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PARALLELIZING TECHNIQUES AND TOOLS
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Abstract Program parallelizing tools have become one of the popular research projects
in the field of parallel processing as they can effectively solve the code portability be-
tween different parallel architectures and significantly reduce the difficulty of using par-
allel computers. With the more and more widespread application of parallel processing
systems, they will also be developed and perfected continuously. In this paper, we em-
phatically introduce the research situation of parallelizing techniques and tools and then

propose some viewpoints about the trend of their development in the future.

Keywords Parallelizing technique parallelizing tool data dependence analysis pro-
gram restructuring.

H 1994-12-07; H 1996-02-'08 fl 1995
1996 0 FORTRAN Cc



e 482 o 1996

5% 25% 4

cache, local memory.

( )
2
2.1
2.1.1
60 Kuck, Banerjee,
Wolfe 1371 83] Banerjee 1976 36
gcd ( Banerjee Banerjee, Wolfe, Burke, Trio-
let, Callahan, Li 53]
[ [133]
[1r5627259]
(€))
[131,

3" j



7 * 483 »

Banerjee GCD 3 z.Li X- & ( Li
X- Eispack 10.4%) ,
GCD X-
LP [P Triolet
U] Foirier-Motzkin
Wallace 1611 l.u Pugh
£4]
Maydan Goff
4931
@
1Hlinois
6 1581 13.
45% 33. 95%
[4755] ur1 =]
©)
FORTRAN EQUIVALENCE C UNTON
Ban-
ning[15] Cooper™
|
[
Callahan [29]
W/(S /
f~ A s'p qd{
IN, OUT
IN OUT

/>, —*



o 484 e

1996
P P CALL REF(P)
P LREF(P)
MAPGoO) P Q)
REF(P) = LREF(F)
REF( =REF( @[LU ~MAP(~,REF(Q))]
P
MAP
CoopePM
REF(P)=-LREF4( U [U— qGREF(Q)]
LREF+(P) = LREF(/3)U [U.-p GMAP(~ RMOD (Q))]
LREF+(P) P RMOD(P)
P P GREF(P) RMOD(P)
map mape [26] MAP Cooper
binding 211 Coop-
er
Li
(
. A >4 , 7 (A))
/ J (
Burke Cytron [17]
A MEML/VX( D+j+IMTj, MEMINXO -D+()—D+ 1INm] MEM[NX(z
- D+ Ci+D+ INITA], MEM [TVX (/—2)+ /+INITJ MEM[NX/-FrMNITj, INIL A
* (
Li
Triolet K 563
(1
(2)
Moo Z
4
(
(

2]



(RRSD)

KRSD

€9

@ — a 6

®

@ t

(DAD) [91 DAD

@

@ -

6

1
Burke

sundaram DAD

2.1.2

tion 371) t

K /2

DA

Callahan

program restructuring)

Triolet

/*

K/ jrriy inj
1</ j<n

RRSD

[.12]

[4.8]

Callahan12 1

[20] RKSD

Balasiindaram

RRSD

Triolet

[10 6]

rewrhmg”1

r2)

. 485 .

RRSD

Bala-

mrnsforma-



* 486 .

1996
/1
€9
(privatization) , (scalar expansion), node splitting)
index set splitting) loop peeling)
2] I
47521 fi
[Br531
N 63
0 [15¢] k k k k
@
(loop distribution), loop interchange), loop skewing),
loop fusion), oop alignment), cycle shrinking) statement interchange)
) 3
@ e >
® 01]
&z
@ 1
1
£>1
|K2ul statement reordering),
backward dependence ) forward dependence )
DOACROSS 1531
ef
(strip mining), (scalar replacement), loop unrolling) un-
roll and jam)
1 1
( > cache
cache

(blocking) ([38]



7 * 487

[43] (HImg) " #( [68]
sectioning combing(
122 tt
Irai
122i
cache cache n
2.2
1
13851 ( PARAFRASE Illinois 70
GCD Banerjee
PARAFRASE
Passlist
transformation record
PARAFRASE W
PARAFRASE 1 Ilinois 5]
PARAFRASE PARAFRASE |1
o1, 19:
PARAFRASE 1 (auto-scheduling) FAUST 1
PFC(Parallel Fortran Converter) PARAFRASE Rice 1979
[2mmi PFC . FORTRAN
FORTRAN ANSIT FORTRAN 8X)
f 613 7%831.
119 161 . PFC
ASCIH1 Rice PROOL PF.D
PTOOI. Los Alamos Rice 1985
152, ‘PSERVE PQUERY, - PSERVE
PFC
PQUERY PSERVE
PQUERY ; .PQUERY
(PTOOL
.PTOOI.
.PTOOL
PSERVE
PED(ParaScope editor) Rice PFC PTOOL Rn
K PED PED R
ParaScope I

