  s u c c e s s f u l l y  ana lyzed .  

4. I. In te l  8086  s e a s b / R i g e l  i n d e x  

The Rigel s [Rowe81] i n d e x  o p e r a t o r  s e a r c h e s  a 

s~e] is an experimented language designed for research into the 
development of interactive data base applications. 

s t r i n g  for  a spec i f i ed  c h a r a c t e r  and,  if t h e  c h a r a c t e r  is 
found ,  t h e  i n d e x  of t h e  c h a r a c t e r  is r e t u r n e d .  However ,  
if t h e  c h a r a c t e r  is n o t  f o u n d  t h e n  t h e  i n d e x  o p e r a t o r  
r e t u r n s  zero.  A d e s c r i p t i o n  of t h e  Rigel i n d e x  o p e r a t o r  is 
g iven  in f igure  Z. 

index.operation := begin 

end 

"* SOURCE.ACCESS ** 

Src.Base : integer ,  ! stv~z~ base address 
Src.Index : integer,  ! st'r~z~g ~ndez 
Src.Length : integer ,  ! s~riz~ length 

read() : in teg~" := begin  
read ~- Mb[Src.Base ÷ Src.Index]; 
Src.Index q- Src.Index + 1; 

*" STATE ** 

ch : ~ ! shem'scSe~" $ ~ / t $  

** STRING.PROCESS "* 

index.execute := bed~ 

inlmxt (Sre.Base, Src.Length. ch); 
Src.Index ,- O; 
repeat 

! exit "whe~ s ~  exhausted 
exit-when (Src.Length = 0); 
! ezCt, if char is .found 
e m ~ e n  (ch = read()); 
Src.Length .- Src.Ler~gth - 1; 

end_repeat;  
if Sre.Len~th = 0 
them 

output(O); ! char not found 

output(Src.lndex); ! ch, ar  fo'und 
end.M; 

e n d  

1 ~ .  ~ Rigel  I n d e x  O p e r a t o r  

The  s c a s b  i n s t r u c t i o n  on t h e  In t e l  B086 a lso  
s e a r c h e s  a s t r i n g  for a spec i f i ed  c h a r a c t e r .  S e a s b  t a k e s  
as  o p e r a n d s :  1) t h e  a d d r e s s  of  t h e  s t r i ng  wh ich  m u s t  be  
p r e l o a d e d  in to  r e g i s t e r  d/, 2) t h e  l e n g t h  of t h e  s t r i n g  
wh ich  m u s t  be  p r e l o a d e d  in to  r e g i s t e r  ez, a n d  3) t h e  
c h a r a c t e r  s o u g h t  wh ich  m u s t  be  in  r e g i s t e r  a/. If t h e  
c h a r a c t e r  is found ,  t h e  z f  cond i t i on  code  is s e t  a n d  d~ 
c o n t a i n s  t h e  a d d r e s s  of t h e  c h a r a c t e r  wh ich  follows t h e  
c h a r a c t e r  t h a t  was  found.  

T h e r e  a r e  a lso  s e v e r a l  flag o p e r a n d s  t h a t  c o n t r o l  
how s e a s b  is e x e c u t e d .  In o r d e r  for  an  e n t i r e  s t r i n g  to  
be  s e a r c h e d  t h e  r e p e a t  f lag r f  m u s t  be  se t .  The s t r i n g  
c a n  be  s e a r c h e d  f r o m  low a d d r e s s e s  to h igh  a d d r e s s e s  o r  
v ice  ve r sa ,  d e p e n d i n g  on  t h e  s e t t i n g  of t h e  d i r e c t i o n  flag 
dr. B e s i d e s  s e a r c h i n g  for a c h a r a c t e r ,  t h e  s t a s h  i n s t r u c -  
t ion  c a n  be  u s e d  to  s c a n  over  all o c c u r r e n c e s  of  a c h a r -  
a c t e r  by  s e t t i n g  t h e  r f z  flag. A d e s c r i p t i o n  of t h e  s e a s b  
i n s t r u c t i o n  is g iven  in f igure  3. 

T h e r e  a r e  s e v e r a l  k e y  s t e p s  in tl~e ana ly s i s  of s e a s b  
t h a t  a r e  now p r e s e n t e d .  As was  n o t e d  above  t h e  s e a s b  
i n s t r u c t i o n  h a s  s e v e r a l  flag o p e r a n d s  t h a t  c o n t r o l  t h e  
e x e c u t i o n  of t h e  i n s t r u c t i o n .  The i n s t r u c t i o n  c a n  b e  
s impl i f i ed  by  s e t t i n g  t h e s e  f lags to f ixed va lue s  a n d  t h e n  
p r o p a g a t i n g  th i s  i n f o r m a t i o n  to t h e  p l a c e s  were  t h e  f lags 
a r e  u sed .  The i n f o r m a t i o n  c a n  t h e n  be  u s e d  to s impl i fy  
t h e  e x p r e s s i o n s  a n d  s t a t e m e n t s  t h a t  involve t h o s e  
o p e r a n d s .  For  i n s t a n c e ,  by  s e t t i n g  t h e  d f f l a g  to ze ro  t h e  
s t r i n g  a c c e s s  is s impl i f i ed  to a lways  s e a r c h  f r o m  low to  
h i g h  a d d r e s s e s .  The o t h e r  s imp l i f i ca t ions  on s e a s b  
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scasb.instruction := begin  scasb.instruction := begin  
! segrnen$ address'iz~ igrmred izt this descvgptio~ 

