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ABSTRACT

This  paper  i s  a  s tudy  in  idea l  computer  archi tectures  or program

representat ions . An idea l  archi tec ture  can  be  de f ined  with  respect  to

the representation that was used to o r i g i n a l l y  d e s c r i b e  a program,

i . e . the higher level language.

Traditional machine archi tectures name operations and o b j e c t s

which are presumed to be present in the host machine: a memory space

o f  certa in  s ize ,  ALU operat ions ,  e tc . An ideal machine framed about a

s p e c i f i c  h i g h e r  l e v e l language assumes operat ions  present  in  that

language  and  uses  these  operat ions  to  descr ibe  re lat ionships  between

ob jects  descr ibed  in  the  source  representat ion .

T i e  n o t i o n  o f  i d e a l  i s  c a r e f u l l y  c o n s t r a i n e d . The  ob ject  program

representation m u s t  b e  e a s i l y  d e c o m p i l a b l e , ( i . e . the source  i s

readi ly  reconstructable ) . I t  i s  s imply  assumed that  the  source  i t se l f

i s  a  good  representat ion  for  the  or ig inal  prob lem,  thus  any  nonassign-

ment operation present in the source program statement will  appear as

a s ingle instruct ion (operat ion) in  the  idea l  representat ion . A l l

named ob jec ts  are  de f ined  wi th  respect  to  the  natura l  scope  o f  de f in i -

tion of  the source program. F o r  simplicity  o f  d i s c u s s i o n ,  s t a t i s t i c a l

behavior of the program or the language is assumed to be unknown; that

is ,  Huffman  codes  are  not  used .

From the above, a  canonic  interpret ive  form (CIF)  or  measure  o f  a

h igher  leve l  language  program is  deve loped . CIF measures both static

space to represent the program and dynamic time measurements of the

number  o f’ instruct ions to be interpreted and the number of memory
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re ferences  these  instruct ions  wi l l  require . The CIF or ideal program

r e p r e s e n t a t i o n  i s then compared using the Whetstone benchmark in its

character is t i cs  to  severa l  contemporary  archi tectural  approaches ; IBM

370, Honeywell Leve l  66, Burroughs S-Language Fortran and DELtran,  a

quas i - idea l  Fortran  archi tecture  based  on  CIF pr inc ip les .

KEY WORDS
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direct ly  executed
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INTRODUCTION

Obvious  inadequac ies  o f  present  machine  archi tectures , b o t h  i n

program size and execution time pose the problem of representing pro-

grams for  d irect  interpretat ion  [1,3,11]. Secondary effects l e a d  t o

complicated system structures and implementat ions ,  e .g .  compi lers ,

l inkage  ed i tors , a s  w e l l  a s  d i f f i c u l t i e s  i n  r e c o g n i t i o n  a n d e x p l o i t a -

t i o n  o f  p a r a l l e l i s m  [13]. The  tradi t ional  premise  i s  that  any  execut -

able machine architecture m u s t  b e  a  f i x e d  a n d ,  h e n c e ,  u n i v e r s a l

language. T h e  p r e m i s e  o f  t h i s  p a p e r  i s  t h a t  t h i s  f o r c e s  i n t e r p r e t a -

t ion  to  occur  at  too  l ow a  leve l  and  p laces t o o  g r e a t a  b u r d e n  o n

trans lat ion , l imit ing  the  e f f i c iency  o f  a  system.

A s s u m e  t h a t  p r o g r a m s  a r e  i n i t i a l l y  e x p r e s s e d  i n  a  h i g h e r  l e v e l

source l a n g u a g e  ( H L L ) ,  c a t e r i n g  t o both the user and his problem.

However, programs must ultimately be evaluated by a lower l e v e l  p r o -

c e s s o r  - - the system’s host machine. I t  i s  in  the  host  machine  that

state transitions over HLL named resources actually occur. Once the

source language has been selected the issue becomes one of  determining

the  most  su i tab le  intermediate  language  (or  instruct ion  set ) f o r  t h e

s y s t e m  - - ca l led  i t s  d i rect ly  executed  language  (DEL)  and  a  su i tab le

host machine for interpreting this DEL. It is important that t h i s

intermediate language preserve as much information concerning the user

environment and original source program s t r u c t u r e  a s  i s u s e f u l  i n

r e a l i z i n g conc ise  representat ion  and  expedi t ious  interpretat ion  (F ig -

u r e  1).
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TWO PHASED EVALUATION [73

T h e  b a s i c  m o d e l  u s e d  i n  t h i s  i n v e s t i g a t i o n  i s  i l l u s t r a t e d  i n  F i g -

ure 2. I ts  most  obv ious  character is t i c  i s  that  program evaluat ion  i s

assumed to take place in two distinct phases. F i r s t , a source program

i s converted into an equivalent executable program during an initial

compilation phase. Users reta in t h i s e x e c u t a b l e  p r o g r a m ,  w h i c h

b e c o m e s  a  s u r r o g a t e for  the  or ig inal  source  vers ion . In the second

phase this surrogate undergoes any number of subsequent interpreta -

t i o n s . The user must visualize the effects of  interpreting a DEL pro-
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g r a m  i n  t e r m s  o f  t h e  s e m a n t i c s  a s s o c i a t e d  w i t h  i t s  o r i g i n a l source

leve l  representat ion .

Two phased-evaluation may be used as the basis for a design model.

The principal components of  a system in this model include: a source

language - -  s e l e c t e d  f o r  i t s representational c a p a b i l i t i e s ; a  h o s t

machine - -  s e l e c t e d  f o r  i t s  e x e c u t i o n  c a p a b i l i t i e s ;  a  t r a n s l a t o r  t h a t

takes a source program as input and produces a  l o g i c a l l y  e q u i v a l e n t

executa.ble  p r o g r a m ; and f ina l ly  an  interpreter  that  enables  the  host

machine  to  implement  the  s tate  t rans i t ions  spec i f ied  by  the  output  o f

the  trans lator .

In  a  t radi t ional  des ign , the  inter face  between the  t rans lator and

interpreter ( c a l l e d  t h e “machine  language”)  i s  in  fact  a  universa l ,

host-oriented language. I t s  s t r u c t u r e  i s  l a r g e l y  d e f i n e d  b y  a r t i f a c t s

presumed t o  b e  i n  t h e  h o s t  m a c h i n e ,  i . e . ,  a  c e r t a i n  n u m b e r  o f  r e g i s -

t e r s , memory cells, or  ar i thmet ic  operat ions . The form of a tradi-

t ional machine language corresponds closely to the form of the under-

lying host machine, so  that  interpretat ion  o f  ind iv idual instruct ions

requires a minimum number o f s t a t e  t r a n s i t i o n s  i n  t h e  h o s t . This

approach is l imited since both the host and DEL are fixed and cannot

a d a p t  t o s p e c i f i c r e q u i r e m e n t s  o f the source language and user

environment.

I n  p r a c t i c e , s ince many d i f f e r e n t user environments and

corresponding source languages must use the same host/interpretation

combination a good deal of  complexity is forced upon a t r a n s l a t o r  o r

compiler. The translator must produce a program representation in a
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f i x e d ,  u n i v e r s a l  l a n g u a g e  - -  r e g a r d l e s s  o f  v a r i o u s  p e r t u r b a t i o n s  i n

the source language and corresponding environment.

As an alternative, an execution architecture may be constructed to

be an ideal representation with respect to the given source language

and environment. T h e  t e r m  “i d e a l ” i s  u s e d  h e r e  t o  m e a n  (1) t r a n -

s p a r e n c y ,  i . e . t r a n s l a t i o n  i s  a s i m p l e  p r o c e s s  w h i c h  p r e s e r v e s

equivalent  source  in format ion  thus  a l lowing  a  ready  reconstruct ion  o f

source contructs and (2) DEL optimality -- space to represent and time

to compile and execute ( i n t e r p r e t  > a r e  m i n i m i z e d . Since the DEL

l a n g u a g e  w i l l now differ as environments change, the interpreter and

host machine must be more sophisticated. For example a host might be

des igned  spec i f i ca l ly  as  an  e f f i c ient  interpret ive  engine ,  rather  than

a general purpose computer. The advent of improved technology, espe -

c i a l l y  f a s t  r e a d / w r i t e  s t o r a g e  t h a t  c a n  b e  u s e d  t o  c o n t a i n  t h e  i n t e r -

preter and its immediate execution environment, has enhanced the abil-

i t y to  construct  adapt ive , interpret ive ly  d irected  hosts ,  and  forms a

premise  for  th is  a l ternat ive  des ign  approach .

Translation

Translation is the process of converting a program in one language

into an equivalent program in another language. Equiva lence  re fers  to

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

language P is  equiva lent  to  a  program q  in  language  Q i f  and  only  i f

users cannot distinguish between an execution of p a c c o r d i n g  t o the

semantics of  P,  and an execution of q according to the semantics of  Q.
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Figure 2: TWO PHASED EVALUATION
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T h e  v i r t u e  o f  c o m p i l e r s  i s  t h a t  t h e y  t r a n s l a t e  a  s o u r c e  l a n g u a g e

program into a  form that  can  be  interpreted  more  e f f i c ient ly . This

means that some sort of  reduction in computational complex i ty  .takes

place . In general, compi lat ion  can  be  v iewed as  a  (part ia l )  b inding  o f

operands  to  s torage  ce l l s  and  operators  to computational structures .

The f i r s t  b i n d i n g  i s maintained in a symbol table,  the second in a

Program Tree -- Open Macro Definition (OMD) tree in the terminology of

Elson and Rake [2].



The symbol table maintains a mapping of the source name space into

the DEL name space, while the program tree maintains the syntactic

structure of the source program. The macros associated with the non-

terminal  nodes  o f  th is  t ree  are  actual ly  funct ions  that  generate  short

sequences of DEL instruct ions implementing the appropriate source

operator . A u x i l i a r y  d a t a structures may also have to be maintained

during translation in order to produce minimal code sequences ( i . e . ,

perform optimization).

I n t u i t i v e l y , by  requir ing  a  d irect  one for one mapping of HLL

operations and identifiers into DEL instructions and operands and by

assuming optimum HLL source form (no further optimization) the fastest

poss ib le compilation ( e x c l u s i v e  o f none a t  a l l )  i s  r e a l i z e d . The

trival  case  o f  d i rect  interpretat ion  o f  HLL s o u r c e  i s known to be

inadequate for for most environments because of the time consuming and

redundant process of  binding HLL identifiers to values.

Interpretat ion

Interpretat ion  i s  the  process  o f  execut ing  the  actual  computat ions

def ined  by  a  program without  further  changes  in  i t s  overa l l  represen-

t a t i o n . Each DEL instruct ion  de f ines  a  spec i f i c  t ransformat ion  to  be

a p p l i e d  t o the current state image within the host machine. The

interpreter implements this transformation and passes c o n t r o l  t o the

next  DEL instruct ion  to  be  interpreted  (Re ige l  [12]).

