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Needsfor Advanced Parallelizing Compiler

» Wide use of multiprocessor architectures

— From chip multiprocessor to high performance computer
such as
» |BM Power 4 chip multiprocessor
» Sun Ultra80 4processor multiprocessor wor kstation

=
. 4 »SunVssos processor entry level server
m » |BM pSeries690 high end sever (RegattaH)
Wiia » Earth Simulator world fastest super computer

http://www.sun.com/desktop/products/ultraB0/

— Increasing gap between peak and effective performance
with increase of the number of processors
— Increasing speed gap between processor and memory
— Difficulty in parallel programming and tuning
» Compilersto improve Effective Performance, Cost
Performance and Ease of Use (Softwar e Productivity)
arerequired.




IBM Power4 Chip Multiprocessor
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IBM pSeries690 RegattaH

Up to 16 Power4: 32 way SMP Server
— L1(D): 64 KB (32KB/processor, 2 way assoc.), L1(l): 128 KB (64K B/processor, Direct map)
— L2 :1.5MB (shared cache with 2 procs., 4~8 way assoc.)
— L3 :32MB (external, 8 way assoc.) [x 8 = 256 MB]
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Four 8-way MCM Features Assembled into a 32-way pSeries 690

http://www-1.ibm.com/servers/eserver/pseries/hardware/whitepapers/p690_config.html

IBM @server pSeries690 Configuring for Performance




Advanced Par aIIellzmg Compller Technology Project

2000.9.8 —2003.3.31 Background and Problems

2000:¥420 Million, 2001:¥380M, 2002 ¥290|v| Adoption of parallel processing asa core
technology on PC to HPC
Performance

Increase of importance of softwareon IT
1T

Need for improvement of cost-performance
and usability

Hardwar e Peak
performance

Contents of Resear ch and Development
R & D of advanced parallelizing compiler
Multigrain, Data localization, Over head hiding
R & D of Performance evaluation technology

for parallelizing comEiIers

Goal: Doublethe effective performance ]

<Purpose>
I mprovement of
Effective performancg
Cost-performance
Ease of use

)

Ripple Effect

Development of competitive next
generation PC and HPC

Putting the innovative automatic
parallelizing compiler technology
to practical use

Development and market acquisition
of future single-chip multiprocessors

Effective
Performance

1G

1980 . X ; .
Boosting R& D in the following many fields:
I T, Bio-tech., Device, Earth environment,
Theor etical maximum performancevs. Next-generation VLS| design, Financial engineering,
Effective per formance of HPC Weather forecast, New clean ener gy, Space

development, Automobile, Electric Commerce, etc

| T21 in Japanese Millennium Pr oject

e Millennium Project:
— Organized by the Prime Minister Keizo Obuchi in the fiscal
year of 2000 to promote research and development in the
Environment, Aging and I nformation Processing.

e IT21:

— A project in the Information Technology area in the
Millennium Project.

— Supported by METI (Ministry of Economy, Trade and
Industry) and MPHPT (Ministry of Public
Management,Home Affairs, Posts and Telecommunications).

— 40 projectsfor hardware and softwar e related with

» Next generation computing and internet including

— Bio-informatics, GRID, Internet infrastructure, System on Chip,
Parallelizing Compiler and so on.




Organizaion of Advanced Pasallelzing Compiler Prject (1)

’ METI (Ministry of Economy, Trade and Industry) http:/www.meti.go.jp/

investment
NEDO (New Energy and Industrial Technology Development Organization) g http://www.nedo.ne.jp/

contract  (administrative corporation: Contractor of APC

’ JIPDEC (Japan Information Processﬁ[}%%sgopmem Corporation) ?

APC Propulsive Section E Project Leader : Prof. Hironori KASAHARA (Waseda Univ.)

Num. of Members: 35 Participating Organization
11 Fujitsu Ltd.
12 Hitachi Ltd.
3 AIST (National I nstitute of Advanced Industrial Science and Technology)
6 (+ Students) Waseda Univ.
1 Tokyo Institute of Technology
1 Univ. of Electro-Communications
1 Toho Univ.