"* SOURCE.ACCESS ** 

• * SOURCE,ACCESS ** 
di< 15:0>, ! source stWztg address 

di< 15:0>, / source s~E~g address cx<  15:0>, ! source st'm:~g length 
cx<lS:0>, ! source s ~ g  length 

fetchO<7:0> := begin !fetch source character 
fe tch0<7:0> := begin  '.fetclt source character fe tch  ~- Mb[ di ]; 

fe tch  ,- Mb[ di ]; di 4- di + 1; ! lo~-to-high addresses 
i f  d f  ! c o ~ r o l  d~recHon of . fetch eJadAt 
t hen  end 

di ~- di -- 1; ! h~gh-to-lo~ addresses 
else  ** STATE ** 

di ,- di + 1; £ to%v-to-high addresses 
e n d l f  zf<>, ! last compc~re zero 3"lag 

e n d  el<7:0> ! character  sough$ 

"* STATE ** ** STRING.PROCESS ** 

rf<>, ! re-joeo~ f lag  scasb.execute := 
dr<>, ! di.rectionflag i npu t  (zf, di, cx, al); 
rfz<>, ! e¢'~ co~zdi2inn flag repeat 
Zf<>, ! last compare zero flag el i t . -when (cx = 0); 
al<7:0> / character sought cx *- cx - 1; 

if (el - fetch()) = 0 

• " STRING.PROCESS "* t h e n  
zf *- 1; 

scasb .execute  : =  b e g i n  e l se  
i n p u t  (rf, rfz, dr, zf, di, cx, al); zf ~- 0; 
i f  (not rf) end-if; 
t h e n !  no repe t i~ io~  ! e x i t  o~ c o ~ i ~  

if  (el -- fetehO) = 0 ez i t -when  (zf); 
t h e n  end- . repe~t  

zf 4- 1; output (zf, di, cx); 
else end 

zf d- O; end 
end_if; 

else ! repeo a mode 
r epea t  Fig.  4: S impl i f ied  ]n t e l  8086 S c a s b  I n s t r u c t i o n  

e x i ~ n  (cx = 0); 
CK 4"- CX -- I ;  
if (a l  - fe tch0)  = 0 
t h e n  Afte r  t h e  s imp l i f i ca t ions ,  t h e  z f  flag c a n  a l m o s t  b e  

zf 4- 1; u s e d  to i den t i f y  w h a t  c a u s e d  t h e  ex i t  f r o m  t h e  loop ( th i s  
e lse  is i m p o r t a n t  w h e n  a u g m e n t i n g  t h e  ep i logue  to  c o m p u t e  

zf 4- 0; t h e  c h a r a c t e r  i n d e x  f r o m  i t s  a d d r e s s ) .  If z f  is se t ,  t h e  
emd_lf; ex i t  was c a u s e d  by  t h e  c h a r a c t e r  be ing  found ,  o t h e r w i s e  
! ecE¢ or~ cm~i~%o~ t h e  s t r i n g  is e x h a u s t e d .  However ,  t h e r e  is a p r o b l e m .  In 
ezi~en (rfz and  (not  zf)) t h e  c a s e  w h e r e  t h e  i n p u t  l e n g t h  of t h e  s t r i n g  is zero,  zf 

or  ((not  rfz) andzf ) ;  wou ld  n e v e r  be  s e t  a n d  i t s  va lue  a t  loop ex i t  would  b e  
oua-'eFeat u n u s a b l e .  T h e r e f o r e ,  code  m u s t  be  a d d e d  to  t h e  b eg in -  

and_if; n ing  o f  s e a s b  w h i c h  ini t ia l ly  s e t s  z f  t o  zero .  
o u t p u t  (zf, di, cx);  

e n d  An add i t i ona l  p r o l o g u e  a u g m e n t  is n e e d e d  to save  
e n d  

Fig. 3: Intel 8086 Scasb I n s t r u c t i o n  

involve s e t t i n g  t h e  r / f l a g  to  1 a n d  s e t t i n g  t h e  r f z  f lag to  
0. S e t t i n g  v f  m e a n s  t h a t  s c a s b  a lways loops,  a n d  s e t t i n g  
r.fz m e a n s  t h a t  t h e  i n s t r u c t i o n  t e r m i n a t e s  w h e n  t h e  
c h a r a c t e r  is found .  

The  i n f o r m a t i o n  t h a t  t h e  f lags have  b e e n  s e t  to f ixed  
v a l u e s  c a n  be  p r o p a g a t e d  in t h e  d e s c r i p t i o n  of s ca sb .  
The  d e s c r i p t i o n  c a n  t h e n  be  s impl i f i ed  by app ly ing  con-  
s t a n t  folding t r a n s f o r m a t i o n s .  For  e x a m p l e ,  t h e  con-  
s t a n t  fo ld ing t r a n s f o r m a t i o n s  s impl i fy  t h e  ex i t  c o n d i t i o n  
a t  t h e  e n d  of t h e  loop f rom:  

exit_when (rfz a n d  (not  zf)) w ((not  rfz) a n d  zf); 

to: 
e~dt...when zf; 

The above  s imp l i f i ca t i on  of t h e  d e s c r i p t i o n  is pos s ib l e  
b e c a u s e  t h e  va lue  of t h e  o p e r a n d  r f z  h a s  b e e n  f ixed  a t  0. 
The  d e s c r i p t i o n  of s e a s b  a f t e r  all of t h e  s imp l i f i ca t i ons  is 
g iven  in  f i gu re  4. 

the in i t ia l  s t r i n g  p o i n t e r  va lue .  S ince  index r e q u i r e s  t h e  
i n d e x  of t h e  s o u g h t  c h a r a c t e r  to  be  r e t u r n e d ,  t h e  g en -  
e r a t e d  code  m u s t  c o m p u t e  it. This  c o m p u t a t i o n  c a n  b e  
d o n e  b y  s u b t r a c t i n g  t h e  ini t ia l  s t r i n g  a d d r e s s  f r o m  t h e  
f inal  a d d r e s s  t h a t  is p r o d u c e d  b y  scasb .  H e n c e ,  a t e m -  
p o r a r y  m u s t  be  a l l o c a t e d  a n d  code  m u s t  be  a d d e d  to 
s t o r e  t h e  ini t ia l  p o i n t e r  va lue .  

