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3.2 (EFR TR R K S| Ea comp S

cccccccccc

FAREAMBZEREIRIAL

do i1 — ll,ul,Sl
do iz = lz,uz,SZ

do i,, =1, u,, Sy

H(i,i,...,i )
enddo

enddo
enddo
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FrERSIEEHKESIRE
1=(i; iy ....im), FEKEM
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S2EAPHIRINAR  fELL S i e B A ) comp S .

CCCCCCCCCC

FAREAMBZEREIRIAL

dO il — l]_;ull S1
dO iz — lz;uZJ S2

do i,, = l,,,u,, Snm

H(i,i,...,i )
enddo

enddo
enddo

fEIMPHERETERIZHER,
S (iy, iy, - i) BIBRIS—ELH,
LI1=(i iy, ....i,), EFIEES7S(1)

T (is, Jo, -ooodo ERNEEIT— LB,
WEHRT()



CCRG Open M

3.2 (EFR TR R K 4 TAT comp S

eZZH TR (subscript)
+—RE BN SRS | HERZERIAT
+LARBRESRE G
for (intm=0; m < M; m++) {
€ C(m, n) for (int n = @; n < N; n++) {
*A(m, K) CIm][n] = o;
for (int k = 8; k < K; k++) {
#B(k, n) c[ml[n] += A[m][k] * B[k][n];
}
}

} AERESR
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TEIAFRRYEIEIREN : TSR

comp D

CCRG Open MP

do 1=1,100
St All) = B(1+2)+1 Ml
T: B(l) = A(l-1)-1
enddo
i=1 i= i=3
S(1): A(1) =B@3)+1 S (1)8" T(3)
T(1): B(1) =A(0)-1

A(2) =B4)-1

e .
-
~—

S(2):
T(2):

AB3)=BG)1.
B(3) = AQ)-1

S(3):

S (1) T(2) T(3):

N\

N
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cccccccccc

for (i=1; i<n; i++) {
a[i] = b[i];
cli] = a[i+1];

rfERIER< = <
S1:
S2:
}

P\ i=2

loop-carried

(s»)
(s

=1
S1:a[1] = b[{] s1:a[2] = b[2]

S2: c[1] = a[2] S2: c[2] = a[3]

S1: a[3] = b[3]
S2: c[3] = a[2]
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cccccccccc

rfERIER< = <
for (i=1; i<n; i++) {
S1: ali] = b[i] + a[i-1];
S2: b[i] = a[i];
}
o
\[ i=1 /
S1: a[1] = b[1]+a[0] > S1: a[2] = b[2]+a[1]
S2: b[1] = a S2: b[2] = a[2]

loop-carried

loop-independent

11



‘ 3.2 I I R R & ﬂEWq:I Egﬁﬂ]ﬁﬁ{ﬁﬁfﬁ)‘( CQREQFEM?

rRETEA LB TR — /N EEFIT )X ERFiE R SAI—NSLHIS(1),
MREFE—1FEETM, B

$SOATNARS A(EEREM, £V —A2F

SRR BATPATH, SOAETJ)Z A HAT

SR EAITHATH, ASOMATE LT FBIATH, &ALt

M#) 5 #AE
for (i=1; i<n; i++) { i=1 i=2
S1: a[I] — b[l], S1: a[l SRl 2V s [ [ P— > S1: a[z] — b[Z]
S2: cli] = ali-1]; $2: c[1] = a[0] : a[l]

} S1(i) & S2(i+1) )



‘ 3.2 I I R R & ﬂEWq:I E{]ﬁﬂ}&ﬁ{ﬁﬁfﬁ)‘( CQREgFEMj I

ET())ifixERFS(1), MMRS(NSMT(J)iEM

#5(1) 8 T(J)

ET(J)RIKERFS(1), NERS(1)EMMRT(I)EM

+S(1) 8 T(J)

ET(J)Saha & FS(1), GRS()FT)EEM

+S(1) 5° T(J)



‘ 3.2 M3 R AR RS & ﬁﬂ;ﬂl:l mﬁa}gmiﬁzﬂé)‘( CQRI::IPEMPﬁ I

e5i<j, IBEMETRAER (loop-carried)
& BSIE RS

for (i=1; i<n; i++)
S: ali] = ali-1];

rgi=j, TBIHATCHEVKER (loop-independent)
4 1R PIROAAKHS for (i=1; i<n; i++) {

s1:  ali] = b[il; S1(3i) & S2(i)
S2: c[i]l=alil;