The  interpreter  (F ig . 3a) m a y  b e  v i s u a l i z e d  a s  c o n s i s t i n g  o f  a

pr imary  contro l  l oop , a  set  o f  inter face  rout ines ,  and  a  set  o f  seman-

t i c  r o u t i n e s . The primary control loop maintains the DEL instruction
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stream, a n d  p a r s e s  a t  l e a s t  o n e  s u b f i e l d  o f each i n s t r u c t i o n . The

encoded symbol  in  th is  subf ie ld  de f ines  the  layout  o f  the  rest  o f  the

instruct ion  ( the  format  for  the  immediate ly  fo l lowing  b i t  s tream) ,  as

w e l l  a s what to  do  wi th  these  f ie lds  ( the  semant ic  s tructure  o f  the

i n s t r u c t i o n ) . The  pr imary  contro l  l oop  then transfers  contro l  to  the

appropriate inter face r o u t i n e  - - which actually parses any operand

references  with in  the  instruct ion .

Inter face  rout ines  are  respons ib le  for  creat ing  a  s tandard i n t e r -

face t h a t  d e f i n e s t h e  l o c a t i o n ( a n d  p o s s i b l y the  va lue )  o f  each

operand in an instruction. T h e  i n t e r f a c e  r o u t i n e  t h e n  r e t u r n s  t o  a

k n o w n  p o i n t  i n the  pr imary  contro l  l oop , which  transfers  contro l  to

the semantic routine that actually implements the action rule defined

b y  t h e  i n s t r u c t i o n  ( F i g .  3b). It does this by transformi-ng the values

prev ious ly  l oaded  into  s tandard  inter face . Upon c o m p l e t i o n  o f a l l

semantic processing, contro l  returns  to  the  top  o f  the  pr imary  contro l

loop ¶ and another cycle of interpretat ion begins . R e s u l t s  m a y  b e

stored b y  t h e  s e m a n t i c  r o u t i n e  i t s e l f , or within the primary control

l oop .

W i t h i n  c o n t r o l  l o o p ,  i n t e r f a c e , or  semant ic  process ing ,  the state

o f t h e  D E L  d a t a store  and program state  vector  i s ,  o f  course ,  tem-

porarily undefined. D e f i n i t i o n  o c c u r s  a t  t h e  b o u n d a r i e s ;  t h e  o v e r a l l

process will  be correct if  the DEL data store and program status vec-

tor agree with defined constructs whenever the last DEL instruction in

the expansion for a source statement has been executed. Note that as

in pipelined machines the interpreter need not process the D E L  s e r i -

ally 9 e v e n  i f  t h e  o r i g i n a l  s o u r c e  p r o g r a m  i s  i t s e l f  s e r i a l .
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FUNDAMENTAL CONCEPTS

A t  t h i s  p o i n t , it  is useful to examine a number of abstract con-

cepts related to the mechanistic  model developed above.

I d e n t i f i e r s , Objects and Name Spaces- -

Programs at any given level in an evaluation hierarchy use iden-

t i f i e r s  a s  s u r r o g a t e s  f o r  o b j e c t s  a t  t h a t  l e v e l . Objects --  arguments

o r  r e s u l t s  - - are only associated with v a l u e s  d u r i n g  e x e c u t i o n ,  a s

de f ined  by  the  s tates  o f  a  computat ion . I n  t h i s  s e n s e ,  a n  i d e n t i f i e r

i s  o n l y  a  s p e c i f i c  i n s t a n c e  o f  t h e  a b s t r a c t  n a m e  f o r  a n o b j e c t ; the

name e x i s t s i n d e p e n d e n t l y  o f a  l a n g u a g e , w h i l e  t h e  i d e n t i f i e r  i s

c lose ly  t ied  to  a  part i cu lar  syntax  and semant ics  (F ig .  4 ) .

Typica l ly ,  source l e v e l i d e n t i f i e r s are mnemonic ally se lec ted

alphanumeric s t r i n g s . DEL ident i f iers  are  usual ly  one ,  two ,  or  three

d i m e n s i o n a l  b i n a r y  c o d e s  ( e . g .  f i l e ,  s e g m e n t ,  o f f s e t ) . At the host

l e v e l , i d e n t i f i e r s are s i m p l y  p h y s i c a l addresses. Typical source

l e v e l  o b j e c t s  a r e  i n t e g e r  v a r i a b l e s ,  p r o g r a m  l a b e l s ,  a n d  b o o l e a n

f l a g s ; typ ica l  DEL leve l  ob jec ts  are  words ,  bytes ,  and  b i ts ;  and  typi -

ca l  host  leve l  ob jects  are  reg is ters ,  busses ,  and  execut ion  uni ts .

C l a s s i f i c a t i o n

Name spaces c a n  b e  c l a s s i f i e d  a c c o r d i n g  t o  v a r i o u s  a b s t r a c t

c h a r a c t e r i s t i c s  - -  e . g . ,  r a n g e ,  r e s o l u t i o n ,  a n d  h o m o g e n i t y .

Range and resolution refer to the maximum number of  objects that

can be specified in a name space and the minimum size of  an object in

that name space respectively. Tradi t ional ly , i n s t r u c t i o n reso lut ion

is no smal ler  than an  8  b i t  byte  ( f requent ly  i t  i s  based  on  a  16  b i t

10
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Figure 4: OBJECTS, NAMES AND IDENTIFIERS

- -  o r  l a r g e r  - -  w o r d ) , and range is defined as large as can be com-

fortab ly  accomodated  with in  a  reasonable  instruct ion  and program s ize .

Thus, the range of 2 16 for minicomputers to 224 f o r  S y s t e m  360/370

covers most common arrangements (Fig. 5).

T h e  r a n g e  o f  t h e  n a m e  space d i r e c t l y  a c c e s s a b l e  t o  a  h o s t  i s

n e c e s s a r i l y bounded, and access to large data bases must be provided.

Note that I/O is a general mechanism for attaching external objects to

the DEL name space. Usually, archived data must be physically moved

into the current access environment before it  can be operated on by

11
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DEL instructions. Commands performing t h i s  d a t a  m o v e m e n t  m u s t  b e

c a r e f u l l y synchronized in order to maintain data integrity and avoid

e x c e e d i n g  v a r i o u s  i n t e r n a l  l i m i t s  ( e . g . ,  o v e r f l o w i n g  a  b u f f e r ) . Using

a  d i s t i n c t , interpret ive sub-system to manage I/O activities is one

way to factor external range and resolution constra ints o u t  o f the

primary i n s t r u c t i o n stream. Additional p e r f o r m a n c e  m a y  a l s o  b e

obtained by aggregating conversion and formatting routines w i t h i n  a

s i n g l e  l o c a l i t y .

Name spaces may be partitioned in many different ways. Action

rules do  not  genera l ly  t reat  a l l  ob jec ts  in  the  same way,  and  th is  in

i t s e l f  c r e a t e s d i s t i n c t  c l a s s e s  - -  r e g i s t e r s ,  a c c u m u l a t o r s ,  a n d

12



generic memory cells. A c t i o n  r u l e s  a r e  o f t e n  a p p l i e d  i n  a  non-

symmetric manner: one argument must be a register,  while the other

m a y  b e  e i t h e r  a  r e g i s t e r  o r  a memory c e l l . The  term homogenei ty

r e f e r s  t o part i t ions  d is t inguished  by  the  domain  o f  the  act ion  ru le .

Part i t ion ing  i s  just i f ied  by  per formance  - -  the  under ly ing  assumpt ion

b e i n g  t h a t  a c c e s s  t o  r e g i s t e r s  i s faster than access to memory.

Many familiar machines have their name space partitioned into a

r e g i s t e r space and a memory space : e .g . ,  the  360/370,  PDP-11,  and

NOVA architectures. As  the  part i t ion ing  o f  the  name space  increases ,

i t s  h o m o g e n e i t y  d e c r e a s e s . The undesirable effects of  a fragmented

name space are not always obvious, since the name space for most sim-

ple e x a m p l e s  - -  i . e . , small programs -- can be captured within the

r e g i s t e r  s e t  w i t h o u t  g r e a t  d i f f i c u l t y . It  is  only when the problems

o f automatic translation for large programs is considered that homo-

geneity becomes important, as  in  the  spec i f i cat ion  o f  s tandard  l inkage

and addressing conventions.

Scopes and Working Sets

T h e  s c o p e  o f  a n  i d e n t i f i e r  i s  t h e  l a r g e s t  p r o g r a m  f r a g m e n t  o v e r

which  i t  has  a  cons is tent  interpretat ion . These fragments are usually

highly  corre lated ;  indeed , for most high level programming languages,

the  term scope  o f  de f in i t ion  i s  used  to r e f e r  t o  a  g i v e n  l e x i c a l  b l o c k

(procedure ,  subrout ine ,  funct ion , or  beg in-end  segment  > assoc iated

with  a  g iven  leve l  o f  dec larat ions .

At  the  machine  leve l ,  however ,  the  natural i n t e r p r e t a t i o n  o f  a

scope is as a range of  instruct ions  over  which  indexing  reg is ters
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remain  e f fec t ive ly  unmodi f ied  - -  so  that  a given operand i d e n t i f i e r

al ways r e f e r s  t o the same program object within a given scope. The

term is often used imprecisely,  however. T h e  “s c o p e  o f  a  p r o c e d u r e ”

may re fer  e i ther  to  the  set  o f  s tatements  outs ide  the  de f in i t ion  o f  a

procedure  in  which  i ts  own name is  a  va l id  ident i f ier ,  or  to the set

of statements immediately inside a procedure definition in which iden-

t i f i ers  loca l  to  that  procedure  have  cons is tent  interpretat ions .

Simi lar ly , the  working  set  o f  a  process  i s  normal ly  de f ined  to  be

the  set  o f  ob jec ts  corresponding  to  the  arguments  or  resul ts  o f  ac t ion

funct ions  appl ied  over  a  re lat ive ly  short  span o f  s tate  t rans i t ions  in

a computation.

The correlation between the notion of scope and working set is

c l e a r enough. The  working  set  represents  a  ser ies  o f  spat ia l  l oca l i -

t ies that have been recent ly referenced b y  a  p a r t i c u l a r  p r o g r a m .

