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<»)  A  method  for  vectorizing  and  compiling  object  code. 

(sy  A  method  for  vectorizing  and  compiling  object 
code  is  disclosed  which  increases  the  number  of 
procedural  language  scalar  instructions  which  may 
be  executed  on  a  vector  SIMD  machine.  The  meth- 
od,  operative  in  the  compiling  of  the  source-to-object 
code,  utilises  a  mapping  representation  of  the  source 
code  statements  onto  a  dependence  graph  and  not- 
ing  that  the  innermost  sensitive  level  n  and  loop- 
independent  edges  of  the  program  mapped  onto  the 
graph  can  be  vectorized  if  every  level  n  dependence 
can  be  reordered  to  operate  as  an  innermost  loop 
and  if  there  are  no  cycles  after  the  reordering.  This 
indicates  that  the  code  can  be  vectorized  at  level  n. 
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A  METHOD  FOR  VECTORIZING 

This  invention  relates  to  a  method  for  vec- 
torizing  and  compiling  object  code. 

Most  programs  written  for  computers  contain 
loops  and  nests  of  loops  for  performing  repetitive 
operations  on  sequences  of  data.  These  programs 
direct  that  operations  be  done  in  a  well-defined 
order.  Because  single-instruction,  single-data  path  - 
(SISD)  machines  have  historically  been  the  most 
pervasive  type  of  machines,  the  order  is  one  that  is 
readily  executable  on  such  an  SISD  machine.  This 
very  same  order  may  not  be  valid  on  a  single- 
instruction,  multiple-data  path  (SIMD)  machine, 
where  successive  elements  are  taken  in  that  order 
and  .  are  operated  upon  independently  in  parallel. 
Other  orders  may  exist,  however,  in  which  the 
elements  validly  may  be  taken  and  operated  upon 
independently  in  parallel.  There  exists,  therefore,  a 
requirement  to  ascertain  those  portions  of  pro- 
grams  and  those  orderings  of  operations  for  which 
the  SIMD  machine  may  be  used  to  execute  the 
repetitive  operations.  This  requirement  and  its  con- 
comitant  result  is  known  as  vectorization.  It  is  thus 
desired  to  start  with  a  program  written  for  a  scalar 
SISD  machine  and  to  produce  object  code  for 
execution  on  a  vector  SIMD  machine. 

Vectorization  is  of  interest  for  at  least  three 
reasons.  First  is  the  large  existing  body  of  pro- 
gramming  written  for  SISD  machines.  An  automatic 
vectorizer  makes  it  possible  for  the  existing  pro- 
grams  to  be  executed  on  an  SIMD  machine  without 
requiring  that  the  programs  be  rewritten.  Second  is 
portability.  An  automatic  vectorizer  makes  it  possi- 
ble  to  execute  the  same  program,  without  change, 
on  both  SISD  and  SIMD  machines.  The  third  is 
speed.  An  automatic  vectorizer  renders  it  feasible 
for  the  same  program  to  be  OPTIMISED  for  scalar 
when  it  is  run  on  an  SISD  machine  and  to  be 
optimised  for  vector  when  it  is  run  on  an  SIMD 
machine. 

The  objective  of  vectorization  is  to  find  sequen- 
tial  scalar  operations  that  can  be  converted  to 
equivalent,  parallel  vector  operations  in  order  to 
take  advantage  of  vector  SIMD  machines.  Oper- 
ations  are  equivalent  if,  using  them,  the  program 
produces  the  same  result. 

In  general,  a  statement  may  be  vectorizea  if  it 
does  not  require,  as  an  input  on  one  iteration  of  a 
loop,  a  value  it  computed  on  an  earlier  iteration  of 
the  loop.  If  no  value  computed  in  one  iteration  of  a 
DO-loop  is  used  in  a  later  iteration,  then  ail  of  the 
data  values  can  be  computed  in  parallel.  This  in- 
dependence  of  data  values  from  one  DO-loop  iter- 
ation  to  the  next  is  a  factor  in  allowing  execution  on 

AND  COMPILING  OBJECT  CODE 

an  SIMD  machine.  In  contrast,  if  a  value  is  com- 
puted  in  one  iteration  and  then  used  in  a  later 
iteration,  the  DO-loop  cannot  in  general  be  vec- 
torized. 

5  Vectorization  of  sequential  operations  requires 
that  the  dependences  in  the  program  be  deter- 
mined.  A  statement  in  a  source  program  may  be 
dependent  upon  another  statement  in  the  program 
because  the  flow  of  control  is  affected  by  one  of 

70  them  or  because  they  both  use  the  same  storage 
locations.  Both  kinds  of  dependences  must  be  con- 
sidered  when  the  program  is  analysed  for  vec- 
torization. 

Among  the  most  pertinent  prior  art  references 
75  are  those  by  Allen,  "Dependence  Analysis  for  Sub- 

scripted  Variables  and  Its  Application  to  Program 
Transformations",  Ph.D.  thesis,  Computer  Science, 
Rice  University,  April  1983;  and  Kennedy, 
"Automatic  Translation  of  FORTRAN  Programs  to 

20  Vector  Form",  Rice  University  Technical  Report 
476-029-4,  October  1980.  The  aforementioned  Al- 
len  and  Kennedy  references  describe  the  scalar-to- 
vector  conversion  steps  of  (a)  forming  a  depen- 
dence  graph,  (b)  partitioning  the  graph  into  topo- 

25  logically  significant  regions,  (c)  examining  the  re- 
gions  in  order  to  ascertain  which  regions  are  ex- 
ecutable  on  an  SIMD  machine,  and  (d)  generating 
scalar  or  vector  code  based  on  the  results  of  (c). 

In  the  prior  art,  recurrences  among  program 
30  statements  in  selected  ones  of  a  nest  of  loops 

prevented  vectorization  of  those  program  state- 
ments  in  the  loops  which  generated  the  recurrence, 
and  furthermore  prevented  vectorization  of  those 
program  statements  in  the  outer  loops  containing 

35  those  loops.  It  is  known  that  the  interchange  of  the 
order  of  loops  affects  vectorizability  of  statements 
in  the  loops.  However,  because  of  the  complexity 
and  expense  involved  in  identification  and  inter- 
change  of  the  loops,  this  has  been  sparingly  em- 

40  ployed  only  on  the  innermost  and  next-to-inner- 
most  loops. 

