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Abstract 

The recent success of vector computers like the Cray-1 and array 
processors such as those ~anufactured by Floatin~ Point Systems 
has increased interest in waking vector operations available to 
the Fortran program::ier. The Fortriln standards cor.cittee is 
currently considering e,~tensions to Fortran .,..,hich ..,•ill permit 
the progra....:.:..er to explicitly specify vector and array opera
tions. The proposed standard is usually referred to as Fo~tr2n 
.8.z. 

This paper describes PFC, a syste~ that transl.1tes sequential 
progr.:tms written in Fortran to Fortran 8x, replacing loops by 
array operations wherever possible. Central to the theory 
\.mclerlying PFC is the concept of clenencierce. In another ·work 
[Kenn 80], we developed a test for dependence bet,ieen stateoents 
which distinguished dependences that arise due to the iteration 
of different loops. 

In this work, we show how that test is incorporated into a 
powerful prograi::. for recognizing parallelism. By using a care
£ ul ii::.ple:.ientation strategy, combined ,,ith judicious choice of 
data abstraction mechanisms, we have been able to implement a 
flexible and sophisticated softvare system while maintaining 
reasonable efficiency. In fact, our i.mple=entation outperforms 
one of our previous eff_orts by a factor ef 1:1ore that ten. 

The resulting program is an interesting case study of the appli
cation of theoretical techniques to a practical implementation 
problem. 
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l. Introduction 

h1ith the acvent of successful vector ccnputers like the Cray-1 

[Cray 76, Russ 78] anci the popul.nity of array processors like the 

Floating Point Syste~s AP-120 [FPS 78, Witt 78], there has been 

increased interest in making vector operations available to the Fortran 

progra::;::::ier. One common i::..ethod is to supply a nvectorizingn Fortran co=i.-

piler [Cray 80] as depicted in Figure 1. Here s tanciard Fortran is 

accepted as input and, as a part of the optimization phase of the com

piler, an auto~atic vectorization stage attempts to convert the inner

wost loops to vector operations. The code generator can then produce 

vector machine code for these operations. 

This schewe has several advantages. Progr~wers need not learn a 

new language since the Fortran co~piler itself takes on the task of dis

covering where vector operations may be useful. This also means that 

there should be no r.iajor conversion effort :required to bring old code 

across to the new machine. 

In practice, however, there are drawbacks to this system, Because 

e:.:ploiting parallelism in programs is a subtle intellectual activity, 

compilers aren't sophisticated enough to do a thorou~h job of recogniz-

1ng vector operations. As ·a result, the progr~er must assist by recod

ing loops to trick the compiler into recQgnizing them as vector opera

tions. Indeed, the Cray Fortran manual [Cray 80] has several pages 

devoted to such recoding methods. In this environment. the prograzimer 

-.. ·. 

Fortran Vectorizing vector machine 
--; stage ,- -------------------+ 

code 

Figure 1. A vectorizing Fortran co~piler 
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is onc:e a 6 ain obligated to re.:rite r.is pro6 rc..uls for a ne\, ~achine, not 

because the co.::piler ,;,,ill net accept the old program, but because the 

co~piler .1.s .::-,~ble to convert that pro£ra..-:: into suitably efficient cocie. 

During a ~~~ber of visits to Los Ala~os Scier.tific ~abcratory (~hich ~as 

two Crays), .we have observed the ;.;,idespread sentiment that every Fortran 

program will need to be rewritten if it is to be acceptably efficient on 

the Cray-1.·· 

This leads \;S to the question: if ~e are forced to :re~rite Fortran· 

pro6 rcU:1s into vector form anywDy, why not write them in a language that 

peri:=.its e:r.plicit specification of vector operations -while still Iila.in

t.ainir.g the flavor of Fortran? Hany such languages have been proposed. 

Ve ctr an [Pau'w 7 5, Pau1,' 78] is one of the earliest and most influential 

of such proposals, although there have been numerous ot:--,e:rs [Burr 72, 

Do':: 79, Weth 79]. ln fact, it see~s clear that the ne,:t AllSI stancard 

for Fortran, which \,•e shall :::ef er to as Foi-tran .6.z, will contain expli

cit vector operations like those in Vectran [Paul 80, Af~Sl 81]. 

Suppose then, that instead of a vectorizing Fortran compiler -we 

...,ere to provicie a Fortran 8x compiler for use i,ith a vector machine. 

This \would allow the progra-:...-ner to bypass the u:plicitly sequential 

se~~ntics 0£ Fortran and explicitly code vector algorith~s in a language 

designed for that purpose. However, a problem remains:. what do we tlo 

about old code? 

One answer 1.s to provide a translator that will take Fortran 66 or 

77 as input and produce Fortran 8.r. as outp.1-;lt• This would lead to the 

system depicted in Figure 2~ An advantage of thi~ system is that, since 

the translation from Fortran to Fortran 8x is done only once or twice, 

the translator need not be as efficient as a vectorizing stage embedded 

in a compiler must be. Therefore, · the translator P-ight attempt substan

tially ~ore ambitious program transformations, perhaps using techniques 

fro~ prograc verification and artificial intelligence. Presumably, this 

~ould enable a more effective translation. 

A second advantage is that vector operations missed by the transla

tor· can be corrected directly in the Fortran 8::-: version by the prograri

oer. This is obviously much core desirable than the alternate solution 
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Fortran 8x 
Fortran -------------------

----------~ translator 
~------+hand----

i<-nproveraent 

Fortran 8x 
Corapiler 

Figure 2. Translator-based language system 

vect.or 
-----------+ 
raacbine 
code 

of recoding input to force the translator to recognize vector opera

tions. This is particularly in.portant since there are some loops ~hich, 

because of the underlying structure of the proble= being solved, can be 

directly converted to vector form without error, ever. though the 

inbe.:-cnt ly sequential semantics of Fortran wakes them difficult or 

ir:po S Sib 1 C for a translate.:- to convert. Such loops are often easy to 

recode as explicit vector st~tements in Fortran Bx. 

This paper reports on a project at Rice University to develop an 

auto~atic translator from Fortr~n to Fo:-t:-an 8x. The Rice project, 

based initially upon the research of Kuck and others a.t the University 

of Illinois [Kuck 77, Kuck 78, KKLW 80, KKLP 81, !·Jura 71, Leas 76, 

Bane 7 6, To~l 76, Wolf 7 8J, is a continuation of work begun at IBl-1 

Research in Yorktown Heights, NY. Our first implementation was based on 

the Illinois Parafrase Co~piler [Wolf 78, KK~W 80), but the current ver

sion is a completely new program, although oany of the translations are 

the saz:ie as those performed by Parafrase. Other projects which have 

influenced our ,;Jork are the Texas Instruments ASC coopiler [Coha 73, 

Wede 7 5], the Cray-1 :o:-tra:i compiler [Higb 79], and the Massachusetts 

Cooputer Associates Vectcrizer [Leve 77, liysz 78). 

The paper is organized into seven sections. Section 2 introduces 

For tr an 8 x and g iv es e ::-. amp 1 es of it s us e • Section 3 presents an over-

view of the tronslation process alon~ with an extended translation exam

ple. In Section 4 the concept of dependence is intro<lucec and~ test for 

.l.QQ.n-cai-riPd d-;;pe'pdence is described. Section 5 discusses the progr~;:;; 
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trar.sfcrmations which are preliminary to applyin& the dependence test, 

Section 6 presents det.:?.ils on ho,~ the test is used for each pair of 

st.:: te.:::er:t s. and Section 7 shows ho,, the resulting dependence inf ornation 

is applied. Section 8 introduces au;;:iliary transf orwations that can 

enhance the opportunities for vectorization. Finally, Section 9 

describes the current state of the P.ice i.:iplementstion and discusses 

future plans. 

In a related project, we are implementing 

accept the output of the translator as input. 

a compiler that '!.'ill 

That project will be 

reported upon in another paper. Other 

theoretical underpinnings of our project 

handling conditional state.:ents [GibK 81]. 

2. Fundamentals of Fortran 8x 

related papers discuss the 

[Kenn SO], and a method for 

It is difficult to describe any l~nguoge whose definition is still. 

evolvi~g, nuch less write a language translator for it. Nevertheless. we 

need so~e language as the basis for our discussion. In this section, we 

-vill describe one potential version of the l.~ngu.sge. ,,hich is si=ilar to 

·what the ANSI X3J3 co::miittee is considering. This version is an exten

sion of 1977 ANSI Fortran to incli..:de the proposed features for support 

of array processing ancl most of the proposed control structures for the 

language. 

2.1. brrav AssiP.ooept 

Vectors and arrays mcy be treated as a~gregates i~ the assigD.Iilent 

statement. 

then 

Suppose X and Y are two arrays of the same dimension. 

X = y 

copies Y into X eleraent by element. In other words, this assignment 

is equivalent to 

X(l) = Y(l) 
X(2) = Y(2) 

• 
• 

X(N) = Y(N) 
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Scal.;.r quantities way be oi:ted ,;1ith vector quantities using the conven

tion that a scalar is expanded to a vector of the appropriate dimensions 

before operations are ~ ' per.:..or::iea. Thus, 

X: X + 5.0 

adds the constant S to every ele~ent of array X. 

Array assigr.ments in Fortran 8:>: are treated as if every ir.put 

opera~d is fetched in its entirety before any single output operand is 

stored. To see the effect of this. consider 

X = X/X(2) 

Even thouih the value of X(2) is changed by this statement, the origi

nal value of X(2) is used throughout, so that the resuit is the same 

as 

T = X(2) 
X(l) = X(l)/T 
X(2) = X(2)/I 

• . 
. 

X(N) = X(N)/T 

This i=portant semantic distinction will have a significant impact on 

the tr~nslation process. 

2.2. Ar:av Sections 

Individual rows and columns may be assigned using the t1*n notation 

or the tr;n1et notation. 

arrays, then 

Suppose A and 
.... 

A(*,I) = B(J,*) 

B are two dimensional 

assigns the Jth row of B to the Ith column of A. The"*" nota

tion oay be used £or single dimension assignment as well, so that 

X(*) = Y(*) 

has the same effect as 

X = y 

One may define a r:rnge of iteration for vector assigru.ient using the 

triD;,r->t notation. For exaople, suppose you "ish to assign the first l·l 

ele::-,entc of the Jth row of B to the first H eleme~ts o.f. the Ith column 
f 
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0£ A. In Fortran c:>:, the following assigr .. .:ent "ould suffice: 

A(l:H,l) = B(J,l:M) 

This s:~te~er.t ~oul<l h~ve the effect of the assi~n!:lents: 

A(l,I) = B(J,1) 
A(2,I) = B(J,2) 

A(X,I) = B(J,H) 

even though M might contain a value ouch s~aller than the actual upper 

bound of these arrays. 

The tern "triplet" seer:s to imply that the iteration range specifi

catio~s such as the 01:e abo\•e should have three components. Indeed, the 

third co-::u:;:,onent, when it appears, specifies a ttstride" for the index 

vector in that subscript position. For example, i£ ""e had ""ished to 

assign the first 1·1 eleoents of the Jth row of B to the first H elements. 

of the Ith ro"' of A .i=. .Q.Q..Q ~ubsc;-;;,t ;ms~ i:ions. the following assignment 

might be used. 

A(l:M*2-l:2) = E(J,l:M) 

The triplet DOtation is also useful in dealing ,,ith operatioos 

involvi:-ig shifted sections. For exai:;iple, the assignmeDt 

has the effect 

A(l,l:H) = B(l:H,J) + C(I,3:M+2) 

. A(l,l) = B(l,J) + C(I,3) 
A(I,2) = B(Z,J) + C(I,4) ., . 

• 
• 
• 

A(I,H) = B(H,J) + C(l,H+2) 

Useful as it is, the triplet notation provides no way to skip 

through ele~ents of a rotated array section, like the diaional. To do 

this, one must use the IDE~TlFY stateMent, which allows an array n~~e to 

be mapped onto an e:>:isting array. For exal:lple, 

IDENTIFY /1:M/ D(l) = C(I,I+l) 
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defines the na::.ie D(*), for I fro:n l to M, as the s~perdi.!gonal of C. 

Thus 

has the effect 

D = .A(l:H,J) 

C(l,2) = A(ltJ) 
C(2,3) = A(2.J) 

C(M,}~l) = A(M,J) 

It is ~portant to note that D has no storage of its own 

a pseudonym for a subset of the storage assigned to C. 

2.4. Cond'tionai Assign~ent 

it 1.s merely 

Fortran 8x will peroit an array assignment to be controlled by a 

condition array by using the 1~1ERE statement. An e~ample is 

W'E.ERE (A.GT.0.0) A= A+ B 

which specifies that the vector sui:l of A and B be f om.ed but· the store 

back to A take place only in positions where A ~as originally greater 

than zero. The se~antics of this statement are such that it behaves as 

if all of the co:::ponents of the respective arrays are .involved in the 

computation of the right hand side. but that stores take place only in 

the positions where the controlling conditions are false. 