Ovganizafion of Advanced Parallelizing Compiler Project (2)

’ JIPDEC (Japan Information Processing Development Corporation) %(administrative corporation: Contractor of APC Project)

Project Leader : Prof. Hironori KASAHARA (Waseda Univ.)
- - Sub-Leaders : Assoc. Prof. Hayato YAMANA (Waseda Univ.)
| APC Propulsive Section | Dr. Hanpei KOIKE (AIST)

Int’l Advisory Board
*Prof. David A. Padua
ﬁ Central Laboratory (APC Lab.) — Waseda Univ. *Prof. Monica S. Lam
| «Prof. Rudolf Eigenmann
l *Prof. FrancoisIrigoin

Group of Advanced Parallelizing Group of Performance Evaluatiojn
Compiler Technology for Parallelizing Compiler
Group Leader: Koh HOTTA (Fujitsu) Group Leader: Tokuro ANZAKI (Hitachi)
Fujitsu Ltd.(*) Fujitsu Ltd.(*)
Hitachi Ltd.(*) Hitachi Ltd.(¥)

Tokyo Institute of Technology (***)
Univ. of Electro-Communications(***)
Waseda Univ.(**)

A|ST(**) (National Institute of Advanced Industrial Science and Technology)
Waseda Univ.(**)
Toho Univ.(***)

(*) Researchers of Fujitsu and Hitachi are on loan to JIPDEC
(**) Joint Research contractors (**) Subcontractors




APC Commiteesfor R& D and Sealf Evaluation

BDevelopment Promotion Committee:
Highest Decision Making, 3timesfor threeFYs

B Technology Committee:

Discussing project targets, research plans, etc, 20times

BTechnology Forum :

Discussing detailed resear ch plans, resear ch progress, technology
46 timesin addition to the Networked Centralized R& D activities
introduced in APC asthefirst trial.

M| nternational Cooperation Committee with Advisory Board:
Having advices and evaluation for the APC activitiesfrom the world
leading professorsto achieve inter nationally valuable R& D results

2 times (1%: Sep. 5-6, 2001, 2": Mar 19-21, 2003)
M| nternational Advisory Board
Chair: Prof. Padua (Univ. of Illinois at Urbana-Champain)
Polaris, Cedar, Parafrase
Prof. Irigoin (Ecole desMinesde Paris) PIPS Parallelizer
Prof. Lam (Stanford Univ.) Suif, Suif Explorer,
NCI (National Compiler Infrastructure)
Prof. Eigenmann (Purdue Univ.) Polaris, SPEC HPC/OMP

Resear ch Parallelizing Compilers

» Automatic loop parallelization
<Data Dependence Analysis& Restructuring>

# Runtime dependence analysis, Symboaolic analysis,
I nter procedur e analysis, Unimoduler
transfor mation, Array prizatization, Fusion,
Unrolling etc.

= Polaris, SUIF , Promis (Parafrase?) ...
# Limitation of loop parallelism

> Sequential loops and parts of program except loops
> Fewer loop iterationsthan the number of processors




Multigrain Parallelization

» Improvement of effective performance

» Scalability

@ Coarsegrain parallelism:
subroutines, loops, basic blocks

€ Near finegrain parallelism: statements
in addition to loop parallelism

Multi level parallelism:
PROMIS compiler (Parafrase2 + EVE)
NANOS compiler (NthL 1B, extended OpenM P)
OSCAR Fortran compiler

Multigrain Parallel Processing in
OSCAR parallelizing compiler

Coarsegrain task parallelism
— Among subroutines, loops & basic blocks

— Statically or dynamically scheduleto processors or
PCs (Processor Clusters) at compile or run time

L oop parallelism

— Among loop iterations

— Schedule to processorsor PCs

(Near) Finegrain parallelism

— Among statementsin a basic block

— Statically scheduleto processorsin a PC

Their hierarchical combination




Research Topicsin

Advanced Parallelizing Compiler Project

« Multigrain parallelization technology

— Data dependence analysis (I nter-procedural, Runtime)

— Automatic selection of suitablegrain

— Automatic data distribution (DSM, Cache, L ocal
Mem.)