}
X iaREHlRSTIEE TR

S(i) 8'S(i +1)
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3.3 MKHIIER . . JEIK 1§§ﬁEE% Ccc?.!:g,f:mj)j

IR ASHITESREBINLERERE=m)PANER, WREAT
&EFs, WIFFESLBUS iy, iy, i) O T(iy, by, woriim)

B mﬁjﬁsﬂﬁgﬁid:(dydzr"ldm) ’ dk = jk - ik
+iEEX5: 1IUEfES. MHETR

for (i=1; i<n; i++) { S1(i) 8 S2(i +1)
S1: ali]l = bli];
S2: cli]l = ali-1];

} PHE IR d=(1)



3.3 IR . il Bk 1&%&&E% COMP fj

r{fkEflEEm=d=(d, d,,....d ), d. =], - i

r{kiEEERSEIEIR ¥ MNE—MFiEETTRRRILRZEER
RYTEIRIEACER

e RZERT, EHRMKTIEERMEIREN, (XEeREUKET =
FREEIX



\ 33K JilAl. JEIK 1&%&75@ C?"jPM ﬁ

E ﬁzﬁﬁﬁﬁrﬂ§0=(op 0.210001 o.m) O — Slgn(ﬁ?ﬁf"\ﬁﬁ%)

(< ifd,>0 (1 ifd,>0
O =1\— lfdk:() O'k=<0 lfdk:O
> ifdp <0 —1 ifd, <0

XA RRERRE Y FERBRXRNR N EREE—4 LY
KET3 =

for (i=1; i<n; i++) { S1(i) 8 S2(i +1)
S1: ali] = bl[i];
S2: C[I] = a[|-1], ﬁi?ﬁj‘iﬁ(I: “<“Ezo.= 664 s

}
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COMP ')

FixIEA AR fmiFRR RER ETE A ZIRE A E
+UIRIKBIEAI, BBATE-1 EERRI LAEATEIAFHTIE

#pragma omp parallel for

for (i=1; i<n; i++) for (i=1; i<n; i++)
for(j=1;j<n;j++) |=2 for(j=1;j<n;j++)
{ :> {
S1: a[i,j]l = b[i,jl; S1: ali,j] = bli,jl;
S2: c[i,jl = ali,j-1]; S2: cli,jl = ali,j-1];

} }
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3.3 WMEERS . Tilnl. JRIR WIJ?: ﬁﬁ%*ﬂ{]ﬁﬂ&ﬁ@ﬁ Cgmpmﬁ I

a—— =2 =8 i
for(i= 2;i <=4, i++) S,[21 S.2] 1 S,[3] S.I3]1) S.4] S.[4]

{ . _L
S1: a(i)= b(i) + c(i) i

S2: d(i) = a(i) §' 5
) ' a2) a2 a@B) a@@ a@ a4

E F SRS 19— EFITEIEAS2R9EHIZ BT, BS147=40E.
S2iHZEEE, NIS12EMRREAYIER, S22EURIKHAE

e {KEREEES /7 0, ki =
e BURKERRR:  S.8ls,  s.6ls,
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33 MM M. FIR WIJ?: ﬁﬁ%ﬁﬂ{]ﬁﬂ&{&ﬁﬁ Cgmpmﬁ I

fOI’(i: 2:1 <=4; i++) i=2 i =3 : i=4

{ S [2] 52[2 : S,[3] S,[3] | S,[4] S,[4]
S1: a(i)=b(@) + c(i) TM--.,T.__
S2: d(i) = a(i-1) 5 —

} S LI S L S &

e FEIEAS 19— EFITEIE S 2R0EHIZ BT, BS14EFEIE.
S2iHZEEE, NS12EMRIRTAYIR, S22EURKHAE

FRIRIERA 1, KHARA IE(<)
e HEKERERT: S0/, si68ls,
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SRR On Y GIF: ERSEIRAR oD

CCRG Open MP

a(1,4)

a(1,5)

for(i= 2;i <=4; i++)
for (j=2; j<=4; j++)
S: a(i, )=a(-1, j+1)

E SRR E RIS
FiRiEEE(, -1)
E ZHRIREERT

s s

(1,-1)°

(<>)
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SRR S it

comp =

e Bin: BAFSHRRAISIEKINKR
e TRERERINEHXRER, FEXRUHBEWHEPET—
X B Fir 5| R A B HE Ak H
e B AR X R OB RFIBENLP SRS TENRN TR
ENEZHEATEZELEFH TRERAE—FHET

S REBHMBA TR
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R RRRAENEYER oD