In the special case of statements like 

'ii."HERE {A.NE.0.0) B = B/A ., 
the semantics require that ~ny divide checks arising as a result of 

evaluating the right hand side be hidden from the user. In other ~ords, 

any error side effects that might· occur as a result of evaluating the 

right hand side in positions where the controlling vector is false are 

voided. 

2.5. Libr2rv Functions . 
Hathecatical library functions, such as SQRT and SIN. are extended 

on an elenentwise basis to vectors and arrays. In addition, new intrin

sic functions .ire provided, such as imier product (DOIPRODDCT) anc! 
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transpose: (TFJ .. NSPOSE). The special function 

SEQ(l,N) 

.:-e:tu:::.s an index vector fro:::; l to N. Reduction functions, much like 

those in APL, are also provided. For example, SUH applied to a vector 

returns the sum of all elements in that vector. 

!here are several enhancements to the handling of user-defined sub

routines and functions. First, arrays, even identified arrays. may be 

passed as parameters to subroutines. Second, an array may be returned 

as the value of a function. And finally, any scalar function may be 

declared to be e1er:ent.r:1; it can then be applied on an ele!:ientwise basis 

to a vector or array to produce a conformable vector o:r array. 

3. The Translation Process 

Now we are ready to describe, in an idealized ~ay, the process of 

translating a Fortran progr~ to Fortran 8x. 

illust:-ate sor.:ie it.ipO:rtant aspects of the problem. 

ln so doing, we -.1ill 

Suppose· the translator is presented ""ith the following Fortran 

fra~e:nt: 

(l) 

( 2) 
(3) 
(4) 

DO- 20 I = 1,100 
KI= I 
DO 10 J = 1,300,3 

Kl = .KI+2 
U(J) = U(J)*W(KI) 
V(J+3) = V(J)+W(KI) 

10 CONTINUE ~-
20 CONIINUE 

The eventual Dim is to convert statements (3) and (4) to vector assign

ments. removing them from the inne:r-i=iost loop. That ,..,ill be possible if 

there is no se::!lantic di£ f e:ence between e.-ecuting them in a sequential 

loop and executing the.u as vector statements. 

sinpler case. 

DO 10 I= 1.100 
X(I) = X(I)+Y(l) 

10 co:nINUE 

If we ~re to convert this to a vector assignment 
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X(l:100) = X(l:100) + Y(l:100) 

....,e r::ust be sure th.;.t no senantic ciiff erence arises. Specifically, the 

r.,=.lu se:r . .:Dtic di£ ferer.ce in parallel assi6nr.!ent is that the rigbt hand 

side is assu..ied lo.;.ciec. before any stores occur on the left. In other 

....,ords, it uses only old values of its input operands. This might not be 

equivalent to the sequential loop if that loop co::iputes a value on one 

iteration and then uses it on a later one, as in the following fragment: 

DO 10 I = 1,100 
X(l+l) = X(l) + Y(l) 

10 CONTINUE 

This loop cannot be directly converted to the parallel assignment 

X(2:101) = X(l:100) + Y(l:100) 

because on each iteration after the first it uses a value computed on 

the, previous iteration. The vector assign::ient would use only old values 

0£ X. An iterated statement which depends upon itself in the wanner 

shown is called a recurrence. 

In order to distinguish between recurrences and statements that can 

be directly vectorized, the translator ~ust perform a precise test to 

ciete::-mine whether or not a state.rient depends upon itself - that is, 

whether or r.ot it uses a value that it has computed on some previous 

iteration. Details of this d,=.pende'!'lce 1.tl.t will be provided in the 

next section; for now it is enough to know that certain program 

transfornations are required to make the test possible. 

The first of these, I2Q-.l.QQJ2. nnnnalization. transfoms loops so that 
.,. 

the loop induction variables iterate from 1 to some upper bound by 

incre::nents of 1.- Sometimes ne\ol induction variables must be introduced 

to accomplish this. Within the loop, every reference to the ol~ loop 

induction variable is replaced by an expression in the new _induction 

variable. The effect of DO-loop normalization on our example is sho,m 

belo;.,. 
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(6) 

DO 20 I= 1,100 
Kl= I 
DO 10 j = L 100 

I~I = K1+2 
U(3*j-2) = U(3*j-2)*W(KI) 
V(3*j+l) = V(3*j-2)+W(KI) 

10 CONTINUE 
J = 301 

20 cmJTIHUE 

Note th,t the ne'-"' variable J (,written as a small letter to signify 

that it bas been introciuceci by the translator) is no.,; the inoer loop. 

induction variable and that an assignment (6) has bee-o introduced to 

define the previous induction variable on exit from the loop. 

A ~ajor go~l of this sequence of norr:.alizing transfo~ations is to 

convert all subscripts -ro linear functions of loo? induction variables. 

To acco=plish this ccnversio~, references to auxiliary induction vari

c.bles, such as KI in our e:xa-;:ple, must be replaced. This transforma

tion, cal led induction vari ab 1 e sub::t; tut ion, replaces sta teoents that· 

incre~ent auxiliary induction variables ,,:ith statements that compute 

the:= directly using no:r:=al loop induction v.a.riables and loop -constants. 

The effect in our exa:=ple is as follo~s: 

DO 20 I= 1,100 
Kl= I 
DO 10 j = l,100 

U(3•j-2) = U(3*j-2)*V(RI+2ij) 
V(3*j+l) = V(3*j-2)+W(Kl+2•j) 

10 CONTINUE 
KI= KI+ 200 
J = 301 

20 CO!~TllWE ...... 

Here the computation of KI has been removed from the loop and all refer

ences to KI have been replaced by references to the initial value of KI 

plus the sum total of increments that can occur by the relev~nt itera

tion, expressed as a function of J• At the end of the loop, an assign

raent updates the value of l~I by the aggregate total of all increments in 

the loop. Note that since it strives to replace simple additions .. ith 

r.:iul t iplica tions, induction vari.ibl e substitution is, in a sense, an 

inverse of the classical optir.iization technique 

reduction [CocK 77, AlCK 81]. 
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The final trc:.nsforn.ation in preparation for depe:-idence testing is 

C;>'.p-ec:~~cn ;oid;ili; \.1hich substitutes inte~er expressions .;.ncl consta:c.ts 

fon,.::.rcl into subscripts, ,,,ith si.-::plific.:.ticn ,-;here possible. The result 

in our e):ai...,ple: 

(3) 
(4) 

( 5) 
(6) 

10 

DO 20 l = 1,100 
DO 10 j = 1,100 

D(3*j-2) = U(3•j-2)•W(l+2•j) 
V(3•j+l) = V(3•j-2)+W(I+2*j) 

CONT'.WUE 
KI= I+ 200 
J = 301 

20 CONTHmE 

In this example, the first assignment to Kl in the outer loop has been 

renoved and ref erenus to KI replaced by the right hand side (I) in 

state.:ents (3), (4), and (5). It should be noted that st.1ter.ient (5) 

could no\.: be removeci by fon1ard substitution, anci this is in fact done 

1n the actual translator. 

Once the subscripts have been trar.sformed, a stanclard data flo-w 

analysis phase can be applied to build the data flow graph for the -whole 

progra::-,. This can be used to propagate constants throughout the program 

and to recognize ~ st2terner,ts, i.e .. statements -whose output .. ill 

never be used. PFC 1 s dead st~teruent eliminator is so effective that the . 
accidental omission of an output statement will often lead PFC to pro

duce a null program as output. In the exazple above, suppose that KI 

and J are both dead after the code segment shown. Then all assign

ments of those variables will be deleted, as shown below. 

(3) 
(4) 

DO ·20 I = l , 100 
DO 10 j = l,100 

U(3•j-2) = U(3*j-2)*W(I+2*j) 
V(3*j+l) = V(3*j-2)+W(I+2*j) 

10 CONTINUE 
20 CONTINUE 

The \.·hole point of this cor.iplex assortment of transfon:1ations is to con

vert as oany subscripts as possible to a canonical form: linear func

tions of the do loop induction variables. This form oakes it possible 

to apply a po~erful and precise~ f.Q.1: interst3tenent depPncence. In 

the exaople above, ~e have succeeded in putting all subscripts into the 

desired form, so ~e can use the precise test to deternine what 
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Cepe:-.. dences e,:ist ar.iong the statements in the inner loop. 

Once the dependences have been identified, we are ready for ~a~~,-
deper,c:ler:ce . r . in .. Or-8.:ition, the translator 

deter-::1ines ~hich of the state~ents re~aining does not clepend on itself. 

As it happens, statement (3) does not depend upon itself while stateoent 

(4) cioe:s (and hence represents a recurrence). Therefore, sta.te;:;;ent (3) 

is converted to a vector assignment, vhile statement (4) is left in a 

sequential loop by itself. 

DO 20 I = 1.100 
(3) U(l:298:3) = U(l:298:3)*i(I+2:I+2OO:2) 

DO 10 j = 1,100 . 
(4) V(3*j+l) = V(3*j-2)+~(I+2*j) 

10 CONTINUE 
20 cor::TIHUE 

Fi£ure 3 f;ives an overvie.., of the translation process as inple

mented in PFC. 

-- . 
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Sca.nner
Pa.rser 

tree 
------ Vector 

Translator 

tree 
-------+ 

t 

Preliwinary ---------~ Vector Code 
Trznsforrns Generation 

Figure 3. Overview of translation. 

Pretty 
Printer 

,----+ 

rhe ll.f.r~er-nerr-~r phase converts the input progr=: to an abstract syn

tax tree which is used as· the intermediate fore throughout the transl.a-

tion. The prettv printer can reconstruct a source program from the 

abstract syntax tree; it is used throughout the translator. The vecto~ 

translation phase consists of thr~e main subphases: 
. ~-

Cl) sub scri ~ t str.n de;Td i za·t ion. which en compasses all the transf orna

tions that atte~pt to put subscripts into canonical form, 

(2) , . 
~~C+"'-'$1S, which builds the inter statement dependence 

graph, and 

(3) p.;:,r;;lJel ~ ;:enerction. which generates array assignments ,~her-

evcr possible. 

Each of these ,,ill be dizcussed in r.,ore detail later in the paper. But 

to understand these phJses, you cust understand the test for de?en~eoce 

use~ in PFC. Th6t will be the subject cf the next section. 
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4. Interstatement Dependence 

In this section we ~ill present the fundamentals cf the dependence 

tes:: useci in PFC and illustrate its us'=fulness. Fo:r an e::-:ter.sive tre..at

~ent of the theory underlying this test, see the earlier work by Kennedy 

[Kenn SO] and Banerjee [Bane 76]. 

In general, a stateir:ent c.;nnot be rewritten directly into vector 

for::i if it depends upon itself. Put another way, if a state::ient in a 

loop cot.iputes a value that af fe.cts one of the same state..ient '.s inputs on· 

a later iteration, then that statement cannot be rewritten as 2.n array 

assign=ent, because the se~antics of Fortran 8:x specify that all the 

inputs of an 2.ssign=ient state~ent must be extracted before any output is 

produced. Ih2.t means that if we rewrite the state::ient as an array 

assign:ient, the array assigm:.ent will have a different ~eaning from the 

state~ent it replaces. 

Let us consider ar. exa.ople. 

vhich depend upon each other. 

Ibe loop belo.., has t.;o statements 

(l) 
(2) 

DO 1 0 J = 1 , 1 0 0 
X(j) = Y(j)*A(j) 
Y(j+l) = X(j) + B(j) 

10 COHTHrnE 

State.:ient (2) depends on stateoent (1) because it uses. the value com

puted by statement (1) on the same iteration. Statement (1) depends on 

(2) because it uses the value computed by (2) on iteration i as input on 

iteration i+l. 

According to our definition, we cannot rewrite these two statements 

as vector statements because each depends upon itself indirectly through 

the other. This confirms our intuition, since it is easy to see that 

(1) X(l:100) = Y(l:lOO)*A(l:100) 
(2) Y(2:101) = X(l:100) + B(l:100) 

does not compute the sa.:ie result as the original loop. The Y inputs to 

the first state~ent are no longer correct. 

Kuck and his students have defined three types of dependence that 

can hold between state~ents [Kuck 78, Towl 76]: 
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If control £10\,' ,:ithin a progrz.-:. c~n reach st,terr.ent S2 

after passing through S1, then s2 cieDPnds .Ql1 S1 if 

(1) S2 uses the output of S1 (~ QP~endPuce, ~ritten S1 6 Sz). 

S1: X = 
6 

(2) Sz r-,ight \,rongly use t~e output of S1 if they 't.'ere reversed in 

sequence (antidPnP~depce. ~ritten S1 6-1 Sz). 

= X 

(3) S2 recomputes the output of S1• and if they ~ere reversed, sub

sequently executed st,tements might use the wrong value of that 

output (ou~put depe7dencP, written S1 6° Sz). 

