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A b s t r a c t  

T he  pape r  invest igates ,  how SAC, a pure ly  func t iona l  lem- 
guv.ge based  on  C syn tax ,  relates  to APL in  t e rms  of ex- 
pressiveness and  r u n - t i m e  behavior .  To  do so, three  differ- 
en t  excerpts  of real  world  APL prograxns axe examined .  It  
is shown t h a t  af ter  def ining the  requi red  APL pr imi t ives  in  
SAC, the example  p rog rams  can  be  r e -wr i t t en  in  SAC w i t h  an  
a lmost  one- to-one  correspondence .  R u n - t i m e  compar i sons  
be tween  i n t e rp re t i ng  APL p rograms  and  compiled SAC pro- 
grams show tha t  speedups  due to  compi la t ion  vary b e t w e e n  
2 and  500 for three  represen ta t ive  b e n c h m a r k  programs.  

K e y w o r d s :  Language  Compar i son ,  SAC, Compi la t ion ,  R u n -  
t ime Per formance .  

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

Array-or i en ted  p r o g r a m m i n g  languages  basical ly fall i n to  
two categories:  l anguages  t ha t  provide a high-level of ab-  
s t rac t ion  for concise p r o g r a m  design and  fairly low-level lan-  
guages a iming  at  u t m o s t  r u n - t i m e  efficiency. 

APL [9], J [6], a n d  NIAL [10] are typical  represen ta t ives  of 
the  first category.  T h e  m a i n  object ive  in  the  des ign  of these  
languages  is to suppo r t  means  for specifying a lgor i thms  on  
arrays  in  a very concise a n d  abs t rac t  m a n n e r .  T h e y  provide  
a r ray  opera t ions  over loaded wi th  m a n y  different combina-  
t ions of array shapes,  i nc lud ing  scalaxs. 

Al though  overlom:ling improves  conciseness,  reusabil i ty,  
a n d  elegance of p rograms ,  it  causes difficulties when  i t  comes 
to execut ing  t hem efficiently wi th  respect  to raw run - t imes .  
It  usual ly  requires  d y n a m i c  t yp ing  and  execu t ion  in  an  in-  
t e rp re t ing  e n v i r o n m e n t .  Much  effort has b e e n  devoted  to 
improv ing  the  r u n - t i m e  efficiency of such p rograms  by appli-  
ca t ion  of sophis t ica ted  op t imiza t ion  techniques  [4, 5] a nd  by 
a t t e m p t s  to  compile  t h e m  [20, 7, 5, 3]. However,  since com- 
ple te  shape  and  type  inference genera,Uy requires  r a t h e r  so- 
ph i s t i ca ted  analysis  me thods ,  code efficiency in  m a n y  cases 
is less t h a n  sat isfactory.  

Languages  such as FORTRAN90 [1], HPF [8], o r  ZPL [12] 
faJ.l in to  the second category.  T h e y  derive f rom low-level (im- 
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pera t ive)  languages ,  e.g. FORTRAN or C, which have been  
p r imar i ly  des igned to  faci l i ta te  compi l a t ion  in to  efficiently 
executable  code. Ar rays  in  languages  ]i.ke FORTRAN90 are 
s u p p o r t e d  by  so-called in t r ins ic  mTay operat ions-  Similar  
to  the i r  APL coun te rpa r t s ,  these  in t r ins ies  are " h a ~ - w i r e d  ~ 
in to  the  compilers  ~-td c a n  be  appl ied  to arrays  of emy remk. 

Since the  i n t r o d u c t i o n  of these ar ray  lm]guages consider- 
able efforts have b e e n  m a d e  to improve  the code genera ted  
for p rog rams  tha t  heavi ly  use such in t r ins ic  operat ions .  Af- 
ter  first a t t e m p t s  t h a t  were ba se d  on sc~larizing the in t r in -  
sics a nd  t ry ing  to apply  conven t iona l  low-level op t imiza t ion  
techniques,  e.g. loop fusion,  loop spl i t t ing,  and  forward  sub- 
s t i t u t i o n  (for surveys see [22, 2, 21]), more  recent  papers  sug- 
gest op t imiza t ions  on  h igher  levels of a b s t r a c t i o n  [11, 13, 14]. 
A l t h o u g h  this work adms a t  combin ing  high-level abs t rac-  
t ions w i th  r u n - t i m e  efficiency, there  is still  a significant dif- 
ference relat ive to  the  APL approach  of improv ing  r u n - t i m e  
per formance .  In  a l anguage  like FORTRANg0, there  is no  
way of defining ne w  (non- in t r ins ic )  a r ray  opera t ions  t h a t  
axe appl icable  to  ar rays  of any  r ank .  A l t h o u g h  this  m a y  
seem to  be  a m i no r  r e s t r i c t ion  on  first glance, i t  has a con- 
s iderable impac t  on  the  p r o g r a m m i n g  style. Being able to 
define new array opera t ions  t h a t  axe appl icable to m-rays of 
any  rmlk  allows the p r o g r a m m e r  to  ad jus t  the  set of basic  
a r ray  opera t ions  to  the  needs  of any  given a lgor i thm.  In-  
s t ead  of problem-specif ic  loop nes t ings ,  new more  general ly 
appl icable  opera t ions  may  be  defined, which subsequen t ly  
ma y  be  combined  to express the desired funct ional i ty .  As 
a consequence,  p rog rams  b e c o m e  more  m o d u l a r  a n d  easier 
to u n d e r s t a n d ,  which in  t u r n  increases  code reusabi l i ty  a n d  
makes p rog rams  less e r ror -prone .  

T h e  design of SAC [15, 16] tr ies to str ike for a ba lance  be-  
tween high-level  abs t r ac t ions  and compi la t ion  in to  efficiently 
executable  code. I t  a m a l g a m a t e s  a weB-known s y n t a x  ( tha t  
of C proper) ,  func t iona l  abs t r ac t ions  tha t - a re  inhe ren t ly  free 
of side-effects, a nd  m e a n s  to  specify high-level  ~rray o p e r ~  
t ions tha t  are appl icab le  to axrays of any  ranlc. I t  has b e e n  
shown  tha t  r a n k - i n v a r i a n t  SAC p rograms  can  be  compi led  
in to  code whose efficiency is compet i t ive ,  b o t h  in  t e rms  of 
raw r u n - t i m e s  a n d  m e m o r y  space consumpt ions ,  wi th  equiv- 
a lent  h a n d - c o d e d  FORTRAN p r o g r a m s  [16, 17, 18]. A l t h o u g h  
APL-].ike opera tors  c a n  be  easily def ined in  SAC [19], i t  has 
n o t  yet  been  t es ted  how well SAC lends  itself to  wr i t ing  
p rog rams  comple te ly  in  APL style, a n d  which r u n - t i m e  be-  
hav iour  can  be expec ted  of t hem.  