It  is  the  object  of  the  invention  to  improve  on 
prior  art  vectorization  methods. 

According  to  the  present  invention,  therefore, 
45  there  is  provided  a  method  for  automatically  vec- 

torizing  and  compiling  object  code  for  execution  on 
a  SIMD  machine  from  source  code  procedural  lan- 
guage  statements,  said  method  comprising  the 
steps  of: 

so  (a)  forming  a  dependence  graph  from  said 
source  code,  wherein  said  source  code  statements 
are  mapped  onto  counterpart  nodes  of  the  depen- 
dence  graph; 

2 
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\u)  luoiiuiyiiiy  in«  sisiemenis  ax  me  noaes 
bounding  the  innermost-sensitive  level  n  and  loop- 
independent  edges  of  the  graph  if  the  level  n 
dependences  can  be  reordered  to  operate  as  an 
innermost  loop  and  if  there  are  no  cycles  in  the 
graph  after  reordering;  and 

(c)  generating  object  code  from  the  identified 
statements. 

The  source  code  procedural  language  state- 
ments  could  be  selected  from  one  strongly-typed 
language  from  the  set  of  strongly-typed  languages 
including  FORTRAN,  PM,  PASCAL,  ALGOL,  ADA, 
and  their  equivalents. 

The  dependences  could  include  control  and 
data  dependences,  loop-independent,  innermost- 
sensitive,  and  interchange  preventing  dependen- 
ces. 

In  the  above  method  the  step  (a)  of  forming  a 
dependence  graph  can  additionally  comprise  the 
sub-steps  of: 

(a)(i)  converting  the  source  code  statement 
into  an  intermediate  language  string  and  optimising 
the  string; 

(a)(ii)  forming  a  dependence  graph  from  the 
string,  the  nodes  of  the  graph  representing  state- 
ments  in  the  string;  and 

(a)  (iii)  partitioning  the  graph  according  to  the 
strongly  connected  regions  (SCRs)  thereof  on  a 
level-by-level  basis  from  outside  to  inside,  each 
node  in  the  SCR  being  connected  to  every  other 
node  by  at  least  one  path;  and  wherein  the  identify- 
ing  step  (b)  comprises  the  sub-steps  of 

(b)  (i)  ascertaining  which  SCRs  of  the  par- 
titioned  graph  are  executable  on  an  SIMD  machine 
Oy  ascertaining  at  the  nth  level  region  for  each 
evel  n  dependence  whether  the  level  n  depen- 
dence  is  interchangeable  with  each  successive  in- 
ler  loop  until  the  level  n  loop'is  the  innermost  loop; 
and 

(b)  ii  forming  a  subgraph  from  all  level  n 
dependences  surviving  the  interchange  to  the  in- 
lermost  loop  and  all  loop-independent  dependen- 
ts,  the  statements  constituting  the  subgraph  be- 
ng  vectorizable  at  level  n  if  said  subgraph  is  ac- 
yclic;  and  wherein  the  step  (c)  of  generating  object 
:ode  comprises  the  steps  of 

(c)  generating  object  code  for  the  statements 
constituting  the  subgraph. 

In  step  (b)(i),  if  any  dependences  cannot  be 
nterchanged,  then  the  SCR  cannot  be  vectorized 
it  level  n  and  if  the  dependence  disappears  upon 
nterchange,  then  it  constitutes  a  processing  nullity 
ind  may  be  ignored. 

rhe  identifying  step  (b)  can  additionally  com- 
prise  the  step  of: 

ascertaining  a  least  cost  path  through  the  depen- 
5  dence  graph  taking  into  account  the  type,  number, 

and  distribution  of  statements,  their  execution  time, 
and  the  cost  of  associated  resources. 

The  invention  is  based  upon  the  unexpected 
critical  observation  that,  in  the  dependence  graph 

io  representing  a  region  of  a  program  at  and  inside  a 
selected  level,  level  n,  only  the  innermost-sensitive 
level  n  dependence  edges  and  the  loop-indepen- 
dent  dependence  edges  need  be  considered  to 
ascertain  if  the  program  can  be  vectorized  at  level 

15  n.  The  edges  connect  nodes  of  the  graph  and 
represent  the  dependencies  between  the  state- 
ments  represented  at  those  nodes.  The  region  can 
be  vectorized  if  the  graph  formed  from  just  these 
two  classes  of  edges  (the  innermost-sensitive  level 

»o  n  edges  and  the  loop-independent  edges)  has  no 
cycles.  This  contrasts  with  the  method  of  the  prior 
art,  in  which  all  edges  in  the  region,  including  those 
at  level  n,  those  inside  level  n,  and  those  which  are 
loop-independent,  are  included  in  the  graph.  A  cy- 

>5  cle  occurs  when  it  is  possible  to  start  from  one 
node  and,  after  passing  to  at  least  one  other  node, 
to  return  to  the  first  node  by  tracing  the  connecting 
edges. 

The  prior  art,  having  failed  to  discover  and  then 
to  identify  the  significance  of  innermost-sensitive 

edges,  also  failed  to  exclude  from  the  graph  the 
dependence  edges  at  level  n  which  are  not  inner- 
most  sensitive  and  the  dependence  edges  at  levels 
inside  level  n.  By  applying  the  present  invention, 

is  these  edges  are  now  seen  not  to  be  relevant  to  the 
vectorizability  of  statements  at  level  n.  The  prior  art 
will,  in  consequence,  more  often  find  a  cycle  in  the 
graph  since  there  are  more  edges  in  the  graph, 
and  therefore  will  fail  to  ascertain  that  a  very  large 

v  class  of  statements  may  be  vectorized  at  level  n. 
For  example,  any  cycle  caused  by  edges  inside 
level  n  will  prevent  vectorization  of  the  statements 
at  level  n.  The  Allen  and  Kennedy  references,  once 
detecting  a  cycle,  dedicate  the  program  statements  . 