Sz: X = 

D 

All three dependences must be considered \,·hen .,,e ,re trying to 

detect recurrences. Antidependences prevent us from introducing nev 

dependences by vectorizing, while output dependences preclude us from 

vectorizing through a scalar bottleneck: 

DO l O I = 1, 100 
T = A(l) + 10 
B(l) = T - C(l) 

10 CONTINUE ., 

If we vectorized these statements, we would get: 

I= A(l:100) + 10 
B(l:100) =. T - C(l:100) 

which is clearly i=correct because the last value of Twill be used in 

all cowputations of n. The output dependence of the first assienment on 

itself (due to T) prevents this vectoriz~tion. PFC builds dependence 

graphs with all thre~ kir.ds of dependences. 

In view of these observations we ~ay correctly conclude that, once 

the ce:pcndcnce gr:;ph ·nas been const=ucted, the tas1~ of icentifying which 
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state.-:er:ts can be rewritten into array assi~n::ier.ts is equivalent to the 

p::-o~2ec 0£ finciir.g stron~ly connected regions in the dependence graph. 

EoFeYe:-. ,;e I::ust be c.:::-ef ul in doing this because partial vectorization 

is possible i.n r:any cases. 

exa=ple in Figure 4. 

To see this ccnside:.- the oore co.:-.plicated 

(l) 

(2) 

- 5 

DO 30 I = 1, 100 
DO 20 J = l, 100 

DO 5 K = l, 100 
X(I,J,K) = A(l,J.~) + D 

CONTINUE 
DO 10 L = l, 50 

A(l+l,J,L) = X(I,J,L)*C 
10 CONII~UE 
20 CO!:TU:UE 
30 co1nnrnE 
Figure 4. Layered dependence exawple. 

ln tbis e>~a.::ple, stater.ients (l) and (2) depend upon one another, so one 

oight assu=ie that vectorization is mpossible. But that is not strictly 

true. While the two state.:ents cannot be vectorized in all three dimen

sions they can be vectorized in two di.-;iensions. The proble~ with our 

view of dependence is that it is too monolithic -- a recurrence at any 

level inhibits vectorization at all levels. 

For this reason, we introduce a lave..-ed view of dependence, lil 

which a dependence is directly attributed to the loop whose variation 

gives rise to it. We intend to examine thi~. idea as it applies to our 

example, but first we need .to define our concept of layered dependence. 

Definition: Suppose two state.:ients 

S1: X(f(ik)) = R 

S2: L = F(X(g(ik))) 

(where R and L denote arbitrary right and left hand sides respec

tively and F denotes an arbitrary expression in its argument) are 

contained in the same loop at nesting level k, and suppose that ik i~ 

the loop induction variable at that level. (By convention, nesting 

levels are nu:::be:-ed froo the outside in, so the octerr.1ost loop will 
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be at level 1.) Suppose also that 51 precedes S2 in the loop. Then 

if there exist integers jl• j2 such that 

1 $ j l $ j 2 $ 1~k 

where Nk is the upper bound of the level-k loop, and such that 

f (j1) :: g(ji) 

D 

In other words, if S1 computes a value on one iteration of the loop at 

level k that is used as input by S2 on the saoe or a later iteration of 

that loop, then S2 depends on S1 at level k. 

ln Figure 4, the loop on I is at level 1, the loop on J is at level 

2 anci the loops on K .ind L are at level 3. l~oi.· statement (2) · cannot 

depend on (1). or vice versa, at levd 3 because (1) and (2) .:ire not 

contained in the s~~e level 3 loop. This confin:-,s the intuition that no 

anount of vari~tion in the level three loops can give rise to a depen

dence between these two stc1ter:ients. Thus, the state..ients can be vector

ized in the level 3 dimension. 

At level 2. with Kand L chosen to be equal. statement (2) depends 

on (1) through the referince to X. But (1) can never depend on (2) at 

this level because the values of the outer loop subscript in the two 

references to A, can never be equal without varying the outer loop. ln 

other words, variation in J alone cannot make (1) depend on (2). There

fore the dependence of (l)-on (2) is at level l.· In other words. 

S1 62 S2 and 

S2 61 S1. 

l~ow since '1 chain is only as strong as its weakest link. the 

recurrence involvint (1) and (2) is broken if we break the level l 

dependence. Therefore, if we rur. the level 1 loop sequenti.::.lly. we can 

generate vector code for the two innermost dir.iensions. The final code 

for Figure 4 will be ~s follows. 
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DO 3 0 I = 1 , 1 00 
X(I,1:100,1:100) 
A(l+l,l:100,1:50) = 

= A(l,l:100,1:100) + D 
X(l,1:100,1:SO)*C 

bll this suggest~ the following recursive sche~e for for parallel 

cocle beneration. 

(1) Find all strongly-connected regions in the dependence &raph. 

( 2) For aoy st.itement S not i_n a stron&ly-connected region, generate 

parallel code in as ~any dimensions as possible. 

(3) :or every strongly-connected region R, ger,erate a sequential DO 

loop to surround it aod try to generate pa:-,llel code for the 

statewents in R using a cependE:nce graph in ,-:hich the top-level 

dependences have been cast out. If parallel code can be generated 

for such a state~ent, it will be parallel in one fe~er di!:iension. 

The parallel code gen1:r at ion routine cocle~en. more precisely specified 

in Figure 5, is almost e):actly the one implement_ed in PFC. It can be 

easily sho'l.'n that this p:-ocedure will generate statements which are 

parallel in the maxi.mum nll!:lber of dimensions consistent witb the given 

dependence graph. 

"". 

- 19 -



procedure code~en (R,k,D); 

end 

I* R is the region for which we must generate code *I 
I* i: is the cinimur.: nesting level of _possible ?Br all el loops *I· 
I* Dis the dependence graph ~~ong state~ents in R *I 

£ind the set {S1, S2,••••Sru} of riaximal strongly-connected 
regions in the dependence ~raph D restricted to R 
(use Tarjan's algorith.w); 

construct r.,, £roffi r. by red~cing each Si to a single node 
and CO::!.lpute D,.,, the dependence graph naturally induced 
on R,r by D; 

let {TT1, "2•···•"ra) be them nodes of Rn numbered in an order 
consistent with D,., (use topological sort to do the 
nu:nbering); 

for i + l to m do 

od 

if "i is strongly-connected 

then 

generDte a level-k DO stateoent; 

let Di be the dependence graph consisting of all 
dependence edges in D which are at level k+l 
or greater and ~hich are internal to TTi; 

coclegen (ni• k+l, Di); 

generate the level-k CO:~TINUE state.nent 

else 

fi 

generate a parallel state~ent for 'TTi in 
p('TTi)-k+l di.oensions, \~here p(TTi) is 
the number ·of loops containing 'TTi 

Figure 5. Parallel code generation routine. 

In order to use this method for dependence analysis. we must have a 

good test for depe::ndence .1t level k. 

theore.:i below. 

Such a test is giver. by the 
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.;. r;eor "'/i: Ass u:.1e the s t.:i t eoent s 

S l : X ( £ ( i l , i 2, ••• , in l ) ) = B. 

S2: L = F(X(z(i1,i2,•••,in2))) 

occur together in at least k loops. (Here S1 is contained in n1 loo?S 

and S2 is contained in n2 loops.) If S1 precedes S2 in the level-k 

loo? and £ and g are linear functions of the loop inciuction vari

ables, i.e. 

nl 

f(i1,i2·····i )=ao+ z a .l . and 
nl j=l J J 

n2 
g(i

1
,i

2
, ••• ,i )=b

0
+ z b .i. 

n2 j=l J J 

k-1 
- z (a.-b.) (Hl.-l)-(.ak-+b 

. l l. l i= 

n2 nl 
~ z b.- :z a. 

i=O 1. i=O l 

k-l 
+ + 

~ :z (a.-b.) (N.-l)+(a -b 
·-1 i i i k l-

nl D2 
+ - + ) (N -l)- Z a.(N.-1)- Z b.(N.-1) 

k k 'kll l ·11l. l. i= ·+ i=;+ 

., . 
+ nl + . n2 -

) (Nk-1)+ Z n.(N.-1)+ , b.(N.-1) 
k i=k+l l l i=k+l l l. 

where Nk denotes the upper bound for the level-k loop. 

If S2 precedes S1 then the inequality is slightly different [Kenn 80). 

D 

Ihis test provides a precise, though not exact test for dependence 

be:tween two state1:ients. It is cor.iplicated, but its co:.:putation can be 

speeded up by a r.ur;iber of tricks \vhich are describec in Section 6. 
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Ef£icier:tly ~?plyin6 this test has been the ;;c~l of ;:-ruch of the prograr.:

min.; effort in ?FC. The effort to get all subscripts into linear forr.·, 

(subscript stancizrdiz~tion) is described in the ne~t section. Section 6 

describes ho~ this test is incorporateci into a pass which an~lyzes each 

pair of stateIT;ents for d.ependence. Finally, the use of the layered 

dependence edges to generate code is described in ~ore detail in Section 

7. 

., 
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5. Subscript Standardization 

The ST~JmAr.D phase of Pr'C is responsible for translating a probr~ 

i,,to a nor.:-;al f orn that c"'l-'.es cepender-.ce testing easier to perforn. The 

priuary ai~ of this phase is to transfer~ each subscript in the pro 6r~ 

to a line.a:r function of pn . .:wary loop inch;ction variables, where primary 

induction variables run fro~ 1 to so~e upper bound in increments of l. 

SI.b.NDJ..RD consists of t'l,,70 main transfort:1Ztion mociules: STDDNRH which nor

malizes DO loops and STIVSUB -i,hich replaces references to. auxiliary 

induction variables by expressions in the loop induction variable. 

DO loop no~~lization is a rel~tively straightfor'\.,7ard process. 

STDDl\Rl-l si.wply \.'alks the abst,..act svnti:z t,..ee (henceforth referred to as 

the AST) that represents the input pro~r~, transfor.:ing loops as it 

encot:nters thee. Whenever it finds a DO statenent, it saves the control· 

variable of that loop in an array called the LCD, which is indexed by 

nesting level. Since STDDNRH intends to replace the DO statement with a 

standardized version, it creates a variable to control the new loop. 

The na.ne of this variable, \.:hich is formed by conc.:itenating '&' with the 

nesting level of the statements in the loop, identifies it as a loop 

inc.uction variable and oakes it easy to deterwine the lev-el of iteration 

it controls. 

The stand~rdized DO statem~nt is now simple to generate. Both the 

lower bound and the increment are known to be l; the new upper bound is ., 
simply: 

(OLD_UPPER_BOUND - OLD_LOWER_BOUND + 01.D_S!EP) / OLD_STEP. 

Throughout this section, \ve ~ill ref er to the following code frag

oent to illustrate the transforQations we are describing. 

(l) 
(2) 
(3) 
(4) 
( 5) 

DO 100 I= 1, N, K 
DO 50 J = I+l. N 

A(I,J-1) = B(J,I-1) + 10 
50 CONTINUE 

l 00 CONTINUE 

STDV!:RM uill tr.;nslate DO state~ent (l) in this e>:ar.iple to 

DO 100 &l = l, O~-1)/K + 1 
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As STDDllRE -...,alks the body of the loop, it re?laces .i.11 ref erer:.ces 

to the old loop control varizble with ;1n e:-:pression ir.volving the new 

loop cor.trol vari2bles. This expression is stored in the LCD with the 

old control variable, and is equal to: 

OLD_Lm7EI~_BOU:m + OLD_STEP * (nE1·1_LOOP_ VARIABLE - 1) 

As STDD;m1-1 passes a variable ln a loop it checks the variable aguinst 

all entries in the LCD; if it finds the variable. it replaces that 

reference 'With the corresponding expression from the LCD. Note that 

some czre must be taken to replace all the induction variables in a DO 

statenent before generating any new expressions from that DO. 

Uh en ever STDDHRH substitutes inside a subscript, it marks the sub

script as one to be later sir.iplified by STDSlHP, a powerful integer 

expression simplifier \:hich leaves expressions in a canonical ferro suit

able for easy recognition of the terns involved in the dependence tests. 

After the subs ti tut ion and sir:ipl if ication, the e;.~a.:::ple loop has 

changed to 

(1) DO 100 &l = 1, (N-1)/K + l 
(2) DO 50 &2 = 1, U-&l*K+X-1 
(3) A(&l*K-K+l,&l*K+&2+K) = B(&l*K+&2+K+l,&l*K-K) + 10 
(4) 50 cmnrmJE 
( 5) l 00 COI~TllmE 

As STDDNI~H leaves a loop, it perfonr;s two actions. First, it 

creates an assignment statement to assign the old loop variable the 

value it would have retained upon termination of the·loop. This assign-., 
ment is placed after the body of the loop. Second, STDDKRM erases the 

entry in the LCD for that loop, so that variables vill not be acciden

tally replaced in the wrong contexts. The final code is shown below. 