T h e  purpose  of this  p a p e r  is to  f ind answers  to these 
quest ions .  To do so, we set  out ,  i n  Sect ion 2, wi th  f r agmen t s  
of rea l -wor ld  APL p r o g r a m s  a n d  t ry  to re-code t hem as close 
as possible in  SAC. In  Sect ion  3, we compare  the r u n - t i m e s  
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of the in terpre ted  APL programs and of the compiled SAC 
programs.  Section 4 contains some notes on the suitabil i ty 
of SAc as a ta rget  language for compiling APt .  In Section 5 
we summarize  to which ex tend  SAC can be used to emula te  
A P t  programs and things that  need to be done in SAC to 
improve its expressiveness while mainta ining the run- t ime 
e d g e .  

2 Writ ing APL programs in SAC 

In this section, we investigate the relationship be tween APL 
and SAC from a p rogrammer ' s  point  of view or, more specif- 
]ceO.ly, how A P t  programs may be  re-coded in SAC. The  
answer to this question may also shed light on how much 
effort is required to compile A P t  programs into SAC code. 

To this end, we have selected three existing APt -bench-  
mark  programs:  MCONV, LOGD, and TOMCATV [3]. Each of  
them is manual ly t ransla ted into an equivalent SAc-program. 
The  emphasis in t ranslat ion clearly is on the creat ion of SAC- 
code that remains as close as possible to the original APL- 
specification. As a consequence, the resulting SAc-programs 
are neither the most elegant nor the most efficient implemen- 
tations of the underlying algorithms. 

2.1 The M C O N V  benchmark 

MCONV is a kernel rout ine adopted from a seismic signal 
processing application. It implements  one-dimensional  con- 
volution, taking two double-precision floating point  vectors 
as arguments:  the trace vector  t r  and the (usually) much 
shorter  wavelet vector  ev. Fig. 1 shows the original A P t -  
implementa t ion  and below tha t  the t ranslated SAc-code. 
Convolut ion is implemented  as inner product  of  the wavelet  
vector wv with a skewed copy of the trace vector t r  reshaped 
into a matrix. 

r~-uv cony t r ; h ; n ; t  
h+-tr,  (--l-.l-n~puv) pO 
t4-(~u) ~b(n ,ph)ph 
r4-(ptr ) tuv-[  - . X t 

funct ional i ty  may be overcome. Both,  the "L" and the " ~ "  
operators  of APL can be expressed in SAC using the SAC- 
specific WITH-loop construct  and the SAc-version of r o t a t e  
wi th  constant  ro ta t ion  offset I. 

i n t [ ]  i o t a (  i n t [ ]  s h p )  

ras  = with( . <= [ i ]  <= .) 
g e n a r r a y (  s h p ,  i ) ;  

r e t u r n (  r s s ) ;  

doubls[]  r o t (  i n t [ ]  v, double[]  a) 
{ 

r s s  = s i t h (  . <= iv  (= .) 
g e n a r r a y ( s h a p e ( v ) ,  

r o t a t e (  0, - v [ i v ] ,  a [ i v ] ) ) ;  
r e t u r n (  r s s ) ;  

d o u b l e [ ]  VxN( doubls[] v ,  doable[] m) 

n e u t r  = g e u a r r a y (  [ e h a p e ( m ) [ 1 ] ] ,  Od); 
rue  ffi e i t h (  [0]  ~ffi i v  • s h a p e ( v ) )  

~ o l d (  ÷,  u s s t r ,  v [ i v ] *  m [ i v ] ) ;  
r e t u r n ( r s s ) ;  

Figure 2: Addit ional  SAC functions for MOONY 

The  result  of cony is computed  as the inner  product  of 
the  wavelet  vector  ev  and the skewed mat r ix  t .  Again, SAC 
does not  provide a similarly general mechanism as APL's 
" w .c~ " operator .  However, its concrete  ins tant ia t ion in the 
benchmark,  i.e. " + .  x " applied to a vector  and a matr ix ,  
may  well be expressed in SAC. One possible SAC imple- 
men ta t ion  of this v e c t o r - m a t r i x  product  is the funct ion VxM 
given in Fig. 2. 

2.2 The LOGD benchmark 

d o u b l e [ ]  c o n y (  d o u b l e [ ]  uv,  d o u b l e [ ]  t r )  

h ffi c a t (  O, t r ,  g e n a r r u y (  s h s p e ( u v ) - l ,  Od)) ;  
t ffi r o t (  i o t a ( s h a p e ( w e ) ) ,  

g s n a r r a y ( s h a p e ( w e ) ,  h ) ) ;  
r = t a k e ( s h u p s ( t r ) ,  VxK( uv,  Z ) ) ;  

r e t u r n (  r ) ;  
} 

Figure  1: MCONV in APL mud SAC 

The  SAC translat ion follows exactly this scheme. The  
SAC library funct ion g e n s x r a y ( s h p , v a _ l )  is equivalent to 
" s h p p v a l "  The  library funct ion c a t ( d , A , B )  is equivalent 
to "A, [d]B" while s h a p e ( a )  jus t  means " p a " .  So, the first 
line of APt -code  can be t ransla ted wi thout  may problems.  
However, the second line is not  as simple as the first one. 
Although,  the vector  h may  easily be expanded to a ma t r ix  
using the g e n a r r a y  function, SAC, for the t ime being, pro- 
vides no means to ro ta t e  each line of a mat r ix  by a different 
offset, as does "~b" in APL. Here, addit ional  specification 
effort is required. However, Fig. 2 shows how this lack of 

Similar to MOONY, LOaD represents a kernel rout ine of a 
signal processing application; i t  t ransforms a huge vector of 
double precision floating point  numbers.  Two slightly differ- 
ent  APL implementa t ions  of LOGD have been investigated; 
they are referred to as LOGD1 and LOOD2 from here on. 

We s tar t  with LOGD1 whose original A P t  specification 
and the t ranslated SAC code are shown in Fig. 3. A closer 
look reveals that  the SAC code of the funct ion l o g d  is noth-  
ing bu t  a l i teral  t ransla t ion of the corresponding APL op- 
erators  into their  counterpar t  functions from the SAC array 
library. Moreover,  the t rans la t ion of the funct ion d i f f  which 
is also used in LOGD1 is nearly as simple, However, instead 
of dropping the r ightmast  element  of the s i g  vector  and 
adding a zero on its left end, we may  use the SAC funct ion 
s h i f t  ( d i m , o f f s e t  , nee ,A)  which shifts an array A along the 
dim axis o f f s e t  elements to the right and ~ s  the lef tmost  
positions of A with the scalar  value new. 