FEE FHBRERE AMEIEAL

doi,=l,u,s,

doi,=l,u,s,

FHEABRERRNSEERNMERRSIRE

do im =lm, u,s, f,} such that L < f,} <U
- - - d f,(i)=g,(j) 1<k <n
51 AL/, f,(Dy - flD)) = and f,(i)=g,(J)
S2 - =AgU)& )y 5 8,U)) )
enddo ™S
, linear function
enddo

enddo 24
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REIK R RARIEF ik

CCCCCCCCCC

RER RS F RS 1EH ) R =R

(1)

(2)

FREIEEFRE
xR RRE

f(D)-&()=0
£~ &()=0

f,()-g,(j)=0

L<i,j<U

Foi
sign(}" — zT)
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Practical Dependence Testing *

Gina Goff

Ken Kennedy

Chau-Wen Tseng

Department of Computer Science
Rice University
Houston, TX 772511592

Abstract

Precise and efficient dependence tests are essential to
the effectiveness of a parallelizing compiler. This paper
proposes a dependence testing scheme based on classi-
fying pairs of subscripted variable references. Exact yet
fast dependence tests are presented for certain classes
of array references, as well as empirical results showing
that these references dominate scientific Fortran codes,
Thess dependence tests are being implemented at Rice
University in both PFC, a parallclizing compiler, and
ParaScope, a parallel programming environment,

1 Introduction

In the past decade, high performance computing has
become vital for scientists and engineers alike, Much
progress has been made in developing large-scale paral-
le] architectures composed of powerful commodity mi-
croprocessors. To exploit parallelism and the memory
hierarchy effectively for these machines, compilers must
be able to analyze data dependences precisely for array
references in loop nests. Even for a single micropro-
cessor, optimizations utilizing dependence information
can result in integer factor speedups for scientific codes
[11]. However, becanse of its expense, few if any scalar
compilars perform dependence analysis.

Parallelizing compilers have traditionally relied on
two dependence tests to detect data dependences be-
tween pairs of array references: Banerjee’s inequalities
and the GCD test (8, 55]. However, these tests are usu-
ally more general than necessary, This paper presents
empirical results showing that most array references in
seientifie Fortran programs aze fairly simple. For these
simple references, we demonstrate a suite of highly ex-
act yet efficient dependence tests. We feel that these
tests will significantly reduce the cost of performing

*This research was supported by the Center for Resonrch an
Parallel Computation, a Nati ! Science Foundation Science
and Technology Center, by [BEM Carporation, and by the Cray
Regearch Foundation,

Pormission to copy without fee o or part of this material is granted

providad that the copiae are not made or distrbuted for dirsct commarcinl
ge. the ACM copyrght natice and the title of tha pubkcaton and

Its date sppese. and notics s given thst copying e by permissian of the

o lation tor C w Mmchinary. To copy ot iwe, o 1o

republeh, requires a fee andior specific pemission.

€ 1991 ACM 0-88791-428-7/91/0005/0015...$1.50

Proceudings of the ACM SIGPLAN ‘91 Conference on
Programming Language Design ard Implementation,
Taoronte, Ontario, Canaede, June 26-28, 1991,
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dependence analysis, making it more practical for all
compilers. We begin with some definitions.

1.1 Data Dependence

The theory of date dependence, originally developed foe
automatic vectorizers, has proved applicable to a wide
range of optimization problems. We say that » data
dependence exists between two statements Sy and S
if there is a path from S, to S3 and both statements
access the same location in memory. There are four
types of data dependence [32, 33):

True (low) dependence occurs when S
writes a memory location that Sy later reads,

Anti dependence occurs when Sy reads a
memory location that Sy later writes.

Output dependence occurs when S; wriles a
memory location that Sa later wrnites,

Input dependence occurs when S reads a
memory location that Sy later reads.

Dependence analysts is the process of computing all
such dependences in a program.

1.2 Dependence Testing

Calculating data dependence for arrays is complicated
by the fact that two array references may not always
access the same memory location. Dependence testing
is the method used to determine whether dependences
exist between two subscripted references to the same
array in & loop nest. For the purposes of this explica-
tion, we will ignore any control flow except for the loops
themselves. Suppase that we wish to test whether or
not there exists a dependence from statement S, to Sy
in the following model loop nest:

Do i] - L-;.U]
DO iy = Ly, Us
Da in =Ln, Uy
5 ‘(Il(ilv"->in)~---vfnl(ilv~- yin)) =
57 o5 e B A{g|(l'|,..-."n) ..... ’m(iiy-~-v'—n)]
ENDDO
ENDDD
ENDDO

Let « and 4 be vectors of n integer indices within the
ranges of the upper and lower bounds of the n loops
in the example. There is a dependence from S) te S
if and only if there exist o and & such that o is Jexi-

+«— 1967 Bachelor@Rice U.
+— 1969 M.S. @NY U.