(1) 
( 2) 
(3) 
(4) 
(4.1) 
(5) 
( 6) 

DO 100 &l = 1, (N-1)/K + l 
DO 50 &2 = 1, l~-&l*K-K+l 

A(&l•K-K+l,&l*K+&2+K) = E(&l*K+&2+K+l,&l*K-K) + 10 
50 CONTllJU E 

J = N+l 
100 co1n1mi~ 

1 = N+l 

liote th'1t tr:e t.:-ansf on::at ions per.[ orrr.ecl by STDDRRJi. do not produce 

seffi~ntically equivglent prog=~ns in all cases. ln p3rticular, branches 
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out of loops ~igbt c~~se the old loop control varia.ble to be undefined 

a.t the branch ta:-get since it is essentially undefined throughout the 

execution of the standzrdized loop. Hhile this particular proble=. can 

be h~nciled (by cre.lting the ~ssignment to the old variable as the first 

statement in the loop rather t11an outside the loop), it is indicative of 

a oore funciar:iental probler:. in vectorization - nariely, the effects of 

control flow on data dependence. 

The process of vectorization is based upon kno,:ing precisely the 

data dependences of a group of statements. This information is 

e½tre=iely difficult to detemine in the presence of conditional 

branches, since the control flow can never be known exactly without exe

cuting the program (at least symbolically). For exa.::ple, consider the 

proble~s of generating par~llel code for a statement in a ioop that also 

con~ains a condition.::il branch out of the loop. The parallel stateme.it 

generated oust sopehow account for the branch in its upper bound, since 

the conditional branch could be taken on any iteration of the loop. 

Obviously. this is a difficult construction for ~hicb to generate paral

lel code. Because of this, P?C restricts its vectorizing efforts to 

what we call extended basic blocks. 

1-.n e:·:tf,r;dd bc1sic 121ock is a section of code th.st contains :oo 

branches other than DO loops. By li1:iting its efforts to extended 

blocks, ve have been nble to avoid the problems that branches cause for 

dependence analysis -while dra:.:i.atically improving the running time of 

PFC. 
. .. 

A major disadvantage of restricting our attention to extended 

blocks is that we may miss the opportunity to convert some statement 

which is not affected by the branches within that block. This effect is 

so£ tened sor::e-;.;,hat by the use of if conversion, a trans£ ormation that 

aggressively atte~pts to eli~inate as many branches as possible from the 

progra~. This transfonnation is discussed in Section 8. 

5.2. Induction Yariob 1 e Substitution 

Initi~lly, ST!VSDD was designed onl;· to substitute for am:iliary 

induction variables cf the forms 
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Var= Var+ constant 

anci 

Var= Var - constant. 

Ho,Jever. the r:.iethod we: devised for h2ncllin;,; substitution \-,as very easily 

gener.;.lized to perforr.i li!niteci constant propagation, expression folding, 

code ;notion, .;.ncl cead coce eli;:nin.;.tion. This has contributed tremen

dously to the amount of vectorization .ichievable in PFC, because one of 

the =~in it:1pediments to sucb transfor~ations in our systeo is that it 

currently does not test for ciependence sypbolica l ly. The constant pro

pagation accor:iplished by STIVSUB replaces the majority of symbolic sub

scripts in most user programs. Additionally, by eli~inating some dead 

code, STIVSDB decreases the running time of dependence analysis, ,~hich 

do~instes the cost of vectorization. 

Induction variable substitution is acccmplished in two passes over 

the: code. The first p.?ss cre~tes two lists: one of all the variables 

used as in?uts in the block of code and o~e of all the v~riables pro

duced as output. lnfcn;-,ation stored in the ~n~ut ~ includes 

(1) the variable's sy.:bol table location, 

(2) a pointer to the v~riable's predecessor ln the tree (so that it can 

be replaced), 

(3) a pointer to the expression that must be simplified if this vari

able is replaced, 

(4) the relative stateroent nu-;nbe:- of the statement in which the refer-

ence occurs, and 

(5) the nesting level of that stater.ent. 

The olltput lli.t. holds 

(1) the variable's symbol table location, 

·-

(2) a pointer to th~ predecessor of the statement in which the variable 

is ciefin~d (zo that the definition can be deleted if the assigr.ment 

turns out to he dead), 

(3) the relative st.:ite~cnt nur..ibcr of the statecent, and 
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(4) the nesting level of the statement. 

In both lists, the variables are stored in the orcier that they ere 

enco~~tered ~hen walking the AST. 

If STIVSUB encounters a nested DO state~ent while building up its 

lists, it invokes itself recursively on th.it loop before continuiDg. 

Thus, complete substitution for any nested loops will be accooplished 

be£ ore substitution is att~pted for the present locp. 

followin£ code as an example: 

Kl= 100 
l DO 20 ol = 1,10 

2 A (KI)= A(KI) - l 
3 DO 10 &2 =l,20 

4 KI= KI+ l 
5 B (Kl) = B (KI) + l 

10 CONTINUE 
20 COllTlNUE 

Consider tbe 

If STIVSUB were called on this section of code, it would initially build 

up variable lists for statements 1 ,nd 2 (the assign.~ent to KI is out

side the extended block). At th,t point, it would invoke itielf recur

sively on statement 3. \-;hen the second invocation returned, the progra-::. 

vould be as follows: 

l 

2 
3 

5 

10 
15 
20 

Kl = 100 
DO 20 cl = l, 10 

A (ICI) = A (Kl) 
DO 10 &2 = 1, 20 

B {KI+ &2) 

CONTINUE 
XI= KI+ 20 

CONTINUE 

- l 

= B (KI + .&2) + l 
.,. 

At this point STIVSUD would continue building lists for the rest of tbe 

program. Note that the initial invocation of STIVSUB uould not h.:.ve to 

build up the input output lists for statements 3,5, 3nd 10, because the 

recursive invocation would have returned the lists for the code it modi

fiec. The initial invocation can siruply r.ierge the returned lists into 

its Oi-:n, thereby avoiding the expense of \-1alking code a second tine. 
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l~fter incuction \'c'.lric'.lble substitution is corr.pleted, the code ·vill 

be a s £ o 110\, s : 

Kl= 100 
1 DO 20 &l = 1, 10 

2 A (Kl+20*&l-20) = A {Kl+20*&1-20) - 1 
3 DO l O & 2 = l , 20 

5 B (Kl+20*&l-20+b2) = B (Kl+20*&l-20+&2) + l 

10 CONTINUE 
20 CONTINUE 

Kl= KI+ 200 

Constant propagation using use-definition chains could then substitute 

the value 100 for all uses of KI. making all the array assignt:ier.ts above 

very easy to vectoriz~. 

Once the data lists are built for a section of code, the substitu

tion process is a str.iightforward two-phc'.lse procech;re that is applied to 

every oe~ber of the output list defined at the outer-wost nesting level 

under consideration. The first phase applies the following tests to 

determine what type of substitution cay be perfoni1ecl for the variable: 

(1) Check that the staterner:.t defining the variable is an assignment and 

that the variable is not an array or a loop control variable. If 

any of these ccmd it ions are true, we canr.ot safely p.ierf orm any sub

stitution. 

(2) See if any of the input variables to the assignment statewent 

appear in the loop output list. If they don't, ·then the assignment 

is of the form •· 

Var= loop invariant expression 

anci the variable is constant throughout the loop. Therefore the 

right h.:i.ncl side of the assignment can be fon1::.rcl substituted for 

.occurrences of the variable in the loop. The actual substitution 

process is dczcribed later. 

(3) lf the only input variables to the stater.1ent that appear in the 

loop out?ut list are loop control variables. 

Var = f (bi, loop invariant e::yressions) 

then expression foldint c~n be ~ccocplished in a manner ~n~logous 
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to loop-invariant e~pressions. 

(4) Finally, if the stntenent defines an ~uxiliary induction variable, 

Var= Var~ loop invariant expression 

induction variable substitution can be perforned. If there are no 

other definitions, the~ an e,:pres sion involving the loop induction 

variable can be substituted for all uses of the auxiliary variable 

throughout the loop. The exawple earlier in this section demon-

strates this type of substitution. 

The second ph.1se is the actual substitution process. It involves 

deter~ining both the extent of code over which substitution ~ay be per-

fo:i::ied and the actual e>:pression that '\..1 ill be substituted. Since the 

substitution oethod for induction variables ciffers fro~ the method for 

substituting loop invariant expressions and functions of the loop con

trol variable, we will describe these methods separately below. 

Here are the guidelines for induction varicb1e substitution: 

(1) If there are no other outputs of the induction candidate uithin the 

loop, then all uses of the variable within the loop can be replaced 

and the· assigru::ient statement can be moved outside the loop. This 

is standard induction va=iable substitution, and is illustrated in 

the exa~ple earlier in this section. 

(2) If the induction candidate is killed later in the loop by a state

cent at the sar.,e nesting level as the candidate definition. then 

the right hand side of the assignment may be substituted for all .,. 

uses of the induction variable between the assignment and the kill. 

Furthermore, the assignment can be safely deleted. For example. in 

the following code 

DO l O ~ l = 1 , l 0 

l KI = KI + l 
A (KI)= A (KI)+ 1 
KI= KI+ 2 

10 CCNTllmE 

the ri&;bt hand side of stater.,cnt 1 ~::y be propag.stec ~nd the state

oent deleted to give the following: 
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DO l O & 1 = l , 10 

A (KI+ 1) = A (KI+ l) + l 
KI = KI + 3 

l O CONTINUE 

note that these t:r ansf orwc.tions al lo .. £ul 1 induct ion variable sub

stitution to be per£o:-::ied for the re~aining assignment to KI. Also 

note that if the kill is at a deeper nesting level, as in the fol

lowing, substitution is i.Dpossible. 

DO 10 &l = l, 10 

KI= KI+ l 
A (KI) = A (KI)+ l 
DO 5 62 = l, 5 

KI= KI+ A(&2) 

5 CONTINUE 
10 CONTIHUE 

Since the first ~ssignrr.ent cannot be deleted, there is no safe ~ay 

to substitute for tlle variable without sone forn of code .:iotion. 

1·:e feel that the difficulties involved in perforning this type of 

substitution are not worth the time and effo:rt involved in making 

the~. 

(3) If neither of the first two conditions held, we cannot substitute 

and we leave the code alone. 

sions 

(l) 

Bere are the guidelines for :iul2stitl.ltiQ:c !li ~ iD;i~riant fcitires-
(and expressions in loop control variables): 

If the next output of the candicla te is --? t the same nesting level as 

the assignment (or doesn't exist at all)• then we may substitute 

for all uses of the candidate between the assigr.ment and the next 

output. For e:xarnple, we can transform 

DO 10 &l = 1, 10 

KI= 3 * &l 
A (KI)= A (Kl)+ l 
KI = Ia + l 

l O CO~lT!l~UE 

into the following: 
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DO l O & 1 = 1 , l 0 

A (3 * &l) = A (3 * &l) + l 
KI= 3 * Sl + l 

10 cm~TH:UE 

The disposition of the assign~ent state~ent that defines the candi

d:. te deper1cis upon several things. I£ the next output of the vari

able ls ciefinitely kills the first assigr.r.:ent, then the assignment 

'Clay be deleted (as above). If there is no other output of the 

variable farther dow.m in the loop, and if the propagation elin

ir:.ates all ·inputs of the variable in the loop, the assignment may 

be rnodi:ied and ooved out of the loop. This transfo~,ation is very 

inpor tant. since STDDNR!·1 ere~ tes many assignments like the f ollo"-

i.ng: 

10 

DO 3 0 & l = l , 1 0 

DO 20 b.2 = l, l 0 

DO l O & 3 = l , l 0 

Sta te.r:ents 

COHillWE 
K = 11 

20 CONTINUE 
J = 11 

30 COl~IIHUE 
I = 11 

After application of the previous transformation, this code becomes 

DO 30 &l = 1, 10 

DO 20 02 = 1, l O .. , . 

DO l O & 2 = 1, 10 

Statements 

10 CONTINUE 
20 CONTINUE 
30 CONTINUE 

K = 11 
J = 11 
I = 11 

\,·hich is obviously g preferred forr,. If neither of these condi

tions are met, the assignDent must remain in place. 
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(2) If there ~s znother output of th~ varia~le at.: deeper level than 

ti1c o:::-i 6 inal ::ssi:;nr.,ent • the ri~ht han6 siC:e of the assi~nr.ient r:'"y 

i:lc:: s:.:bstituteci fon,arc in:?. li..;r,itecl :::i.:.nner. Uses of the variible 

~f ter the assi~r-.:.::ent r:.c.y be replaced unti.l one 0£ t:,o conditions 

occurs: either the next definition is reached, or a use at a deeper 

r.esting level th.::; the origir.al assig~ent is reached. In either 

case, the assignz:ent cannot be deleted or moved. 

code deraonstr.:tes this type of substitution. 