Code c a n  now be  a d d e d  to t h e  ep i logue  of s e a s b  t h a t  
c h e c k s  t h e  c o n d i t i o n  t h a t  c a u s e d  t h e  loop to  ex i t  a n d  
t h e n  c o m p u t e  t h e  i n d e x  of t h e  c h a r a c t e r  t h a t  was  f o u n d  
or  r e t u r n  0 if t h e  c h a r a c t e r  was  n o t  found .  The  code  
t h a t  m u s t  be  a d d e d  is: 

if zf 
t h e n  " 

output( di - temp ); 
else 

output( 0 ); 
encLif; 

w h e r e  terftp is t h e  . t e m p o r a r y  a l l o c a t e d  by  t h e  p r e v i o u s  
p r o l o g u e  a u g m e n t  to hold  t h e  irfitial a d d r e s s  of t h e  
s t r i ng .  The a u g m e n t e d  d e s c r i p t i o n  of s e a s b  is g iven  in 
f igure  5. 
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scasb.instruction := begin 

** SOURCE.ACCESS ** 

di< 15:0>, ! source s t r ~ g  address 
cx< 15:0>, ! source s ~ n g  length 

fetch0<7:0> := begin ! fe tch source character 
fetch ~- Mb[ di ]; 
di ,- di + 1; ! low-to-high addresses 
end_i! 

e n d  

** STATE ** 

zf<>, ! result of last comparison 
al<7:0>, ! character sought 
temp< 15:0> ! ~"w ternporazT 

** STRING.PROCESS ** 

scasb.execute := begin 
zf ,- O; ! augmented code 
input  (di, ex, al); 
temp ~- di; ! augmented code 
repeat  

elitJdaen (cx = 0); 
CX ~- CX -- 1, 
if (al - fetchO) = 0 
t h e n  

zf  ~- 1; 
else 

zf *-- O; 
end_if; 
! exit on condition 
effilt_w~en (zf); 

end_xepeat; 
H zf ! augmented code 
then 

output( di - temp ); 
else 

output( 0 ); 
end.if; 

end 
e n d  

l ~ .  5: A u g m e n t e d  In te l  8086 Scasb  I n s t r u c t i o n  

Al though the  desc r ip t ions  of index  in figure 2 and 
a c a s b  in f igure 5 a re  now equivalent ,  f u r t h e r  t r a n s f o r m a -  
t ions  are  r equ i r ed  to verify the  equivalence.  These  
t r a n s f o r m a t i o n s  do not  change  the  s e m a n t i c s  of e i the r  
descr ip t ion ,  bu t  r a t h e r  jus t  change  the desc r ip t ions  to 
an equivalent  form.  For  ins tance ,  it m u s t  be shown tha t  
the  m e t h o d  of c o m p a r i s o n  used  in s e a s b  is equivalent  to 
t h a t  u sed  in i n d e ~  Also, the  t r a n s f o r m a t i o n s  m u s t  show 
t h a t  the use  of the  flag z f  in s e a s b  is equivalent  to Lhe 
m e t h o d  in i ndex  t h a t  does  not  use  the  flag. EXTRA has  in 
i ts  r e p e r t o i r e  suff icient  t r a n s f o r m a t i o n s  to allow it to 
e x p r e s s  t he se  equivalent  i m p l em en t a t i ons .  

After  t he  analysis  is comple te ,  t h e r e  is a final s t ep  
thaL m u s t  be p e r f o r m e d  to allow the  s e a s b  insLrucLLon Lo 
be gene ra t ed .  The code thaL was added to Lhe pro logue  
and  epi logue of s c a s b  m u s t  now have real  ]ntel  8088 code 
g e n e r a t e d  for it. This r e q u i r e s  the  use  of the  code gen- 
e r a t o r  of the  Larger compi ler .  This p r o c e s s  was done by  

hand  for  s e a s b  and r e su l t ed  in the  following ln te l  8086 
code being p r o d u c e d  to  r e p r e s e n t  the  a u g m e n t e d  
ins t ruc t ion :  

; operands already loaded: 
; di...stmng address 
; cz...string length 
; aL ..character sought 

m ~  bx,di ; save £nitia2 address 
mov si,O ; clear si to use ~,n roset~ng zf 
c m p  sl, 1 ; rose t zero flag z f  
o ld  ; r e s e t  direct~ion flag d f  
r e p  ; set r f  and reset r f z  
s c a b  ; search str£r~j 
jz  11 ; j ump  ~f not found 
s u b  di,bx ; compute £rldez of  char i f  found 
j m p  12 

II: movdi,O ; reh trnzero~J 'not found 
IZ: ;final result stored in di 

This a u g m e n t e d  i n s t r u c t i o n  is t hen  bound  to an  in ter -  
med i a t e  l anguage  o p e r a t o r  r e p r e s e n t i n g  index. The aug- 
m e n t e d  i n s t ruc t i on  is p a s s e d  to a r e t a r g e t a b l e  code gen- 
e ra tor .  

Cons t r a in t s  due to locat ion sizes are  also p a s s e d  to 
the  code gene ra to r .  In the example ,  s ince the  
Sre .Length  variable of the  i ndex  desc r ip t ion  is bound  to 
the  cx r e g i s t e r  of seasb~ a c o n s t r a i n t  is developed tha t  
t he  s t r ing  length  m u s t  fit into 18 bits.  This c o n s t r a i n t  is 
a trivial one to sat isfy  on the  ]nte l  8086 since the word  
size of the  m a c h i n e  is 18 bits.  On the  VAX-ll, however,  
s t r ing  l eng ths  are  also l imited to 18 bi ts  which p r o d u c e s  
a non-tr ivial  c o n s t r a i n t  s ince the  word  size is 32 bits. 

The analysis  of s c a s b  with r e s p e c t  to i ndex  r eq u i r e s  
73 to ta l  t r a n s f o r m a t i o n  s t eps .  The s c a s b  i n s t ruc t i on  had  
to be both  simplified and a u g m e n t e d  in o rde r  to m a t c h  
the  i n d e x  ope ra to r .  The r e s u l t  of the  analys is  is an aug- 
m e n t e d  i n s t r u c t i o n  for  the  Intel  8086 which is cu s to m-  
ized to i m p l e m e n t  the  i n d e x  ope ra to r .  