5  to  scalar  processing  at  level  n. 
The  present  invention  is  further  described 

hereinafter  with,  reference  to  the  accompanying 
drawings  in  which: 

Figure  1  is  a  representation  of  a  fragment  of 
o  FORTRAN  source  code  with  loops  and  dependen- 

ces; 
Figures  2A-2B  are  pictorial  representations 

of  dependence  graphs  including  the  dependence 
edges  detected  according  to  the  prior  art  and  the 

5  invention,  respectively; 
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Figures  3A-6A  are  pictorial  representations 
of  the  resolution  results  according  to  the  prior  art 
for  identifying  vectorizable  statements  in  the  de- 
pendence  graph;  and 

Figures  3B-6B  are  pictorial  representations 
of  the  corresponding  resolution  results  according  to 
the  method  of  this  invention. 

In  order  to  appreciate  the  invention,  a  prefatory 
discussion  of  the  concepts  of  control  and  data 
dependence,  dependence  level  and  interchange, 
and  sectioning  for  vector  execution  will  be  set  forth. 
Following  this  will  be  an  general  discussion  of  the 
present  method.  Lastly,  an  illustrative  example  re- 
ferencing  the  aforementioned  drawings  will  be  set 
out. 

Control  Dependence 

Control  dependences  arise  because  one  state- 
ment  determines  whether  a  second  statement  is  to 
be  executed.  In  the  following  example,  statement  2 
depends  on  statement  1  : 

DO  3  l  =  1,N 

1  IF  (A(J).GT.O.O)  GOTO  3 

2  A(I)  =  B(I)  +  1.0 

3  CONTINUE 
The  results  of  the  test  in  statement  1  determine 

whether  statement  2  is  executed.  The  execution  of 
statement  2  depends  upon  the  execution  of  state- 
ment  1  .  It  should  be  appreciated  that  IF-conversion 
is  a  technique  used  to  convert  control  dependence 
to  data  dependence.  The  following  is  an  illustration 
of  such  a  change: 

DO  3  l  =  1,N 

1  L=A(l).LE.0.0 

2  IF(L)  A(I)  =  B(I)  +  1.0 

3  CONTINUE 
Statement  2  contains  the  logical  scalar  L.  On 

each  iteration  of  the  loop,  L  specifies  whether  or 
not  the  corresponding  result  element  in  f  (I)  should 
be  stored.  Therefore,  the  control  dependence  has 
been  transformed  into  a  conditional  assignment 
statement  involving  data  elements  referenced  with- 
in  the  statement.  The  two  loops  have  the  same 
effect. 

Data  Dependence 

Data  dependence  arises  in  one  of  three  ways. 
First,  a  statement  T  depends  upon  a  statement  S  if 

5  S  defines  a  value  and  T  references  it.  Second,  a 
statement  T  depends  upon  a  statement  S  if  S 
references  a  value  and  T  defines  it.  Third,  a  state- 
ment  T  depends  upon  statement  S  if  S  stores  a 
value  which  T  also  stores. 

70  The  first  dependence  is  also  called  true  depen- 
dence.  It  may  be  illustrated  as: 

S:X  = 

75  T:  =X 
Clearly,  S  must  execute  before  T  can  execute 

because  S  defines  a  value  used  by  T.  The  execu- 
tion  of  T  depends  upon  the  execution  of  S  being 
complete. 

20  The  second  dependence  is  also  termed  anti- 
dependence.  It  may  be  illustrated  as: 

S:  =X 

25  T:  X= 
Again,  S  must  execute  before  T;  otherwise,  T 

would  store  the  variable  X  and  S  would  use  the 
wrong  value.  Again,  the  execution  of  T  depends 
upon  the  execution  of  S  being  complete. 

30  The  third  form  of  data  dependence  is  also 
termed  output  dependence.  It  may  be  illustrated 
as: 

S:X  = 
35 

T:  X  = 
S  must  execute  before  T  or  else  the  wrong 

value  will  be  left  behind  in  the  variable  X.  As  in  the 
above  two  cases,  the  execution  of  T  depends  upon 

40  the  execution  of  S  being  complete. 

Dependence  Level 

45  Dependences  attach  to  a  particular  DO-loop 
level  in  the  loop  surrounding  a  group  of  statements. 
Some  dependences  are  always  present.  For  in- 
stance: 

so  DO  J  = 

DO  l  = 

S:  V  =  A(I,J)  *B(I,J) 
55 

T:Z(I,J)  =  V 

4 
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T  always  depends  upon  S  because  on  every 
iteration  of  every  loop  there  is  a  true  dependence 
involving  variable  V.  Dependences  of  this  type  are 
called  loop-independent  dependences.  That  is, 
they  are  independent  of  the  operation  of  the  loops 
surrounding  them. 

Some  dependences  are  present  at  one  loop 
level  but  not  another.  Thus: 

DO  J  = 

DO  1  = 

S:  A(I  +  1,J)  =  A(I,J) 
There  is  true  dependence  at  the  level  of  the 

loop  with  index  I.  An  element  stored  on  iteration  2, 
for  example,  will  be  fetched  on  iteration  3.  This 
type  of  dependence  is  termed  a  recurrence.  But 
there  is  no  dependence  at  level  J.  More  particu- 
larly,  no  element  stored  on  one  iteration  of  loop  J 
is  referenced  on  any  other  iteration. 

Dependence  Interchange 

When  a  given  loop  in  a  nest  of  DO-loops  is 
chosen  for  execution  in  an  SIMD  machine,  each 
vector  (SIMD)  instruction  will  operate  on  successive 
data  elements  selected  by  that  given  DO-loop  in- 
dex.  For  example,  if  the  J  loop  (the  loop  with  index 
J)  is  vectorized  in  the  nest 

DO  1  K  =  1,N 

D0  1J  =  1,N 

DO  1  1  =  1,  N 

1  A(I,J,K)  =  B(I,J,K) 

then  a  vector  LOAD  instruction  would  fetch  the 
elements  of  B  and  store  the  elements  of  A  in  the 
order  (1,1,1),  (1,2,1),  (1,n,1).  This  is  a  different 
order  than  that  which  would  be  used  in  scalar 
mode  where  the  innermost  DO-loop  with  index  I 
would  cycle  most  rapidly.  In  fact,  the  vector  order 
is  exactly  that  which  would  have  been  seen  in 
scalar  mode  if  the  J  loop  had  been  interchanged 
with  its  inner  neighbours  until  it  became  the  inner- 
most  loop,  i.e. 