These  loca l i t ies  o f  data  re ferences  must  be  conta ined  in  the  scope  o f

de f in i t ion  for  the  port ion  o f  a  program current ly  be ing  executed ,  how-

ever, and  thus  the  current  scope  o f  de f in i t ion  log ica l ly  subsumes  the

current working set. I n t u i t i v e l y , the  d i f f erence  between  the  scope  o f

d e f i n i t i o n  a n d  w o r k i n g set is small ( t h e r e  a r e  f e w  p o t e n t i a l l y

r e f e r e n c a b l e  i t e m s  t h a t  a r e  n o t ,  i n  f a c t ,  a c t u a l l y r e f e r e n c e d  d u r i n g

execution) . The working set  i s  an  impl i c i t  way  o f  ident i fy ing  data

items, whereas scope is a l o g i c a l l y  e x p l i c i t  i d e n t i f i c a t i o n  o f

(nearly) the same data items.
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Level Mappings and Transparency

Users  re late  the  observable  (but  l ow leve l )  e f fec ts  o f  execut ing  a

program to source level semantics through an association established

between the source level name space and the host name space. The com-

p l e x i t y  - - and accuracy -- of  this mapping determines the ultimate

transparency of the system. In general, t h e r e  i s  a l w a y s  a  m a p from

any h igher  leve l  L  to  the  next  l ower  leve l  L - l  that  de f ines  the  way  in

w h i c h  l e v e l  L  i s  r e a l i z e d  a t  l e v e l  L - l . There is also a dual map from

leve l  L - l  to  l eve l  L  that  de f ines  how an  execut ion  o f  a  l eve l  L - l  pro -

gram is  to  be  v isual ized  in  terms o f  l eve l  L  semant ics . In a tran-

sparent system these maps are mathematical inverses (Fig.  6).

Figure  6: TRANSPARENCY BETWEEN A LEVEL REPRESENTATION AND A LEVEL L-l
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CONVENTIONAL ARCHITECTURES

Much research  has  been f o c u s e d  o n  w h e t h e r  t h e  b e s t  p r o g r a m

representations are based on a stack, single accumulator,  two address,

or three address organization. The premise is that a s i n g l e , “b e s t ”

execution architecture c a n  b e  u n c o v e r e d by  exhaust ive  s tat is t i ca l

analysis of benchmark experiments. U n f o r t u n a t e l y ,  s l i g h t l y  d i f f e r e n t

assumptions l e a d  t o r a d i c a l l y d i f ferent  conc lus ions  and  in  genera l

t h i s  t y p e  o f  a n a l y s i s  s u f f e r s  w i t h o u t  a  u n i f y i n g ,  t h e o r e t i c a l  j u s t i f i -

cat ion . E a c h  o f the instruction organizations mentioned above, as

wel l  as  hereto fore  untr ied  combinat ions ,  wi l l  have  some advantages  in

s p e c i f i c s i t u a t i o n s . The  prob lem l ies  in  us ing  a  s ing le  organizat ion

as the basis for program representation in a universal environment.

In  order  to  quant i fy  the  degree  o f  “overhead” forced  into program

r e p r e s e n t a t i o n s  i n  a universal environment, studies [ 3,9] have been

made which attempt to separate instructions related d i r e c t l y  t o  t h e

or ig inal  express ion  o f  an  a lgor i thm in  the  h igh  leve l  source  language ,

and those which appear to have been introduced b e c a u s e  o f  a r c h i t e c -

tural constraints within the DEL. For example, l o a d  o r  s t o r e  i n s t r u c -

tions are almost always included because of requirements imposed  by

the execution archi tecture . These commands merely move items around

in the DEL name space --  which is not,  in general,  partitioned accord-

ing to any  sens ib le  d iv is ion  o f  the  name space  for  the  or ig inal  h igh

leve l  language  representat ion  o f  a  program. T h i s  h a s led to the

n o t i o n  o f  t h r e e  d i f f e r e n t  g e n e r i c  c l a s s e s  o f  i n s t r u c t i o n s :

1) Functional t y p e  ( F - t y p e )  i n s t r u c t i o n s  t h a t a c t u a l l y
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operate on and/or transform data values. It is assumed

that these  instruct ions  actual ly  correspond to  operat ions

in the higher level language representation of  a program.

2) Memory type (M-type) instruct ions t h a t  r e a r r a n g e items

without changing their value within a memory hierarchy.

3) Procedural type (P-type) instructions (branch and compare)

that a l ter  the  sequenc ing  ru le  dur ing  interpretat ion ,  but

do not change data values.

I f  we  assume that  only  the  funct ional  instruct ions  are  abso lute ly

n e c e s s a r y  t o  a program representation and define ratios of  M and P

type to F type instructions we a r r i v e  a t some interest ing o v e r a l l

s t a t i s t i c s  f o r  c u r r e n t  m a c h i n e s  ( T a b l e  1). F r o m  t h i s  t a b l e ,  i t  i s

evident that two or three memory type instructions are required f o r

e a c h  f u n c t i o n a l  i n s t r u c t i o n . Not ice  that  the  introduct ion  o f  genera l

purpose  reg is ters  into  the  360/370 archi tecture (as o p p o s e d  t o the

s ingle accumulator, mult ip le index r e g i s t e r complement  o f the

7090/7094)  d i d  n o t  r e d u c e  t h i s  r a t i o ,  b u t  r a t h e r  t h e s e  e x t r a  o b j e c t s

created more memory type instruction overhead.

Processor ” Ideal” 7090 360 PDP-10 [9]

M-ratio 0 . 0 2 . 0 3 . 9 1 .5

P - r a t i o 0 . 0 0 . 8 2 .5 1.1

NF-ratio 0 . 0 2 .8 5 .5 2 . 6

Table 1: OVERHEAD RATIOS
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IDEAL MACHINES

An ideal program representation and corresponding machine uses

minimum storage space and requires minimum compilation and interpreta-

t ion  t ime. T h i s  d o e s  n o t  i m p l y  a  l i n e a r  t r a d e o f f  b e t w e e n  s p a c e  a n d

time; relative weights can only be determined within a given user con-

t e x t .

The notion of environment, however, is fundamental to the d i s c u s -

s i o n  o f space time optima. Like many concepts dealing with computer

systems, environment may be viewed as a hierarchial c o n c e p t .  T h e

chosen  h igher l e v e l language i t s e l f  r e p r e s e n t s  t h e  h i g h e s t  l e v e l ,

while a specif ic  program would represent a lower level,  and individual

statements within a  program would represent a  s t i l l  l o w e r  l e v e l .

Environment  inc ludes  a l l  res idual  contro l  in format ion  needed  to  inter -

pret o b j e c t s ;  i . e . , a l l  i n f o r m a t i o n  i m p l i c i t l y  a v a i l a b l e  t o  a n  i n t e r -

preter , as  d is t inct  f rom informat ion  suppl ied  d irect ly  and e x p l i c i t l y

bY the s p e c i f i c coding of a statement  or  instruct ion . Thus, the

environment of a traditional machine language would include a program

counter, a d d r e s s  r e g i s t e r s ,  i n t e r r u p t  s t a t u s ,  e t c .

Assoc iated  wi th  each  leve l  i s  a  property  o f  s tab i l i ty . S t a b i l i t y

o f environment at any level is probably best measured in terms of the

number of statements or objects that must be interpreted b e f o r e  t h e

environment is changed. A change of environment is caused by anything

t h a t  d i s t u r b s  t h e  i n t e r p r e t e r  o r p r e v e n t s  i t from completing the

i n t e r p r e t a t i o n  o f  a program  j statement, or  operator . I n s t a b i l i t i e s
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arise from one of  two basic causes. F i r s t , exogenous events out side

the current e n v i r o n m e n t  - - a time sharing system, for example, may

t i m e  s l i c e  o v e r  s h o r t  i n t e r v a l s , and each program switch would neces -

s i t a t e  a change in environment. Second, internal  events  assoc iated

with the nature of  a program itself  may cause a change in environment

- -  f o r  e x a m p l e , a single user program may involve several languages,

or may defer binding between names and values until very late (as in

the b i n d i n g  o f  a c t u a l  t o formal parameters upon entry to a

subroutine) . In  th is  case , the  act  o f  b inding  the i n t e r p r e t e r  t o  a

given language, or  o f  b inding  a  name to  a  g iven  va lue ,  wi l l  a lso  cause

a change of environment.

F o r  e a c h  l e v e l  o f  e n v i r o n m e n t  t h e r e  i s  a n assoc iated s c o p e  o f

d e f i n i t i o n . Syntax and semantics are the scope of  definition for high

leve l  languages . The  scope  o f  de f in i t ion  o f  a  program includes i t s

various subroutines, v a r i a b l e s , e t c . The  scope  o f  de f in i t ion  o f  an

indiv idual  s tatement  cons is ts  o f  just  those var iab les and operators

invo lved  in  i t s  eva luat ion .

A l l  o b j e c t s  w i t h i n  a n  e n v i r o n m e n t  h a v e  n a m e s ,  w h e t h e r  t h e s e

o b j e c t s are a  language ,  a  program,  a  s tatement ,  an  operat ion ,  or  an

operand. The ideal machine model assumes that a compiler will make at

least one  pass  over  i t s  input  to  ident i fy  these  names ,  and  assoc iate

them with some static interpretation. As much information a b o u t  a

source program a s  i s  e a s i l y  a v a i l a b l e  i s  t o  b e  e x t r a c t e d  d u r i n g  t h i s

(and  other )  pass  o f  the  compi ler , and may be used to optimize the pro-

gram at either the source or DEL level.
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Aspects of Program Representation

A program representat ion  i s  in  fact  an  abstract  machine  that  usu-

a l l y c o r r e s p o n d s  t o e i ther  h igher  leve l  language  (as  in  DELs)  or  to

host machine (as in tradi t ional instruct ion sets ) e n t i t i e s . In

attempting to  de f ine  an  idea l  representat ion  three  cr i ter ia  form the

premises  for  our  d iscuss ion :

1. Transparency -- that the program representation correspond

c lose ly  to  the  source  representat ion .

2. S i z e  - - t h a t  t h e  p r o g r a m  b e  a s  c o n c i s e  a s  p o s s i b l e ,  i . e .  a

minimal encoding.

3. Number of Required References -- that the program represen-

t a t i o n r e q u i r e s  a s few host machine state transitions as

p o s s i b l e ,  b o t h  f o r  i t s  c r e a t i o n  ( a n o t h e r  a s p e c t  o f  t r a n -

sparency)  and  for  i t s  interpretat ion .

I t  i s  u s e f u l  t h e n  t o explore these c r i t e r i a  i n  a v a r i e t y  o f

environments. The distinction between traditional machine languages

and the DEL approach will become clear by this examination.

Within  an  environment  the  bas ic  i ssue  o f  de f in i t ion  i s : t o  w h a t

d o  i d e n t i f i e r s  r e f e r . In general they may refer to:

1. ob jects  in  a  part i cu lar  program,

2. ob jects  in  a  h igher  leve l  language ,  and

3. resources  or  ob jects  in  a  host  machine .

Clear ly , when ident i f i ers  correspond to  ob jec ts  in  a p a r t i c u l a r  p r o -

gram a very spec ia l purpose machine i s  d e f i n e d . I d e n t i f i e r s

corresponding  to  ob jec ts  in  a  h igher  leve l  language  de f ine  a language
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oriented machine and identifier corresponding to host machine entities

de f ine traditional machines. From our  po int  o f  v iew i t  i s  c lear  that

we wish to choose a correspondence as c l o s e a s  p o s s i b l e  t o  h i g h e r

leve l  language  ob jects  in  the  spec i f i c  programs.