4.2. ~ 370 r o v e / P a s c a l  s t r i n g  a s s i g n m e n t  

The m v c  i n s t r u c t i o n  on the IBM 370 can  be analyzed 
with r e s p e c t  to the s t r ing  a s s i g n m e n t  o p e r a t o r  ( s a s s ign )  
of Pasca l  4. The analysis  r e q u i r e s  105 t r a n s f o r m a t i o n  
s t e p s  which is the  g r e a t e s t  n u m b e r  of any i n s t r u c t i o n  
analyzed to  date. This sec t ion  shows how a qui rk  in m v c  
is handled  by  the  analysis  sy s t e m.  

The m v ¢  i n s t ruc t ion  moves  a s equence  of by t e s  
f r o m  a s o u r c e  to a des t ina t ion-f ie ld .  The n u m b e r  of 
by t e s  is specif ied by  an  8 bit  l eng th  field in the  ins t ruc -  
t ion format .  The n u m b e r  of c h a r a c t e r s  moved  by m v c  is 
the  value of the  l eng th  field plus one. Hence,  a l eng th  
value of zero  m e a n s  t h a t  one c h a r a c t e r  is to be moved  
and  a l eng th  of one m e a n s  t h a t  two c h a r a c t e r s  are  to be 
moved  and  so fo r th  n. On the  o t h e r  hand,  the  
speci f ica t ion  of s a s s i g n  con ta ins  a l eng th  o p e r a n d  tha t  
con ta ins  the  ac tua l  n u m b e r  of c h a r a c t e r s  to be moved.  
Thus, EXTRA m u s t  show how the  two encodings  of the  
s t r ing  l eng th  can  be m a d e  equivalent .  

The equivalence  can be shown t h r o u g h  the  use  of a 
t r a n s f o r m a t i o n  t h a t  c r e a t e s  a coding c o n s t r a i n t  on the  
l eng th  of the  Pasca l  s t r ing.  The coding c o n s t r a i n t  is 
ac tua l ly  a direct ive to  the  compi le r  to d e c r e m e n t  the  
l eng th  of the  mmsign o p e r a n d  before  using it as  an  
o p e r a n d  to nave. F u r t h e r m o r e ,  the  d e c r e m e n t  b e c o m e s  
p a r t  of the  desc r ip t ion  of rove. 

Once the  coding c o n s t r a i n t  is i n t r o d u c e d  into the  
desc r ip t ion  of m v c  the  d e c r e m e n t  is i n t e g r a t e d  with the 
r e s t  of the  descr ip t ion .  The desc r ip t ion  is t h e n  
t r a n s f o r m e d  into a f o r m  t h a t  moves  exac t ly  the  n u m b e r  
of c h a r a c t e r s  as  is specif ied in the  l eng th  field. Finally, 
o the r  t r a n s f o r m a t i o n s  are  u sed  to show tha t  m v c  and 
s a s s i g n  ma tch .  

4The string assignment operator mmmgn is actually present only in 
the com~£ler internal f~rrn and not in the Pascal language. 

~R~is type of encoding is not unique to the TRM 370, but also occurs 
on at least one other machine (the Burrowghs B4800). 
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The m v c  e x a m p l e  d e m o n s t r a t e s  t h e  i d i o s y n c r a t i c  
nature of exo t i c  i n s t r u c t i o n s  and  how EXTRA is able  to 
dea l  wi th  it. Mvc a n d  s a s s i g n  a r e  s e m a n t i c a l l y  ve ry  c lose  
b u t  a r e  no t  e q u i v a l e n t  u n l e s s  a speci f ic  cond i t i on  is 
iden t i f i ed  a n d  sa t i s f i ed  t h r o u g h  t h e  coding  c o n s t r a i n t .  
The e x a m p l e  a lso  shows  how c o n s t r a i n t s  c a n  r e p r e s e n t  
v a r i o u s  t y p e s  of d i r ec t i ve s  to t h e  c o m p i l e r  b e s i d e s  s im-  
ple c o n d i t i o n s  on t h e  v a l u e s  of o p e r a n d s .  

4.3.  VAX-11 m o v c 3 / P a s c a l  s t r i n g  a s s i g n m e n t  

An e x a m p l e  of an  ana l y s i s  t h a t  c a n n o t  be  p e r f o r m e d  
by EXTRA is the analysis of the VAX-II move3 instruction 
with respect to the Pascal string assignment operator. 
Move3 moves a source string to a destination and guards 
against overlap in the strings. If the source address is 
less than the destination address then the string is 
moved from high addressed bytes to low, otherwise the 
low addressed bytes are moved first. For example, if the 
source address were 10 and the destination address were 
12 the string "abc" would be moved by moving the "c" 
then the "b" and finally "a", since moving in the opposite 
way would result in the destination string being "aba" not 
"abc". Because the description of move3 reflects the 
overlap protection the description is more complex than 
one might at first think. 

In the Pascal language it is impossible to have 
strings that overlap. Hence, the string assignment 
operator smss~n can have a simple description that 
always moves the string from low addresses to high 

addresses. Because Pascal strings cannot overlap, 
move3 and sassign are equivalent. The problem is that 
the descriptions are equivalent only under this condition 
and EXTRA has tm way to represent it. 

One way to represent no overlap would be as the 
complicated constraint below: 

(Src.Base + Src.Length -: Dst.Base) 
~r (Dst.Base + Dst.Length < Src.Base) 

This condition would guarantee that the strings would 
not overlap, since it says that either the source string 
ends before the destination string begins or that the des- 
tination string ends before the source string begins. 
However, the current version of EXTRA has no ability to 
deal with complicated constraints that involve more than 
one operand. 