R" Rice T 1982 -

Rm" 1



. 488

PED

10

PARAFRAST

PARAFRASE
1

PFC

PTOOL

PED

PTRAN

PAT

SIGMACS

SUPERB

KDPASTE

FAT

1996
PTOOL
1
ii
University of Illinois
at Urbana Cham- D. Kuck —70
paign, U, S. A
University of Illinois
D. Kuck, C. D.
at Urbana Cham-
. Polychronopoulos )
paign, U. S. A Ci FAUST J:
Rice University,
K. Kennedy 1979-
U.S. A
Rice University,
K. Kennedy 1985-
U.S. A -
Rice University,
K. Kennedy 1989-
U.S. A
IBM T. J. Watson F. Allen,
Research Center, M. Burke 1987-
K
U.S. A R. Cytron
Georgia Institute of
Technology, U. S. K. Smith 80
A
University of Illinois
at Urbana Cham- D. Kuck 80
paign ®J. S. A
Bonn University,
H. Zima 1985-1989 . send receive
Germany
1988-
1989-
IBM T. JWatson [r18°8|

PTRAN(Parallel TRANslator)



7 * 489 .

PTRAN

PAT (interactive Fortran Parallelizing Assistant Tool) Georgia

%" R Fortran PAT R

PAT
SIGMACS  Illinois FAUST - |3"
SUPERB(SUprenum ParallelizER Bonn) Bonn M1MD SIMD

1S9, SUPRENUM
SPMD SUPERR

send receive

KD-PASTE FAT KD-PASTE(PAral-
lelization SofTware Environment) 2 8

fi S T72] FAT
(Fortran Automatic Transformer)

Fortran

@

)
)

4)

)

@

@

)



[11

21

[3]

[41
[5]

L]

L7]

[el

[l

[10]

[11]

[12]

[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

490 - 1996

(C))

Allen J R. Dependence analysis for subscripted variables and its application to program transformation. Ph. D. thesis, Rice
University, 1983.

Allen J R, Kennedy K. Automatic loop interchange, In Proceedings of the SIGPLANJM Symposium on Compiler Construc-
tioni June 1984.

Allen J R Kennedy K. PFC A program to convert Fortran to parallel form. In SupercomputerseDesign and Applications.
IEEE Computer Society Press, 1984.

Allen J R Kennedy K. Programming environments for supercomputers. Rice University, TR85--18 Mar 1985.

Allen J R, Baumgartner D, Kennedy K, el al, PTOOL A semi-automatic parallel programming assistant. In: Proceedings
oj the 1986 International Conjerence on Parallel Processing» Aug 1986.

Allen J R Kennedy K. Automatic translation of Fortran Programs to vector form ACM Transaclions on Programming Lan-
guages and Systems» Oct 1987, 9(4).

Allen F Burke M, Charles P, etal. An overview of the PTRAN analysis system for multiprocessing. In Proceedings of the
1987 International Conjerence on Supercomputing» 1987.

Barasundararn V, Kennedy K Kremer U el al. The ParaScope editor An interactive parallel programming tool. In Pro-
ceedings of Supercompuling *89, Nov ]989.

Balasundaram V. A mechanism for keeping useful internal information in parallel programming tools The data access de-
scriptor. Journal oj Parallel and DisLribuLed Computing, 1990 9.

Banerjee U. Data dependence in ordinary programs. M S thesis, University of Illinois at Urbana-Champaign, Nov 1976.
Banerjee U. Speedup of ordinary programs. Ph D thesis, University of Illinois at Urbana-Champaign, 1979.

Banerjee U. A direct parallelization of CALL statements A review. University of Illinois at Urbana-Champaign, CSRD
Rpt. No 576 Apr 1986.

Banerjee U. Dependence analysis for supercomputing. Kluwer Academic Publishers, 1988.

Banerjee U. A theory of loop permutation. In Gelernter D etal ed. Languages and Compilers for Parallel Computing The
MIT Press 1990.

Banning J. A method for determining the side effects of procedure calls. Ph D thesis Stanford University, Aug 1987.
Bernstein A. Analysis of programs for parallel processing. |IEEE Transaclions on Electronic Cornfmlers, Oct 1966 15(5).
Burke M #Cytron R. Interprocedural dependence analysis and paralleliaztion. In Proceedings of SIGPLAN ’86 Symposium
on Compiler Construelion, 1986.