Correspondence Environments

The transparency requirement defines two correspondence environ-

ments, one for operations and one for names.

An “operation” in an executable program representation c o u l d  b e

d e f i n e d  b y  ( i . e .  c o r r e s p o n d  t o ) :

(1) p r o g r a m

(2) subroutine

(3) HLL operat ion

( 4 )  h o s t  o p e r a t i o n s .

For  h igher  leve l  language  or iented interpret ive representat ion HLL

operations are the most interesting correspondence environment. Note

that traditional machines usually e m p l o y  h o s t  o p e r a t i o n s  a s  t h e i r

correspondence environment, whi le  spec ia l  purpose  machines  se lec t  cer -

tain subroutines or even a program for their operation correspondence.

Name Correspondence Environment

To what should an operand or label i d e n t i f i e r c o r r e s p o n d ?  T h e

choice here is between HLL name objects and objects named in the host.

Again, for an ideal HLL machine the name object should correspond to

t h e  o b j e c t s named by the  h igher  leve l  language  inc luding  an  exact

correspondence  in  data  s tructure  as  wel l  as occurrence . This a lso

implies that instructions may not introduce additional name identif-
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iers to contain temporary values. T h i s  i s  a n  i n t e r e s t i n g  r e s t r i c t i o n

and wi l l  require  a  power fu l  f ormat  set  for  rea l izat ion .

Thus, an ideal HLL machine w o u l d  h a v e  e x a c t l y  o n e  i n s t r u c t i o n

(transparency requirement > for each nonassignment operation used in

the HLL source. Associated with each operation would be no more name

identifiers than those which were used in the HLL source. T h i s  i n t u i -

t i v e  n o t i o n  w i l l  b e  r e f i n e d  l a t e r .

Size Environment

Conc iseness  o f  representat ion  i s  important  not  on ly  as  a  measure

o f the c o s t o f  s torage  for  the  representat ion  but  a lso  a  measure  o f

s e c o n d a r y  e f f e c t s  o n  t i m e  f o r  i n t e r p r e t a t i o n  o r trans lat ion into a

program representat ion . An idea l  representat ion  must  be  conc ise  in

i t s  c o d i n g  o f  i d e n t i f i e r s  y e t not so conc ise t h a t  i t exacerbates

interpretat ion . The number of  identifiers in a program representation

is defined by the correspondence environments. T h u s ,  t h e  t o t a l pro -

gram size  i s  in  rea l i ty  determined  by  the  s ize  se lec ted  for  the  three

b a s i c  k i n d s  o f  i d e n t i f i e r s :

(1) operators ,

(2) operands,

( 3 )  l a b e l s  ( t h e  operator  for  a  procedura l  operat ion) .

T h e  i s s u e  o f  i d e n t i f i e r  s i z e  i s  t h e  d e t e r m i n a t i o n  o f  t h e  n u m b e r  o f

o b j e c t s t h a t  m u s t be  d is t inguished  by  a  part i cu lar  ident i f ier  s ince

[log2  (number  o f  ob jec ts ) ]  determines  the  f i e ld s i z e . This ignores

var iab i l i ty  s ince  an  ident i f ier  may be :

(1 )  f ixed  in  s ize  across  a l l  or  many environments ,

22



(2) variable by environment,

(3) variable by frequency within an environment.

In this work we will  not further consider frequency encoded iden-

t i f i e r s  s i n c e :

( 1 )  f r e q u e n c y  s t a t i s t i c s  m u s t  b e  a  p r i o r i  a v a i l a b l e ,

( 2 )  g i v e n  s u c h  s t a t i s t i c s  t h e  t e c h n i q u e s  f o r  t a k i n g  a  nonfre-

quency encoded scheme and transforming it into a minimal

encoding is straight forward and treated elsewhere [ 5,8] ,

(3) minimal encoding by frequency requires s e r i a l inspect ion

o f the  b i ts  wi th in  a  f ie ld ,  thus ,  increas ing  the  complex-

i t y  o f  i n t e r p r e t a t i o n  a n d ,  h e n c e ,  t h e  i n t e r p r e t a t i o n  time.

Further , while these disadvantages may in fact be outweighed  by the

advantages of  more concise representation, the introduction of  minimal

encoding would needlessly complicate this discussion. T h e r e  i s  r e a l l y

n o  d i s t i n c t i o n  b e t w e e n f ixed  and  var iab le  approaches  s ince  a  f ixed

ident i f ier  s ize  impl ies  mere ly  that  the  environment  i s  f ixed  .

Again the environment may be determined by either the program, the

HLL or  the  host . Thus , f or  each  c lass  o f  ob jec t  ( operat ion ,  operand,

or label)  any of the following may be used to d e f i n e  t h e  n u m b e r  o f

ent i t ies  which  wi l l  determine  the  ident i f i er  s ize :

(1) Operands and labels are not usually bounded in number by a

language syntax in a meaningful way. However, the number

o f  operat ions  are  usual ly  a  pr ior i  l imited  and  the number

o f  H L L  o b j e c t s  a l l o w e d  i n  t h e  H L L  d e f i n i t i o n  a s  t h e
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o p e r a t i o n  s i z e  i s  a  p o s s i b i l i t y .

(2 )  HLL Objects  Used  in  a  Program - -  i . e . ,  the  tota l  number  o f

d i s t i n c t operat ions , operand names or  labe ls  used  in  a

program, could form the domain of  an i d e n t i f i e r  d e f i n i -

t i o n .

( 3 )  H L L  O b j e c t s  U s e d  i n  a  S u b r o u t i n e  - -  i t  i s assumed here

that .a program consists of  a number of  subroutines. Each

subroutine has its own scope of d e f i n i t i o n . Thus, th is

might  be  an  interest ing  s ize  environment  for  operand and

l a b e l  i d e n t i f i e r s .

( 4 )  T h e  H L L  S t a t e m e n t  - -  T h e  e v e n  l o w e r  l e v e l  c o n c e p t  o f  a

statement for an environment might also form the basis of

a size environment. However, s ince  entry into and e x i t

f rom an environment requires interpretat ion time, the

statement may be at too low a level  to provide an optimum

space t ime  tradeo f f . That  i s , a t  t h e  l e v e l  o f  t h e  s t a t e -

ment the setup time required may not o f f e r  a worthwhile

space time t r a d e o f f  s i n c e the s i z e  o f  t h e  i d e n t i f i e r s

increase  as  a  log  funct ion  whi le  the interpretat ion time

is l inear in the number of  statements to be interpreted.

Note that at the subroutine level the set up time can

b e  r e g a r d e d a s  b e i n g r e l a t i v e l y small compared to the

interpretat ion  t ime for  the  overa l l subroutine w h i l e  a t

the statement level this may not be true.
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(5) Al l  host  ob jec ts  may form the  bas is  o f  the  domain  o f  the

i d e n t i f i e r environment. I n  f a c t , traditional machines

commonly use this as their basis. S ince  th is environment

does not change, t h e  i d e n t i f i e r  c o n t a i n e r s  a r e  a l s o  f i x e d .

The  ident i f ier  may be  e i ther  one  d imensional  or  mult id i -

mensional. In the one dimensional case all  operations or

operand names ,  e tc .  f orm the  bas is  o f the  domain which

w i l l  d e f i n e  t h e  i d e n t i f i e r  f i e l d . This  i s  most  f requent ly

true  in  ident i fy ing  operat ions . In  the  mult i -d imensional

s i tuat ion the identif ier name is decomposed into several

c o m p o n e n t  i d e n t i f i e r s ,  e . g .  f o r  a n operand name index ,

b a s e ,  a n d displacement and even for operations one might

have  format ,  funct ion ,  data  type .

From the above, an ideal HLL language has a size environment whose

d o m a i n  i s  r e l a t e d  t o the number of HLL objects used in either the

representation, the program, the subroutine or the statement. Because

o f  impl ied  interpret ive  overhead , the statement level does not seem to

b e  a  g o o d  c h o i c e  a n d  t h e  e n t i r e  H L L  d e f i n i t i o n  l i m i t a t i o n  s e e m s

equally i n e f f i c i e n t  i n i t s  l a c k  o f  c o n c i s e n e s s . I n t u i t i v e l y  i t

appears that the subroutine level is a natural space time optimum.

Referencing Environments

W h i l e  t h e  e f f e c t s  o f  r e f e r e n c i n g  a c t i v i t y  o n  i n t e r p r e t a t i o n  t i m e

are impl ied  by  the  number  o f  ident i f iers  in  the  program representa-

t i o n , t h e s e  e f f e c t s  s h o u l d  b e  c o n s i d e r e d  i n  a  m o r e  d i r e c t manner.

References to a program name space arise from either an instruction or
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a name reference. Accesses in the former case reference the i n s t r u c -

t i o n space while t h e  l a t t e r reference the program name space. The

re ference  environment  corresponds  to  the  de f in i t ion  ob jec ts  or the ir

c h a r a c t e r i s t i c s which require an access to program space. Depending

on  the  sophis t i cat ion  o f the interpreter a n d  h o m o g e n e i t y  o f  t h i s

s p a c e ,  a number of sub-referencing environments may also be defined

(e.g. re ferences  to  reg is ter  space ) ( F i g .  7 ) .

look aheade---v.
allows overlap

Host f- - - - -

except when-_-_~I____
a new target is
encountered

(a) Instructions - DEL Oriented

(b) Instructions - Host Oriented

Figure 7: REFERENCING ENVIRONMENTS
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Instruction Referencing DEL Oriented

(1 )  The  Instruct ion  Operat ion  - -  the  most  obv ious environment

would c o r r e s p o n d  t o a  re ference  per  operat ion  (op -code )

interpreted .

(2) Procedural  Operat ions  - -  l ess  obv ious , t h o u g h  f r e q u e n t l y

used in an equivalent way, is a look-ahead mechanism of

traditional machines which proceeds to fetch instruct ions

in  ant i c ipat ion  o f  the ir  interpretat ion  unt i l  a  procedural

operation is encountered. Under  such  a  reg ime only  pro -

cedural instruct ions f o r c e  a n unant ic ipated  addi t iona .

r e f e r e n c e  s i n c e  a l l o t h e r s  l i e  i n  s e q u e n c e  a n d t h e i r

r e f e r e n c e  i s overlapped with the  interpretat ion  o f  the

intervening  instruct ions .

( 3 )  D e s t i n a t i o n  C a p t u r e  - -  A n  e x t e n s i o n of (2)) the first

incidence o f  a  procedural  instruct ion  forces  a  re ference ;

however, the  target  instruct ion  o f  the  branch i s captured

( i . e . s t o r e d )  i n a  buf fer  for  subsequent  use ,  avo id ing

addi t ional  re ferences  to  program storage .