DO  1  K  =  1,N 

DO  1  l  =  1,N 

DO  1  J  =  1  ,N 

t  A(I,J,K)  =  B(I,J,K) 

In  order  for  a  given  loop  to  be  chosen  for 
execution  in  an  SIMD  machine,  this  interchange 
must  be  valid.  That  is,  it  must  preserve  the  seman- 
tics  of  the  source  code. 

5  For  the  K  loop  in  the  original  example  to  be 
vectorizable,  the  loop  ordering 

D0  1J  =  1.N 

10  DO  1  I  =  1  ,N 

D01K  =  1,N 

1  A(I,J,K)  =  B(I.J,K) 
75 

would  have  to  generate  the  same  results  as  the 
original.  The  other  loops  need  not  be  permuted,  ft 
is  necessary  only  to  inquire  if  the  loop  of  interest 
may  be  moved  inside  of  all  of  the  other  loops. 

20  Occasionally,  this  loop  interchange  is  not  pos- 
sible.  In  the  nest:  DO  1  J  =  1  ,N 

D01  l  =  1,N 

25  1  A(I-1,J  +  1)  =  A(I,J) 

there  is  a  dependence  at  the  level  of  the  J  loop. 
Here,  a  value  stored  on  one  iteration  of  J  is  fetched 
on  the  next.  Many  dependences  do  not  affect  the 

30  results  of  a  process  when  loops  are  interchanged. 
However,  in  this  example,  the  J  loop  could  not  be 
interchanged  with  the  I  loop  because  the  answers 
would  be  changed.  This  illustrates  an  interchange- 
preventing  dependence.  Of  course,  it  prevents  the 

js  vectorization  of  the  J  loop. 
In  a  multilevel  nest,  a  dependence  might  be 

interchangeable  part  of  the  way  into  the  innermost 
level  but  then  be  blocked.  Such  a  dependence  is 
termed  an  innermost-preventing  dependence  be- 

»  cause  that  level  of  the  loop  cannot  be  moved  to  the 
innermost  level.  If  a  loop  cannot  be  moved  into  the 
innermost  level,  then  it  cannot  be  vectorized. 

is  Sectioning  for  Vector  Execution 

As  discussed  above,  in  order  to  be  vectorizable 
(rendered  fit  for  SIMD  execution),  a  loop  must  be 
validly  movable  to  the  innermost  position.  It  is  not 

o  necessary  to  physically  render  this  interchange. 
Instead,  during  the  compiler  portion  of  code  gen- 
eration,  there  are  generated  vector  instructions 
which  access  groups  or  sections  of  elements  se- 
lected  by  the  chosen  loop.  The  loop  controls  for 

s  the  chosen  loop  are  left  in  their  original  place  and 
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are  changed  so  that  they  are  incremented  by  the 
number  of  elements  in  the  groups  processed  by 
the  individual  instructions. 

Present  Method 

In  the  method  of  this  invention,  a  graph  con- 
taining  all  dependence  edges  in  the  program  is 
partitioned  into  strongly  connected  regions  at  the 
outermost  level.  Each  such  region  is  considered  in 
turn.  Within  each  region,  each  dependence  at  the 
DO-loop  level  defining  the  region  is  considered. 
The  method  attempts  to  interchange  this  depen- 
dence  until  the  original  loop  has  become  the  inner- 
most  loop.  If  this  interchange  is  not  possible,  then 
the  region  cannot  be  executed  by  an  SIMD  ma- 
chine  at  the  level  defining  the  region.  The  method 
thus  terminates  for  this  region  at  this  level.  On  the 
other  hand,  if  interchange  is  possible  but  the  de- 
pendence  itself  disappears  on  its  way  into  the 
innermost  loop  because  it  is  absorbed  by  a  depen- 
dence  at  an  intervening  loop,  then  the  dependence 
is  ignored  since  it  will  not  affect  the  SIMD  execu- 
tion  at  the  level  defining  the  region.  Otherwise,  the 
dependence  is  noted  as  an  "innermost-sensitive" 
dependence  for  the  region. 

Advantageously,  therefore  dependences  of  in- 
ner  loops  and  those  level  n  dependences  which 
have  disappeared  during  interchange  are  excluded. 
Unfortunately,  when  a  level  n  loop  contains  two  or 
more  loops  at  level  n  +  1,  the  vectorization  cannot 
be  executed  at  level  n  if  statements  from  more 
than  one  of  these  loops  are  strongly  connected  at 
level  n. 

Next,  using  only  the  "innermost-sensitive"  de- 
pendences  and  the  loop-independent  dependences 
in  the  region,  a  graph  is  formed.  If  this  graph  has  a 
cycle,  then  the  region  may  not  be  executed  SIMD 
at  the  level  defining  the  region.  Otherwise,  the 
region  is  eligible  for  SIMD  execution  even  though 
other  loops  inside  the  loop  defining  the  region  may 
have  recurrences. 

At  this  point,  it  is  noted  that  the  region  may  be 
executed  SIMD.  Inner  regions  are  then  recursively 
considered,  each  being  marked  in  the  same  man- 
ner  as  executable  validly  in  SIMD  or  not. 

At  this  point,  it  should  be  apparent  that  the 
structure  is  quite  different  from  thrt  produced  ac- 
cording  to  the  prior  art.  In  the'  prior  art,  the  meth- 
ods  of  Allen  and  Kennedy  produced  sequential  DO 
statements  for  all  regions  containing  recurrences. 
Further,  their  methods  concluded  that  SIMD  execu- 
tion  is  possible  only  for  the  inner  regions  contain- 
ing  no  recurrences.  In  the  method  of  this  invention, 
however,  additional  source  code  statements  have 
been  ascertained  to  be  vectorizable  at  additional 
levels  of  nesting. 