DO 20 &l = 1, 10 

KI= 3 * &l 
A (KI)= A (KI)+ l 

DO 10 &2 = l, 10 

B (KI)= B (KI)+ 1 
I~ 1 = IC I + A ( & 2 ) 

l O CO:'l!!l:!UE 
20 COl~TINU E 

The f ollo,:ing 

Th.:: first definition of Kl mny be propag,aed to the state:::ient 

i::=-::ediately follo,-;in~ it i-;ithout danger. Ho,,ever, any further pro

pegs tion of l~I would produce semantically incorrect code. The 

final code woull be as follows: 

DO 2 0 61 = l • 1 0 

KI= 3 * &l 
A (3 * &l) = A (3 * &l) + l' 

DO. 10 c2 = 1, 10 

B (Kl)= B (Kl)+ l 
Kl= KI+ A (62) ., . 

10 CONTINUE 
20 CONTIHUE 

The procedure defined above does not substitute as fully as is pos-

sible. In particul.::.r, expressions could be substitutec for all 

uses of a v~-:iable up to the outernoi:;t loop containin0 the assign-

r.ient that kills that variable. The above procedure only substi-

tutes to the first nested loo?, ev~~ though it could s.:ifely substi

tute in .i 11 loo?S prior to one th.st cont.:.ins the ne,., cief ini tion. 

Be:c.:iu.se thes~ types of substitutions arise infrequently ~nd \,ould 

le rel.ltively e;:;:ensive to irr:j)lement: \.Jith complete s.:ifcty. we opted 

for the less ccr:,plete zub.stitution. 
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\foencver. substitution c::- deletion occurs, the lists are .. iodif ied to 

reflect the ch~;iges. This allo,1s sor,,e s,.;bstitutior. to occur fart.her 

GO'\.'n in tbe loop that ,.'oulcl not be possible othe-:-wise. hddition.:iliy, 

nodes that hold substituted e:-:p:ressions are carkeci so that S'I'DSD!P can 

non,.:.li.:e the.:: later. After this norr..alization, the code is standard

ized and ready fer depeodence testing. 
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6. Dependence testing 

The objective of dependecce analysis is to test every relevant paLr 

of state~ects ir. a program at all possible levels of dependence. Thus, 

dependence testing is inherently expensive for at least three reasons: 

(l) each of the roughly N2 pairs of state1:,ents (for a p:rogr~ with N 

statements) must be e,:a.-:.ined for dependence, 

(2) each pair ~ust be tested once for each of the loops that surround 

both state~ents, and 

(3) both of the tests for dependence are relatively expensive to per

form. 

Beca.use we expected the cost of dependence testing to be high, we 

focused a large :mount of effort on optii:iizing the time spent testing 

for dependence. The effort appears to have been well placed; PFC spends 

more ti::ie scanning and parsin~ a typical Fortran prograo than it spends 

perfo~~ing dependence analysis. 

The general algorithm used to icplement dependence analysis is 

given in Figure 6. The following issues are very i~portant in any effi

cient iPplementation of the algorithm: 

(1) A method must be devised to compare each pair of statements in the 

program for dependence. Because of the e~pense of applying the lay

ered dependence tests to a new pair 0£., state.,nents, PFC must avoid 

redundant or unnecessary comparisons. That is, it should consider 

a pair of statements only once, making all tests for dependences of 

different kinds at different layers at the same tir::e. Adclition

~lly, it should alsc allow the upper bounds of all loops·surround

in~ either cf the statements to be e~sily found, since this 

knowle~ge is required for B3nerjee's test. 

(2) A rnethcd pust ~e devised co find all the variables used and defined 

by a st.:.temer:t. Ldciitionally, this ncthod should provide a ,.,ay for 

any given subscript to quickly fincl the terms involved in the t\,,;o 

~ependence tests. 

f 
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for ea cb pair of Ha ter;.ent s that can be dependent do 

while there a.re references to the array A in both statements do 

for each level L at which the pair -r:.ight be ciependeot do 

I* the varia."ole 11:DEPElmENT will :-e~ca.in false until the two *I 
I* state~ents can be shown to be independent for A at */ 
I* -at this level */ 
IlWEPElWEHI + false; 

"While not INDEPEl-:DE.N'! and 
there is an untested subscript position i of A do 

if the expressions in position i of A in both statements 
are linear (if they are not, we cannot show independence in 
this subscript position. so ,,~e go on to the ne:2::t) 

then 

if the gcd test shows indepenclence er 
Banerjee' inequality does not hold 

t:hen 
IlWEPEliDENT + true 

fi 
fi 

od 

/* Here if 11;DEPElmEI,'! is true. ,-1e have sho,rn the statements *I 
I* to be independent for A at level L. otherwise we ~ust *I 
I* a.ss.:me that a dependence exists for A at level L */ 

if not U:DEPENDEl~T then record the level L dependence f i 

od 
od 

od 

Figure 6. AlgorithD fer dependence testing. 

(3) Finally both Bimerjee' s test and the gcd test must be carefully 

iripleoented to be as efficient as possible. 

The rest of this section is partitioned to deal with each of the above 

issues. Section 2 describes a method for cocparing each pair of state

ments in the progrzm at the correct levels with no :redundancy. The 

order of co~parison generated by this ~ethod makes it easy to keep track 

of the upper bounds of each loop surrounding the statements. Section 3 

describes the r.iethod us~cl to store the input ancl output va-::-iables for 

each statcr.1cnt. Stored ,:ith the v.1ri.1bles are the terms that are needed 
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for :E ""n -2 r j e e '· s t e s t an u th e ~ c ci t e s t. Section 4 ciescribes the actual 

izplerJentction of Bar.erjee 1 s test ancl ·the gcd test. Section 5 briefly 

d8sc:-i:>es ho\; tbe parts fit together a:-id i~er.tions sor.:e key desi~n de'ci

sicns that influenced the entire depencer.ce testing phase. 

6.2. Stcte~ent Co~parison 

Co~paring every pair of statements at all levels at which a depen

dence coulc exist is not so easy a problem as it initially appears. Ihe 

brute force ~ethods for generating co~parisons are inelegant and ineffi-

cient. Additionally. maintaining the proper set of loop upper bounds 

can be very nessy. We decided to avoid these difficulties by creating a 

data st:-ucture to encode the nesting of the state:nents in a program. 

This recursive data structure, DDSTl-ITLST, is ri threaded list structure 

tha·t allows quid~ recognition of all loops surrounding ar.y tvo _ state

~ent s. Althou~h DDST}ITLST is complicated, it is easy to build and it is 

the basis for an elegant, ~ystewatic method of cocparin6 state~ents. 

In DDST!lTLST every statewent in a given loop is representec e:q,li

citly in a list. This list h.as a sublist for every nested DO statement 

that tbe loo.? ;t r.tains. These sublists are identicd in structure to 

the ba.se list; that is, they are lists of statements -with sublists for 

each nested DO statement inside the~. To aid the stateu1ent comparison 

process, the sublists of a given list are threadeci by creating a nev 

list (a list of sublists) uhiih holds the locations of all sublists of 

that list. For easy reference, a pointer to the list of sublists for a 

specific loop is placed in the first node of"-that state.r:ent list for the 

loop. 

An e>:a.ople should clarify the stater.icnt list structure. 

the following program ce~plate. 
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l DO 
2 Statement 

3 
4 

5 
6 

DO 
State~ent 

EliD~O 

DO 
Sta ter:ient 

EHDDO 

7 Statement 
ENDDO 

The list structure created for that progr~ lS glven ln Figure 7. Note 

that the highest level list (DDS!l-!TLST) has three nodes: one x. node 

which bolds a header to the list of sublists (Sl) for DDSTHILST; the 

r:ode for stater:ient l (the only statement in the block at nesting level 

0); and the * node for statemeot 1 which holds a header to the list 

(SUBl) of all stater:ier.ts nested inside the outer DO state~ent. SUBl has 

t'wo * nodes, one for each of the two DO loops nested within its con

trol. In basic structure, however, it is identical to DDSTliTLST. Like

wise, so are SUB2 and SUE3. 

Only DDSTHTLST and SUBl contain a list of sublists, since they are 

the only lists with nested DO loops. These lists of sublists (Sl and 

S2) en~ble quick location of all the nested loops within a DO loop. For 

exa~ple, DDSTHILST contains one DO loop. All the state.I:Jents within that 

DO may be accessed by following al 1 the lists pending from nodes of Sl. 

Since Sl can be found by looking in the first node of DDSTHTLSI (the x 

node), it takes very little time to find any par.ticular list nested 
.... 

\·1ithin DDSTHTLST. Simile.r-ly, the two lists of nested statements for 

SUBl can be accessed by following list S2. 

Because of its recursive structure, DDSTHTLST is very easy to con

struct using a stack-oriented procedure. DDBLDSL is the PFC procedure 

th;:it builds DDSTlffLST; it walks the AST while maintaining t\,O lists: a 

list cf all st~t<:nent.s encountered at the current level and a list of 

all sublists (i.e. a list of pointers to all the lists of nested lists) 

encountered at this level. As DDBlDSL walks a state~ent, it adds that 

statement's nu.--:ber to the present statement list. Whenever a DO is 

encounterec, DDBLDSL pushes the present pair of lists onto a stack and 

continues walking.with 3 n~w, e~pty pair of lists. ~hen it finds the 
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DDSTLTLST 

points to list Sl 

SUBl 

2 

points to list S2 

List Sl 

--+II 

* l(ey fie1d (state-::ent number) 

3 

--+II Ne;,:t f ielci (points to ne~t node) 

Value field (points to sublists) 

* 5 * 

_j 

SUB2 SUB3 

---- .I X 4 

~I 

List S2 

--+{ I 

x desi~nates nodes holding a list of sublists 
* desi~nates nodes holding a sublist 

Figu::e 7. DSTl!TLST for s.:; .. iple progrci~. 
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end e! a DO loop, DDBLDSL carefully pops off the last pair of lists and 

stores pointers to the lists just co~pleted ic the newly popped lists. 

While this procecure requires attention to ensure tr.at a pointer to a 

list is not accicientally lest, its i::.ple::ientation is straightforward. 

The al~ori th..i c.::.11 be recursively applied at each level of nesting. 

b recursive data structure such as DDSTlffLST suggests that a recur

sive procedure ~i;ht be used for comparing statements. DDTEST, ~hich is 

outlined in Figure 8, is such· a procedure. Initially it is called at 

level O ,;.,·ith DDSTHTLSI as a parameter. DDTEST then r:oves through the 

state:::ent list, calling a routine CO!-:PARE ..-hich actually compares tYo 

state::ients at all levels between O and LEVEL. Note that DDTEST is both 

iter.s.tive ar.d recursive; it iterates to move through lists and calls 

its~lf recursively to ~eve to deeper nesting levels. The order in which 

the co::j.:arisons "tJOuld be u;.:,de i':l the sa~ple progr.!:m is given in Figure 

0 ., . 
Al thou6h it is not obvious, DDTEST is optir:.al in the nu.::ber of 

state~ent cowparisons perfor.:1ed. Additionally, the list structure 

clearly defines entries ir:to nested regions; thus, the bounds of the 

curre~t loops surroundins a pair of statements can be easily caintainecl 

vith a stack. DO state::ients the!!iselves are .olso easy to locate with 

DDSTMTI..ST, since the first statement in every list (other than the outer 

list) ii:!!:!ediately follows a DO. 

DDBLDSL performs a minor transfo~ation on the progra:c as it builds 

the statement list. All DO statements are ~onverted to assignments of 

the f OI1:l: 

generated_variable = upper bound expression for the DO. 