(4) T h e  S u b r o u t i n e  - -  a l l o w s  o n e  r e f e r e n c e Per entry to or

from a subroutine. The subroutine represents a natural

l o c a l i t y , and block transfer mechanism currently available

with host oriented cache could be used to capture the pro-

gram representation for a subroutine. Since the  program

representation is presumed to be reentrant only one fetch
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would be required presuming that the subroutines are some-

what  restr i c ted  in  s ize .

(5) T h e  p r o g r a m  - - higher level referencing environments (such

as physical access the whole program) do not seem to be

meaningful in familiar terms.

Instruct ion  re ferenc ing  - Host  Or iented :

( 1 )  p h y s i c a l  i n s t r u c t i o n  w o r d  i n  t h e  h o s t  f r e q u e n t l y  d e f i n e s

an instruct ion  fe tch  in  tradi t ional  machines . I f  the  phy-

s i ca l  word  i s  l ess  than the instruct ion u n i t , mult ip le

fetches  may b e  r e q u i r e d ; i f  i t  e x c e e d s  t h e  i n s t r u c t i o n ,

less  than a  s ing le  fe tch  i s  required  per  instruct ion .

(2) s ince  instruct ion  pre fetching  can c o n t i n u e  t o a  b r a n c h

po int , prefetching is frequently employed in higher speed

m a c h i n e s  a t  l e a s t  u p  t o the point that a condi t ional

branch is  decoded .  At  that  po int  some penal ty  i s  envoked

akin to a reference to a program space. While a number of

s trateg ies have  been  d iscussed  to  minimize  th is  penal ty ,

they are not completely successful and beyond the scope of

our treatment here.

(3) b r a n c h  t a r g e t  b u f f e r - As  in  the  DEL case  the  target  o f  a

branch instruct ion  can  be  s tored  in  an  assoc iat ive  buf fer

(e .g .  MU-5)  avo id ing  addi t ional  re ferenc ing  act iv i ty .

(4) t h e  p r o g r a m  r e f e r e n c e  l o c a l i t y ,  w h e n  r e f e r e n c e  i s  m a d e  t o
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a  locat ion  in  program space  in  phys ica l  host  or iented  sys -

tem w i t h  a cache, t h e  t a r g e t i n s t r u c t i o n is  fe tched

together  with  the  b lock  in  which  i t  i s  conta ined . This  i s

s i m i l a r  t o our subroutine re ferenc ing in HLL oriented

representat ions . Clearly the idea l HLL machine should

have a re ferenc ing environment r e l a t e d  t o the HLL.

Depending upon the nature of  the higher level language the

reasonable choice of  ideal program representation would be

based on either an allowance of  a reference per procedural

operation or per subroutine.

In  a  DEL or iented  idea l  machine  use  o f  (21, procedural  operat ions ,  as

a referencing environment would correspond to assuming the capability

o f  a  s imple  host . A more sophisticated host could implement e i t h e r

(3) or  (4); however ,  s ince  (3 )  - dest inat ion  capture  - seems somewhat

m o r e  m o d e s t  i n  i t s  h o s t  r e q u i r e m e n t s ,  w e  w i l l  r a t h e r  a r b i t r a r i l y

regard  i t  as  pre ferab le . This  s trategy  a lso  avo ids  excess ive  t ransfer

requirement from program store to interpreter store.

Name Space Referencing Environment- -

As  be fore , referencing environment c a n  b e  o r i e n t e d  t o w a r d  t h e

h i g h e r  l e v e l language source  representat ion  o f  the  resources  o f  the

h o s t .

Name Referencing -- DEL Oriented

( 1 )  O n e  r e f e r e n c e  p e r  u n i q u e  i d e n t i f i e r . I f  a n  i d e n t i f i e r  i s

used as  both  the  source  and  the  dest inat ion  then  a  read
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(2)

and write must be allowed into the  program name space.

Imp1  ied operands are assumed to  be  captured  in  a  h igh

speed  (no  access  required)  s torage .

One reference per subroutine/ scope. Just as in cache

based  tradi t ional  systems, l o c a l i t y  i s  a n  i m p o r t a n t  a t t r i -

bute in HLL machines. I f  t h e  e n t i r e  n a m e s p a c e  o f the

subroutine can be captured in a high speed buffer storage

with  a  b lock  or iented  transfer mechanism t h e n  i t seems

reasonable that only an entry into the subroutine would

require the overhead of  a name space reference. A n  a d d i -

t i o n a l re ference must be made to restore to the program

name space. W h i l e  t h i s  i s  c o n c e i v a b l e f o r  r e f e r e n c i n g

names w’nose values are known on entry to the subroutine,

it cannot be used to reference names whose values have not

y e t  b e e n  c o m p u t e d  a n d , an additional reference must be

allowed to account for each computed name reference.

Data Referencing -- Host Oriented

(1 )  Host  phys ica l  word . A n  o b j e c t  i n  t h e  r e p r e s e n t a t i o n  m a y

p o i n t  t o a  p h y s i c a l  m e m o r y  a s in traditional machine

languages. A n  e f f e c t i v e  a d d r e s s  d e f i n e s  a n  o b j e c t  w h o s e

c o n t e n t s  i s the value and the entire word is referenced

f o r  i n t e r p r e t a t i o n .

( 2 )  H o s t  l o c a l i t i e s . E a c h  a c c e s s  i s  t o  a  b l o c k  o f  d a t a  c o n -

ta in ing  the  required  ob jec t . The referenced block of data
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consists of  a number of  physical words which a r e  b r o u g h t

into a  b u f f e r , thus,  minimizing the need for additional

accesses to the much larger (and presumably much slower)

program name space . As in the DEL case, computed names

may cause additional references since t h e s e  l i e  o u t s i d e

the  se lec ted  b locks .

In a DEL oriented idea l machine the second al ternat ive seems

pre ferab le . This means that  one  re ference  i s  a l lowed  per  read ,  one

read reference and one write reference is allowed Per entry i n t o  a

subroutine, and one additional reference is allowed per computed name.

T h i s  c o r r e s p o n d s  t o  a n  i d e a l i z a t i o n  o f  t h e  t r a d i t i o n a l  c a c h e  u s e d  i n

conventional machines.

Canonic Interpretive Forms

The following is a proposed measure called the Canonic Interpre -

tive Form, or CIF. I t  i s  an  at tempt  to  de f ine  the  behavior  o f  an

i d e a l , DEL oriented machine. The transparency requirement d e f i n e s  a

correspondence property affecting both space and time. Program size

is determied by transparency and environment. From the e a r l i e r  d i s -

cussion the subrout ine  or  lex ica l  scope  i s  the  most  natural  environ-

ment for this measure. Interpretation time depends both on the number

o f o b j e c t s interpreted and the number of unanticipated references to

program space. I n  s e l e c t i n g re ference a c t i v i t y environments, the

i n t e n t  i s  t o  p a r a l l e l  t h e  s t a t e  o f  t h e  a r t  i n  t r a d i t i o n a l  d e s i g n .
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1:l CORRESPONDENCE PROPERTY

I n s t r u c t i o n s  - - one  CIF instruct ion  i s  permit ted  for  each func-

t ional  operator  used  in  the  source  representat ion .

Name Space distinct - -  one  CIF ident i f i er  i s  permit ted  for each- -

unique identifier used in a source statement.

LOG2 SIZE PROPERTY

Operators - -  CIF  operator  ident i f i ers a r e  o f s i z e

where F is the number of distinct operators used in the

operator naming environment. The operator naming enviorn-

m e n t  i s taken t o  b e  t h e  s c o p e :  i . e .  t h e  s u b r o u t i n e  o r

f u n c t i o n  l e v e l .

Operands - -  CIF  operand  ident i f i ers  are  o f  s i ze r~og200~, where

V is the number of unique variables used in the operand

naming environment. T h e  o p e r a n d  n a m i n g  e n v i r o n m e n t  i s

a lso  taken as  the  lex ica l  scope .

REFERENCE ACTIVITY PROPERTY

I n s t r u c t i o n s  - - one CIF reference allowed for each program con-

tro l  (procedural )  operator  encountered  dur ing  execut ion .

Name Space -- one CIF reference allowed per entry into and one- -

re ference Per e x i t  f r o m  a  l e x i c a l  s c o p e ;  a l s o  o n e  r e f e r -

ence is allowed per computed name within the scope.
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Space is measured by the number of bits needed to represent the

s t a t i c  d e f i n i t i o n  o f  a  p r o g r a m ; time by the number of instructions

(operat ions )  and  re ferences  needed  to  interpret  the program. Source

programs t o  w h i c h  t h e s e  m e a s u r e s are applied should themselves be

e f f i c i e n t  e x p r e s s i o n s  o f  a n  o p t i m a l  a b s t r a c t  a l g o r i t h m  - -  s o  a s  t o

e l iminate  the  poss ib le  e f fec ts  o f  a lgor i thm opt imizat ion  dur ing  trans-

l a t i o n  - - s u c h  a s  c h a n g i n g  “X = X/X” t o  “X = 1.”

Generating canonic program representations should be straight for-

ward because of the 1: 1 property. Tradi t ional  three -address  archi tec -

t u r e s  a l s o  s a t i s f y  t h e  f i r s t  p a r t  o f  t h i s  c r i t e r i a ,  b u t  d o  n o t have

the unique naming property. These instruction sets are of  the form OP

XY z - -  where  OP is  an  ident i f i er  for  a (binary) operat ion ; X the- - -

left  argument; Y the right argument; and Z the result.

For example, the statement A = A * A + A * A  c o n t a i n s  o n l y  o n e

unique v a r i a b l e , and three  funct ional  operators  (*,*,+). Hence ,  i t

can  be  represented  by  three  CIF instruct ions  cons is t ing  o f on ly one

operation i d e n t i f i e r and one  operand  ident i f i er . The three address

representat ion  o f  th is  s tatement  a lso requires only three i n s t r u c -

t i o n s , but  i t  would  cons is t  o f  twelve  ident i f iers  rather  than the  s ix

required by the CIF.

There may be some confusion as to what is meant by an “operation”.

Functional o p e r a t o r s  ( + ,  -, *, /, S Q R T ,  e t c . )  a r e  c l e a r  e n o u g h ;  h o w -

ever, allowance must also be made for selection operators that manipu-

late s t r u c t u r e d  d a t a  ( i . e . a name computation). For  instance ,  one

could view the array specification “A( I ,  J)” as a source level expres-
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sion involving one operator (two dimensional q u a l i f i c a t i o n ) and as

three operands (the array A, and its subscripts I  and J) . The canonic

e q u i v a l e n t  o f  “A(I,J) = A (  I ,  J) +  A(1, J)” w o u l d  t h e n  r e q u i r e  t w o

i n s t r u c t i o n s  - - the first to compute the proper array element, and the

second to compute the sum. Thus :

Example 1: X = X + X + X

Example 2 : A(I,J) = A(I,J) + A(I,J)  @ A I J AIJ

+ A IJ

The operator “@” computes the address of the doubly indexed element

“A(,,,>“, and dynamica l ly  completes  the  de f in i t ion  o f  the  loca l  iden-

t i f i e r  “AIJ “. This identifier is then used in the same manner as the

i d e n t i f i e r “X” i n  t h e  f i r s t  e x a m p l e .