EXTRA can only deal with constraints that are of the 
forrm 1) an operand is constrained to have a certain 
value ,  2) a n  o p e r a n d  is c o n s t r a i n e d  to be  in a c e r t a i n  
r a n g e ,  o r  3) a n  o p e r a n d  is to be  of fse t  by  a va lue  (as  was 
d o n e  with m v c  above) .  EXTRA c a n  on ly  dea l  wi th  s i m p l e  
c o n s t r a i n t s  s i n c e  we or ig ina l ly  t h o u g h t  t h a t  on ly  s imp le  
c o n s t r a i n t s  would  o c c u r  in r e a l  i n s t r u c t i o n s .  However ,  
w h a t  th i s  e x a m p l e  p o i n t s  ou t  is t h a t  t h e r e  is a n e e d  to  
dea l  wi th  m o r e  c o m p l i c a t e d  c o n s t r a i n t s  t h a t  a r e  due  to 
t h e  c h a r a c t e r i s t i c s  of  t h e  s o u r c e  l a n g u a g e .  The no-  
ove r l ap  c o n d i t i o n  is a p r o p e r t y  of P a s c a l  a n d  c a n  n e v e r  
be  v io l a t ed  by  a n y  P a s c a l  p r o g r a m  s . Thus ,  t h e  a n a l y s i s  
s y s t e m  is t h e  a p p r o p r i a t e  p l ace  to  dea l  wi th  it. 

5. C u r r e n t  S~a tus  of  EXTRA 

The EXTRA s y s t e m  is  w r i t t e n  in F r a n z  Lisp 
[ F o d e r a r o 8 0 ]  a n d  r u n s  u n d e r  t h e  UNIX ? o p e r a t i n g  s y s t e m  
on a VAX-11/780. The  s y s t e m  m o n i t o r  allows t h e  u s e r  to 
m o v e  t h r o u g h  t h e  l a n g u a g e  o p e r a t o r  a n d  m a c h i n e  
i n s t r u c t i o n  d e s c r i p t i o n s  in m u c h  t h e  s a m e  way  a s  a 
L i s p - o r i e n t e d  s t r u c t u r e  ed i tor .  T r a n s f o r m a t i o n s  a r e  
app l i ed  in t h e  s a m e  way  t h a t  t h e  t h e  d e s c r i p t i o n s  would  
be  ed i t ed ,  by  pos i t i on ing  t h e  c u r s o r  a t  t h e  p o i n t  of 
i n t e r e s t  a n d  t h e n  spec i fy ing  t h e  t r a n s f o r m a t i o n  to  be  
appl ied .  

eHowever. Iome Pascal extensions do allow overlap and use 
di~erent semantics for copy, and thus would require a di2ferant treat- 
mont. 

VUNIX is a Trademark of Bell Laboratories. 

The c u r r e n t  i m p l e m e n t a t i o n  of EXTRA i n c l u d e s  75 
t r a n s f o r m a t i o n s  in t h e  t r a n s f o r m a t i o n  l ib ra ry .  The  
t r a n s f o r m a t i o n s  t h e m s e l v e s  ut i l ize v a r i o u s  t y p e s  of d a t a  
flow i n f o r m a t i o n  t h a t  is u s e d  to  d e t e r m i n e  w h e t h e r  a 
t r a n s f o r m a t i o n  is val id  a t  a p a r t i c u l a r  poin t .  The 
t r a n s f o r m a t i o n s  c a n  be  c a t e g o r i z e d  b a s e d  on t h e  fu n c -  
t i ons  t h e y  p e r f o r m  a n d  t h e  t y p e  of i n f o r m a t i o n  t h e y  
r equ i r e .  The s e v e n  c a t e g o r i e s  are :  

• Locud ~rans~o,cwm~rLs  wh ich  m a n i p u l a t e  t h e  
d e s c r i p t i o n s  b a s e d  on  local  p r o p e r t i e s .  T h e s e  
t r a n s f o r m a t i o n s  i nc lude  a r i t h m e t i c  a n d  logical  i den -  
t i t i e s .  

• Code r fmt ion  t T a ~ s ~ m m ~  which  m o v e  s t a t e -  
m e n t s  wi th  r e s p e c t  to  one  a n o t h e r ,  s u c h  as  r e v e r s -  
ing  t h e  o r d e r  of two s t a t e m e n t s  or  m o v i n g  one  
s t a t e m e n t  in to  t h e  b o d y  of a n o t h e r  w h e n  poss ib le .  

• Loop t r a n s f o r w t a 2 / o n s  wh ich  m a n i p u l a t e  t h e  loops  in 
t h e  d e s c r i p t i o n s .  T h e s e  a r e  e s p e c i a l l y  n e c e s s a r y  to  
m a n i p u l a t e  t h e  c o u n t i n g  loops  for  s t r i n g  o r i e n t e d  
i n s t r u c t i o n s .  

• (~obod t r a n s l o r m a t i a n s  which  m u s t  look a t  p o t e n -  
t ia l ly  t h e  e n t i r e  de sc r i p t i on .  Fo r  i n s t a n c e ,  c o p y p r o -  
p a g a t i o n  and  dead  v o w ~ b l e  el iwtiruzt ion b o t h  u s e  
i n f o r m a t i o n  t h a t  m a y  be  a long d i s t a n c e  t e x t u a l l y  
f r o m  w h e r e  it  is u s e d .  

• R o u t i n e  s t r u c t u r i z t g  traztsfoTwta2iO~tS w h i c h  c h a n g e  
how a d e s c r i p t i o n  is s t r u c t u r e d  in to  d i f f e r e n t  r o u -  
t i ne s .  For  i n s t a n c e ,  a r o u t i n e  wi th  s e v e r a l  ca l l s  m a y  
be  c h a n g e d  in to  s e v e r a l  r o u t i n e s  e a c h  wi th  a s ing le  
call .  