The generated vsriable is sbilar to those created by S!DDl~PJ·l;- i.e. it 

clearly reflects the fact that it is artificially generated and it 

indicates the level of the loop that it ccntrols. The program structure 

is not lost by this transformation, because the nesting level of al~ 

statene:-its has been presei--ved before the call to DD:SLDSL. Acdition

~lly, DDSTUTLST can be used to recover the nestin~ level of any particu-

la:- state:;.ient. There are t\,O distinct advantages to transfoming tbe 
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procedure DtTEST (LIST. L:SVEL); 

end 

I* LIST is the list of state~ents to be co~pa~ed at ~11 nesting */ 
I* levels up to and including LEVEL ·*/ 

I* r·i~st co111p~re all state::-.ents in a nestec DO loop at a deeper */ 
I* level. */ 

for each list SUB on the list of sublists of LIST do 
DDTEST (SUB. LEVEL+ 1~ 

od; 

I* Ne:>:t compare every stater.!ent on this list with every state~ent *I 
I* contained in this do loop at level LEVEL. */ 

for each sta te:ment Sl in LIST do 

for each st~te.::-,ent S2 later than or equal to Sl ~n LIST do 

I• c0~u2~e does the actual work involved in comparing *I 
I* two stater::cnts at levels 0,1, ..• LEVEL *I 

CONPAnE (Sl, S2, LEVEL) 

od od 

I* Next cc~pare all state~ects in nested loops ~ith every 
I* statement at the top level. 

for each list L1 on the list of St;blists for LIST do 

for each statement Sl in Ll do 

for each state:::er.t 52 in LIST do 

C0}~Plu1E (s1. S2, LEVEL) 

od od od 

*I 
*I 

I* Finally compare all statez.ents in different nested loops */ 
I* at LEVEL */ 

for each list Ll on the list of sublists for LIST do 
•,. 

for each statement Sl in Ll do 

for each list 12 beyond Ll on the list of sublists 
for LIST do 

for c~ch statei.~ent S2 in 12 do 

C0!1PARE (Sl, S2, LEVEL) 

od od od od 

Figure 8. Algorithr.i for State::,ent Cornp:irison. 
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D"'--c:-...,.i..:._ J. (DDST!iTLST, 0) 

c2lls DDTEST (SUBl. l) 

calls DDTEST (SVB2. 2) 

there are r:o sublists to invoke DDTESI on. 
compares stete::ie:1ts 4 anci 4 .; t level 2. 
returns. 

calls DDIES'I ( S''..,3 i,,JD • 2) 

there are no sublists to invoke DDIESI on. 
compares stater:ients 6 and 6 at level 2. 
returns. 

conp.:ires statements 2 and 2 at level l. 
compares state!7lents 2 and 3 at level l. 
C0:ipares statements ,, and c; at level 1 • ,L ., 
co~pares stater.ients 2 and 7 at level 1. 

co-::;ipares state~ents 3 ancl. 3 at level l. 
compares s ta te.:ier: ts 3 and 5 at level 1. 
compares statements 3 and 7 at level 1. 

co~pares state=ients 5 and C at level 1. .,; 

ccrapares sta tenent s 5 and 7 at level l . 

co:;;pares sta te..:ient s 7 and 7 at level l. 

compares sta te..:ients 4 ..:.nd 2 at level 1. 
conpares stateoents 4 and 3 at level 1. 
compares statements 4 and 5 at level 1. 
compares statements 4 and 7 at level 1. 

compares sta te::i ent s 6 and 2 at level l•. 
compares state.:::ients b and 3 at level 1. 
corapares statements 6 and 5 at level l. 
compares statements 6 and 7 at level l. 

compares stcte::.ents 4 and 6' at level l. 
returns. 

compares statement l with every other stateraent at level 0. 
returns. 

Figure 9. Order 0£ Comparisons ln Sample Progr~. 

pro~r.i,.i 1.n this m:a.r.ner. First, it allows cert3in implicit cleperidences 
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d.;a:;s ?reser:t in a p:rogrc:.::. to be e:-:plicitly detected. An example is 

the dependence th"'t ~very st.:itei·,1ent h.::.s on a DO loop surrounding it. 

Ev(:;::)· stater:ent ;._r, .'.l DO cie;:,ends on ti,at DO '""t le:::st i.:iplicitly in the 

r:.;::/:ier of ti=ies the stc:tenent is e;.:ecuted. 'Ihe fact thc1t the dependence 

is c~ten icplicit ~akes it very hard to detect using Banerjee's test and 

the gee test. Once the DO is cor.verted to an assignrient, ho·wever. it 

C.ln be handled within the fra..--::e,.;ork of regular dependence analysis. 

Second, encoding loop upper bounds '!T,akes code generation considerably 

easier. Since the object of vectorization is to distribute as many DO's 

around ::. state..,ent as possible, DO statements are quite often syn

thesized during code generation. These state~ents are either implicitly 

present in statecents th.'.lt h.sve bE::en converted to parallel fcn:2, or are 

e>:?licitly present for state1.:ients that could be coded in parallel but 

h.sve: r,o ?arallel e:quivalent. Regardless of their form, the upper bounds 

for each synthetic DO nu.st be easily obteinable ::.t code generatior •• 

Once the upper bounds of each loop are assigned to an easily recognized 

vari.'.lble, this process is greatly si=plified. 

6.3. In-out ili Qutput Lists 

I£ Banerjee' s test and th-c gcd test are to be efficiently inple

~ented, so~e method oust be devised to quickly find the,variables that a 

statement uses and the variables that a statement defines. Addition

ally. this method should include some way to locate the terms necessary 

to evaluate Banerjee's test and the gcd test for a given subscript. PFC 

handles these issues by h?ving two lists o( variables for every state

ment: one to hold the input variables of the statement and one to hold 

the output variables of the statecent. The forwat of these lists allows 

both rapid clete:n:iination of the common vsriables in two stateoents and 

the rDpid location of the terns that appear in the dependence ·tests. 

The input lists and output lists are identical both in for~ and in 

the information contain~d. 

includ~s: 

The infoma tion cont:..ined in the lists 

(1) th~ sy.::bol t:..ble i11.:!e:.; of the ,,.zriable, 
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( 2) Che cype of the vari.:,.ble (either SCl.LAn, ARRAY, er COH1'101l). 1 

(3) c:-ie m..:;:.ber 0£ cline:nsicns of the vc:iri.::ible (nt:-nzero only for Al~PJ..Y 

...... ~ - s) ... ., r'= ·• 

(4) ~ header for a subscript list for the variable (if it is an ARRAY). 

(5) a header for the neY.t node ir. the list, and 

(6) a header for a list of pointers that hold the e~act location of the 

variable in the AST. 

The lists .::ire sorted by increasing symbol table index so that variables 

co;:i.";lor. to t1,,,,o lists can be quickly found by a merge procedure. Each 

c.rro:y reference has a header for a subscript list. Nodes in subscript 

lists contain the number of the subscript, the linearity of the sub-

scr'ipt, anci a header for a coefficient list. Coefficient lists are 

sorted by incre.::ising term nu.=iber, and contain the coefficients of the 

corresponding terw in the depencience tests. 

A s~ple input list for the statement X = A ( -5 +. &l, &l + 2) + B 

(assu~ed to be contained in one DO loop) is given in Figure 10. Several 

things are note'\;,lorthy about the e:~arr,ple. First, two mysterious vari-

ables &land &Rl appear in the lists. &l is the loop control variable 

createc by STDDimH for the DO stateroent controlling level 1 statements. 

&Rl is the variable created by DDBLDSL to bold the upper bounds of the 

saoe DO statement. Second, &Rl appears in the the input list to the 

exa~ple even though it is not an explicit input to the statement. The 

reason for this is to force a dependence be~~een this statement and the 

assignrient stateme~t DDBLDSL created to replace the DO statement. This 

dependence is one that .ictually exists in the progra.:i, but which could 

not be detected in non.al forn by our analysis. Third·, the coefficient 

lists .:ire fully e>;panced; that is, all the terr.is of Bsnerjee's test 

appear in the list, even those with zero coefficients. Finally, the 

1 
The C0!-11-1011 type is a catchdl for variables thzt do not fit into 

the i:.old required by the cle:pendence tests. Declared co..i:;;on v.;.riable·s 
are obviously one exa~ple. Another is an array which has its diagonal 
vritten out on each iteration of a loop. The parts of that array used 
cannot be convenieLtly represented for dependence tcstin~. 
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bput list 

A 

Array 

2 

Subscript 
list 

l 

Linear 

-
-

+-

... 

... 

Coefficient 
List 

0 +-

0 

- .. 

--, bl ..;, &Rl B Vcriable ncme 

Scalar S cal .:.r Scalar V~riable type 

Nur=ber of 
0 subscripts 0 0 

--
H 

> 2 

Linear 

------- ~ I 
-

1 "'"' 0 

-5 2 

-

-
-

~ I Pointer to next 
node 

1 l Pointer to 
subsc:::-ipt list 

Subscri?t number 

Subscript type 

Pointer to next node 

p 

---

-

ointer to coefficient list 

1 

1 

-

loop 
variable 

Coefficient 

--+j j Pointer to 
next o.ode 

Figure 10. Input List for X = A ( -5 * &l, bl+ 2) + n 
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header for the list of pointers into the AST does not appear 1.n the 

ciia:;r~, because there is no v;ay to grephically represent it without a 

ciiagra..:: of the AST for the stote~ent. 

Building the input output lists is a relatively simple matter. ln 

PFC, the lists are built by DDilLDlO, a procedure i,hich walks the AST 

passing do\,'D a p.:1rc..c-:ieter to indicate whether variables found are to be 

addeci to the input list, the 01:1 tput list, or to both. The lists are 

maintained in sorted order as the tree is walked, so that duplicates are 

easily detected. 

I'he part of the list th.it is harciest to build is the coefficient 

list. The section of DDBLDIO that does this acts like, recursive des

cent parser: it dives into sections of AST hunting for loop induction 

variables, pu 11 ing out the coefficients of those it finds. The fact 

that· .all subscripts are in standardized form si':!!pli£ies the task consid

erably. 

The algorithm for COl·i.Pl~E, ...,hich uses the input output lists. :ts 

given 1.n Figure 11. 

The procedures executed the most often in PFC are, the ones that 

actually evaluate Eanerjee's inequality and the gcd test. Since these 

procedures are called once for each com::ion variable at each CO!!lr.'lon nest

ing level in each of li2 pairs of statements, it is- vital to PFC that 

these routines be efficient. Even though t~re is a tremendous amount 

of preparatory work in DDBLDIO and DDBLDSL, we still felt that the 

bottleneck of PFC would be the dependence testing. By being very care

ful in the 'way we evaluated the tests, we achieved a cuch faster running 

ti..ue than we expected. 

The gccl test 1.s easy to ev.alu.;.te rapidly. First, it determines 

integer solutions to the dependence equation indepenrlent of any particu

l~r region. Therefore, it only needs to be computed once fer each pos

sible level o:f clepencience. rather than t·wice like :Banerjee' s test. 

Second. the gcd of the ter~s th~t typic~lly appear in subscripts becomes 

1 very quickly. Sir.ce l ..,,,ill always divide ao - bo, there is no point 
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procedure COi·:?!..I:E (Sl, S2, LEVEL); 

for I+ 1 to 3 do 

case I in 
begin I* 1: Check for true dependence of 52 on S1 •/ 

Ll + output list of Sl; L2 + input list of S2; 
DEJ?::WDEl-lCE_0F_S2_01'1_Sl + TIWE_DEPEr:D:::r~CE; 
DEPEl-mENCE_OF_Sl_ON_S2 + AN!I_DEPElWE?\CE 

eod; 
begin /• 2: Check for true depe:idence of Sl on S2 *I 

Ll • input list of Sl; 12 + output list of S2; 
DEPEl-:DEl~CE_OF _S2_0N_Sl + J...";!l_DEPElrnENCE; 
DEPENDE!\CE_0F_Sl_0N_S2 + TRUE_DEPENDENCE 

eod; 
begin /* 3: Check for output 

Ll + output list of Sl; 
DEPEt;DENCE_0F_S2_01~_Sl + 

DE.?E!WEl'lCE_OF _Sl_0N_S2 + 

dependence 
12 + output list of 
OUTPDT_DEPEimEZ\CE; 
OUTPUT_DEPEllDEN CE 

S2; 

end 
esac; 

vhile ( not_exhau~ted (Ll) & not_e::-:hausted (12) ) do 

if key (Ll) < key (L2) then -::iO\.'e_down (Ll) 
else if key (L2) > key (Ll) t.b.en r.::ove_do~..-o (12) 

od 
od 

eod 

else /* Be have a .:..a.tcb *I 

fi 

for J • LEVEL to 1 step -1 do 
llWEPENDEllT + false; 
gcd (key (Ll), key (L2). J, INDEPE~DENT1; 

if llO t IImEPENDEl,T then 
begin 

end 
od; 

banerjee (key(l.l). key (L2). J, llWEPElmEl~T) fi; 

if not lNDEP5lmENT 
then add an edg·e to-.·the dependence graph 

indicating that. S2 depends on Sl at level J 
"ith type DEFE.NDENCE_OF_S2_01,_Sl fi; 

if not S1 = S2 
Chen repeat the process for S1 depending on S2 fi 

r:.ove co~:n one 0£ the lists. ·w,tchir.~ for cultiple references 
to the s~=e array in the input list of a statement. 

Fibure 11. Al~orith7:i fer COllPA~E. 



1c cc~tinui~~ the test once a ~cd of l Eppears; the gcd test ~ill have 

to .:ssu ... e C:e?endence. This one optimization alone see:::s to provide PFC 

~ith .:11 the speed it requires for evaluating the gcd. 

A c.:sual ex~~inEtion of Banerjee 1 s inequality 

k-1 nl n2 
- - + - + 

- z (a.-b.) (N.-1)-(a. +bk) (R -1)- z a.(N.-1)- z a.(N.-1) 
i=l l l l K " K i=k+l l l i=k+l l 1 

k-1 nl n2 
+ + + + -

S Z (a.-b.) (N.-l)+(ak-bk) (Nk-1)+ z a.(N.-1)+ z b.(N.-1) 
l
. -1 1 1 1 . . . k . l l l . , .... ~ 1 l 

- i=r-r l=~•J. 

does not reved any obvious \·iay to opti.:iize its C07ilpt:tation, other than 

to cc::pute the t:::idcile te~ once and s.ive its v.;.lue for_ future uses. 