A  refinement  of  the  present  invention  allows 
the  selection  of  an  instruction  path  from  a  set  of 
prospective  instruction  paths  for  converting  the 

•scalar  procedural  language  source  code  to  a  code 
5  form  suitable  for  execution  on  an  SIMD  machine.  In 

this  regard,  the  method  then  comprises  the  steps 
of  (a)  converting  the  source  code  into  an  intermedi- 
ate  language  string  and  optimising  the  string;  (b) 
forming  a  dependence  graph  from  the  string,  the 

w  nodes  of  the  graph  representing  statements  in  the 
string;  and  (c)  ascertaining  a  least  cost  path 
through  the  dependence  graph  taking  into  account 
the  type,  number,  and  distribution  of  instructions, 
their  execution  time,  and  the  cost  of  associated 

75  resources. 
To  typify  this  refinement,  consider  the  following 

example.  Let  there  exist  a  nest  of  loops  which  in 
general  may  be  executed  either  by  scalar  or  vector 
instructions  with  the  vector  (SIMD)  machine  applied 

20  to  any  of,  but  only  one  of,  the  loops  in  the  nest.  For 
instance,  in  the  nest: 

DO  1  K  =  1,N 

25  D0  1J  =  1,N 

DO  1  1  =  1,  N 

A(I,J,K)  =  B(I,J,K)  +  P(J,K)  *Q(J,K) 
30 

1  E(K,J,I)  =  F(K,J,I)  +  X(I,J)  *  Y(I,J) 

there  exist  four  possibilities  for  each  statement  - 
(vectorize  on  K,  J,  I,  or  not  at  all).  Thus,  16  pos- 

35  sibilities  exist  for  the  combination  of  the  two  state- 
ments.  The  refined  method  ascertains  the  most 
rapidly  executing  among  these  possibilities.  Sev- 
eral  factors  are  to  be  considered  in  estimating  the 
cost  of  execution.  These  include  the  cost  of  loop 

40  overhead,  the  cost  of  hardware  instructions,  and 
the  cost  of  fetching  and  storing  operands.  It  is 
appreciated  that  these  costs  will  vary  for  the  same 
statement  as  each  enclosing  loop  is  considered  as 
the  candidate  for  execution  on  the  SIMD  machine. 

45  The  refinement  implements  a  modified  least 
cost  graph  traversal  algorithm.  Heuristics  must  be 
employed  to  resolve,  for  example,  when  two  state- 
ments  originally  from  the  same  nest  of  loops  but 
subsequently  partitioned  into  independent  regions 

so  of  the  graph  may  actually  be  merged  back  into  the 
same  set  of  loop  controls  when  object  code  is 
generated  for  the  statements. 

The  regions  identified  in  the  basic  method  (ie 
without  the  refinement)  when  each  was  marked  as 

55  eligible  or  not  for  SIMD  execution,  are  now  sorted 
into  topological  order  based  upon  dependence  as 
part  of  that  process.  The  least  cost  graph  traversal 
of  the  refinement  considers  these  regions  in  topo- 

3 
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■ugmai  oraer  Deginning  wiin  a  nun  Tirst  region  ana 
ending  with  a  null  final  region.  The  refined  method 
produces  and  maintains  a  list  of  the  processor  time 
required  to  execute  the  statements  in  subsets  of 
these  regions.  The  subsets  always  begin  with  the 
null  first  region  in  the  topological  ordering  and 
always  end  with  some  other  region  in  the  ordering. 
Always  included  are  all  regions  between  the  two. 
Each  region  on  the  particular  path  under  consider- 
ation  has  its  cost  estimated  for  SISD  or  SIMD 
execution  depending  upon  the  execution  possibility 
represented  by  the  path. 

Each  element  on  the  list  represents  the  execu- 
tion  of  the  regions  on  the  path  from  the  null  first 
region  through  the  last  region  on  the  path  with 
each  region  being  executed  in  a  particular  manner, 
i.e.  either  SISD  or  SIMD.  The  refined  method  es- 
timates  the  cost  for  executing  this  entire  collection 
of  the  regions  heuristically  minimising  the  number 
of  loop  control  statements  which  must  be  inserted. 
Once  this  cost  has  been  ascertained,  the  next 
possible  candidate  regions  for  execution  along  this 
path  are  identified.  These  candidates  will  be  the 
next  region  in  the  topological  ordering  executed 
SISD  and,  if  valid  for  the  region,  SIMD.  These 
candidates  and  the  just  estimated  cost  of  execution 
to  reach  them  are  then  posted  onto  the  list  of 
pending  possible  execution  paths. 

When  a  candidate  region  is  marked  as  an  SISD 
candidate,  inner  regions  of  that  candidate  subse- 
quently  will  be  considered  as  candidates,  either 
SISD  or  SIMD.  When  a  candidate  region  is  marked 
as  an  SIMD  candidate,  all  inner  regions  are  SISD 
candidates  and  are  bypassed  to  expedite  process- 
ing. 

The  refined  method  iterates  by  selecting  from 
all  elements  on  the  list  the  one  with  the  next 
candidate  having  the  minimal  cost  associated 
therewith  along  its  particular  path  of  execution  pos- 
sibilities,  by  ascertaining  the  cost  of  including  it  in 
sxecution  with  its  predecessors,  by  locating  its 
Dossible  successors,  and  by  posting  them  together 
with  the  cost  of  reaching  them  on  the  list  of  pend- 
ng  candidates.  The  refined  method  terminates 
when  the  null  final  region  is  selected  as  the  mini- 
mal  cost  candidate  to  include  on  a  path.  The  se- 
ected  path  represents  a  decision  for  each  region 
is  to  whether  that  region  is  to  be  executed  SISD  or 
SIMD.  It  further  represents  a  decision  as  to  how  the 
egions  are  to  be  merged  into  fewer  regions  for  the 
purposes  of  minimising  the  loop  control  state- 
ments.  The  source  code  string  is  then  reprocessed 
:o  implement  these  decisions.  Optimisation  of  a 
source  code  string,  in  particular  register  optimisa- 
ion,  may  then  be  performed  and  ultimately  an 
>bject  code  generated. 

illustrative  Example 

An  illustrative  example  can  show  the  difference 
in  vectorizability  discerned  by  prior  art  and  by  the 