— Scheduling (L oad balancing, Data transfer over head
minimization)

— Speculative execution

— Tuning tools

— Use of OpenM P+ as an inter mediate language

» Performance evaluation of compiler
— Evaluation of individual parallelization technology
— Evaluation of total compiler performance
 Selection of benchmark programswhich can clearly
show perfor mance of compiler

APC Compiler Organization

APC Multigrain
{ Parallelizing Compiler

- Cache optimization
- DSM optimization

Source Ana i
Program
FORTRAN - Inter-procedural - Hierarchical Parallel - Static Scheduling
- Conditional - Affine Partitioning - Dynamic Scheduling

- Coarse Grain
- Medium Grain

\ - Architecture Support
Feedbackﬁ f / / \
1 Sun Forte 6 IBM XL Fortran| [IBM XL Fortran
Parallelizing Tuning System | Update 2 Ver.7.1 Ver.8.1
Runtime x
Program Visualization 7 Info
9 8 Feedback-directed
Technique i : <:I
Selection Technique of E =
Techniques for Profiling Compiler Directives =
& Utilizing Runtime Info s ‘
SUN IBM IBM
Ultra 80 RS6000 pSeries690

Variety of Shared Memory Parallel machines




Generation of Coarse Grain Tasks

B acro-tasks (MTs)
7 Block of Pseudo Assignments (BPA): Basic Block (BB)
7 Repetition Block (RB) : outermost natural loop
7 Subroutine Block (SB): subroutine

— BPA T Near fine grain parallelization
1

i
1
|
v Loop level parallelization BPA! BPA
Program=~— RB % Near fine grain of loop body ’:RB : EEE

\ Coarse grain

| parallelization
1

1

1

| i BPA
e oea [T
= SB —:—Coarlslel_gretl_ln 4ERB ; BPA
! 1 parallelization SB _:_ERB

]

Earliest Executable Condition Analysis
for Coarse Grain Tasks (Macro-tasks)

Data Dependency
""""""" Control flow
O Conditional branch

BPA Block of Psuedo

RB Repetition Block

RN e il

/|0 k8 N " Datadependency \
el Extended control dependency A /
O conditional branch
™ OR e
~—~ AND -14
A Macro Flow Graph > Original control flow -

A Macro Task Graph




Automatic processor assignment in
103.su2cor

Using 14 processor s
Coarsegrain paralléization within DO400 of subroutine LOOPS
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Code Generation Using OpenM P

o Compiler generatesa parallelized program using
OpenMP API
* Onetimesinglelevel thread generation

— Threadsareforked only once at the beginning of a
program by OpenMP “PARALLEL SECTIONS’
directive

— Forked threadsjoin only once at the end of program

» Compiler generates codesfor each threads using
static or dynamic scheduling schemes

» Extension of OpenMP for hierarchical processing is
not required

Centralized
I mage of Generated OpenM P Code for scheduling

Hierarchical Multigrain Parallel Processing ~ code |

SECTIONS

1st layer SECTION —============--==-- SECTION
o T7
Distributed
’ ! scheduling
MT1_2| code
DOALL]
[ MT1_3
MT1_4 S8 i
RB B I
~ r—
| SN T
1 N

—

v
END SECTIONS

2nd layer

Thread Thread
2nd layer group0 groupl




Speedup ratio

Performance of Multigrain Parallelization on
16 processor High-end Server IBM pSeries690

* |IBM XL Fortran for AIX Version 8.1

— Sequential execution :-05 -garch=pwr4
— Automatic loop parallelization : -O5 -gsmp=auto -garch=pwr4
— OSCAR compiler : -O5 -gsmp=noauto -garch=pwr4
(su2cor: -O4 -gstrict)
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Perfor mance of Multigrain Parallelization on
8 processor Server IBM RS6000

* |IBM XL Fortran for AIX Version 7.1

— Sequential execution :-O5 -garch=ppc
— Automatic loop parallelization : -O5 -gsmp=auto -garch=ppc
— OSCAR compiler :-O3 -gsmp=noauto -ghot -garch=ppc
(swim,su2cor -gstrict)
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Perfor mance of Multigrain Parall€elization

on 4 processor workstation Sun Ultra80
* Sun Forte Developer 6 Update 2

— Sequential execution . -fast
— Automatic loop parallelization : -fast -autopar -reduction -stackvar
— OSCAR compiler . -fast -explicitpar -mp=openmp -stackvar
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Aggressive Constant Propagation