The  al ternat ive A P t  specification LOGD2 differs from 
LOGDi only w.r.t ,  the implementa t ion  of  the d i f f  funct ion 
which here uses an n-ary ~ a / "  operator .  Fig. 4 shows b o t h  
the a l ternat ive  A P t  specification of  c l i f f  and the equivalent 

XNote t h a t  u p o n  • p o s i t i v e  r o t a t i o n  offset ,  SAc r o t a t e s  EL v e c t o r  t o  
the  r i g h t  r a t h e r  thmn to  t he  left ,  ~.s A P t  does .  
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IrES 4-DIFF SIG 
RES ~ S  IG--O, -- 145IG 

L*'-LOGD MV ;ILK 
RR~-.O1 
L~--50[SOL5OX (DIFF WV) .--' ItR+WV 

d o u b l e [ ]  d i f f (  d o u b l e [ ]  s i g )  
{ 

rue  = ( e i  E - s h i f t (  O. ; ,  Od, e i 8 ) ) ;  
return( rue); 

} 

d o u b l e [ ]  l o g d (  d o u b l e [ ]  wv) 

r e s  =max(  -GOd, s i n (  SOd, 
SOd * ( d i f f ( w v )  / (O.Ol+wv)))) ;  

r e t u r n (  r e s ) ;  

Figure 3 : L O G D 1  in APL and SAC 

K E S ~ D I F F  5 IG  
K E S ~ - - 2  - - / O . O E O , S I G  

d o u b l e [ ]  m l n u s _ 2 _ r e d u c e (  i n t  n ,  d o u b l e [ ]  v)  

res  : e i t h  ( . (=  i v  • . )  { 
t l  : t i l e (  [ ~ ] ,  i v ,  v) ;  
va l  : t 1 1 t ]  - t l [ O ] ;  

} 
g e n a r r a y (  s h a p e ( v ) - n + l ,  v a l ) ;  

r e t u r n (  r u e ) ;  

d o u b l e [ ]  d i l l (  d o u b l e [ ]  x) 
{ 

roe : m i n u s _ 2 _ r e d u c e (  2 ,  c u t (  O, [ O d ] ,  x ) ) ;  
r e t u r n (  r e s ) ;  

Figure  4 : L O G D 2  in  APL and  SAC 

SAc code. Since for the  Lime be ing  SAc does no t  suppor t  
h igher-order  funct ions ,  the func t iona l i ty  of the n - m y  " o d  ~ 
opera to r  c a n n o t  be  expressed in  i ts  g e n e r a / f o r m .  However,  
in  c o n j u n c t i o n  wi th  a specific opera to r  to be  applied,  e.g. 
sub t r ac t i on  as i n  the  b e n c h m a r k  e x u n p l e ,  it  is well possi- 
ble to emula te  i t  i n  SAc, as is shown by  the def in i t ion  of 
the func t ion  m i n u s . 2 _ r e d u c e  in  Fig. 4. T h e  l ibrary  func-  
t ion  l ~ i l e ( s h p , o f f s e t , a )  selects a suba r r ay  of a wi th  the  
shape zhp, s t a r t i ng  a t  index  pos i t ion  o f f a e t .  Actual ly ,  t i l e  
is a combina t ion  of t a k e  a n d  d rop .  Af te r  hav ing  selected 
the appropr ia te  2-e lement  subvec tor  of v, i ts  first e lement  is 
s u b t r a c t e d  f rom the  second one as is specified in  APL by  the 
negat ive  left ope r and  to the  n - a ry  " ~ / "  opera tor .  
2,3 T h e  T O M C A T V  b e n c h m a r k  

T h e  b e n c h m a r k  TOMCATV is a vec to~zed  mesh  gene ra t ion  
program.  I m p l e m e n t e d  in  FORTRAN, TOMCATV is p a r t  of 
b o t h  the SPEC C F P ' 9 2  a n d  the  SPEc C F P ' 9 S  b e n c h m a r k  
suites. Our  APL vers ion is direct ly based  on the  original  
FORTKAN source code. However,  some mino r  modif ica t ions  
have been  m a d e  insofar  as always a fixed n u m b e r  of it- 
era t ions  is per formed,  a n d  the  code which computes  the  
t e r m i n a t i o n  condi t ion  is m a n u a l l y  l i f ted from the  i t e r a t i on  
loop. This  is done to assure  fair  r u n - t i m e  compar i sons  be-  

tween SAC a nd  APL, as the  SAC compiler  would au toma t i -  
caJ]y move the cor responding  s t a t e m e n t s  outs ide  the  i tera-  
t ion  loop, b u t  the  APL in t e rp re t e r  has no oppor tur~ty  to do 
so. Since this b e n c h m a r k  is decidedly larger t h a n  M c o N v  
a n d  LOGD, we res t r ic t  the  compar i son  be tween  APL a n d  SAC 
code to a represen ta t ive  set of selected subrout ines .  

r ~ x  compmesh y ; x x ; y x ; x y ; y y ; a ; b ; c ; p z z ; p x y ; q x x ; q x y ; p y y ; q y y  
x x ~ l  --25--1 0 5 ( 2 ~ x ) - - x  
y x * - i  --25--1 05(2~y)- -y  
uy~'---2 150 --15(2e, x ) - - x  
yy , - - - 2  150 - - l J , (2 ,~y ) - -y  

a ~ 0 .  250 x (x¥ X x y )  + ] r y x y y  
b~-0 .  250x  (yx  X y x )  + x x X x x  
c~-O. 125 x ( x y X x x ) + y x X y y  

pxx~-(1 24--1 0 5 x ) - - ( 2 . 0 X l  14--1 - -15x)- -1  04--1 --25x 
q x x ' - ( 1  24--1 0 5 y ) - - ( 2 . 0 X l  15--1 --15y)--1 05--I --25y 
p y y * - ( 2  140 - - 1 5 x ) - - ( 2 . 0 x 1  14--1 - -15x) - -0  14--2 --15x 
qyy * - (2  140 - - 1 + y ) - - ( 2 . 0 x l  14--1 - -15y) - -0  14--2 --1.1,7 

p x y + - ( ( 2  2~ ,x ) - - - -2  2 5 x ) + ( - - 2  - -25x) - -2  --25x 
qxy~ - ( ( 2  2&y)-- - -2 2 5 7 ) + ( - - 2  - -25y) - -2  --2.k¥ 

dd~-b+b-I- (2 .0+0 .98)  Xa 
r x ~  ( a X p x x )  + (b xpTy)  --c Xpxy 
rye- (aXqxx)+CbXqy¥) -cXqxy 
rV-O 

Figure  5: TOMCATV: f u n c t i o n  compaesh  in  APL 

A m a j o r  rou t ine  of TOMCATV is compmesh. Th i s  func-  
t ion recieves two square  ma t r i ces  x a nd  y of size N as argu-  
m e n t s  a n d  creates  a to ta l  of four  square  mat r ices  of size N-2. 
T h e  APL i m p l e m e n t a t i o n  of compmeeh is shown in  Fig. 5, i ts  
t r ans l a t ion  to  SAC in  Fig.  6. We no te  tha t  there  are two 
different s ignatures  for the  two versions of compmeeh. Since 
APL is l imi ted  to mona d i c  a n d  dyadic  opera tors ,  add i t iona l  
paxazneters a nd  r e t u r n  values c a n  only  be  realized by global 
variables.  T h e  APL vers ion of compmesh r e t u r n s  all four  re- 
sui t  mat r ices  v ia  the global variables  aa, dd, rx ,  a n d  ry ;  the 
ac tua l  r e t u r n  value of eonpmesh  is no t  used.  Th i s  con t ras t s  
wi th  SAcwhich provides the requ i red  flexibility by suppor t -  
ing func t ions  wi th  a~y n u m b e r  of formal  paxameters  and  
r e t u r n  values. 