5  current  invention. 
Figure  1  shows  a  fragment  of  a  FORTRAN 

source  code.  This  fragment  contains  four  state- 
ments  numbered  1  through  4.  The  statements  are 
embedded  within  four  DO  loops.  The  first  of  these 

70  loops.  DO  9  L  =  1,10,  encloses  all  of  the  others.  It  is 
the  outermost  loop,  and  it  is  called  the  level  1  loop 
since  it  is  the  first  level  of  loop  encountered  when 
moving  from  the  outermost  regions  of  the  code 
fragment  toward  the  innermost  regions  of  the  code 

75  fragment.  The  second  loop  is  the  DO  K  loop.  This 
loop  is  the  second  level  of  loop  encountered  while 
progressing  from  outer  to  inner  regions;  it  is  there- 
fore  called  the  level  2  loop.  DO  J  is  a  level  3  loop 
since  it  is  the  next  level  of  loop  encountered,  and 

20  DO  I  is  similarly  a  level  4  loop.  The  loop  levels,  in 
short,  represent  nesting  levels:  level  1  is  the  out- 
ermost  level;  level  n  is  at  the  nth  level  of  nesting. 

The  dependences  in  the  fragment  are  illus- 
trated  with  a  graph.  The  statements  in  the  frag- 

25  ment,  numbered  1  through  4,  are  represented  in 
the  graph  by  circles  containing  respectively  the 
numbers  1  through  4.  A  dependence  from  one 
statement  to  another  is  represented  by  an  arrow 
from  the  circle  for  the  first  of  these  statements  to 

?o  the  circle  for  the  second  of  these  statements.  The 
arrow  is  annotated  with  a  number  showing  which 
DO  loop  is  responsible  for  creating  the  depen- 
dence.  A  dependence  caused  by  the  level  1  DO 
loop  will  be  shown  by  the  number  1  . 

!5  Figure  2A  shows  the  graph  constructed  by 
prior  art  for  this  program.  Let  us  look,  for  purposes 
of  understanding,  at  one  of  the  arrows  in  this 
graph.  The  arrow  from  circle  3  to  circle  4  repre- 
sents  a  dependence  from  statement  3  to  statement 

io  4.  The  arrow  is  annotated  with  the  number  4  in- 
dicating  that  the  level  4  loop,  the  DO  I  loop,  gen- 
erates  this  dependence.  Extracting  from  the  original 
code  fragment  only  the  code  relevant  to  this  arrow 
makes  clearer  the  dependence  represented  by  the 

is  arrow: 

DO  9  1  =  1,10 

3  C(I  +  1,J  +  1,K  +  1,L  +  1)  =  ... 
o 

4  ...  =  C(I,J  +  1,K+1,L  +  1) 

9  CONTINUE 
There  is  an  arrow  from  statement  3  to  state- 

5  ment  4  generated  by  the  DO  I  loop  because  state- 
ment  3  stores  data  which  is  fetched  by  statement  4 
on  a  subsequent  iteration  of  this  loop.  On  the  first 
iteration,  for  example,  when  variable  I  has  the  value 
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1,  statement  3  stores  the  datum  C- 
(2,J  +  1,K  +  1,L+'1);  on  the  second  iteration,  when 
the  variable  I  has  value  2,  this  very  same  datum  is 
fetched  by  statement  4.  Statement  4  therefore  de- 
pends  upon  statement  3.  So,  since  there  is  a 
dependence  from  statement  3  to  statement  4,  and 
since  the  dependence  is  caused  by  the  operation 
of  the  DO  I  loop  (which  is  the  level  4  loop  in  this 
example),  an  arrow  is  drawn  from  circle  3  to  circle 
4  in  the  graph  and  the  arrow  is  annotated  as  level 
4. 

Let  us  look  at  a  second  arrow  in  the  graph, 
also  for  purposes  of  understanding.  The  arrow  from 
circle  4  to  circle  1  represents  a  dependence  from 
statement  4  to  statement  1  .  The  arrow  is  annotated 
with  the  number  1  indicating  that  the  level  1  loop, 
the  DO  L  loop,  generates  this  dependence.  Extract- 
ing  from  the  original  code  fragment  only  the  code 
relevant  to  this  arrow  makes  clearer  the  depen- 
dence  represented  by  the  arrow: 

DO  9  L=1,10 

1  ...  =  D(I,J,K,L) 

4  D(I  +  1,J  +  1,K+1,L+1)  = 

9  CONTINUE 
There  is.  an  arrow  from  statement  4  to  state- 

ment  1  generated  by  the  DO  L  loop  because 
statement  4  stores  data  which  is  fetched  by  state- 
ment  1  on  a  subsequent  iteration  of  this  loop.  On 
the  first  iteration  of  DO  L,  for  example,  when  vari- 
able  L  has  the  value  1,  statement  4  will  store  the 
datum  D(2,2,2,2).  (It  will  store  this  datum  when  the 
inner  loops  also  are  on  their  first  iterations  with 
L=1.)  On  the  second  iteration  of  DO  L,  when  the 
variable  L  has  value  2,  this  very  same  datum  is 
fetched  by  statement  1.  (It  will  fetch  this  datum 
when  the  inner  loops  also  are  on  their  first  iter- 
ations  with  L=2.)  Statement  1  therefore  depends 
upon  statement  4-statement  1  cannot  complete 
execution  for  a  given  iteration  of  loop  L  until  state- 
ment  4  has  completed  execution  for  some  preced- 
ing  iteration  of  loop  L.  So,  since  there  is  a  depen- 
dence  from  statement  4  to  statement  1  ,  and  since 
the  dependence  is  caused  by  the  operation  of  the 
DO  L  loop  (which  is  the  level  1  loop  in  this  exam- 
ple),  an  arrow  is  drawn  from  circle  4  to  circle  1  in 
the  graph  and  the  arrow  is  annotated  as  level  1  . 

All  of  the  arrows  in  Figure  2A  are  constructed 
by  prior  art.  They  all  have  meanings  of  the  type 
just  illustrated.  A  level  2  arrow  from  circle  3  to 
circle  1  means,  for  example,  that  statement  3  will 
store  a  datum  on  some  iteration  of  the  level  2  loop 
and  that  statement  1  will  fetch  the  very  same 
datum  on  some  subsequent  iteration  of  the  level  2 
loop. 