+— 1971 Ph.D. @NY U.
«<— 1971 Back to Rice U.

1979-80 On sabbatical at IBM
Research at Yorktown Heights

«— 1980 Full Prof. Rice U.
«— 1984 found CS of Rice U.

1980-97 Vectorization in PFC and
IBM Fortran Compiler, and later
parallelization and memory
hierarchy (15 PhD)

44—

1995 Fellow of ACM & IEEE
~— Unfil 2007

ACM and IEEE CS co-sponsor the Kennedy Award, which was established in 2009 to recognize substantial
contributions to programmability and productivity in computing and significant community service or
mentoring contributions. It was named for the late Ken Kennedy, founder of Rice University's computer
science program and a world expert on high performance computing. The Kennedy Award carries a US
$5,000 honorarium endowed by IEEE CS and ACM. The award will be formally presented to Abramson in
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comp O

CCRG Open MP

F RIEES | SEEEEA FIFRRILIRIB RIS 2E

+ZIV: Zero index variable 51%
& SIV: Single index variable 46%
¢ MIV: Multiple index variable 3%

RPN ERES WA TR E AR EREX
¢ T HI=1 TR 5 EWFIER?

DO i
DO
DO k

ENDDO
ENDDO
ENDDO

Sq A(5, 1i+1, J) = A(N, 1, k)

28



3.4.2 M50

Dbag:

cccccccccc

MRIEZES | EEESE T IrEREHEE
+AJ53RY (Separable) : BN TMMRREANFESIZEARF

+3¥3BAY (Coupled) : FirFEINHE=ZES|TFH,
B ] R
DO i
DO 7
DO k
S, A(i, j, j) = A(i, j, k) + C
ENDDO
ENDDO
ENDDO

F— PN TIREASH, F2. =1 X E

AR TrES1H
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I 3.4.2 ZRM 5w o ﬂ'ﬁll’i COMP (3

e ¥ R) 53 R T IR S 20 it 2Rk

may be tested

independently, and merge the resulting
dependence information.

DO i
DO
DO k
sS4 A(i+1, 3j, k-1) = A(1, J, k) + C
ENDDO
ENDO
ENDDO

ke SE=E (1, 0, —-1)
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\ 3.4.2 ST A ) Ea:jﬁ Ii*ug""l'iﬂf]ﬁiﬁﬁﬁ*ﬁ

comp =

kPartition-Based Algorithm
1. Partition into separable & coupled groups
2. Classify as ZIV, SIV, MIV subscripts
3. Apply dependence tests to each group
4. Finished if any test yields independence

5. Otherwise, merge dependence information

31



3.4.3 F AR o R MR 7 VE
A ZIV Test COMP fﬁ

CCRG Open MP

EA(e,) and A(e,)
IR e, 2 e, BBAFXRIBIAZEIRIZAY

32



3.4.3 MK R 72 SIV Test

comp O

CCRG Open MP

eTest A(a, * i+c,) and A(qa, * i+c,)
EStrong SIV when al = a2
eLamportilliztix

v A /

(i) /

A(m) d
=

—¢/a cHlas Ny

d d=1—i= =

33



3.4.3 AR o R MR TT V%
e Lamportiiligtix comp

¥ Lamportillisl;ZRNERIz R
+AFFMRREXNRIBEZE—1F5(3EE, AEHBRIMRIEANERESIEE
HIEFHEFRIRYISS

A("',b*i+Cl,”')=
= AG-- b*i4c,, )

R RIRGSIR AR R i

b*I1,+c, =b*1,+cC,
L <1,1,<U.
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3.4.3 B o< R 7% St &
e Lamportlligtix cormp
v LIRS TR R LAY
e
b

S (KEREEE 90 = <2 if 1dl < U, - L,
#d >0 = jftlkii
+d =0 = fERTXKIR
+d <0 = RFEKEH
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Lamportilliztix comp O

CCRG Open MP

doi=1,n
doj=1,n
S:a(l, ) =a(-1,]+1)
/ end do \
end do
Eb=1; ¢,=0; c,=-1 kb=1,¢,=0;¢c,=1
I Li=1' Ui=n I Lj=1' U]=n
There is dependence There is dependence
Distance(i) = 1 Distance(j) = -1