T h e  b o d y  of eomlmeeh- - sen t i a l ly  uses three  different cat-  
egories of operat ions:  r o t a t i o n  a long b o t h  axes us ing " ~ "  
a n d  " o  ", selection of subma t r i ce s  us ing  "$"  and  various 
a r i thme t i c  operat ions .  T h e  first a n d  the th i rd  categories 
pose no  p rob lems  as far as t r a n s l a t i o n  in to  SAC code is con- 
cerned.  However,  since the SAC l ibra ry  func t ions  t a k e  and  
d r o p  do no t  s u p p o r t  take or d rop  vectors  wi th  nega t ive  el- 
ements ,  appl icat ions  of t h e m  c a n n o t  l i teral ly be  t r ans l a t ed  
in to  SAC. Instea~i, any A P L "  $ = ope ra t i on  in  compmesh mus t  
be  expressed as a ne s t ed  t a k e  a nd  d r o p  ope ra t ion  in  the  SAC 
version. 

Most  of the  o ther  func t ions  of the  TOMCATV b e n c h m a r k  
can  be t r a n s l a t e d  more  or less s t rmght forward iy  in to  equiv- 
a lent  SAC code, as d e m o n s t r a t e d  for compmesh, an  except ion  
be ing  the  func t ion  fma. I t  searches for the  m a t r i x  d e m e n t  
wi th  the  highest  abso lu te  value. T h e  value of this e lement  
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d o u b l e [ ] ,  

d o u b l e [ ] ,  

xx ffi t a k e (  

yx ffi t a k e (  

xy ffi t a k e (  

yy  = t a k e (  

d o a b l e [ ] ,  
d o a b l e [ ]  compmesh( d o u b l e [ ]  x ,  d o a b l e [ ]  y )  

s h a p e ( x ) - 2 ,  

d r o p (  [ 1 .  0 ] .  ( r o t a t e (  1 ,  - 2 ,  x )  - x ) ) ) ;  
s h a p e ( x ) - 2 .  
d rop (  [1,  0 ] ,  ( r o t a t e (  1,  - 2 ,  y) - y ) ) ) ;  
shape(z ) -2 ,  
drop (  [0 ,  1 ] ,  ( r o t a t e (  0 ,  - 2 ,  x) - X ) ) ) ;  
s h a p e ( x ) - 2 ,  
d rop (  [0 ,  1 ] ,  ( r o t a t e (  0 ,  - 2 .  y) - y ) ) ) ;  

a : 0 . 2 6 0  
b = 0 . 2 5 0  
e : 0 . 1 2 5  

* ( x y * xy  + yy*yy) ;  
* (yx*yx + xx*xx) ;  
* (xy*xx + yx*yy) ;  

pax = t a k e (  shape (x ) -2 ,  d rop(  [ 1 , 2 ] ,  x ) )  
- (2 .0  * t a k e (  shape (x ) -2 ,  d rop(  [ 1 , 1 ] ,  x ) )  
- t a k e (  shape(u ) -2 ,  d rop(  [ L ,O ] j  x ) ) ) ;  

qxx = t a k e (  shape (x ) -2 ,  d rop(  [ 1 , 2 ] ,  y ) )  
- (2 .0  * t a k e (  shape (x ) -2 ,  d rop(  [ 1 , 1 ] ,  y ) )  
- t a k e (  shape (x ) -2 ,  d rop(  [ 1 , 0 ] ,  y ) ) ) ;  

pyy = t a k e (  shape (x ) -2 ,  drop (  [ 2 . 1 ] ,  x ) )  
- ( 2 . 0  * t a k e (  s h a p e ( u ) - 2 ,  d r o p (  [ 1 , 1 ] ,  x ) )  
- z a k e (  s h a p e ( x ) - 2 ,  d r o p (  [ 0 , 1 ] ,  x ) ) ) ;  

qyy = t a k e (  s h a p e ( x ) - 2 ,  d r o p (  [ 2 , 1 ] ,  y ) )  
- (2 .0  * t a k e (  s h a p e ( x ) - 2 ,  d r o p (  [ 1 , 1 ] ,  y ) )  
- t a k e (  s h a p e ( x ) - 2 ,  d r o p (  [ 0 , 1 ] ,  y ) ) ) ;  

pay = ( d r o p (  [ 2 . 2 ] ,  x) 
- t a k e (  s h a p e ( x ) - 2 ,  d rop (  [ 0 . 2 ] ,  x ) ) )  

+ ( t a k e (  s h a p e ( x ) - 2 ,  x) 
- t a k e (  shape (x ) -2 ,  d rop(  [ 2 , 0 ] ,  z ) ) ) ;  

qay = (d rop(  [ 2 , 2 ] ,  y)  
- t a k e (  shape(u ) -2 ,  d rop(  [ 0 , 2 ] .  y ) ) )  

+ ( t a k e (  shape (x ) -2 ,  y)  
- t a k e (  shape (x ) -2 ,  d rop(  [ 2 , 0 ] .  y ) ) ) ;  

e t a=  - l d  * b;  
dd = b + b + ( 2 . 0 / 0 . 9 B )  * a ;  
rx  = a * pxz + (b*pyy - c . p a y ) ;  
ry  = a * qxx + (b*qyy - c eqxy ) ;  

r e t u r n (  as, dd,  r x ,  r y ) ;  
) 

F i g u r e  6: TOMCATV: f u n c t i o n  compmesh  in  SAC 

is r e t u r n e d  a l o n g  w i t h  t h e  c o o r d i n a t e s  of  i t s  f i r s t  o c c u r r e n c e  
i n  t h e  row-wise  u n r o l l i n g  of  t h e  m a t r i x .  N o t w i t h s t a n d i n g  
t he  p r o b l e m  t h a t  a d d i t i o n a l  p a r a m e t e r s  h a v e  to  b e  c o m m u -  
n i c a t e d  to a n d  f r o m  t h e  f u n c t i o n  v ia  g ioba l  va r i ab les ,  t h e  
A P t  i m p l e m e n t a t i o n  of  f m a  is s h o r t  a n d  concise  as  c a n  b e  
s een  in  Fig.  7. 

T h e  p r o b l e m  w i t h  t r a n s l a t i n g  f m a  to  SAC is t h a t  nei-  
t h e r  t h e  f u n c t i o n a l i t y  of  t h e  dyad ic  "L"  n o r  r e d u c t i o n  a l o n g  
a s ingle  c o o r d i n a t e  a re  d i r ec t l y  s u p p o r t e d  b y  SAc.  I n  or-  
d e r  to  keep  t he  t r a n s l a t e d  S A c  code  as  close as  poss ib l e  to  
t h e  o r ig ina l  APL spec i f i ca t ion ,  we h a v e  i m p l e m e n t e d  b o t h  as 
SAc  f u n c t i o n s ,  as  c a n  b e  s e e n  in  Fig.  7. S ince  SAC, un l ike  
APL,  s t r i c t l y  d i s t i r~u . i shes  b e t w e e n  a r r a y s  a n d  sca la r s ,  two  
ve r s ions  o f  m a x _ r e d u c e  a re  r e q u i r e d ,  one  t h a t  o p e r a t e s  o n  
vec to r s  a n d  r e t u r n s  a sca la r ,  a n d  one  t h a t  o p e r a t e s  o n  a r -  
r ays  w i t h  a t  l eas t  r a n k  two a n d  r e t u r n s  a n  a r r a y  w h o s e  r a n k  
is r e d u c e d  by  one.  T h e  f i r s t  ve r s i on  m a y  s i m p l y  b e  i m p l e -  
m e n t e d  a,s a cal l  to  t h e  SAc  l i b r a r y  f u n c t i o n  ma.xva], w h i c h  
r e t u r n s  t h e  m a x i m u m  va lue  of  al l  e l e m e n t s  of  a g iven  a r ray .  
T h e  s e c o n d  vers ion ,  in  c o n t r a s t ,  m a y  only  b e  spec i f ied  b y  a 