Figure  2B  differs  from  figure  2A  in  that  by 
using  the  current  invention  the  arrows  are 
categorised  as  representing  or  not  representing 
innermost  sensitive  dependences.  An  innermost 

5  sensitive  dependence  is  one  which  persists  when 
the  DO  loop  generating  the  dependence  is  made  to 
be  the  innermost  loop.  In  the  case  of  the  level  4 
dependence  discussed  above  from  statement  3  to 
statement  4,  level  4  is  in  fact  already  the  innermost 

70  level,  since  the  DO  I  loop  which  causes  it  is  al- 
ready  the  innermost  loop,  and  therefore  the  arrow 
representing  the  dependence  is  marked  innermost 
sensitive.  In  the  case  of  the  level  1  dependence 
discussed  above  from  statement  4  to  statement  1  , 

75  however,  the  dependence  is  not  innermost  sen- 
sitive. 

This  can  be  most  easily  seen  by  examining  the 
code  fragment 

20  DO9K  =  1,10 

D09  J  =  1,10 

DO  9  1  =  1,10 
25 

DO  9  L  =  1,10 

1  ...  =  D(I,J,K,L) 

30  4  D(I  +  1,J  +  1,K  +  1,L  +  1)  -  

9  CONTINUE 

in  which  the  DO  L  loop,  which  originally  gave  rise 
35  to  the  dependence,  has  been  made  the  innermost 

loop.  Examining  only  the  relevant  part 

DO  9  L  =  1,10 

40  1  ...  =  D(I,J,K,L) 

4  D(I  +  1,J  +  1,K+1,L+1)  = 

9  CONTINUE 
45 

of  this  code  fragment,  with  DO  L  now  the  innermost 
loop,  we  see  that  on  no  iteration  of  DO  L  does  any 
datum  get  stored  by  statement  4  and  fetched  by 
statement  1  .  The  code  may  store,  for  example,  D- 

50  (2,5,5,5)  on  the  first  iteration  of  the  loop,  but  if  so 
then  it  will  fetch  D(2,6,6,6)  on  the  second  iteration. 
Consequently,  when  DO  L  is  made  the  innermost 
loop,  there  is  no  longer  a  dependence  from  state- 
ment  4  to  statement  1  for  this  loop,  and  therefore 

55  the  dependence  is  marked  as  not  innermost  sen- 
sitive. 

3 
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now  consiaer  grapns  3  tnrougn  6.  These  are 
the  graphs  constructed  .  while  investigating  the  vec- 
torizability  the  the  program  at  levels  1  through  4 
respectively.  Graph  3A  investigates  the  vectoriza- 
tion  at  level  1  by  prior  art.  A  graph  constructed  by  5 
prior  art  for  level  1  will  select,  from  the  graph  for 
the  program,  all  arrows  representing  dependences 
at  level  1  and  any  deeper  levels.  Since  level  1  is 
the  outermost  level  of  the  program,  this  selected 
graph  will  contain  all  arrows  in  the  original  graph.  ;o 
Prior  art  considers  to  be  vectorizable  those  state- 
ments  which  do  not  depend  upon  themselves,  di- 
rectly  or  indirectly.  It  ascertains  this  dependence 
by  examining  the  selected  graph. 

In  terms  of  the  graph,  a  statement  depends  75 
upon  itself  if  there  is  a  sequence  of  arrows  begin- 
ning  at  the  circle  representing  the  statement  and 
ending  back  at  that  same  circle. 

Therefore,  any  circle  for  which  there  is  a  se- 
quence  of  arrows  starting  and  ending  at  the  circle  20 
represents  a  statement  which  is  not  vectorizable. 

Examination  of  figure  3A  shows  that  every 
statement  is  reachable  from  itself.  Prior  art  there- 
fore  considers  that  at  level  1  ,  the  DO  L  level,  every 
statement  depends  upon  itself  and  that  no  state-  25 
ment  is  vectorizable. 

Graph  3B  investigates  the  vectorization  at  level 
1  pursuant  to  the  current  invention.  Under  the  cur- 
rent  invention,  a  graph  constructed  for  level  1  will 
select,  from  the  graph  for  the  program,  only  arrows  30 
of  two  types:  arrows  representing  loop-independent 
dependences  and  arrows  representing  level-1 
innermost-sensitive  dependences.  We  go  to  graph 
2B,  which  contains  the  graph  for  the  program.  We 
look  for  arrows  representing  loop-independent  de-  35 
pendences;  these  arrows  would  be  annotated  with 
the  number  5  as  explained  on  page  20  line  7.  We 
find  no  such  arrows.  Next  we  look  for  arrows  repre- 
senting  level-1  innermost-sensitive  dependences; 
these  arrows  would  be  annotated  with  "1  40 
innermost-sensitive"  as  explained  on  page  20  lines 
10ff  and  in  the  foregoing.  Again  we  find  no  such 
arrows,  since  ail  level-1  dependences  represented 
in  graph  2A  were  found  by  the  method  of  this 
invention  to  be  not  innermost-sensitive.  The  graph  45 
constructed  for  investigating  the  vectorizability  of 
the  program  at  level  1,  graph  3B,  therefore  con- 
tains  no  arrows  at  all.  This  invention  has  deter- 
mined  that  none  of  the  dependences  present  in  the 
graph  constructed  by  prior  art  is  relevant  to  the  50 
vectorization  of  the  program  at  level  1.  Figure  3B 
therefore  shows  that  no  statement  can  be  reached 
by  a  sequence  of  arrows  beginning  and  ending  at 
itself,  and  consequently  that  no  statement  depends 
upon  itself.  Every  statement,  in  other  words,  is  55 
eligible  pursuant  to  this  invention  for  vectorization 
at  level  1  . 

Graph  4B  investigates  the  vectorization  at  level 
2.  It  is  constructed  from  those  arrows  in  Graph  2B 
which  are  marked  either  "5"  or  "2  inner-most- 
sensitive".  Again  there  are  no  such  arrows.  Again 
this  invention  has  determined  that  none  of  the 
dependences  present  in  the  graph  constructed  by 
prior  art  is  relevant  to  the  vectorization  of  the 
program  at  level  1  .  Graph  5B  is  similar. 