Bo,.;ever, closer exar::in.:;tion reveals so~e interesting facts about the 

left side of the inequE.lity. First, every term ·which is superscripted 

by a ~inus or a plus is nonnegative - i.e. (ai - bi)- has to be greater 

than or equal to O by definition of the negative part of a nunber. If 

one assu::es th~t the upper bounds of each loop is at least 1, then every 

ter.::i that is subtr.icted on the left hand side of the inequality is 

greater than or equal to O. Sii:iilarly. every ter~ that is added on the 

right hand side is greater than or equal to O. 

takes the fore 

0 - nonnegative numoer 

n2 nl 
:S z b.- z a. 

i=O 1 i=O 1. 

~O + nonnegative nu~ber 

Thus. the inequality 

Therefore, at ~ost one side of the ine~uality can be violated. That is. 

either the micldle sl!~ is less than O, in which case only the left ine

quality could be false; or the micidlc sum is greater than O, ir. which 

c::.se only the ri:;bt in~qu~lity could be f.:;.lse. If the 1ciddle sur.l evalu

ates to O, then neither inequality can be false and ue hove no need to 
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evaluate the left or right sides. This su~6ests c. preli.::ir.ary r:iethod 

for perfor~in; tanerjee's test: 

Cl) Co~pute (or iisve .1v.:il.,ible) the ::-.iciC:le :err.1 cf Bc:nerjee' s inequel

i ty. 

( 2) If the middle ten: is less than C, ther. cor:,:;,ute the left side of 

the inequality. If the left side is greater than the middle ter:::i, 

then the state~ents are independent (at the level tested); other

wise we .:iust assu::::e dependence. 

(3) If the ~idcile terc is greater than 0, then compute the ri 6ht side 

of the inequality. If the right side is less than the middle terr:i, 

then the stste:::-:mts .ore independer1t (at the level tested); other

wise ,;e r.,ust assur:ie dependence. 

(4) If the middle term is O, then there is no reason to co~pute either 

side of tbe inequality, since it cannot possibly sho .. , indeperidence. 

The same algorithm can be used with the other for.r. of B~nerjee 1 s ine

quality, if -bk is substituted for O. 

The above procedure ~orks well when the upper bounds of all loops 

involved are known constants, but unfortunately, this is not al~ays the 

case. However, the proceGure can be easily extended to handle general 

expressions in loop upper bounds. Given the assu.-nptioo that all loop 

upper bounds are at le.::st 1, · every term subtracted fron the left hand 

side of Banerjee's inequality must be nonnegative. In other words, the 

tenn fer any level •. 
-(expression)(Ni-1) 

always decreases the value of the left side of the inequality. 

Since we can she~ independence on the left inequality only when the 

left side is ~reater th.an the oicdle, any unknown upper bound expres

sion that has a nonzero coefficient on the left side of the inequality 

forces an assu:::ption of dependence because \.'e can i::,ake the unknown t..ul

tiplyin: upper bound as l~rge as ue wish. On the other ha:~. if all the 

unb-:O\·:n up;,er bound expressions on th~ left sicle h.::ve zero coefficients, 

cr.d if the su..: of th1::: known Guantities is greater thur:. the r..idclle tern., 

ther. tile st.:.tcme;;ts :;.re i:-.cicpendent re~.:rdless of tl:e V,jlues of the 
f 
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unl~no,;n upper bounds. These observations lead to.:;. ;;er,e:ralizecl method 

for ev~luntin~ B.::nerjee's inequality: 

(1) Co::?ute (o:r have av.2ilable) the nicic:!le terr: o: the ir.eq.;ality. 

(2) l£ the oicidle ten: is less thar, C, then compute the su::r. of all the 

kno,:n quantities 0£ the left sicie of the inequality. If this sun 

is less than or ec;ual to the .:::.icdle term, the test c.::nr..ot show 

(3) 

ir.dependence. 1£ the sum is c-rea ter 
• C, 

than the "t;.iddle term, the:n 

compute the coefficier,ts of all the unknoi.-n terns. If all these · 

coefficients are O, then the state~ents are independent; othen.rise,. 

dependence must be assu~ed. 

1£ the niddle te~,r; :LS greater th.:rn 0, ccropute the sum of nll the 

kno .. ·n quantities on the right side of the inequality. If the sun 

is greater th.::n or equ'"l to the u-.icic:ile ten-:, the test cannot sho,; 

independence. If the sui:l is less than the r:iddle terr.a, then co:::-

pute the coefficients of all the unkno,m tenr,s. If these are all 

0, the st.:i.te.r,ents are indepenc.ent; otbe:-i,ise dependence must be 

assu."";)ed. 

(4) 1£ the ~iddle term is O, dependence must be assuned regardless of 

the values of the other sides of the inequality. 

Finally, note that \.lhen there is only one zy1,;bolic upper bound which has 

£ nonzero coefficient in the case ,,he:-e dependence must be assuu1ed, the 

thresho)d (or loop size for whi~h th£t dependence is broken) c£n be com

puted from the known information. Thus, even though cocplete vectoriza-
-... 

tion is not possible in th£t case, some partial vectorization may be 

feasible. 

The previous sections have presented the details of the important 

pb~ses of the depencence analysis process. This section \:ill try to 

piece them all to~cther and provide insight into the cajor design deci

sions of PFC. 

P:-obably the r.,ost notable Dspect of the previous sections lS the 

use of linked lists. Lists are used in induction variable substitution, 
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ir. tz:e al 6crith=-, that geuerates the stateraent co;;;p~rrisons, 2.r.ci as ~ 

~ethcc for stor-in6 the in?uts anc outputs o: a staten:ent. This exten

sive use o± linked lists \;as recognizecl ea:-ly ir. tbe ciesi;;r: of PFC. 

r,c:.th€:r th-,.r: goin; throi.:;,;h the arciuous tasl: of debuf;;;ing the linked list 

O?erations for every set of lin1:ed lists in PFC, \..'e decided to it:i?lewent 

a set oi bener.:.l lir.kecl list utilities. These utilities, known as 

"'POLYLlST, are capable of creating 2.nd raznipulating general linked lists. 

!lodes of POLYLIST lists have t\;o progrc.-::::,er accessible fields: a key 

field ancl a yp1ue field. A progrur.i::ler can specify any data type for 

these fields that he desires ( hence the nar:ie POLYoorphic 11ST utili

ties).. All references to lists are in a high level notation similar to 

that used throu.§-;hout this paper. Several e:>~araples of POLYLIST opera

tions ~re given below. Their functions should be obvious fro::i their 

na=ies. 

clechre_li~t_type (INPUT_TYPE) kcytype (FIXED BrnAR'Y) 
val type (LIKE INPUT_STRUCT); 

ciecl.J.:re_lis:: ( lNPUT_LIST) type ( rnPUT_TYPE) space ( lO_SPACE); 

move_to_head (lNPUT_LlST); 

new_he.1d ( Il~PUT_L 1ST); 

move_down (lNPUT_LIST); 

find_in_list (IHPUT_LIST) key(SY1'1_1NDEX) fl'1g(FOT.mD); 

-while ( not_exhausted (lNPUT_LlST) ) do 

In order to provide truly polymorphic utilities. POLYLlST ·was ·written as 

PL/I statement macros that expand to in-li.ie code. Thus POLYLIST not 

on1y provides data abstraction, it also executes rapidly at rur. time. 

The concept of extendPd blocks introduced in the section on sub

script normalization plays an important role in detcrnining the sections 

of the pro&ram on which the dependence analysis will be called. Sub

script norwaliz.ation, d!::penclence an~lysis, and parallel code &ener.J.tion 

are all called only on the extended blocks of a pro&;ram. These are the 

onl)' sections ll'be::re parallel cocie i:aay be &ener.ltecl using orily dc1ta 

dependence; other ::;ections require a 11ontrivial £om: of control flo.~ 

anal:,•sis as '-'E:11. This reduces the cc;:;-iplexity of the ,:m:i.lysis trenen

cous ly; the 1:2 ti::·,(! rC!q uired b:,7 DDTEST is redu ceci to the sur.i of squ.ares 
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of nu~bers smaller than~ without a si~cificant reduction in the amount 

of vectorizaticn possible. 

l-. brief cetline 0£ the entirt: ciepencer.ce testing ph::.se as it is 

preser,tly inpler.1er.ted is given below: 

(1) P.:rt it ion the pro6ra...--:; into e::-~tended blocks. 

(2) Call STDD~xRl·J and STl\'SUB to perfo::-rn subscript r.ormalization and 

induction vari~ble substitution on every extended block in the pro-

gr~. 

(3) C.sl l DD:SLDIO to build input output lists for the entire pro gr:::=. 

This is done to provicie infora.stion for scalar data flow analysis 

ns well as for the dependence analysis. 

(4) Fer each extended bloc1~. call DD:SLDSL to build a state~ent list, 

then call DDTEST to perform the actual ciepe..ncience analysis. 

At this point the depender.ce graph exists for the extencieo blocks, and· 

all the tools are ready to transform the progra...i to parallel forn, • 

.... 
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7. Parallel Code Generation 

The par.2llel code 6eneratior1 :-01.:tir,c ,.,_,as o~tlinec: i.r, Section 4. 
' 

'Ibe ?L:r?ose of ti,is section is to sho,; ho,1 the conce:;;t of layered de?en-

cience tne generation of parallel coce easier. In the process, we 

shall show ho~ the topological sort an~ strongly-co~nected region find

ing routines are incorporated into the overall process. 

Th::ougbout the discussion in this section. i,'e shall refer to a 

sooe,,ha t contrived e:x.:;=:pl e that illus tr.ites a nu-.:;;ber of important 

points. The original Fortran for that example is sho,m ir-1 Figure 12. 

(l) 

(2) 

(3) 

(4) 

DO 3 0 l = l, l 00 
X(I) = Y(I) + 10 
DO 20 J = l , l 00 

l3 ( J) = A ( J , 1~) 
DO l C K = 1, 50 

A(J+l,K) = B(J) + C(J,K) 
10 CONTINUE 

Y(l+J) = A(J+l.ll) 
20 CONT IHDE 
30 CONTINUE 

Figure 12. Parallel Code Generation Ex~mple. 

The dependence graph for this exar.;ple (in ,ihich only depen~ences involv

i.ng the numbered stateoents are displayed) is shown in Fi£ure 13. 

Let us track the code generation process through this example to 

illustrate a few points. At the top level, statement~ (2), (3), and (4) 
. ., 

are involved in a. large recurrence, so that code teneration will be 

called recursively for these statements one level down. Parallel code 

will be ~eneratecl for stetecent (1) after the loop for the first three. 

(l) 

DO 30 I= 1, 100 

code fo:; (2), (3), (4) ger.erated 2t loi-,er levels 

30 co;;r11rnE 
X(l:100) = Y(l:100) + 10 

At the next level down. the out~ut dependence~ of (1), (2), and (3) 

on tiie.:selves, ,:hich occur because the .::rray bein.; nssi;,;ned into does 

not l.c.vc cnoubh sl.!bscripts for all the: surroi;nclin;; loops, disappe.:ir. 

I •. 
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... 

. .. 

Figure 13. Depenclence graph for Figure 12. 

Also, the anticiependence of (3) on (4), due to the possibility tb2.t 

A(J+l,l:) is the sawe as A(J+l,N) on a successive iteration of the oute-r 
loop, is broken. This leaves the dependence graph shown in Figure 14 .. 

Statements (2) and (3) still form a recurrence, but code can now be gen

er•ted for statement (4). 

(4) 

(1) 

DO 30 I= 1, 100 
DO 20 J = l,100 

code for (2), (3) gener~ted at lower levels 

20 COHTIITUE 
Y(l+l:1+100) = A(2:101,N) 

30 co:nnmE 
X(l:100) = Y(l:100) + 10 

The recurrence involving statements ( 2) and ( 3) will be broken at 

the nt::xt level do\.in end the f in::al coce zho~rn in Fi;;ure 15 \>'il 1 result. 
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( 2) 
(3) 

( 4) 

(1) 

/ . 

Figure 14. Dependence graph at level 2. 

DO 3 0 I = l, l 00 
DO 20 J = 1,100 

B(J) = A(J,N) 
A(J+l,1:100) = E(J) + C(J,1:100) 

20 COltillWE 
Y(l+l:1+100) = A(2:1O1,N) 

30 co:iIIlmE 
X(l:100) = Y(l:100) + 10 

Figure 15. Final code for Figure 12. 

This example is ple<lsing because it: generate~, vector statements at three 

different levels and because it illustrates, in the case of statement 

(2), how parallel code generation cao also serve as scalar code genera

tion. This happens when ve generate code that is parallel in O dimen

sio:is. 