z +-fma y ; t ; a y ; v  
ay ~ [y  
v~- [ / u y  
t~- [ I v  
i *-v ~t 
j 4-ay [ i  ; ]  ~t 
z ~ - y [ i ; j ]  

d o u b l e [ ]  m a x _ r e d u c e ( d o u b l e D  a r r a y )  
{ 

r e s  ffi w i t h  ( .  <:  i v  <:  . )  
go~al : ray(  t a k e (  [ d i m ( a r r a y ) - 1 ] ,  s h a p e ( a r r u y ) ) ,  

mazva l (  a r r u y [ L v ] ) ) ;  
r a t u r n ( r o s ) ;  

doub le  mecz_reduce(doublo[ . ]  a r r a y )  
{ 

r e t u r n ( m a x v u l ( e L r r e y ) ) ;  
} 

£n t  ~ o t a ( d o u b l e [ . ]  v e e r ,  doub le  v u l )  
{ 

pea = O; 
u h i l e  ( (poe < s h a p e ( v a s t ) [ e l )  J& ( vee r [ pee l  != vs.1)) { 

poe++;  
} 
r e t u r n ( p o e ) ;  

} 

d o u b l e ,  i n t ,  i n t  'fma( d o u b l e [ ]  y) 
{ 

ay = a b s ( y ) ;  
v = m a x _ r e d u c e ( a y )  ; 

t : mmz_reduce(v) ; 
.i ffi i o t a ( v ,  t ) ;  
j = i o t a ( a y [ i ] ,  t ) ;  
z = y [ i , j ] ;  
r e t u r n ( z ,  J., . i ) ;  

F i g u r e  7: TOMCATV: f u n c t i o n  fma  in  APL a n d  SAC 

WITH-loop w h i c h  f i r s t  de r ives  t h e  r e s u l t  s h a p e  a n d  t h e n  ap-  
pl ies  m a x v a l  to  e a c h  s u b v e c t o r  of  t h e  i n n e m a s t  r a n k .  T h e  
dyad ic  " ~ "  w h i c h  d e t e r m i n e s  t h e  i n d e x  p o s i t i o n  of  t h e  lef t -  
m o s t  o c c u r r e n c e  of  a va lue  in  a vec to r ,  c a n  b e s t  b e  spec i f ied  
in  a C- l ike  f a s h i o n  as  s h o w n  in  Fig .  7. However ,  o n c e  t h e  
f u n c t i o n s  m a x _ r e d u c e  a n d  i o t a  h a v e  b e e n  i m p l e m e n t e d ,  t h e  
SAc  ve r s ion  of  fma  i t se l f  b e c o m e s  a r a t h e r  l i t e ra l  t r a n s l a t i o n  
of t he  o r ig ina l  APL source .  

3 Pe r f o rmance  Compar ; son :  
I n t e rp re ted  A P L  vs C o m p i l e d  S A C  

In t h i s  sec t ion ,  we c o m p v x e  t h e  p e r / o r m a n c e  of t he  APL a n d  
t h e  SAC i m p l e m e n t a t i o n s  of  t h e  t h r e e  b e n c h m a r k s  MCONV, 
LOGD, a n d  TOMCATV, as  d e s c r i b e d  in  Sec t ion  2. O u r  t e s t  
s y s t e m  is a P e n t i u m - I I  w i t h  2 6 6 M H z  d o c k  f r e q u e n c y  a n d  
f i4MB of m a i n  m e m o r y .  F o r  t h e  i n t e r p r e t a t i o n  of  t h e  APL 
p r o g r a m s  we u se  A P L - F W I N  3 .0  r~mn~ug u n d e r  W i n d o w s 9 5 .  
T h e  m a n u a l l y  t r a n s l a t e d  SAC p r o g r a m s  are  c o m p i l e d  b y  t h e  
c u r r e n t  SAC p r o t o t y p e  c o m p i l e r  SAC2C V0.8  r u n n i n g  u n d e r  
LINUX, k e r n e l  r ev i s ion  2.0.35.  G n u  gcc 2.7.2.1 is u s e d  as a 
b~w.kend c o m p i l e r  to  g e n e r a t e  h o s t  m a c h i n e  code .  All  APL 
r u n - t i m e s  g iven  b e l o w  axe d e t e r m i n e d  by  t h e  " D t a "  s y s t e m  
f u n c t i o n ;  t h e  SAc  r u n - t i m e s  a re  u s e r  C P U  t i m e s  m e a s u r e d  
b y  t h e  L m u x  shel l  c o m m a n d  t i m e .  T h e y  vii a r e  t h e  m i n i m a l  
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run - t imes  of  ten  i n d e p e n d e n t  runs  of  the  respec t ive  bench-  
m a r k  p rograms ,  r ~ - d l l m m y  V x V a t  n 

r 4- ((pw) l~t,t.h) ÷.  x'~ 

3.1 Performance of M C O N V  

MCONV t iz~eAPL %i~rte S AC  tiTrteAp L 
p t r  p WV tlmeSA C 

10,000 50 
I0,000 I00  
I0,000 150 
I0,000 200 

5,000 200 
15,000 200 

30,000 200 
45,000 200 
60,000 200 

150,000 200 

0.22 sec 
0.44 sec 
0.71 sec 
0.99 sec 
0.49 sec 
1.48 sec 

0.09 sec 
0.20 sec 
0.32 sec 
0.42 sec 
0.20 sec 
0.71 sec 
2.29 sec 
3.78 sec 
5.80 sec 

15.17 sec 

2.4 
2.2 
2.2 
2.4 
2.5 
2.1 

F igure  8: P e r f o r m a n c e  of  MCONV 

Fig.  8 shows t h e  r u n - t i m e s  of  the  MOONV b e n c h m a r k  
for  vaxious p r o b l e m  sizes d e t e r m i n e d  by the  l eng ths  of  the 
t r ace  vec to r  and  the  ( shor te r )  wavele t  vec tor .  T h e  compi l ed  
SAc code  achieves  speedups  re la t ive  to i n t e r p r e t e d  APL pro-  
grmns by fac to rs  of  2 and  more  a l t hough  the  SAC imple -  
m e n t a t i o n  exac t ly  follows the same  a l g o r i t h m  as the  APL 
p r o g r a m .  Moreover ,  t he  p r o b l e m  sizes axe var ied  w i t h i n  a 
range  in  which  the  i n t e r p r e t e r  should  p e r f o r m  qu i t e  well. 
T h e r e  is no expl ici t  i t e r a t i o n  and  the  axray sizes axe ]axge 
enough  to  a m o r t i z e  se tup  costs over  a large  n u m b e r  of  a r ray  
e lements .  