• Cons t ra in t  a n d  ,sseTt icrn tTa~tsfoTrrt~tio?zs w h i c h  
m a n i p u l a t e  c o n s t r a i n t s  a n d  a s s e r t i o n s  in t h e  
d e s c r i p t i o n s .  T h e s e  t r a n s f o r m a t i o n s  allow con-  
s t r a i n t s  a n d  aux i l i a ry  a s s e r t i o n s  to  be  c r e a t e d  a n d  
m a n i p u l a t e d  by  t r a n s f o r m a t i o n s  like a n y  o t h e r  p a r t  
of  t h e  d e s c r i p t i o n  t ex t .  

• A u g m e n t  p r o d u c i n g  trazts]orw~zt~ons t h a t  p r o d u c e  
p r o l o g u e  a n d  ep i logue  a u g m e n t s  to t h e  d e s c r i p t i o n s .  
The  u s e r  spec i f i e s  t h e  a u g m e n t ,  a n d  t h e  s y s t e m  
g u a r a n t e e s  t h e  i n t e r f a c e  of t h e  a u g m e n t  c o d e  to  
t h e  exo t i c  i n s t r u c t i o n .  

A l t h o u g h  t h e  t r a n s f o r m a t i o n  l i b r a r y  is in no  s e n s e  
e x h a u s t i v e  ( o t h e r  t r a n s f o r m a t i o n  l i b r a r i e s  c a n  be  f o u n d  
in  [S t and i sh76 ,  Bars tow77]  ), t h e  s e t  u s e d  s e e m s  to f o r m  
a k e r n e l  of  n e c e s s a r y  t r a n s f o r m a t i o n s  to  dea l  wi th  ex o t i c  
i n s t r u c t i o n s .  A c o m p l e t e  l is t  a n d  d e s c r i p t i o n s  of t h e  
t r a n s f o r m a t i o n s  c a n  be  f o u n d  in [Morgan82] .  

In o r d e r  to  t e s t  o u r  t h e o r i e s ,  e x p e r i m e n t s  h a v e  b e e n  
p e r f o r m e d  to s e e  how well EXTRA c a n  ana lyze  r e a l  
i n s t r u c t i o n s .  To da te ,  t h e  s y s t e m  h a s  b e e n  u s e d  to  
a n a l y z e  8 d i f f e r en t  exo t i c  i n s t r u c t i o n s  on t h e  IBM 370, 
VAX-11, a n d  l n t e l  8086. The  i n s t r u c t i o n s  h a v e  b e e n  
a n a l y z e d  with r e s p e c t  to o p e r a t o r s  or  r u n t i m e  r o u t i n e s  
in  Pa sca l ,  PL /1 ,  Rigel, a n d  CLU. Table  2 s h o w s  t h e  
i n s t r u c t i o n s  a n d  t h e  l a n g u a g e  o p e r a t o r s  t h a t  h a v e  b e e n  
s u c c e s s f u l l y  ana lyzed .  E a c h  a n a l y s i s  r e q u i r e d  f r o m  21 to  
105 t r a n s f o r m a t i o n  s t e p s .  

The  d e s c r i p t i o n s  t h a t  h a v e  b e e n  a n a l y z e d  hav e  c o m e  
f r o m  a v a r i e t y  of  s o u r c e s  to e l i m i n a t e  b i a s  c a u s e d  b y  a 
s ing le  s ty l e  in wr i t ing  t h e  d e s c r i p t i o n s .  The  d e s c r i p t i o n s  
for  t h e  m a c h i n e  i n s t r u c t i o n s  we re  d e r i v e d  f r o m  flow 
c h a r t s  in m a c h i n e  r e f e r e n c e  m a n u a l s  a n d  on-Une  ISPS 
d e s c r i p t i o n s  ava i lab le  f r o m  Carneg ie -Mel lon  Un iv e r s i t y .  
D e s c r i p t i o n s  for t h e  l a n g u a g e  o p e r a t o r s  we re  d e r i v e d  
f r o m  t h e  code  for  r u n - t i m e  r o u t i n e s  a n d  d e s c r i p t i o n s  in  
t h e  l a n g u a g e  m a n u a l s .  The d e s c r i p t i o n s  were  t r a n s l a t e d  
in  a s t r a i g h t f o r w a r d  m a n n e r  i n to  t h e  d e s c r i p t i o n  
l a n g u a g e  u s e d  by  EXTRA. Thus ,  we feel  t h a t  t h e  ab i l i ty  of 
EXTRA to  a n a l y z e  exo t i c  i n s t r u c t i o n s  is n o t  d e p e n d e n t  o n  
a c e r t a i n  s ty l e  of wr i t ing  t h e  d e s c r i p t i o n s .  
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Machine  , I n s t r u c t i o n  L a n g u a g e  O p e r a t i o n  S t e p s  
Inte l  8086 m o v s b  P a s c a l  s t r i n g  m o v e  52 
Inte l  6086 m o v s b  P L / 1  s t r i n g  m o v e  66 
In te l  8086 s c a s b  Rigel  s t r i n g  s e a r c h  73 
In tc l  8086 s c a s b  CLU s t r i n g  s e a r c h  86 
]n te l  8086 c m p s b  P a s c a l  s t r i n g  c o m p a r e  79 
VAX-11 m o v c 3  PC28 b lock  copy  ,. 21 
VAX-11 m o v e 5  PC2 b lock  c l ea r  26 
VAX-11 locc  Rigel s t r i n g  s e a r c h  33 

r VAX-11 locc  CLU s t r i n g  s e a r c h  32 
VAX-11 c m p c 3  P a s c a l  s t r i n g  c o m p a r e  47 