In  Graph  6B,  which  investigates  the  vectoriza- 
tion  at  level  4,  we  incorporate  those  arrows  in 
Graph  2B  which  are  marked  either  "5"  or  "4 
innermost-sensitive".  Three  such  arrows  exist. 
They  do  not  prevent  vectorization  since  they  do  not 
create  a  cycle  in  the  graph. 

Machine  Executabilitv 

It  should  be  appreciated  that  the  foregoing 
remarks  have  subsumed  a  familiarisation  with  SISD 
and  SIMD  processing.  A  typical  SISD  processor  is 
described  in  Amdahl  et  al,  US-A-3,400,371  ,  "Data 
Processing  System",  issued  September  3,  1968. 
Amdahl  also  described  the  necessary  operating 
system  environment  by  which  procedural  language 
source  code  sequences  can  be  processed  to  pro- 
duce  object  code  in  turn  executable  on  SISD  or 
SIMD  processors.  A  high-level  language  FORTRAN 
compiler,  the  IBM  VS  FORTRAN  compiler,  is  illus- 
trative  of  the  high-level  procedural  language 
source-to-object  code  converter  to  which  this  in- 
vention  may  be  applied. 

SIMD  processors  suitable  for  executing  vector 
statements  include  those  set  out  in  Stokes  et  al, 
US-A-4,101,960,  "Scientific  Processor",  issued  July 
18,  1978;  Lorie  et  al,  US-A-4,435,758,  "Method  for 
Conditional  Branch  Execution  in  SIMD  Vector  Pro- 
lessors",  issued  March  6,  1984;  and  the  referen- 
ces  cited  therein. 

Claims 

1.  A  method  for  automatically  vectorizing  and 
:ompiling  object  code  for  execution  on  a  SIMD 
nachine  from  source  code  procedural  language 
statements,  said  method  comprising  the  steps  of: 

(a)  forming  a  dependence  graph  from  said 
iource  code,  wherein  said  source  code  statements 
vre  mapped  onto  counterpart  nodes  of  the  depen- 
jence  graph; 

(b)  identjfying  the  statements  at  the  nodes 
xjunding  the  innermost-sensitive  level  n  and  loop- 
ndependent  edges  of  the  graph  if  the  level  n 
iependences  can  be  reordered  to  operate  as  an 
nnermost  loop  and  if  there  are  no  cycles  in  the 
jraph  after  reordering;  and 

l 
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(c)generating  object  code  from  the  identified 
statements. 

2.  A  method  according  to  claim  1  ,  wherein  the 
source  code  procedural  language  statements  are 
consistently  selected  from  one  strongly-typed  lan- 
guage  from  the  set  of  strongly-typed  languages 
including  FORTRAN,  PL/I,  PASCAL,  ALGOL,  ADA, 
and  their  equivalents. 

3.  A  method  according  to  claim  1  ,  wherein  the 
dependences  include  control  and  data  dependen- 
ces,  loop-independent,  innermost-sensitive,  and  in- 
terchange  preventing  dependences. 

4.  A  method  according  to  any  one  of  the  pre- 
ceding  claims  wherein  the  step  (a)  of  forming  a 
dependence  graph  comprises  the  sub-steps  of: 

(a)(i)  converting  the  source  code  statement 
into  an  intermediate  language  string  and  optimising 
the  string; 

(a)(ii)  forming  a  dependence  graph  from  the 
string,  the  nodes  of  the  graph  representing  state- 
ments  in  the  string;  and 

(a)  (iii)  partitioning  the  graph  according  to  the 
strongly  connected  regions  (SCRs)  thereof  on  a 
level-by-level  basis  from  outside  to  inside,  each 
node  in  the  SCR  being  connected  to  every  other 
node  by  at  least  one  path;  and 

wherein  the  identifying  step  (b)  comprises  the  sub- 
steps  of 

(b)  (i)  ascertaining  which  SCRs  of  the  par- 
titioned  graph  are  executable  on  an  SIMD  machine 
by  ascertaining  at  the  nth  level  region  for  each 

level  n  dependence  whether  the  level  n  depen- 
dence  is  interchangeable  with  each  successive  in- 
ner  loop  until  the  level  n  loop  is  the  innermost  loop; 
and 

5  (b)(ii)  forming  a  subgraph  from  all  level  n 
dependences  surviving  the  interchange  to  the  in- 
nermost  loop  and  all  loop-independent  dependen- 
ces,  the  statements  constituting  the  subgraph  be- 
ing  vectorizable  at  level  n  if  said  subgraph  is  ac- 

70  yclic;  and 

wherein  the  step  (c)  of  generating  object  code 
.  comprises  the  steps  of 

(c)  generating  object  code  for  the  statements 
75  constituting  the  subgraph. 

5.  A  method  according  to  claim  4,  wherein  in 
step  (b)(i)  if  any  such  dependences  cannot  be 
interchanged,  then  the  SCR  cannot  be  vectorized 
at  level  n;  and  if  the  dependence  disappears  upon 

20  interchange,  then  it  constitutes  a  processing  nullity 
and  may  be  ignored. 

6.  A  method  according  to  any  one  of  the  pre- 
ceding  claims  which  following  the  identifying  step  - 
(b)  additionally  comprises  the  step  of: 

25 
ascertaining  a  least  cost  path  through  the  depen- 
dence  graph  taking  into  account  the  type,  number, 
and  distribution  of  statements,  their  execution  time, 
and  the  cost  of  associated  resources. 
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1  A( I+1 , J ,K ,L+1)   =  B( I , J ,K+1 ,L+1)   +  C ( I , J ,K ,L+1)   +  D ( I , J , K , L )  

2  B ( I + l , J + l t K + l , L + l )   =  A ( I , J , K , L + 1 )  

3  C ( I + l f J + l , K + l , L + l )   =  A( I , J ,K ,L+1)   +  D ( I , J , K + 1 , L + 1 )  

4  D ( I + l t J + l , K + l , L + l )   =  C ( I , J + 1 , K + 1 , L + 1 )  
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