A closer look at  t h e  two i m p l e m e n t a t i o n s  in Fig.  1 reveals  
t h a t  by fa r  the  l a rges t  p a r t  of the  e x e c u t i o n  t ime  is spen t  
on crea t ing ,  t r ans fo rming ,  a n d  reduc ing  two huge  i n t e r m e -  
d i a t e  ma t r i ces  of  shape  " (pvv)  , - l + ( p t r ) + p v v ' .  However ,  
whereas  t h e  APL i n t e r p r e t e r  more  or  less execu tes  the  pro-  
g r a m  as it  is specified, the  SAc compi le r  t r an s fo rms  the  orig- 
ina l  speci f ica t ion  in a way tha t  comp le t e ly  avoids  i n t e rme-  
d i a t e  mat r ices .  In fac t ,  SAC owes i t s  p e r f o r m a n c e  edge over  
APL to compi l ed  code  f r o m  which  i n t e r m e d i a t e  ma t r i ce s  are 
comple te ly  e l im ina t ed  in this  p a r t i c u l a r  case.  E v e n  m o r e  im-  
p o r t a n t  t han  speed ing  up  the  execu t ion  t imes  is t h e  mass ive  
r e d u c t i o n  in m e m o r y  consumpt ion .  W h e r e a s  15,000 by 200 
is roughly  the  l a rges t  p r o b l e m  size t h a t  can  be  dea l t  w i t h  
hy the APL in t e rp re t e r ,  r equ i r ing  abou t  48MB of m e m o r y  
to  ho ld  the  two i n t e r m e d i a t e  ma t r i ces  vlone, SAC m a y  easily 
hand le  a p r o b l e m  size t h a t  is ten  t imes  larger ,  as shown in 
Fig .  8. Th i s  m a y  also be  seen as ev idence  t h a t  SAC ac tua l ly  
succeeds in avoiding i n t e r m e d i a t e  ma t r i ces .  

Thus ,  i t  tu rns  ou t  t h a t  the  o r i g i n a l  APL i m p l e m e n t a t i o n  
of  M o o N y ,  t h o u g h  be ing  e legant  and  concise,  is only of l im- 
i t e d  p rac t i ca l  use due  to i ts  eno rmous  m e m o r y  d e m a n d s .  
Th i s  l ed  to  the  idea  of  r e - i m p l e m e n t i n g  MCONV in APL in 
a less m e m o r y - c o n s u m i n g  way. T h i s  p rog ra in  is shown in 
Fig .  9 a long w i t h  a SAC t r ans l a t i on  which  is kep t  t o  i t  as 
close as possible .  Whi l e  t he  value of  t he  t e m p o r a r y  h in the  
func t i on  cony  is c o m p u t e d  ju s t  as before ,  the  resn l t  of  c o n y  
is specif ied as a m a p  o p e r a t i o n  of  VxV_at over  t he  indices of 
t he  t r ace  v e c t o r  t r .  N o t e  t h a t  tl a n d  h are  global  var iables ,  
so they  can  be  used  in  the specif ica t ion of  VxV_at. T h e  func-  
t ion  VxV_at ignores  i ts  f irst  o p e r a n d  which  is j u s t  a d u m m y .  
It  c o m p u t e s  a v e c t o r  p r o d u c t  on the  wave le t  vec to r  w and  

r+-wv conv  tr 
M+--yV 

h 4 - t r ,  ( - - l+n~-puv)  pO 
r~-O ° . VxVat ~ p t r  

d o u b l e  VxV ( d o u b l e  [] v l ,  d o u b l e  [] v2)  
{ 

return( sum( v l  * v 2 ) ) ;  
} 

d o u b l e  VxV_at ( i n t  dlmmy, i n t  [] i v .  
d o u b l e  [] h,  d o u b l e  []  wv) 

{ 
r e s  = VxV( wv, t i l e ( a h a p e ( w v ) ,  i v ,  h ) ) ;  
return(res) ; 

} 

d o u b l e [ ]  OP_VxV_at(  i n t  s e a l ,  i n t [ ]  v e e r ,  
d o u b l e d  h ,  d o u b l e [ ]  v v )  

{ 
r e s  = w i t h (  . <= iv <= .)  { 

v a l  = VxV_a t (  s e a l ,  i v ,  h ,  wv) ;  
} 
t ens_ tray(  s h a p e (  v e e r ) ,  v a l )  

r e t u r n ( r e s )  ; 

d o u b l e [ ]  con.v( d o u b l e [ ]  wv,  d o u b l e [ ]  t r )  
{ 

h ffi e a t (  0 ,  t r ,  gena.Tray( e h a p e ( e v ) - l ,  0 d ) ) ;  
r e s  = OP_VxV_at( O, i o t a ( s h a p e ( t r ) ) ,  h,  v v ) ;  
r e t u r n ( r e e )  ; 

) 

F i g u r e  9: M c o N V o p t :  i m p r o v e d  i m p l e m e n t a t i o n  of  MCONV 

the  co r r e spond ing  s u b v e c t o r  of  h s t a r t i ng  at  i ndex  pos i t i on  
n. T h e  SAC i m p l e m e n t a t i o n  exac t ly  imi t a t e s  the  APL pro-  
gra in  in o rde r  t o  allow for  a fa i r  p e r f o r m a n c e  compar i son .  
T h e  two m a j o r  d.dTerenees axe t h a t  uv and  h are  e x p l i d t l y  
passed  as a r g u m e n t s  in  f u n c t i o n  appl ica t ions  r a t h e r  t h a n  be-  
ing  global var iables  and  t h a t  o u t e r  and  inner  p r o d u c t s  have  
to  be  specia l ized  to  t he  specific opera t ions  since SAC does  
n o t  suppo r t  h i g h e r - o r d e r  functions_ 

B u n - t i m e  m e a s t t r e m e n t s  for  b o t h  the APL a n d  the  SAC 
i m p l e m e n t a t i o n s  of M c o N V o p t  axe t aken  for the  same  p rob-  
l em sizes as those  for  ]V[CONV; the resul ts  are s u m m a x i z e d  
in Fig.  10. T h e  m e m o r y  r e q u i r e m e n t s  of  the  APL i m p l e m e n -  
t a t i o n  are  successful ly r e d u c e d  and  do now allow for  l a rge r  
p r o b l e m  sizes. However ,  for  p r o b l e m  sizes t h a t  McONV can  
succesful ly  dea l  wi th ,  a severe  slowdown, by fac tors  b e t w e e n  
3.8 and  15 is encoun t e r ed .  For  t he  SAC i m p l e m e n t a t i o n  of  
MCONVopt i t  is j u s t  the  oppos i te :  MCONVopt is f as te r  by  
fac to rs  b e t w e e n  3 a n d  7 c o m p a r e d  to MCONV. T h u s ,  al- 
t h o u g h  largely  i m i t a t i n g  the  APL specif icat ion,  M c o N v o p t  
turns  out  to be  an  a lmos t  ideal  SAC i m p l e m e n t a t i o n  of  the  
MCONV b e n c h m a r k  in  t e r m s  of  r u n - t i m e  behav iour .  