Burke M, Cytron R, Ferrante J et al. Automatic discovery of parallelism A tool and an experiment. In Proceedings of
SIGPLAN Symposium on Parallel Programmingt Experience xvith Applications, Languages,and Systems, 1988.

Callahan D, Cooper K, KennedeyK» Torczon L. Interprocedural constant propagation. Journal of the ACM, 1986.
Callahan D. A global approach to detection-of parallelism, Ph D thesis, Rice University, 1987.

Callahan D, Cooper K, Hood R et al. ParaScope A parallel programming environment. Th<> International Journal of Su-
percomputer Applications, Winter 1988* 2(4).

Callaham D, Carr S Kennedy K. Improving register allocation for subscripted variables. In Proceedings of the ACM SIG-
PLAN 90 Conference on Programming Language Design and Implementation, June 1990.

Cooper K, Kennedy K. Efficient computation of flow insensitive interprocedural summary information, 5 A Noticese

1984 19(6).



[24]

[25]

[26]

[27]
[28]

[29]

[30]

[31]
[32]

[33]

[34]

[35]

[36]
[37]

[38;

[39]
[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]
[49]

[50]
[51]

* 401 .

Cooper K. Analyzing aliases of reference formal parameters. In Proceedings oj the \2h ACM Symposium on Principle of
Programming Laguages» Jan 1985.

Cooper K Kennedy K Torczon L. The impact of interprocedural analysis and optimization in the Rnprogramming environ-
ment. ACM Transactions on Programming Languages and Systems>Oct 1987, 8(4).

Cooper K, Kennedy K. Efficient computation of flow insensitive interprocedural summary information---A correction.
SIGPLAN Noticesy Apr 1988, 23(4).

Cooper K Kennedy K. Interprocedural side-effect analysis in linear time. SIGPLAN Notices, July .1988, 23(7).

Cytron R, Ferrante J, Sarkar V Experiences using control dependence in PTRAN. In: Gelernter D etal, eds. languages
and Compilers for Parallel Computing ¢ The MIT Press, 1990.

Eigenmann R, Hoeflinger J Jaxon G etal. Restructuring Fortran programs for Cedar» In Proceedings oj 1991 Internation-
al Conference on Parallel Processing Aug 1991.

Eigenmann R, Blume W. An effectiveness study of parallelizing compiler techniques, In: Proceedings of 1991 International
Conference on Parallel Processing ¢ Aug 1991.

Girkar M, Polychronopoulos C. Compiling issues for supercomputers In Proceedings of Supercomputing ‘88 Nov 1988.
Goff G» Kennedy K Tseng C. Practical dependence testing. In Proceedings of the ACMSIGPLAN *91 Conference on Pro-
gramming Language Design and Implementation ¢ June 1991.

Guarna V » Gannon D Gaur Y, etal. Faust An environment for programming parallel scientific applications. In Proceed-
ings 0j Supercomputing '88 Nov 1988.

Kennedy K, MeKinley K. Loop distribution with arbitrary control flow. In Proceedings of Supercomputing 90 New York,
Nov 1990.

Kennedy K MeKinley K, Tseng C. Interactive parallel programming using the ParaScope editor. |[EEE Transactions on Par-
allel and Distributed Systems, July 1991 2(3).

Kuck D. The structure nf computers and computations John Wiley and Sons New York, 1978.

Kuck D Kuhn R, Padua D, et aL Dependence graphs and compiler optimizationseIn Conjerence Record of the 8tk ACM
Symposium on the Principles oj Programming Languages, Jan 1981.

Kuck D Kuhn R, Leasure B* et al. The structure of an advanced retargetable vectorizer. In Hwang K. Ed. Tutorial on
Supercomputer;; Designs and Applicationa, IEEE Press, 1984.

Kuck D Davidson E Lawrie D et al. Parallel supercomputing today and the CEDAR approach. Science 231 1986.
Havlak P, Kennedy K. An implementatioii of interprocedural bounded regular section analysis. IEEE Transactions on Paral-
lel and Distributed Systems-, July 1991 2(3),

Hwang K. Advanced parallel processing ami supercomputer architectures. In: Proceedings oj the IEEE, Oct 1987.
Lamport L. The parallel execution of DO loops. Communications of the ACMmFeb 1974 17(2).

Lam M, Rothberg E, Wolf M. The cache performance and optimizations of blocked algorithms. In Proceedings of the Qth
International Conference on Architectural Support for Programming Languages and Operating Systems, Apr 1991.