There are tuo aspects of the code generator that are worthy of 

further ncte. First the strongly-connectec region fincler is .a direct 

.;.clapt.:.ticn of Tarjan's cicr,,th-first sec ... ch .:iethod [Tarj 72]. The tir;ie 

required by this r.H::thod is line.lr in th<; nu::iber of stater.ients ancl depen

c1e::nce eci2,es rei:.::.inin;; in the graph. 
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Second, the statements in the graph are ordered by an adaptation of 

the to::o1 or·i caJ .filU:.t. [Knut 7 3j which ccnputes the derived dependence 

relation bet\,een i,-blocks en the fly. The basic idea is sir..plc. In the 

first pass throu~h the edges of the dependence gr.::.ph, a distinction is 

cade between edges within a n-block, which are ignored, and those 

between n-blocks, which are used to set up the dependence for topologi

cal sort an_d then deleted from the graph ( this is fine since further 

processing will be at a lower level and hence v~th;n a region). 

The algorithm 1.s of interest because it illustrates the structure 

of the depencie:cce graph as well as the nature of topological sort. The 

structure of the dependence graph is shown in Figure 16. Each stateQent 

contains, in addition to the standard useful inf creation, pointers to 

the headers of lists of dependence edges into and out of the statewent 

(along uith a count of the edges in the list). Each edge is a member of 

t\,O doubly-linked lists, one of edges to the same sink and the other of 

edges froo the Sa!:le source. 

Node Structure 

I DEPE:,D ON ( list of edges in) 
#I_DEPEim_m~ 
DEPENDS_O!~_HE (list oi edges out) 
#DEPEND ON_HE 
PI.BLOCK NAHE (containing piblock) 

Edge Structure 

FROH (source str:i t number) 
,. 

TO (sink stmt nur.iber) 
TYPE (anti. true, output) 
LEVEL (of carrier loop) 
Tl:-!P.ESHOLD 
1:EXT_FRO!·l (ne::,;t edge fro.n sane source) 
PilEV - FROI-1 (prev edge fror.i same source) 
UEXT _TO (next edge to sat:ie sink) 
PREV_TO (prev edge to same sink) 

Figure 16. Structure of the dependence graph. 
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As ir1 all topological sorts, the al~orithr., oal~es use of two arrays 

indexed by n-block number. SUCCESSO~S[l] is a list of ~-block nuobers 

of blocks which de?end on n-block I. 1;PREDS[I] contains the number' of 

n-blocks not yet added to the final orde: upon which ~-block I depends. 

The algorith~ is displayed in Figure 17. 

One wrinkle in the ir:iple;nent~tion is not shown. The usual linear 

time bound (linear in the number of vertices and edges) of topological 

sort had to be sacrificed for cosmetic reasons. When presented with a 

group of statements having no dependences among theo, the version of PFC 

"\.:ith :a. standard topological sort tended to rearrange those statements 

into randor:i order. This ur.necessary code motion causes confusion for 

the user attempting to read a translated program, so ·we eliminated it by 

implenenting NO_PREDS as a priority queue (heap), to produce a stable 

topological sort that op~rates in O(n log n + e) time, where n is the 

nu.-nber of ,,.-blocks and e is the number of clependence edges. 

8. Au:iliary Transforz.lations 

Before giving up and generating serial code for a statement, the 

code generator will try a number of auxiliary transformations to expose 

core parallelism. We will discuss several of these in this section. 

8.1. Recurrence Breakinz 

A nu~ber of recurrences, particularly those based upon output 

dependences and antidependences, c;,;,n be broken by clever renaraing or the 

introduction of array temporaries. 

in a previous paper [Kenn SO]. 

... . 
These transformations are described 

ln addition, a number of such recurrences are fruniliar patterns for 

which special language constructs may exist. For ezample, consider the 

follo-;.,-ing loop. 

s = o.o 
DO 10 I= 1, H 

S = S + X(I) 
10 CONTilmE 

This can be easily recognized to be a Sllril re<iuction, accl replaced by a 

call to an efficient library function. 
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I* se: up the suxiliary dat~ structures *I 

for I• l TO NP!ELOCKS do 
cake the list SUCCESSORS[I] e~pcy; 
liPR:SDS[I] = 0 

od; 

/* scan the edges and initialize successor lists +./ 
I* and predecessor counts */ 

for!+ l to NPIBLOCKS do 

for each state:;ent S in PlBLOCl~[I] do 

for each dependence ecige E out of S do 

if SINK[E] is in PIBLDCK[l] then 
ignore the edge. it is within a region 

else 

fi 
od 

let J be the number of the ft-block that 
contains the sink; 

add J to the list SuCCESSOP.S[IJ; 
HPREDS[J] + llPREDS[J] + l; 
delete the edge E from the graph 

od 
od 

/* initialize the set of n-blocks with no predecessors*/ 

make 1;o_PREDS empty; 
for I + l to NPIBLOCl~S do 

if NPP,EDS[Ij = 0 then acid I to the set llO_PREDS fi 
od; 

I* add the nodes to the output list one at a time *I 
I* reducing the predecessor count of each successor*/ 

vhi le (NO_PREDS is not ei::pty) do -- . 

od 

NEXT_BLOCK + some elet:ient· in the set lW_PREDS; 
rei:love NEXT_BLOCK fro1.1 llO_PREDS; 
add !i'EXT_BLOCK to the output list; 

for each block I in SUCC:CSSORS[THIS_BLOCl~] do 
NPREDS [I]= NPREDS [I] - l; 
if NPREDS [IJ = 0 

cben add block 1 to the set lW_PREDS fi 
od 

Fiiure 17. The noiified topolo~icel sort. 

- 57 -



8.2. l.r1cn· Ir;re:-chrn-:e 

'.i.::-:y ti::1es ~ :-ect.::rence ~t the cice;-est level blocl~s the vectoriza-

t1.o::: of t;..'o loops. Under ce:-tain conditions, the t,;o loo;:,s m.:;y be 

i::-:terch.2ngeci to yi:lc 2 ne,-; inner loo? th.::t car. be ,,cctori:::etl. To 

illt.:st:::.3te the po,,·e-r cf this tecbnique, consicie:::- the standnrcl algorith!Ii' 

for catrix cultiplication on a sc2l~r mochine. 

DO 100 J = l, lCO 
DO 9 0 I = 1 , 1 0 0 

C(I,J) = 0.0 
DO 80 K = l, 100 

C(I,J) = C(I,J) + A(I,K)*B(K,J) 
80 co1nINUE 
90 COi,TWUE 

l 00 CO:l!INUE 

After loop distribution and interchange of the innercost two loops, this 

becCT.Je.G 

DO 10 J = 1, 100 
DO 5 I = 1, 100 

c(!,J) = o.o 
5 COl~TDJUE 

l O COI1TINU E 

DO 100 J = 1, 100 
DO 60 R = 1, 100 

DO 90 I = 1 , 100 
C(I,J) = C(l.J) + A(l,K)*E(Y-,J) 

90 CONTlHUE 
80 COllTiliUE 

100 CONTINUE 

The parallel code generator then produces: 

· C(l:100,1:100) = 0.0 .. , 
DO 100 J = l , 100 

DO 80 K = l, 100 
C(l:100,J) = C(l:100,J) + A(l:100,~)*B(K,J) 

80 co1·:TINUE 
1 oo co::11m.JE 

The final code can be rcco~nized as the opti,.;nl method for i:-:atrix ir,ulti

plication on~ vector m~chine with vector registers. Since the current 

se:ction 0£ C is i~ept in a re~ister until all cor:1putations involving it 

~:::-e done. and only then put a,,;5y, a vector register machine docs or:e 

vector lo:cl for e:very t\-10 oper:tions -- a nice bal.:nce. The Cr~y-1 

achieves 125 r:,e;_;r-.flo?!:. .:,n this loop [r:.uss 78). The .feet that op::iu1al 
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vector code can be prociuceci by a ,1ell understood transformation of the 

scalar code is very satisfying. 

8.3. 1£ Conversion 

Host parallel r.1.:lchines have some r,1ethod for conditionally executing 

an operation on eler::!e::.ts of en ar=3y. This is usually acco:::.plished by 

using sor;1e ·sort of bit r.iasl~ to turn off execution of the operation in 

certain subscript positions. Fortran 8:x provides the WHERE statement to 

exploit such hardw~re. and PFC makes an aggressive attempt to eliminate 

conditional transfers of control by replacing them. whenever possible. 

,,ith WHERE statements. 

If dependences perwit, conditional assignments within loops, like 

the one below: 

DO 100 I= 1, 100 
IF (A(I).GT.O) B(I) = B(I) + A(I) 

100 COHTillUE 

can be directly converted to URERE statee:ents: 

WHERE (A(l:100).GT.O) B(l:100) = B(l:100) + A(l:100) 

To take advantage of this possibility, PFC uses a preliminary transfor

I::iation called il conv~rsion which attempts to transfom conditional 

transfers of control to conditional assign~ents. 

DO 100 I= 1, 100 
IF (A(I).LT.O) GO TO 100 

B(I) = B(l) + A(I) 
100 CONTHfuE 

beco~es ~-

DO 100 I= 1, 100 
M(I) = A(I).LT.O 
IF (.NOT.H(I)) B(I) = B(I) + A(I) 

100 CONTIHUE 

which can be directly converted to vector code. 

This approacl1 is not without its complexities. The conditions con

trolling e,:ecution of st.:iter.:,ents tend to become complex. and require 

sophisticated sir.:plification. and the handling of jumps out of loops is 

tricky. However, the transf on.,a tion is wel 1 \,Orth the effort. because 

,,ithout it. loops with conditionals r:1ight ,,,ell be left in sequential 
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for.:i. 

9. Status of the I~plenentation 

As we pointed out in the introduction, the original i!!!pler.:entation 

,,as b.:2sed upon the Parafrase co::npiler developed by Kuck and. others at 

the University of Illinois [KKLW 30, Kl8-P 81]. \le received a version 0£ 

Parafrase in Dece-raber of 1978, and made a number of i.rnprover:ients to it 

including the introduction of· an if - conversion phase and an integer: 

expression simplifier. 

Because our improved Parafrase ~as too slow and used an unsuitable 

intermediate program form, we c.bandoned it in January 1981, replacing it 

with a front end, wri.tten at Rice, that produces abstract syntax trees 

as an intermediate form. We then incorporated the new standardization, 

dependence testing, and parallel code generation phases described here. 

PFC ,-:as a great ir~prove-raent over our version of Parafrase (although 

that program bas now been substantially iwproved at Illinois). Particu

larly startling was the reduction in runnin;;; time. A 300-stater.1ent For

tran pr.obram tool, 10 minutes of lIH-1 370/ 168 CPU tir.ie using the old 

translator, while PFC no,~ takes approxirnately 20 seconds on the same 

input. 

PFC currently consists 

about a third are cor.iments. 

of about 25,000 lines of PL/I, of which 

This fi~ure is a bit deceiving however, 

since the use of macro packages like POLYLlST effected a significant 

co~paction of the code. 

A ntn:ber of features described here are not yet in1plen:ented. 

(1) The flobal .f!.il..a 1lflli analysis phase, which will permit global con

stant foldin 6 and de.:;d code eliwination, is just now being com

pleted. 

(2) Although if cor:vei-sion .. •as implemented in the old version,, we have 

not yet incorporated it into the new PFC. 

(3) Cnly a few simple recurrence brenkin; tracsforwations are currently 

used by PFC. l·iore arc plcl.nned for the near future. 
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(4) ioc,? i:;;:e,.c ...... ;;::;,e. nn i!-.:port.::.nt F.::.rt of our pl;:rns, hns not yet been 

cc::!p 1 et e~. 

(5) ThE ci.:rre~t ~,.ettv ~,.~~~P: needs to be ~ade ~ore intelligent an~ 2 

rou tir;e th'" t chooses n.::.."!les for the trans later-ere.:: tecl variables 

needs to be ~ritten. 

PFC is. i-c:.ple::.ented under the ltl: l·i\'S operating syste:., at Rice and 

crider \'1~ 37 0 at I.El-~ Tho::..a s J. Hat son Re search Center. We are al so well 

along on a project to produce a companion Fortran 8x co~piler. 

By producin& an a."71bitious translation of sequential Fortran to 

parallel Fortran at surprisingly low cost, PFC has demonstrated that .a 

significant level of vectorization c.:n be conveniently provided by an 

autor.1etic tool. Of course in specific instances, the hur..,rn progr~r..er 

will ah,ays be .::ore clever than prog:-<"..l7iS like PFC. Rowever, auto-::1a.tic 

tr::q,slntors e:ay eventually free the hur:an fro.r. i:::uch of the tedious work 

of cor:verting a lon:; progra.-n and thus permit l;i.J:.; to concentrate his· 

creativity on the frequently e::ecuted regions of such a progre:::i • 

.... 
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