It makes clone procedures,
propagates constants beyond procedure boundaries,
and evaluates expressions at compile time.

subroutine f(x,m)
if (m=1) then
call g(x)
call f (x,2) else if (m=2) then
call h(x)
endif

\

call f (x,1)

-

call clone_f (x,1) <' i;l?gz)l(l)tlne clone_f(x,m)

— subroutine f(x,m)
—— call h(x)

call f (x,2) |

Array Region Analysis

It uses a system of linear inequalities
that enables the representation of complex regions
such as triangular or stride regions.

j

doj=1,n n _
doi=jn Index set (region)
o accessed by x
x@, j) = ...
1 > |
1 n
{aplr v n1 j nj i}

region representation for x




| nter procedural Parallelization

It can parallelize the loops including procedure calls
and enclose contiguous parallel loops in one
parallel region.

I$SOMP PARALLEL

doi=1,n !%Ol\_/lPlDO
OI=1, n
call f(x,y) eﬁzltlj :;(x, y)
end do I:> ISOMP END DO NOWAIT
doj=1,n !%%l\j/l_i DnO
end do dd
enaao
I$SOMP END DO
I$SOMP END PARALLEL

Performance of Interprocedural Analysis
SPEC CFP95 turb3d on Origin 2000

E . e

="~ MIPS PRO

—* APCIPA

» - 100%pararell

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31

Bl Interprocedural Analysis in APC compiler
B MIPSPro Fortran V.7.30




Performacne of Interprocedural Analysis
SPEC CFP 2000wupwiseon Origin 2000

12

10

T 0 -0 00 O 00 O DD DD DD DD DB B0 - -0 0 -6 0--6- 0O

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31

Bl Interprocedural Analysis in APC compiler
B MIPSPro Fortran V.7.30

Affine Partitioning [Lim & Lam97]

- Thefollowings are considered at the sametime

« parallelization
« improve data locality
« reduce synchronization over head

- A lot of transfor mations can be done automatically

- Extract pipeline parallelism




Generated pipelined code in OpenMP

Consider parallel
execution order

do j=1,ny-2
WaitPrev()
do k = myKlb, mykub-j- e

P2 |

enddo
signal ToNext()
ddo

HP Alpha Server (8 processors)

The Alpha Server GS160 M odel 6/73
- Alpha 21264 (731IMHz) x 8
(The cc-NUMA machinein which each unit has 4 processor s)

- L1-Cache (on-chip)

|-Cache 64KB
D-Cache 64K B(2-way)

L 2-Cache (direct-map, off-chip) 4MB

-M emory 4GB

The Alpha Digital Fortran Compiler
- compile options:
parallelized code -v -arch ev6 -O5 —fkapargs=" -conc -ur=1’
sequential code -v -arch ev6 -O5 —fkapargs="-ur=1'




Speedup of applu on HP Alpha Server
(8 Processor s) by Affine Partitioning
5

Speedup

—=—apc
—&—para

2 3 4 5 6
The number of CPUs

Data-L ocalization
L oop Aligned Decomposition

Decompose multiple loop (Doall and Seq) into CARsand L Rs

considering inter-loop data dependence.

— Most datain LR can be passed through LM.

— LR: Localizable Region, CAR: Commonly Accessed Region

C RB1(Doall)

DO I=1,101
A(l)=24
ENDDO

C RB2(Doseq)
DO I=1,100
B()=B(-1)
+A()+A(1+1)
ENDDO

RB3(Doall)
DO 1=2,100
C(1)=B(1)+B(l-1)
ENDDO

c

s N D ' b (R
LR CAR LR CAR LR
DO 1=1,33 DOI=3435 || DOI=36,66 || DOI=67,68 || DOI=69,101

T
DO 1=1,33
DO 1=34,34
DO 1=35,66
DO |=67,67
//’\ DO 168,100
]
DO 12,34 DO I=35,67 DO 168,100
AN
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Partial Static Assignment

Dynamic scheduler assigns macro-tasksin a DL G to the
2B same processor s as consecutively as possible