We count each source level procedural operator,  such as IF or DO,

as a s ingle operator . The  predicate  express ion  o f  an  IF  must ,  o f

course , b e  e v a l u a t e d  i n d e p e n d e n t l y  i f  i t  i s  n o t  a  s i m p l e  v a r i a b l e

re ference . D i s t i n c t  l a b e l s  a r e  t r e a t e d  a s  d i s t i n c t  o p e r a n d s  ,  s o

that :

Example 3: IF  (X-Y)  10,20,30 x Y

IF 10 20 30

Tl?e only references required in examples 1 and 3 are associated

with subroutine entry and exit. Example 2 involves the computation of

a name A( I, J) and, hence, a subsequent access re ference . No refer-
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ences are needed for either example just to maintain the instruct ion

stream, s ince the  order  o f  that  such  re ference  act iv i ty  can  be  fu l ly

over lapped  execut ion  i s  ent i re ly  l inear . T h e  1:l p r o p e r t y  m e a s u r e s

both space and time, whi le  the  log 2 property measures space alone, and

the referencing property measures time alone.

The  1:l property  de f ines  t rans format ional  completeness  - -  a  term

w h i c h  w e  u s e  t o  d e s c r i b e any intermediate language satisfying the

f i r s t canonic measure. T r a n s l a t i o n  o f source programs into a

transformationally complete language should require neither the intro-

duct ion  o f  synthet i c  var iab les ,  nor  the i n s e r t i o n  o f non- funct ional

memory oriented instruct ions . However, since the canonic measures

described above make no allowance for distinguishing between different

a s s o c i a t i o n s  o f ident i f iers  to  arguments  and resul ts ,  i t  i s  unl ike ly

t h a t  a n y  p r a c t i c a l  D E L  w i l l  b e  a b l e  t o  f u l l y  s a t i s f y  t h e CIF space

requirements.

Comparison of  CIF to Traditional Machine Architectures- - -

The following three line excerpt from a FORTRAN subroutine, taken

from [4], i l lustrated  the  CIF.

1 I =I+1
2 J = (J-l)*1
3 K= (J-l)*(K-I)

Assume that  I ,  J ,  and  K are  fullword (32  b i t )  integers  whose i n i t i a l

values are stored in memory prior to entering the excerpt,  and whose

final values must be stored in memory for later use.
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CANONIC MEASURE OF THE FORTRAN FRAGMENT

Instruct ions

Statement 1 - - 1 instruct ion (1 operator)
Statement 2 - - 2 instruct ions (2 operators)
Statement 3 - - 3 instruct ions (3 operators )

- - m - e - - - - - - - - -
Total 6  i n s t r u c t i o n s  ( 6  o p e r a t o r s )

Instruct ion Size

I d e n t i f i e r  S i z e

O p e r a t i o n  i d e n t i f i e r  s i z e  = L2 41 = 2  b i t s
( o p e r a t i o n s  a r e :  + ,  -, *, =>

Operand ident i f i er  s i ze
(operands are:

1  =Ip;g2$l  = 2  b i t s
Y Y Y

Number of  Identifiers
Statement 1 - - 3 i d e n t i f i e r s (2 operand, 1 operator)
Statement 2 - - 5 i d e n t i f i e r s (3 operand, 2 operator)
Statement 3 - - 7 i d e n t i f i e r s (4 operand, 3 operator)

- - - - - - - - e - e - - -
Total 15 i d e n t i f i e r s (9 operand, 6 operator)

Program Size

6 operator i d e n t i f i e r s x 2 b i t s = 12 b i t s
9 operand i d e n t i f i e r s x 2 b i t s = 18 b i t s

-----v-
Total 30 b i t s

References
Instruct ion  re ferences  - -  1  re ference

O p e r a n d  r e f e r e n c e s  - -
( i . )  Subrout ine  environment  - -  1  l oad

1  s tore
0 computed names

(ii) Ident i f i er  env ironment  - -  9  l oads
3  s tores
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The following l isting was produced on an IBM System 370 using an

optimizing compiler 1 :

L
L
LR
A
ST

10,112(0,13)
11,80(0,13)
3,ll
3,0(0,10)
3,0(10)

L
SR
MR
ST

7,4(0,10)
7,ll
62
7,4(0,10)

LR 4,7
SR 4,3
LCR 3,3
A 3,8(0,10)
MR 2,4
ST 3,8(0,10)

A total of  368 bits are required to contain this program body (we have

excluded some 2000 bits of  prologue/epilogue code required by the 370

Operating System and FORTRAN linkage conventions) -- over 12 times the

space indicated by the canonic measure. Computing reference activity

in  the  same way  as  be fore ,  we  f ind  20  accesses  to t h e  p r o c e s s  n a m e

space are  required  to  eva luate  the  370  representat ion  - -  a l l owing  one

access  for  each  32  b i t  word  in  the  instruct ion  s tream.

The increase in program size,  number of instructions, and number

o f  memory  re ferences  i s  a  d i rect  resul t  o f  the  part i t ioned  name space ,

ind irect  operand ident i f i cat ion , and restr i c ted  instruct ion  formats  o f
c

1 FORTRAN IV level H, OPT = 2, run in a 5OOK partition on a Model 168,
June 1977.
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the  370  archi tecture .

The  tab le  be low i l lustrates  the  use  o f  rat ios f o r the foregoing

example.

COMPARISON FOR THE EXAMPLE

370 FORTRAN-IV
(level H extended)

optimized non optimized
CIF

No.  o f  Instruct ions 15 19 6

M-type Instructions 9 13 0

F-type Instruct ions 6 6 6

M-ratio 1 .5 2.7 0

Program Size 368 b i t s 604 b i t s 30 b i t s

Memory References 20 36 3 or 13 (see below)

Of memory References, 13 are required using " i d e n t i f i e r "  a s
operand reference environment whi le  3  are  required  for  " subrout ine"
environment.
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CIF AND THE MEASUREMENT OF ARCHITECTURES

Three important quest ions  remain : ( 1 )  A r e the s t a t i s t i c s

d e v e l o p e d  i n  t h e  a b o v e example valid over a larger body of  program

mater ia l?  (2 )  I s  370  a  uniquely  i l l - su i ted archi tectural representa-

t ion  for  programs and perhaps  some other  host  or iented  archi tectura l

representations can provide a significant improvement? (3) Can we use

the not ion of a CIF as an ideal program representation form to actu-

a l ly  create  a  use fu l  archi tecture  which w i l l p r o v i d e  c l o s e  t o  C I F

measures?

T h i s  t h i r d  q u e s t i o n  i s  b y  f a r  t h e  m o s t  c o m p l e x  a n d  w h i l e  t h e

answer is  pos i t ive  we  wi l l  de fer  i t s  deta i led  d iscuss ion  to  a  compan-

ion  paper  on  the  synthes is  o f  d i rec t ly  executed  languages  (DEL& To

address the first two questions we have selected a widely used bench-

mark called the Whetstone benchmark. T h i s  w a s s e l e c t e d  o n several

b a s e s :  i t is widely known and in a series at the Stanford Emulation

Laboratory  the  Whetstone  does  not  appear  to  generate  pro foundly  d i f -

ferent statistics than most other benchmark materials.

We have measured the CIF on the Whetstone and then compared these

m e a s u r e s  t o t r a d i t i o n a l  a r c h i t e c t u r e s : IBM System 370 and Honeywell

Level 66, and DEL architectures: Burroughs S-Fortran (B1700)  and a CIF

based ” id eal” DEL called DELtran. This  lat ter  language  i s  descr ibed

in a companion paper [6].

It  can be seen f r o m  t h e accompanying t a b l e  t h a t conventional

archi tectures are not opt imum program representations. P a r t i c u l a r l y

impressive is the static program size especially when compared to the
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Static Size

Instruments Executed

Memory References

I - Branch Target Capture +
D = scop2 environment

I = no capture +
D - name environments

WHETSTONE COMPARISON TABLE

Architecture (~o=-"~,',i,m~$mized)  Comparison

Source CIF 370-O 370~NO Hi50 H66-NO

4.26 1 16.75 12.83 7.53 7.09

0.71' 1 4.09 6.64 2.87 3.00

- .00024** t t t t

1 7.11 11.38 5.51 6.13

* statements interpreted

** relative to
corresponds

number of instructiors executed;
to "perfect buffer" miss rate

t typical
dependi

cache miss rates .l to .Ol per instruction
nS on cache size, block site. etc

executed

Burroughs
S-FCRTRAN  DELtran

5.87 1.32

3.50 1

3.80 1.46

original source program. Source names are mnemonic and could not be

regarded as even attempting to provide an eff icient representation yet

most  host  or iented  archi tectura l  representat ions  s igni f i cant ly expand

the amount  o f space required for  program representat ion . Most

attempts at specific  language DELs also seem to miss the mark in terms

o f the  e f f i c iency  o f  the  program representat ion . Two great obstacles

to  achiev ing  e f f i c ient  representat ion  seem to  be  the  need for a 1:l

i n s t r u c t i o n  t o source operation correspondence and a log2 container

s ize  re ferenced  to  the  scope  o f  de f in i t ion  o f  the language. I n  o u r

companion paper we will  use these two observations to synthesize DELs
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roughly corresponding to CIF measures.

The  accompanying  tab le  descr ibes  some o f  th is  in  terms o f  overa l l

archi tectural comparisons. The  s ize  comparisons  are  fa i r ly  s tra ight -

forward. Neglected in the size comparisons are preamble and epilogue

c o d e  f o r  s u b r o u t i n e  o r  f u n c t i o n  e n t r y / e x i t .  O n l y  r o u t i n e  c o d e  b o d i e s

are compared in our analysis. Excluding this overhead the program size

i s  l i m i t e d  b y  one:one, i . e . transparancy requirements,  and information

theoretic environmental naming limitations in the absence of  frequency

encoding.