!IBM 370 rove P a s c a l  s t r i n g  m o v e  105 

Tab le  9_: Exot ic  I n s t r u c t i o n  Analys is  S u m m a r y  

T h e r e  have  b e e n  s o m e  f a i l u r e s  of t h e  a n a l y s i s  sys -  
t e m .  The p r o b l e m  wi th  t h e  VAX-11 m o v e 3  i n s t r u c t i o n  
a n d  t h e  P a s c a l  ~ i g n  o p e r a t o r  h a s  a l r e a d y  b e e n  m e n -  
t ioned .  A n o t h e r  p r o b l e m  was  wi th  t h e  Da ta  G e n e r a l  
Ec l ipse  [DG75]. S t r ing  i n s t r u c t i o n s  on t h e  Ec l ipse  c a n  
m o v e  s t r i n g s  f r o m  low a d d r e s s e s  to  h i gh  o r  v ice  v e r s a  
like t h e  i n s t r u c t i o n s  on t h e  In te l  8086. However ,  i n s t e a d  
of e n c o d i n g  t h e  d i r e c t i o n  in a spec i f ic  flag t h e  d i r e c t i o n  
is  e n c o d e d  in t h e  l e n g t h  o p e r a n d  for  e a c h  s t r i ng .  If t h e  
l e n g t h  is g r e a t e r  t h a n  ze ro  t h e n  t h e  s t r i ng  is p r o c e s s e d  
f r o m  low a d d r e s s e s  to  high.  Otherwise ,  t h e  s t r i n g  is p ro-  
c e s s e d  in t h e  r e v e r s e  o rde r .  The  p r o b l e m  is t h a t  t h e  
l e n g t h  o p e r a n d  zs now u s e d  for two u n r e l a t e d  p u r p o s e s  
a n d  it  is d i f f icul t ,  to  f o r m u l a t e  t r a n s f o r m a t i o n s  to  
s e p a r a t e  t h e  two func t ions .  This  p o i n t s  o u t  a g e n e r a l  
p r o b l e m .  I n s t r u c t i o n s  t h a t  u s e  a clever  coding ~r~ck 
m a k e  a n a l y s i s  diff icul t  o r  imposs ib l e .  

E x p e r i e n c e  wi th  EXTRA h a s  a lso  i n d i c a t e d  s o m e  
p r o b l e m s  wi th  t h e  m e c h a n i c s  of t h e  a n a l y s i s  p r o c e s s .  
Many  of t h e  t r a n s f o r m a t i o n s  a r e  a t  too  low a level  a n d  
t h u s  t h e  u s e r  g e t s  involved in a m a s s  of deta i l .  Fo r  
e x a m p l e ,  t h e  s imp l i f i ca t i ons  m e n t i o n e d  e a r l i e r  c a n  
r e q u i r e  m a n y  s t ep s .  Also, t h e r e  is no way  to  s t r u c t u r e  
t h e  m a t c h i n g  p r o c e s s .  The u s e r  c a n n o t  m a t c h  p a r t s  of 
t h e  d e s c r i p t i o n s  i n d e p e n d e n t l y .  The e n t i r e  d e s c r i p t i o n s  
m u s t  be  m a t c h e d  as  a whole.  

Finally,  t h e  r e s u l t s  of EXTRA have  b e e n  c o m p a r e d  to  
a n  a n a l y s i s  done  by  h a n d  to  g e n e r a t e  exo t i c  i n s t r u c t i o n s  
in P a s c a l  a n d  Rigel c o m p i l e r s  a t  Berke ley .  The c o m -  
p a r i s o n  r e v e a l e d  o b s c u r e  b u g s  in t h e  u s e  of VAX-11 
i n s t r u c t i o n s  in e a c h  compi le r .  Thus ,  while exo t i c  
i n s t r u c t i o n s  c a n  be  u s e d  w i t h o u t  a f o r m a l i z e d  a n a l y s i s  
p r o c e s s ,  t h e r e  is a c h a n c e  of b u g s  d u e  to  t h e i r  c o m p l e x -  
i ty.  

6. C o m p i l e r  S u p p o r t  

EXTRA p r o d u c e s  a b i nd i ng  b e t w e e n  exo t i c  i n s t r u c -  
t i o n s  a n d  h igh- leve l  l a n g u a g e  o p e r a t o r s ,  a s  well  as  con-  
s t r a l n t s  on w h e n  t h e  b ind ing  is valid. In o r d e r  to u s e  th i s  
b i n d i n g  i n f o r m a t i o n  t h e  c o m p i l e r  m u s t  h a v e  an  i n t e r n a l  
f o r m  t h a t  allows h igh- leve l  l a n g u a g e  o p e r a t o r s  to  be  
r e p r e s e n t e d  expl ic i t ly .  The  code  g e n e r a t o r  c a n  t h e n  
g e n e r a t e  a n  exo t i c  i n s t r u c t i o n  w h e n  a h igh- leve l  o p e r a -  
t o r  is e n c o u n t e r e d  in t h e  i n t e r n a l  f o r m  a n d  a n y  con-  
s t r a l n t s  c a n  be  sa t i s f ied .  If t h e r e  is no  exo t i c  i n s t r u c t i o n  
to  i m p l e m e n t  a h igh- leve l  o p e r a t o r ,  or  if t h e  c o n s t r a i n t s  
c a n  n o t  be  sa t i s f ied ,  t h e n  t h e  c o m p i l e r  m u s t  i nc lude  
d m c o m p o s / l / o n  r u / e s  to  t r a n s f o r m  t h e  h igh- leve l  o p e r a t o r  
in to  a s e q u e n c e  of low-level o p e r a t i o n s  for wh ich  code  
c a n  be  g e n e r a t e d .  

ePC2 is the Berkeley Pascal runtime system (written in C). 

Da ta  flow i n f o r m a t i o n  c a n  o f t e n  be  u s e d  by  t h e  c o m -  
p i l e r  to  show t h a t  c o n s t r a i n t s  on  t h e  v a l u e s  of  o p e r a n d  
a r e  a l r e a d y  sa t i s f i ed  in t h e  s o u r c e  p r o g r a m .  C o n s t r a i n t s  
c a n  a l so  be  s a t i s f i ed  by  constrognt sa t i s fac t ion  r e ~ ' i t i n g  
ru2es .  These  r u l e s  r ewr i t e  t h e  l a n g u a g e  o p e r a t o r  to  p u t  
i t  in  a c o n t e x t  w h e r e  t h e  c o n s t r a i n t s  a r e  sa t i s f ied .  For  
e x a m p l e ,  a s t r i n g  m o v e  o p e r a t o r  t h a t  is c o n s t r a i n e d  to 
m o v e  s t r i n g s  of a t  m o s t  65K b y t e s  c a n  be  r e w r i t t e n  to  
m o v e  c o n s e c u t i v e  s u b s t r i n g s  of s ize  l e s s  t h a n  or  equa l  to  
65K. 