Li Z. Interprocedural analysis and program restructuring for parallel programs. University of Illinois at Urbana Champaign,
CSRD Technical Report No. 720 Jan 1988.

Li Z. Intraprocedural and interprecedural data dependence analysis for parallel computing, Ph D thesis, University of Illinois
at Urbana Champaign Aug 1989.

Li Z. An efficient data dependence analysis for parallelizing compilers» IEEE Transactions on Parallel and Distributed Sys-
tems» Jan 1990 1(1).

Lichnewsky A, Thomasset F. Introducing symbolic problem solving techniques in the dependence testing phases of a vector-
izer. Th Proceedings oj the 1988 International Conjerence on Supercompuling, 1988.

Loveman D. Program improvement by source to source transformations. Journal of the A C M Jan 1977 17(2).

Maydan D Hennessy J Lam M. Efficient and exact data dependence analysis. In Proceedings oj the ACM SIGPLAN '91
Conjerence on programming Language Design and Implementation, June 1991.

McKinley K. Automatic and interactive parallelization, Ph. D. thesis Rice University, Apr 1992.

Padua K Kuck D, Lawrie D. High-speed multiprocessors and compilation techniques, IEEE Transactions on Computers,



. 492 . 1996

Sept 1980 29(9).

[52] Padua D Wolfe M. Advanced compiler optimizations for supercomputerseCommu”ication of the ACM~Dec 1986, 29(12).

[53] Polychronopoulos C. Parallel Programming and Compilers. Kluwer Academic publishers ¢ 1988.

[54] Polychronopoulos C, Girkar M Haghighat M, et al. Parafrase-2 An environment for parallelizing, partitioning, synchroniz-
ing, and scheduling programs on multiprocessors. In: Proceedings oj InternaLional Conference on Parallel Processing» Aug
1989.

[55] Polychronopoulos C Girkar M Haghighat M etal. The structure of Parafrase-2 An advanced parallelizing compiler for C
and Fortran. In: Geiernter D et al, eds. Languages and Compilers for Parallel Computing, the MIT Press, 1990.

[56] Triolet R. Interprocedural analysis for program restructuring with Parafrase University of lllinois at Urbana-Champaign
CSRD Rpt. No. 538, Dec 1985. 1

[57] Triolet R. Direct parallelization of CALL statements. In Proceedings of SIGPLANS Symposium on Compiler Construction,
1986.

[58] Shen Z Li Z, and P. C. Yew. An empirical study of Fortran programs for parallelizing compilers. IEEE Transactions on
Parallel and Distribrted Systems, July 1990 1(3).

[59] Smith K Appelbe W. PAT — An interactive Fortran parallelizing assistant tool. In Proceedings of the 1988 International
Conjerence on Parallel Processing* St. Charles, IL» Aug 1988.

[60] Smith K, Appelbe B, Stirewalt K. Incremental dependence analysis for interactive parallelization. In: Proceedings of the
1990 ACM International Conjerence on Supercomputing, Amsterdam» The Netherlands, June 1990.

[61] Wallace D. Dependence of multi-dimensional array references. In Proceedings of the 2nd InternaLional Conference on Super-
compuling» July 1988.

[62] Wegman M, Zadeck F. Constant propagation with conditional branches. In Proceedings of the 12th ACM Symposium on
Principle of Programming languages, Jan 1985.

[63] Wolfe M. Optimizing supercompiiers for supercomputers. Ph D thesis, University of lllinois, at Urbana-Champaign, Oct
1982.

[64] Wolfe M. Loop skewing The wavefront method revisited. International Journal of ParaUeL Programming 1986 15(4).

[65] Wolfe M. Optimizing Supercompiiers for Supercomputers. Pitman Publishing, London 1989.

[66] Wolfe M. Iteration space tiling for memory hierarchies. In Garry Rodrigue, editor. Parallel Processing for Scientific Com-
putings 1989.

[67] Wolfe M. More iteration space tiling. In: Proceedings of Supercomfnuing 89, Nov 1989.

[68] Wolfe M. Data dependence and Program restructuring. The Journal of Supercomputing 1990, 4.

[69] Zima H Bast H, Gerndt M. SUPERB A tool for semi-automatic MIMD/SIMD parallelization. Parallel Computing, 1988»
6.

[70] Zima H, Chapman B. Supercompiiers for Parallel and Vector Computers. Addison-Wesley Publishing Company, 1990.

[71] KD-PASTE(VI.0). 1991 9.

[72] KD-PASTE(VI1.0). 1991 9.

[73] . 1992.