A n a l y s i s  o f interpretat ion t i m e  i s n e c e s s a r i l y more complex

involving both  the  number  o f  instruct ions  to  be  interpreted  and  the

amount  o f  re ferenc ing  act iv i ty : as  to  which  o f  these  in a  p r a c t i c a l

host system will  dominate the program interpretation time, the answer,

o f  c o u r s e , is  host dependent. In systems that must make reference to

program store  for  each  instruct ion  to  be  interpreted  and  re ference  to

name space for each operand used the referencing activity will  tend to

dominate the  to ta l  program interpretat ion . A host without a cache is

largely memory limited. A host  wi th  a  cache  i s  large ly  interpretat ion

t i m e  l i m i t e d . T h e  e x a c t balance point depends a great deal on the

physical parameters of  a host and its memory access time. “Cache” per

se is e x a c t l y  w h a t  i s n o t  modelled  b y  a n ideal DEL with scope

referencing enviornments. W h a t  i s  modelled  i s  a  l o g i c a l  l o c a l i t y  n o t

phys ica l  memory  address ing space l o c a l i t y . A l l  l o g i c a l l y  r e l a t e d

p r e d i c t a b l e  a s p e c t s  o f  a n  e n v i r o n m e n t  a r e  a c q u i r e d  o n  s c o p e  e n t r y ,

each non predic tab le  aspect  requires  an  addi t ional  re ference . I t  i s
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interest ing  to  note  that  th is  type  o f  l og i ca l  “cache” has  a v e r y  l o w

miss  rate .

On the Whetstone, t h e  r e f e r e n c i n g  a c t i v i t y  i s almost completely

c a p t u r e d  b y  b r a n c h target  capture  for  instruct ion  and scope  capture

for operands. The hit and miss ratios when compared to simple DEL

instruction reference environments are:

miss  rate  = references required to capture scope and target

h i t  r a t e  = .99975

These  rates  represent  a  “per fec t  buf fer” h i t /miss  rate  and are s i g n i -

f i cant ly  bet ter  than convent ional  cache  s tat is t i cs .

Note that this does not imply that t o t a l DEL program execution

time could be correspondingly reduced. Rather  as  re ferenc ing  act iv i ty

is  dr iven  to  a  very  smal l p e r c e n t a g e  o f  i n s t r u c t i o n  i n t e r p r e t a t i o n

a c t i v i t y , the  instruct ion  interpretat ion  wi l l  necessar i ly  dominate  and

the 1:l (or transparency) requirement on HLL operat ions / instruct ions

will  become the program execution time limitation.

CONC LUS IONS

The  tradi t ional  computer  archi tectures  ( i . e . program representa-

t ions )  are  created  about  ob jec ts , actions and/or capabilities presumed

to  be  present  in  a  phys ica l  host  computer  - - thus, s impl i fy ing the

interpretat ion  process . This is done, however, at the expense of com-

p i l a t i o n , storage space requirement and number of items to b e  i n t e r -

preted.

A n  a l t e r n a t i v e  i s  p r e s e n t e d , created about the n o t i o n  o f  a

d i r e c t l y executed language (DEL);  an architecture in close correspon-
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dance to the high level language that was used to originally represent

the  program. Various DEL possibil it ies have been considered with an

“ideal” form defined as the Canonic Interpretive Form or CIF. The CIF

i s a c t u a l l y a measure against which architectures can be compared in

t h e i r representation space requirements and interpretat ion time

requirements .

T r a d i t i o n a l  a r c h i t e c t u r e s  a r e  s i g n i f i c a n t l y  i n f e r i o r  t o  C I F  m e a s -

ures  (by  a  factor  o f  f rom 3 to  lo), whi le  DEL’s  spec i f i ca l ly  des igned

to retain the CIF measures are able to come rather close (within 1.3)

to  that  ind icated .
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APPENDIX

The Whetstone

A derivative of  the Whetstone benchmark is used as the basis f o r

archi tectural comparison. Or ig ina l ly  deve loped  as  a  research  too l  a t

the National Physical Laboratory, the Whetstone is now a well e s t a -

b l i shed commercial standard; both Data General and Digital Equipment

have conducted numerous evaluations of mini-computer FORTRAN systems

in scientific environments using this benchmark.

The traditional Whetstone contains twelve loops, t h r e e  o f which

emphasize transcendental operat ions ; these w e r e  d e l e t e d to avoid

f o c u s i n g  o n  a  f e w  s p e c i f i c  f u n c t i o n s  m u c h  t o  t h e  a d v a n t a g e  o f  t h e

ideal form. Each  o f  the  remaining  loops  tes ts  a  d i f ferent  aspect  o f

the FORTRAN language:

Loop 1: f loat ing  po int  ar i thmet ic  over  sca lar  var iab les ;

Loop 2: the same operations over elements of  l inear arrays;

Loop 3: again the same operations, but invoked as a subroutine;

Loop 4: condi t ional  branching ;

Loop 5: two-dimensional array manipulation;

Loop 6: integer  ar i thmet ic  on  sca lars  and array  subscr ipts ;

Loop 7: in - l ine  po lynominal  eva luat ion ;

Loop 8: subroutinized polynomial evaluation;

Loop 9: swapping  array  e lements ,  as  in  a  sort  or  shuf f le .

The number of  iterations per l o o p  i s determined b y  m u l t i p l y i n g  a

weighting f a c t o r  b y  a n  o v e r a l l  r e p e t i t i o n  c o u n t .  W e i g h t i n g  f a c t o r s

re f lec t  the  dynamic  behavior  o f  typ ica l  user programs ; i n  p r a c t i c e ,
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they  are  ad justed  based  on  insta l lat ion  spec i f i c  t race - tape  data .  The

b e n c h m a r k  i s  e x e c u t e d  f o r two  d i f ferent  repet i t ion  counts ,  and  the

d i f f e r e n c e  i n  e x e c u t i o n  t i m e s  t a k e n  t o  e l i m i n a t e  t h e  e f f e c t s  o f  i n i -

t i a l i z a t i o n , I /O  operat ions , m o n i t o r  f u n c t i o n s ,  e t c . - - s o  t h a t  o n l y  t h e

looping  port ions  are  s igni f i cant . The average values of  the weighting

f a c t o r s  u s e d by Data General and Digital  Equipment were used to f ix

the  number  o f  l oop  i terat ions  in the experiments d e s c r i b e d  b e l o w ,

a long  wi th  a  repet i t ion  count  d i f ference  o f  100 .

The Measures

The canonic measures are computed for each loop: size of  represen-

tat ion ( i n  b i t s ) ; number  o f instructions (dynamic);  and number of

re ferences  ( in  main  s tore  accesses  - - a l s o  d y n a m i c ) . S o m e  d e t a i l s

concerning the way this is done may be of  interest,  since an attempt

has been made to exclude everything not pertaining directly to execut-

ab le  code  bod ies .

F i r s t , wi th  respect  to  space ,  on ly  those s e c t i o n s  o f executable

code that correspond to statements in the body of a source program are

counted. Prologue/epilogue l i n k a g e ,  d y n a m i c  s a v e / r e s t o r e areas,

imbedded constants (usual ly address constants and FIX/FLOAT data

masks), and operating s y s t e m  o r p r o g r a m  l i b r a r y  s e r v i c e  r o u t i n e s

(GET -MAIN , SIN, READ, etc .) are not included. This was done as it  is

d i f f i cu l t  to  apport ion  such  spat ia l  costs  across  the  var ious  Whetstone

loops . Simi lar ly , the  interpret ive  s tore  required  to  support  the  Bur-

roughs  S- language  (which  inc ludes  the  s tack  and descr iptor  tab les )  i s

also not included in the space measure. This  type  o f  overhead  i s  gen-
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era l ly  h igh  for  the  370  archi tecture ; but the ratio of improvement may

not  be  as  h igh  as  i t  i s  wi th in  pure  code  segments  for  smal l  programs

with many variables.

Secondly, with  respect  to  t ime, the executable i n s t r u c t i o n s  i n

pro logue /ep i logue l i n k a g e  - - as  wel l  as  the  instruct ions  and re fer -

ences needed to establish d y n a m i c  d i s p l a y s  - -  a r e  c o u n t e d . Only

external l i b r a r y  o r system routines are excluded. Reference counts

include the number of memory accesses needed to maintain the instruc-

t ion stream i tse l f ,  assuming each  fetch  br ings  in  32  b i ts . 2 Reg is ter

accesses are not counted as references in the 3 7 0  a r c h i t e c t u r e ,  a n d

stack accesses are not counted as references in the Burroughs archi-

tectures . Accesses to either the program or data store are counted as

re ferences  in  a l l  cases ,  however ;  i . e .  the  re ference  environment . For

the  CIF,  the  re ference  act iv i ty  i s  computed  with  both  types  o f

ence environment name space and scope.

refer-

2 The  Honeywel l  Leve l  66  archi tecture  i s  36  b i ts  wide , and the Bur-
roughs B1726 is only a 24 bit machine; such differences have been nor-
malized in this comparison.
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CIF ARCHITECTURAL MEASURES

Size

216b

Instr

1,161

Referencing*
Instr Data

318b

1loop

loop 2

loop 3

16,245

356b

2
60 176;

98: 841:

126:
4

23,242
17,081

20gb

294b

4loop

5loop

6loop

17,253

990

241

172: 13,80:

14: 14::

210:
2

56,702
46,201

110loop 7

loop 8

2,561

144b

32: 384:

35,96:
4

161,822
89,990

135loop 9 55,441 4
24,641 36,96;

2023 246,923 27
67,199 307,9t

*
For referencing instructions, the first entry corresponds
to target compare: i.e. only the first incidence of
branch incurs a reference,the second entry corresponds to
a reference for each branch instruction.
For data references, the first entry corresponds to scope
as a referencing environment. Only scope entry/exit and
computed names require a reference. The second entry
corresponds to a reference per name.

IBM System 370 Statistics

Two different levels of  optimization were employed using the stan-

dard IBM extended compiler for FORTRAN-IV. Compilations were per-

formed on a Model 168 in a 30OK byte partition under the VS operating

system in March, 1977. The  resul ts  o f  a  hand analys is  o f  these  compi-
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lations are shown below.

Loop Bits Instruct ions

1 2,096 3,193

2 5,552 135,383

3 5,232 127,123

4 1,488 165,603

5 4,708 20,863

6 2,832 186,903

7 1,072 9,923

8 1,280 584,353

9 1,696 406,563

--e--m - - - - - - - - -

Totals : 25,956 1,639,907

370 Performance (No Optimization)

References

6,306

269,646

255,646

307,056

40,326

359,106

19,526

1,330,526

917,846

-----e-e-

3,505,984

Average  instruct ion  s ize  wi thout  opt imizat ion  i s  31  b i ts ; average

instruct ion s i z e u n d e r  f u l l  o p t i m i z a t i o n  i s  3 0  b i t s . Clear ly ,  the

Whetstone does not defeat the optimization strategies employed by the

IBM compi ler  - -  indeed , a  fac tor  o f  2  in  space  and  1~6 to  1 .8  in  t ime

is  observed . This  ra ises  the  quest ion  o f  which  leve l  o f  opt imizat ion

should be used as a standard of comparison.
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Loop Bits Instruct ions References

Totals : 13,648 1,010,806

1,504 1,871 3,031

1,968 26,905 48,626

2,256 28,984 53,628

1,024 31,062 48,323

2,096 2,990 5,969

1,728 115,508 197,414

880 7,685 14,410

1,120 512,437 1,159,724

1,072 283,364 659,128

- - - - - - - - - - - - - - - - - - - - - - - -

2,190,253

370 Performance (Full Optimization)

Honeywell  Statistics

Compilation of the Whetstone into the Honeywell  Level 66 architec-

ture was performed on a Honeywell Model 6680 (by Honeywell personnel)

in January 1978. The small difference in performance between optimi-

zat ion leve ls  i s  at tr ibutable  to  the  s tra ight forward  nature  o f  s ing le

accumulator code (in general) .