Once  i t  h a s  b e e n  a s c e r t a i n e d  t h a t  a n  exot ic  i n s t r u c -  
t ion  c a n  be  u s e d  a n d  t h a t  t h e  c o n s t r a i n t s  c a n  be  
sa t i s f ied ,  t h e n  i t  is o f t en  pos s ib l e  to p e r f o r m  op t im iza -  
t i ons  to  i m p r o v e  t h e  qua l i t y  of t h e  code .  T h r e e  opt i rn iza-  
t i ons  t h a t  have  b e e n  iden t i f i ed  are:  

• I n t e g r a t / o ~  of r ewr i t i ng  r u l e s  wi th  a u g m e n t  code.  
I n t e g r a t i o n  is n e c e s s a r y  s i n c e  a u g m e n t s  a n d  rewr i t -  
ing  r u l e s  a r e  d e v e l o p e d  i n d e p e n d e n t l y  o f  one  
a n o t h e r .  Thus ,  w h e n  t h e  two t y p e s  of a d d e d  code  
a r e  p u t  t o g e t h e r  t h e r e  is o f t e n  u n n e c e s s a r y  or  
i ne f f i c i en t  c o m p u t a t i o n s  p r e s e n t .  

• Cow.~tant va lue  opt imizaHans  s u c h  as  c o n s t a n t  p ro-  
p a g a t i o n  a n d  c o n s t a n t  fo ld ing c a n  be  u s e d  to  s im -  
plify t h e  code  a f t e r  t h e  r ewr i t i ng  r u l e s  a r e  appl ied .  

• Ir~telligent reg i s ter  allocation to m a k e  u s e  of t h e  
spec i a l  a d d r e s s i n g  m o d e s  s o m e t i m e s  p r e s e n t  in 
exo t i c  i n s t r u c t i o n s .  This o p t i m i z a t i o n  is e spec i a l l y  
i m p o r t a n t  w h e n  r e g i s t e r s  a r e  u s e d  for  d e d i c a t e d  
p u r p o s e s  s u c h  as  on t h e  VAX-11. S ince  t h e  VAX-11 
s t r i n g  i n s t r u c t i o n s  leave  s t r i n g  a d d r e s s e s  in f ixed 
r e g i s t e r s  t h o s e  s a m e  r e g i s t e r s  s h o u l d  be  u s e d  to  
ho ld  t h e  ini t ia l  s t r i n g  a d d r e s s e s .  Then,  if exo t i c  
i n s t r u c t i o n s  a r e  c a s c a d e d  or  p u t  in loops,  add i t i o n a l  
l oads  of t h e  r e g i s t e r s  a r e  no t  n e c e s s a r y .  

Thus ,  a r e t a r g e t a b l e  code  g e n e r a t o r  c a n  g e n e r a t e  
exo t i c  i n s t r u c t i o n s  if it  1) h a s  a h igh- leve l  i n t e r n a l  f o r m  
to  allow t h e  u s e  of t h e  b ind ing  i n f o r m a t i o n  p r o d u c e d  b y  
E X T I ~  a n d  2) h a s  m e t h o d s  to s a t i s fy  c o n s t r a i n t s .  Once  
t h e  c o n s t r a i n t s  have  b e e n  sa t i s f ied ,  t h e r e  a r e  op t im iza -  
t i ons  t h a t  c a n  be  app l i ed  to  i m p r o v e  t h e  qua l i t y  of t h e  
code .  We a r e  c u r r e n t l y  work ing  on i n t e r f a c i n g  EXTRA 
d i r e c t l y  to t h e  c u r r e n t  v e r s i o n  of t h e  Graham-Glanv iUe  
r e t a r g e t a b l e  code  g e n e r a t o r  as  d e s c r i b e d  in  
[Henry61 ,  G r a h a m 8 2 ] .  

7. Conclua/ona 

In i t ia l  e x p e r i e n c e  wi th  EXTRA i n d i c a t e s  t h a t  exo t i c  
i n s t r u c t i o n s  c a n  be  s u c c e s s f u l l y  ana lyzed .  EXTRA 
e n a b l e s  t h e  c o m p i l e r  w r i t e r  to  ver i fy  t h a t  an  exo t i c  
i n s t r u c t i o n  c a n  be  u s e d  to  i m p l e m e n t  a l a n g u a g e  o p e r a -  
t o r  a n d  u n d e r  w h a t  c o n d i t i o n s  t h e  i m p l e m e n t a t i o n  is 
valid. The  g e n e r a l  c o m p i l e r  f e a t u r e s  n e c e s s a r y  to sup-  
p o r t  t h e  g e n e r a t i o n  of exo t i c  i n s t r u c t i o n s  have  a lso  b e e n  
ident i f ied .  
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There are several  d i rect ions  for fu tu re  research .  
First, EXTRA should be ex t ended  to u n d e r s t a n d  source  
language cha rac te r i s t i c s  such  as overlap t h a t  resu l t  in 
complex cons t ra in ts .  These language cha rac te r i s t i c s  
s eem easy for people to unders tand ,  bu t  diffmult to for- 
realize and use. Second, the  compiler  in te r face  needs  to 
be completed.  This includes the  exact  form of the  infor- 
mat ion  given to a r e t a rge t ab l e  code gene ra t ion  sys t em 
as well as suppor t  in the  analysis sys t em for the  com- 
pi ler  opt imizat ions t ha t  were m e n t i o n e d  earl ier .  Finally, 
me thods  should be developed to s t r u c t u r e  the  analysis 
and  to help the  user  in deciding how the  analysis should 
proceed.  
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