However ,  th is  i m m e d i a t e l y  raises the  ques t ion  why  is the  
APL vers ion  t h a t  s low? Cons ide r ing  the  pax t icu la r  imple -  
m e n t a t i o n ,  one  wou ld  e x p e c t  r u n - t i m e s  to scale l ineaxly b o t h  

5 4  



t;meAp L 
McoNvopt t i m e A p  L timesA c t;m~SAc 
p t r  p v v  

10,000 50 
10,000 100 
10,000 150 
10,000 200 

5,000 200 
15,000 200 
30,000 200 
45,000 200 
60,000 200 

150,000 200 

3.40 sec 
3.52 sec 
3.62 sec 
3.7'9 sec 
1.26 sec 
5.52 sec 

27.19 sec 
83.98 sec 

185.70 sec 
> 30 min 

0.03 sec 
0.04 sec 
0.05 sec 
0.06 sec 
0.03 sec 
0.09 sec 
0.17 sec 
0.28 sec 
0.35 sec 
0.92 sec 

113.3 
88.0 
72.4 
63.2 
42.0 
61.3 

159.9 
299.9 
530.6 

Figure 10: Performance of M c o N v o p t  

with the length of the trace vector and with the length of 
the wavelet vector. This is exactly the case with the SAC 
implementation, but not with the APL implementation. The 
latter is extremely sensitive against increasing lengths of the 
trace vector whereas the effect of the length of the wavelet 
vector on run-times is almost negligible. It is reasonable 
to assume that the APL implementation of the outer prod- 
uct with a user-defined function is the performance killer in 
the APL version of McoNvopt. Unfortunately, we haven't 
managed to find an APL implementation of McoNVopt with 
better performance figures. A much more elegant and pre- 
sumably also faster implementation could be had with the 
cUT-operator which, however, is not available in our APL 
interpreter. 

3.2 Performance of L O G D  

LOGD1 t / m e A p  L t imeSA c ~ = A P L  
p uv  ¢~'~sSAc 
500,000 0.99 sec 0.23 sec 4.3 

1,000,000 2.31 sec 0.47 sec 4.9 
1,500,000 3.57 sec 0.71 sec 5.0 

LOGD2 t imeAp L tlmeSA c 
it/ U V  t iccAeSA C 

500,000 1.38 sec 0.23 sec 6.0 
1,000,000 2.85 sec 0.51 sec 5.6 
1,500,000 4.56 sec 0.74 sec 6.2 

Figure 11: Performance of LOGD 

Fig. llincludes the performance data for the two vari- 
ants of the LOGD benchmark. In the case of LOGD1, SAC 
achieves a speedup of a factor of about five over the inter- 
preted APL implementation. Whereas the APL version of 
LOGD2 is slightly slower than that of LOGD1, the equiva- 
lent SAC version takes about the same time, resulting in a 
speedup by a factor of about 6. Here again the question 
must be raised why is SAC so much faster than APt for this 
benchmark? The APL version of LOGD1 is non-iterative, 
and represents good quality coding style. The entire pro- 
gram does not contain more than 8 built-in APt operators 
which step by step transform a relatively large data vector, 
i.e., the overhead inflicted by the APL interpreter should be 

negligible relative to useful computations. So, compilation 
per sd cannot be expected to improve performance signif- 
icantly beyond what can be accomplished with interpreta- 
tion. However, in SAC compilation is the key to large-scale 
program restructuring based on detailed program analysis. 
For both LOGD1 as well as LOGD2, the SAC compiler is able 
to generate target code which completely avoids the creation 
of all intermediate arrays produced by the individual oper- 
ators. In fact, the original SAc specification is internally 
transformed into a single, complex array operation which is 
then applied to the argument vector. This large-scale code- 
restructuring optimization technique, called WITH-loop fold- 
ing, is described in detail in [19, 18]. For both versions of 
the LOGD benchmark, WITH-loop folding is the key to the 
superior performance of SAC relative to APL. 

3.3 P e r f o r m a n c e  o f  T O M C A T V  

TOMCATY timeAp L tlmeSA c 
p mat t'm~SA C 

20, 20 
40, 40 
60, 60 
80, 80 

100, 100 
120, 120 

1.59 sec 
4.45 sec 
8.68 sec 

14.23 sec 
22-41 sec 
32.54 sec 

0.11 sec 
0.38 sec 
0.79 sec 
1.50 sec 
2.47 sec 
4.05 sec 

14.5 
11.7' 
i i . 0  

9.5 
9.1 
8.0 

Figure 12: Performance of TOMCATV 

Hun-time figures for the third benchmark, TOMCATV, are 
shown in Fig. 12 for various sizes of the square matrices be- 
ing transformed- Similar to LOGD, the SAC implementation 
of TOMCATV is significantly faster than the APL version. 
Speedup factors are between 8 for the largest problem size 
under consideration and more than 14 for the smallest prob- 
lem size. This speedup degression with increasing problem 
sizes can simply be explained by the decline of the interpre- 
tive overhead relative to the overall computation performed. 

Similar to LOGD, the WITH-loop folding optimization tech- 
nique generates target code that avoids large numbers of su- 
perfluous intermediate arrays. The APL implementation of 
the function compmesh (cf. Fig. 5) alone creates almost 90 
large intermediate matrices provided that no specific opti- 
mizations apply what seems difficult in an interpreting envi- 
ronment. Here, the SAc strategy of implementing all array 
operations by the more general wlrrH-loop construct com- 
bined with the capability of folding subsequent WITH-loops 
to form a single more complex one provides an enormous 
optimization potential. In fact, the SAC compiler succeeds 
in transforming the implementation of compmesh into four 
complex WITH-loops, each specifying how to compute  one 
result matr ix.  However, this folding cannot  be had without  
problems. Whereas  the APL interpreter  computes  interme-  
diate results which are shared in the computa t ion  of more 
than one result  matr ix,  WITH-loop folding results in comput-  
ing each result mat r ix  from scra tch . .As the run- t ime figures 
show, this does not  at all outweigh the positive performance 
impact  of WITH-loop folding. However, an addit ional  op- 
por tuni ty  for an opt imizat ion becomes apparent .  Sharing 
of intermediate  results may well be re- introduced by fusion 
of two or more WITH-loops to a single compound WITH-loop 
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t ha t  computes  several resul t  a r rays  s imul taneous ly .  W i t h -  
loop fusion, however,  has no t  yet  b e e n  i m p l e m e n t e d  in to  the 
SAC compiler ,  b u t  r emains  sub jec t  to  fu tu re  work. Never-  
theless, i t  makes  clear t ha t  i n  pa r t i cu l a r  the more  complex  
TOMCATV b e n c h m a r k  provides various add i t iona l  oppo r tu -  
ni t ies  for op t imiza t i on  t h a t  p r e s u m a b l y  change the re la t ive  
r u n - t i m e  pe r fo rmance  fu r the r  in  favor of SAC. 