N
| =

awp) +——

(o9]

I(AJ
o3}

\IIOO
vy]

|
digl dig0 dig2

=]

H---El

dig3

l\l
m

Original execution order
on single processor

Dynamic scheduling result
on single processor

o
@)

ol 12D |
o oo

Effective cache usage | 7

An Example of Data L ocalization for Spec95 Swim

DO 200 J=1,N
DO 200 I=1,M
UNEW(I+1,J) = UOLD(I+1,J)+

1 TDTS8%(Z(1+1,d+1)+Z(1+1,))*(CV(I+1,J+1)+CV(,J+1)+CV(1,J)

2 +CV(I+1,3))-TDTSDX*(H(1+1,9)-H(1,3))

VNEW(,J+1) = VOLD(,J+1)-TDTS8*Z(1+1,J+1)+Z(1,J+1))

1 *(CU(I+1,J+1)+CU(I,J+1)+CU(1,J)+CU(I1+1,J))
2 -TDTSDY*(H(,d+1)-H(1,J))
PNEW(1,J) = POLD(I,J)-TDTSDX*(CU(1+1,3)-CU(1,J))
1 -TDTSDY*(CV(l,J+1)-CV(1,J))
200 CONTINUE

cache size
0 1 2 3 4MB

DO 210 J=1,N
UNEW(1,J) = UNEW(M+1,J)
VNEW(M+1,J+1) = VNEW(L,J+1)
PNEW(M+1,J) = PNEW(1,J)
210 CONTINUE

I 1]

DO 300 J=1,N
DO 300 I=1,M

UOLD(1,J) = U(1,J)+ALPHA*UNEW(1,J)-2.*U(1,3)+UOLD(1,J))
VOLD(1,J) = V(1,3)+ALPHA*(VNEW(1,J)-2.4V(1,J)+VOLD(1,J))
POLD(1,J) = P(1,J)*+ALPHA*(PNEW(1,3)-2.*P(1,J)+POLD(1,J))

300 CONTINUE

Cache line conflicts occurs
among arrays which share the
same location on cache

(b) Image of alignment of arrays on

(a) An example of target loop group for data localization

cache accessed by target loops




Data L ayout for Removing Line Conflict Misses
by Array Dimension Padding

Declaration part of arrays in spec95 swim

before padding after padding
PARAMETER (N1=513, N2=513) PARAMETER (N1=513, N2=544)

%
COMMON U(N1,N2), V(N1,N2), P(N1,N2), COMMON U(N1,N2), V(N1,N2), P(N1,N2),
¥ UNEW(N1,N2), VNEW(N1,N2), *  UNEW(N1,N2), VNEW(N1,N2),
1 PNEW(N1,N2), UOLD(N1,N2), 1 PNEW(N1,N2), UOLD(N1,N2),
*  VOLD(N1,N2), POLD(N1,N2), *  VOLD(N1,N2), POLD(N1,N2),
2 CU(N1,N2), CV(N1,N2), 2 CU(N1,N2), CV(N1,N2),
¥ Z(N1,N2), HN1,N2) * Z(N1,N2), H(N1,N2)
v v v 1" 77/ B/
UV VL V| e 0 U
B_¥ ¥ W WY ¥ ¥ ¥
7 I padding DI

-

pane 778 70 T T

Box: Access range of DLGO

Performance of Cache Optimization with Padding
on Sun Desktop WS Ultra80 (4 processor s)

10.0

9.0 O forte —
B oscar w/ padding

80

[ 19.0

6.0

5.0 307

Speedup ratio

40 T 55.6
65.9
30

115.4 76.9

20 96.7

10 1

0.0
tomcatv swim hydro2d turb3d
120.7 198.3 141.3 190.9

Programs




First Touch Control Method for
Distributed Shared Memory Systems

(a) Example program 1

1.  real A(100)

Inserted in the
declaration part

(b) Conventional method

N

21: cInitialization loop

22: 1$omp parallel do

23: doi=1, 100
24: A@)=0
25: enddo

Inserted at the
head of execution

part

31: cKernel loop
32
33: 1$omp parallel do

34: doi=41, 100
35: A()=...
36: enddo

37: enddo

doitr=1, 10000

11: c Datadistribution directive
12: c$distribute A(block)