\/

S8y S or  S8..,S

<,>)
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3.4.3 MR HH: A7 5 Weak-SIV Test COMP 3

CCRG Open MP

kWeak-0SIVwhena,=0ora,=0
i =(c,-c;)/a;
¢ Check that i is an integer and within the loop bounds.
+Weak-0 SIVI@F HIERMLRENR
< P TR R & 7T LUBEBR X M i

DOi=1,n

S:  y(i,n)=y(1,n)+y(nn) i =1o0r i = nBKE
ENDDO
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3.4.3 MR HH: A7 5 Weak-SIV Test comp S

CCRG Open MP

EWeak Crossing SIV when a, = -a,
i =(c;-c,)/(2+a; )

4 Check that the resulting value i is within the loop bounds, and is either an

integer or has a non-integer part equal to 1/2.

& FI| A EEA 47 BT LLTHBR X #h 4 i Cross point

DOi=1,n \
S:  y(i) =y(n-i+1)

ENDDO 9(i)

(i)
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3.4.3 F AR o R MR 7 VE
A MIV Test COMP 5

CCRG Open MP

E Multiple Induction Variable Tests
+GCDllizti%
¢ Banerjee AZF I Mllizlix

4¢In-Exact
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3.4.3 B o KM 7 vk

COMP 5

CCRG Open MP

) =()=0
) f(1)—£,(7)=0

f,)—-g,(j)=0

GCDillitiX
i = (i ,i,, i)
j=(il‘9i;9 91;,,)

8, +a X, +.+a, X,

_kbo + blyl Tt bn yn‘y

a X, —by +..

n
D a,x;=c, a and care integers

=1

+a. X, —by =b,—a,

R EETTE

=0)<1>

}(*)
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3.4.3 AR o R MR TT V% Sl e
W o GCDllizli&

CCCCCCCCCC

eI FLEERTE D ax=c.a andcareintegers
=1

FEEAM S8E

gcd(a,,a,,- -, a, ) HeHHR
R

Fidie
S MRFHAMIL, HIELHE, WEKEBFE
SHREHRL, —EFRBB? L<i,j<U
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3.4.3 HE MR R TR
. GCDlizt i corp

CCRG Open MP

doi=1, 10

S1: a(2*i)=b(i)+c(i)

S2: d(i) = a(2*i-1)
end do
(1<i,,i, <10
P BEFEAMERNEL ML, B | 2%, = 2%, -1
 FE—EERE ZBE

gcd(2,-2) =2 EfgR -1? S1(1): store a(2)
S2(1): load a(1)
e No! R FEIREIKR!
S1(2): store a(4)
e {EFHLamportillizix $2(2): load a(3)
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3.4.3 R AR R M TT iR
e GCDlitix core S

CCRG Open MP

doi=1,n
doj=1,n
S: a(2*i+1,2%-3) = a(i+},2%)
/ end do \
end do
B 2%, +1 =10, + B 2%, - 3 =2%,
Egcd(2,-1,-1) divides -1? E gcd(2,-2) divides 3?
Eyes B no

T —

KR
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3.4.3 RO R MR TT VA

GCDillizli&

comp O

CCRG Open MP

doi=1, 10

S1: a(i) = b(i) + (i)

a(2)

"h =1+ 100 S2: d(i) = a(i+100)

» gcd(1,-1) EfR 1007 end do

Eyes

E FERIRXER!? 51: a(1)
52: a(101)

a(102)

a(10)
a(110)

AR
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e GCOMIXiZISBEREEAL TR
+TEEBERIE L<i,j<U (2)
eGCDIgBHRNKIRIEE B L RAERIER

E RBIRKALNEEZEN (ged(...)=1) , HEATLIZERRC,
SE=E R
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comp =

Bl SERRERKRENX
SRR LREN. PR, BRBE

2. fEIARRIZHRMARTIR R
+ TR FRRYER R

£3. (KEEEE. AR, EiX
¢ SEHRREHHXN =B PEHE

v 4. FURAHETEEH)
SREMNIE, MR FREUEAKEICR



\ 3.5 WA/ SR i%ﬁ IJ \gE

comp )

EiRBISC Rzl RS

+ AFIRESEEERNMEARRSIEE /|, j BEFMEMINLIRINEE

2 HEREAS i DR S
b {EfiK R MR R R TRY
»FRPMEIZRIBIE E B A GEARIIERR
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