4 A Note  on Compil ing A P L  to SAC 

Since meLnued t r an s l a t i on  of APL p rograms  in to  SAC c a n  ob- 
viously be  done  more  or less di rect ly  and  the b e n c h m a r k s  
show speedups  be tween  2 and  500, compi l ing  APL to SAC 
appears  to be  a worthwhile  u n d e r t a k i n g .  The  m a i n  p rob lem 
is to specify t r a n s f o r m a t i o n  rules  for all l eg i t imate  APL con- 
s t ruc t s  or a t  least  for some ]axge subse t  of them.  Th i s  sec- 
t ion  is to ident i fy  to  which e x t e n d  SAc a n d  i ts  compi ler  have 
to be  ex tended  and  w h a t  k i n d  of res t r ic t ions  may  poss ib ly  
have to be  imposed  on APL p rog rams  in  order  to fw:i l i tate 
a s m o o t h  compi la t ion  of APL to SAC. 

M a n y  of the pre-def ined APL func t ions  are available in  
SAC ei ther  as bu i l t - i n  (so-called intrinsic) opera t ions ,  or as 
p a r t  of the SAC s t a n d a r d  l ibrary.  Inc lud ing  in to  the  SAC 
s t a n d a r d  l ib ra ry  mos t  of the APL opera to r s  t h a t  are no t  yet  
s u p p o r t e d  poses no  m a j o r  problem_ Excep t ions  are the  APL 
opera tors  " c  " a n d  " z "  t h a t  m a n i p u l a t e  n e s t e d  arrays ,  the  
p rob lem be ing  t h a t  SAc does n o t  suppo r t  m-rays tha t  c on t a i n  
subar rays  of different shapes.  Inc lud ing  t h e m  would  requi re  
dras t ic  changes of b o t h  the  cu r r en t  type  sys tem and  of the  
i n t e rna l  a r ray  r e p r e s e n t a t i o n  f rom s t ra igh t  d a t a  vectors ,  say, 
in to  nes t ed  vec tor  r epresen ta t ions .  

User-def ined APL func t ions  can  be more  or less one- to-  
one t r ans l a t ed  in to  equivalent  SAC func t ions .  Excep t ions  
re la te  to  the  usage of global  variables.  Since SAC is a pu re ly  
func t iona l  l anguage ,  the re  is no  concep t  of side-effects. In- 
s tead,  resul ts  of f unc t i on  appl ica t ions  have to b e  passed  ex- 
pl ici t ly as f u n c t i o n  values to the  cail;~g contex t .  As a conse- 
quence,  compi l a t ion  of APL func t ions  requires  a n  analysis  to 
detect  a n d  subsequen t ly  e l imina te  side-effects. Techniques  
for do ing  so can  be  found  in  the A P E X  compi ler  [3] which 
compiles APL to SISAL_ 

T h e  compi l a t i on  of the  h igher -order  APL func t ions  such 
as " w.cr " or " ° . a  " is more  difficult s ince SAc does no t  
(yet)  suppo r t  h igher -order  func t ions .  Ins tead ,  each combi-  
n a t i o n  of h igher -order  APL opera tors  a n d  func t ions  has to 
be  replaced  by  a specialized SAC version, as is done in  the  
A P E X  compiler .  Except ions  are " , ~ / "  a n d  " a /  " which 
in  some contex ts  esm be  real ized in  SAC us ing  s o - c a l l e d / o l d  
WITH-loops. However,  this  is only  possible  if the  r e duc t i on  
func t i on  a is associat ive a n d  c o m m u t a t i v e  since the folding 
order  in  SAC is non -de t e rmin i s t i c .  

T h o u g h  it  is possible in  pr inciple  to compile  APL in to  
SAC programs ,  a compiler  i m p l e m e n t a t i o n  would  have  to 
take care of a n o t h e r  problem.  In  con t r a s t  to APL, SAC re- 
quires p rog rams  to be  s ta t ical ly  t yped  as a n  essent ia l  prereq-  
uisi te  for compi l a t ion  in to  highly efficient code. Th i s  could 
be cons idered  a concep tua l  advan tage  for APL p rog rams  as 
well since typing ,  b e y o n d  efficiency cons idera t ions ,  also im- 
proves confidence in  p rog ram correctness .  Unfor t tmate ly ,  
the  type  sys t em of SAC also re jects  p rog rams  whose APL 
c o u n t e r p a r t s  may  be  type-correc t ,  b u t  whose ar ray  shapes  
c a n n o t  be  inferred  stat ically.  However,  in  a follow-up ver- 
s ion of the  SAC compi ler  the  type  sys t em will be  re laxed 
so t ha t  only  the  ranks  b u t  no t  the  exact  shapes  need  to be  
k n o w n  stat ical ly,  which likely covers mos t  APL programs .  

5 Conclusion 

T h e  objec t ive  of this  p a p e r  was to f ind out how m u c h  ef- 
fort  i t  takes  to t r ans l a t e  APL programs  in to  SAC programs  
a n d  how b o t h  versions compare  wi th  respect  to r u n - t i m e  
per fo rmance .  O ur  f indings  are b ~ e d  on  three  b e n c h m a r k  
p rograms  which also gives some insight  in to  the expressive- 
ness  of b o t h  languages .  

T h e  mearts for defining rvkrtk-invaxiant f tmct ions  in  SAC 
cons iderably  faci l i ta te  the  t r a n s l a t i o n  of APL p rog rams  in to  
SAC programs .  S u p p o r t i n g  in  SAC higher-order  func t ions  
would  n o t  only  improve  the elegsaxce of SAC specif icat ions 
bu t  also the  compi l a t i on  of APL p rograms  which make  use  of 
this fea ture .  Moreover,  add ing  new d a t a  s t ruc tu res  to SAC 
wonld  help to i m p l e m e n t  ne s t ed  arrays,  a n d  the  type  sys t em 
would  have to be  re laxed in  order  to faci l i ta te  compi l a t ion  
of p rog rams  in  which the  exact  shapes c a n n o t  be  inferred  
stat ically.  

T h e  r u n - t i m e  figures p resen ted  in  this  p a p e r  show tha t  
the compi led  SAC p rograms  ou tpe r fo rm the  i n t e r p r e t e d  APL 
programs  by factors  of 2 to  500. These  i m p r o v e m e n t s  can  
be  a t t r i b u t e d  to the  var ious opt inxizat ions i m p l e m e n t e d  in  
the c u r r e n t  SAc compiler .  In  p a r t i c - l a r ,  WITH-loop-folding 
has shown to be  essent ia l  for avoiding superf luous  t empo-  
r a ry  arrays.  Closer  e x a m i n a t i o n  of the  code gene ra t ed  by 
the SAC compi ler  for the  given benchmewks exposed fu r the r  
oppor tun i t i e s  of p r o g r a m  op t imiza t ion ,  e.g. WITH-loop fu- 
sion or  m e m o r y  pre -a l loca t ion  analysis ,  b o t h  of which ewe 
no t  yet  i nc luded  in  the  SAC compiler.  

A c k n o w l e d g e m e n t s :  We would  llke to t h a n k  R o b e r t  Ber- 
necky for the  APL source code of the b e n c h m a r k  p rog rams  
p resen ted  in  this p a p e r  a n d  his overall suppo r t  i n  APL ques- 
t ions. We also would  like to t h a n k  APL2O00 Inc.  for the i r  
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