(c) First touch control method

11: cFTC loop
12: '$omp parallel do

13:
14:

Generate the
dummy loop to
imitate reference
patterns

15:

do
A

i=41, 100
(i)=0

enddo

| mage of Data Distribution
by First Touch Control

(a) conventional data
distribution

(both methods)

(b) reference region
of kernel loop

(c) region of remote
reference

(d) data distribution
by our method

1 25 50 75 100
pe0 pel pe2 pe3
1 40 55 70 85 100
e
HEL T ‘
1 40 7075 85 100
R L[ R L
R : remote reference
L : local reference
1 25 40 5 /0 85 100
pe0 pel [ oel | pel i

100% local reference!!




Algorithm and Data of CG

1$omp parallel do

doj=1,n
dok =rowstr(j), rowstr (j+1)-1
|: sum = sum + a(k) * p(colidx(k))
enddo
q() =sum 1 2 3 456 78 - - -
enddo 112 1111 1] 11
2 22 22 2 21@)
3 33 36| (38 33|36(38 3l6l8]| [5]@
4 (421 44| |46 41(44(46 146 8 1(3)
5 52 55 52|55 2|5 110|(2)
6 66 66 6 11{(1)
7 75 77 75|77 57 113](2)
8 84 87[88 sals7]ss] [4]7][8] [16]@)
(@)original sparse matrix (b)a (c)colidx (d)rowstr

(e) on memory

[14] 2,2- 38[41[44]46

52[55] 6,6_ 77]84]87]88]

(P In the case of L[ |
a block distribution

Speedup for CG (classB by First Touch
Control on Origin 2000 (32 processor s)

35
- 0s-FT )
0 o co-DR
25 - = co-FTC e
Sy | MPI I SR
E -~ linear //W

— L

%ti mes
times

6.6 times

os-FT: original,

1 16
Number of processors

co-FTC: proposed FTC method

21

26

31

co-DIR: add data distrib. directive,




Performance of APC Compiler on
IBM pSeries690 16 Processor s High-end Server

IBM XL Fortran for AIX Version 8.1
Sequential execution :-O5 -garch=pwr4
Automatic loop parallelization : -O5 -gsmp=auto -garch=pwr4

— OSCAR compiler : -O5 -gsmp=noauto -garch=pwr4
(su2cor: -O4 -gstrict)
12.0
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10.0 B APC(max)
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Performance of APC Compiler on
IBM RS6000 604e High-node 8 processor Server
e IBM XL Fortran for AIX Version 7.1
— Sequential execution :-0O5 -garch=ppc
— Automatic loop parallelization : -O5 -gsmp=auto -garch=ppc
— OSCAR compiler :-O3 -gsmp=noauto -ghot -garch=ppc
(swim,su2cor -gstrict)
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Perfor mance of APC Compiler
on Sun Ultra80 4 Processor Workstation

* Sun Forte Developer 6 Update 2

— Sequential execution . -fast
— Automatic loop parallelization : -fast -autopar -reduction -stackvar
— OSCAR compiler . -fast -explicitpar -mp=openmp -stackvar
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<Targe>  APC Accomplishments

Doublethetperformance com8ared with I%roduct compilers
for SMPs at the September 2000 when APC was started.

<Results & Future>

. 3.5times speedup in average and 10.7 times at the
maximum for 16 FORTRAN programsin SPEC CFP95 and
CFP2000 compar ed with the latest compiler on the latest 16
processor high-end SMP server.

« 45reviewed papers, 43 technical reports,15 short papers,
8 patents, 9invited talks, 1 invited survey paper,
8 newspaper articles, 13 Web newsand 5 PhDs.

. Automatic multigrain parallelizing compiler will realize
high productivity computing in various R& D field like
Environments, Bio-infor matics, Automobile, Aerospace,
Financial Engineering etc.

« Some of the technologies will be incorporate into products.

« Multigrain parallelizing compiler will improve the cost
per for mance, softwar e and hardwar e productivity of chip

multiprocessorsto beintroduced in SoC (System on Chip)
like mobile phones, games, PDA, Digital TV and so on.