The  anomalous  behavior  o f  l oop  3 ,  f or  which  opt imizat ion  appears

t o  d e g r a d e both  execut ion  t ime and space ,  i s  the  resul t  o f  a  known

compiler bug. Not  a l l  compi lers  are  per fect ,  however ,  and  th is  i l lus -

trates o n e  o f the i n h e r e n t  d a n g e r s  o f an  execut ion  archi tecture

requir ing  non-tr iv ia l  program convers ions  in o r d e r  t o a c h i e v e  h i g h
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performance.

Loop Bits Instruct ions References

Totals : 15,236 739,888 l ,888,084

1,368 1,780 3,430

2,124 37,803 76,866

2,040 40,040 117,980

1,224 55,203 89,704

3,816 10,951 20,497

1,944 109,202 327,604

756 5,762 11,203

1,136 306,667 791,120

828 172,480 449,680

- - - - - - - - - - - - - - w - - B - - - -

Honeywell Performance (No Optimization)
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Loop Bits Instruct ions References

Totals : 14,348 709,060

1,368 1,780 3,430

2,088 37,383 76,026

2,196 40,600 119,000

1,188 44,853 69,004

2,916 7,031 12,657

1,908 111,300 203,700

828 5,446 9,612

1,136 306,667 791,120

720 154,000 412,720

---B-B -e---w-

1,697,269

Honeywell Performance (Full Optimization)

S-Language Statistics-

Wilner [15] observes a spatial improvement factor of two f o r the

Burroughs S-Language for FORTRAN over 360 machine language. The same

vers ion  o f  the  Whetstone  used  to  deve lop  the  370  s tat i s t i cs presented

in t h i s s e c t i o n was also compiled into this language in July 1977,

using a B1726.

T h e  s t a t i s t i c s  c o r r o b o r a t e  t h e  r e s u l t s  o f  W i l n e r ’s  e x p e r i m e n t s

under the assumption that no optimization is employed during 370 com-

p i l a t i o n . T h i s  i n d i c a t e s  t h a t  O P T  = 0  i s  t h e  l e v e l  o f  o p t i m i z a t i o n

that s h o u l d  b e used when comparing different machine architectures.
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Although d isa l lowing  opt imizat ion  puts t h e  3 7 0  a r c h i t e c t u r e  ( a n d

indeed any t r a d i t i o n a l  mono- format architecture) at a disadvantage,

there are reasonable arguments for doing so. F i r s t , t r a n s p a r e n c y  i s

b e t t e r preserved; second, t h e r e  i s  u s u a l l y  l i t t l e  o p t i m i z a t i o n  p e r -

formed when compiling into higher level DELs (the only optimization in

the Burroughs v e r s i o n  o f t h e  W h e t s t o n e  i s  s u b s t i t u t i o n  o f  n o n -

destruct ive  s tores  for  pop-push  pairs ) ,  so  that  a l lowing  opt imizat ion

would  tend  to  p lace  these  h igher  leve l  DELs at  a  d isadvantage  (N.B.  i t

is  a true disadvantage however). Third, disallowing most substantial

optimization strateg ies  tends  to  equal ize  the  t ime  and  space  require -

ments of  compilation, thus, e l iminat ing  a  t roublesome var iab le  in  per -

formance comparisons. Fourth, prohib i t ing optimization t e n d s  t o

ensure that one compares two versions of the same algorithm --  i f  glo-

ba l  program transformat ions  (espec ia l ly  s trength  reduct ion)  are  per -

mitted, i t  i s  p o s s i b l e  t o end up evaluating compiler performance

rather than architecture performance.

T h e  B u r r o u g h s  F O R T R A N  D E L  i s  t y p i c a l  o f  s e v e r a l  o t h e r  s t a c k

oriented architectures--such as McClure's DEL for Basic FORTRAN [lo],

Weber's Euler [14], and Wortman's DEL for Student PL/l [16]. Indeed,

the number of instructions and memory references required for execu-

tion should be the same for both the McClure architecture and FORTRAN

vers ions of Weber's reverse polish string language and Wortman's high

level intermediate language. The McClure and Weber machines are also

roughly e q u i v a l e n t  i n s p a c e  - - the  average  instruct ion  s ize  be ing

about 28 bits for both architectures; Wortman's machine could require
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up to  50% less  space  i f  “short  addresses” (one  byte i d e n t i f i e r s ) are

used for most operands.

Loop Bits Instruct ions References

Totals :

1,102 2,991 3,433

2,392 62,021 100,103

2,346 96,104 113,961

755 62,104 82,811

1,919 9,101 15,963

1,151 117,601 149,103

524 8,321 10,243

811 332,631 386,573

880 172,481 308,003

---w-w

11,880

- - - - - - -

863,577

- - - - - - - - -

1,170,193

S-Language Performance (Some Optimization)-

DELtran Statistics

In the example cited in a companion paper we d e v e l o p  a  l a n g u a g e

ca l led  DELtran [6] which is a CIF der ived DEL for the FORTRAN

language. It largely achieves the CIF size and measure achieving log2

conta iner  s ize , however  requir ing  an  addi t ional  5  b i ts  per  instruct ion

for format information. Otherwise, the number of instructions i n t e r -

preted corresponds to CIF measures. The referencing environments in
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DELtran are adjusted to the actual implementat ion  o f the DELtran

interpreter which is developed on the Stanford Emulation Laboratory

system, the EMMY. Since  b lock  access  techniques  on  the  EMMY system

(from main memory to interpretive store) were not implemented at the

time the DELtran language was developed, DELtran uses  a  32  b i t  phys i -

ca l w o r d  a s t h e  r e f e r e n c i n g environment for both instructions and

data. DELtran as a  l a n g u a g e  w i l l  a c h i e v e  t h e  C I F  m e a s u r e s  i n

re ferenc ing  environments  in  so  far  as  the  host  a l lows  i t  to ,  i . e .  sup-

ports  part i cu lar  re ferenc ing  s trateg ies  with  respect  to  environments .

Loop Bits Instruct ion References

1 362 1,161 2,343

2 458 16,245 32,770

3 451 17,081 34,023

4 214 17,253 31,053

5 380 990 2,266

6 348 46,201 79,803

7 153 2,561 5,763

8 165 89,990 161,823

9 141 55,441 98,563

---em ------- -------

Totals : 2,672 246,923 448,407

DELtran Performance (No Optimization)

54



REFERENCES

Ul Chu, Yaohan (Ed.), High Level Language Computer Architecture,
Academic Press, New York, New York, 1975.

El Elson, M.,  and Rake, S. T., "Code-Generation Techniques f o r
Large-Language Compilers," IBM Systems Journal, Vol. 9, No. 3,
1970, pp.  166-88.

[31

[41

[51

[61

1171

[f31

191

Flynn, Michael J. , "Trends and Problems in Computer Organiza-
t i o n s , " IFIPS Congress, Stockholm, Sweden, August 1974, North
Holland Publishing Company, 1975, pp. 2-10.

Flynn, Michael J. , "The  Interpret ive  Inter face : Resources and
Program Representation in Computer Organization," Proceedings
o f the Symposium on High Speed Computers and Algor i thm
Organization,

- -
U n i v e r s i t y  o f I l l i n o i s , Champaign, Il l inois,

(Pub. Academic Press) April  1977.

H e h n e r ,  E r i c  C .  R . , " I n f o r m a t i o n  C o n t e n t  o f  P r o g r a m s and
Operation Encoding," Journal of  the ACM, Vol.  24,  No. 2,  April- - -
1977, pp.  290-97.

Hoevel ,  L .  W.  and Flynn,  M.  J . , " A  T h e o r y  o f Interpret ive
Archi tectures : Some Notes on DEL Design", Technical Report No.
171, Computer Systems Laboratory, Standford University, Stan-
ford ,  Cal i fornia ,  February  1979 .

Hoevel, Lee W., and Flynn, M i c h a e l  J . , "The S t r u c t u r e  o f
Direct ly  Executed  Languages : A New Theory of Interpretive
System Support," Technical Report  No .  130 , Dig i ta l Systems
Laboratory, Stanford  Univers i ty ,  Stanford ,  Cal i fornia ,  March
1977.

Huffman, D. A.,  "A Method for the Construct ion  o f  Minimum
Redundancy Codes," IRE, Vol. 40, No. 9, September 1952)
pp.  1098-101.

Lunde, A., "Empirical Evaluation of Some Features of Instruc-
tion Set Processor Architectures,"  Communications of  the ACM,- - -
Vol.  20,  No. 3,  March 1977, pp. 143-52.

[101 McClure, Robert M., "CUC Basic FORTRAN Description," pr ivate
working notes,  1970.

55



ml McKeeman, W .  M . , "Language Directed Computer Design,"
P r o c e e d i n g s  o f the  Fal l  Jo int  Computer  Conference ,  Vo l .  31 ,
F a l l  1 9 6 7 ,  pp.413-17.--

WY Reigel ,  E .  W. ,  with  Faber ,  U. ,  and Fisher ,  D.  A. ,  "The I n t e r -
preter -- A Microprogrammable B u i l d i n g  B l o c k  S y s t e m , "
Proceedings of  the Spring Joint Computer Conference, Vol. 40,- -
Spring 1972, pp.  705-23.

[I31 Sethi, R a v i , and Ullman, J e f f e r y  D . , " T h e  G e n e r a t i o n  o f
Optimal Code for Arithmetic Expressions,"  Journal of  the ACM,--P
Vol. 17, No. 4,  October 1970, pp. 715-28.

[I41 Weber, Helmut, "A Microprogrammed Implementation of EULER on
IBM System/360 Model 30," Communications of the ACM, Vol. 10,--P
No. 9,  September 1967, pp. 549-58.

[I51 W i l n e r ,  W .  T . , "Burroughs B1700 Memory U t i l i z a t i o n , "
Proceedings of the Fall  Joint Computer Conference,  Fall  1972,
p p .  5 7 9 - 8 6 .  - - - -

[161 Wortman,  Danie l  B . ,  A  Study  o f  Language  Directed  Computer- -
Design, Ph.D. Thesis, Stanford  Univers i ty ,  Stanford ,  Cal i for -
n ia ,  1973 .

56


