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Overview

1. Extracting Loop Level Pipeline Parallelism
and its Evaluation

2. Partial Array Contraction
and Contraction-Oriented L oop Fusion
Not implemented yet. But the methods are proposed to
improve the performance of applu, BT,
and SP drastically




Extracting Loop Level Pipeline Parallelism
and its Evaluation

1. Thestructure of the medium grain parallelizer

2. Affine Partitioning

2.1. How to extract pipeline parallelism
and its problem
2.2. Refined Algorithm

3. How to implement pipeline parallelism in OpenM P
4. Evaluation

Structure of Medium Grain Level Paralleizer

Sour ce Program

]

constant propagation / induction variable recognition
scalar expansion / loop normalization / array privatization

| |

Medium Grain Level Parallelizer (affine partitioning-based)
(Loop Level)

’ array contraction ‘

OpenMP Source 4




Affine Partitioning [Lim & Lam97]

- Thefollowings can be done at the sametime

« parallelization
« improve data locality
« reduce synchronization over head

- A lot of transfor mations can be done automatically

- Extract pipeline parallelism

Pipeline Parallelism
extracted by Affine Partitioning

Any imperfectly nested loop nests are transformed
asfollows:

all the assignment statements are surrounded by
as many fully permutable loops as possible

1 m loops

- m-1 dimensional pipeline parallel execution can be done
- mdimensional tiling can be done




Pipeline Parallelism
extracted by Affine Partitioning (con’t)

Example:
doi=1,N doi=1N
/do j=1i1 \ /do i=1,i } fully perm@
do k =1,j-1 do k =1,i
a(i,j) = a(i, j)-a(i, k)*a(, k) if (j <i.and. k <j)
enddo a(i,j)=a(,j)-ad, k)*ag, k
a(i,j)=a(i,j)/ag,j) if (j<i.and.k==j)
enddo ‘ a(i,j)=a(,j)/a(,j)
do k=1,i-1 if (j==i.and.k<i)
a(i, i) = a(i, i)-a(i, k)*a(i, k) a(i, i) = a(i, i)-a(i, k)*ai, k)
enddo if (j==i.and.k==1)
a(i, i) = sgrt(ad, i)) a(i, i) = sqrt(a(i, i))
\@do / enddo

enddo
\en\mio /

7

How to extract pipeline parallelism

1. Construct an inequality system Ax >=0 from
array subscriptsand loop bounds
2. Solve Ax >=0 in such away that rank A should be

aslar geas possi ble (rank A = the number of fully per mutable loops)

Problem of extracting pipeline parallelism

Asthenumber of assignment statementsin aloop nest
increasesalittle, the solution space becomesvery large
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It takes a large amount of memory and compiletime
to solve theinequality system directly 8




Refined Algorithm

1. Assumethenumber of fully permutable loops

in the transformed loop nest
the number of the common

surrounding loops <= rank A <

in theoriginal loop nest
doi=1N
doj=1,i-1
do k =1,j-1
a(i,j) =a(i, j)-a(i, k)*a(, k)
enddo
a(i,j) = a(i,j)/ ag, j) mem) 1<=rank A<=3
enddo
do k=1,i-1
a(i, i) = a(i, i)-a(i, k)*a(i, k)
enddo
a(i, i) =sgrt(a(, i) 9
enddo

_ themaximum depth of
"~ theoriginal loop nest

Refined Algorithm (con’t)

2. Ignoretheloop bounds of common surrounding loops
to simplify theinequality system

do iignore
do j =CB;(i), UB(i)

A, j) =...
enddo
do k =LBk(i), UBk(i)
.. =A(d(i, k)
enddo
enddo
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The main loop of SPEC CFP2000 / applu
|

jacld () | doall parallelism
blts ()| pipeline parallelism T
dodk = 1’1”2‘2 , | pipdlinesble
0j=1ny-
. o =1 nx2 & fully permutable
jacu () | doall paralleism V(i K)=F V(-1 K)V(ij-LK).
v(ij k-1))
enddo
t L . enddo
buts O ..... ?!Pehne parallelism endder
rhs()| doall paralleism

1 1

How to generate pipelined code in openM P

1. Interchange

/do k=1,nz2 /doj=1,ny-2
do j=1,ny-2 fully permutable do k=1,nz2
do i=1,nx-2 do i=1,nx-2
enddo interchange enddo
enddo enddo
\.enddo J \.enddo /
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How to generate pipelined code in openM P (Cont.)

2. Consider sequential ij

execution order
do j=1,ny-2
do k=1,nz2
enddo
enddo
Iteration space
data dependence
— sequential k

execution order 13

| ®

How to generate pipelined codein openMP (Cont.)

3. Consider parallé J

execution order I

do j=1,ny-2
waitPrevProcessor ()
do k = myklb, mykubesssp=eeeeeeareastosana | CCTTTTITT (TSTITTTY (TTTTTIITY (TTTTITITY (TeTres

enddo
signal ToNextPrqcessor ()
ddo

implemented in OpenM P Y




The Alpha Server

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

- L 1-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’
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Speedup of applu on thethe Alpha Server

—&—apc
—e—para

2 3 4 5 6
The number of CPUs
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Conclusion

- Pipéeline parallelism are automatically extracted from
the complicated imperfectly nested loop

- Pipélined codeisimplemented in OpenMP

- The performance of SPEC CFP2000 / applu can be
2.5timesfaster than that on Alpha Server
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Partial Array Contraction
and Contraction-Oriented L oop Fusion

1. Introduction

2. Problems of the previous array contraction
and its solutions

3. Evaluation
4. Conclusion
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Array Contraction

shrinksthe size of an array and improves data locality

PARAMETER(N=1000000)

&MB REAL*8 A(N)
DO I=1,N
A . A(l) =B()+C(l)
D(1) =A()*E(l)
ENDDO

l if A(1:N) arenot used
out of thisloop nest,

8B DO I1=1,N
S=B(1)+C()
S|:| D(1) = S*E(1)
ENDDO

usually combined with loop fusion
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Problems of the previous array contraction(1)

Not so many opportunities of array contraction

\ 1
. DO I=1N . DO I=/1,N
S AM=.. CEEON 1=l A=
ENDDO ENDDO
\/
Y
n
I
I\
fusion DO I'=1,N contraction le | :‘\1, N
IF(I>=2) A(l)=... IF(1>=2) S2=. ..
= oAl - - A

ENDDO IIEl.\l.IjDO \
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Partial Array Contraction with Save & Restore

fuson DO I=1LN DO I =1 N
- A(I) :A(l) - 812:81 } contracted
ENDDO IF (1 == 1) A() = SL
ENDDO .
Compensation codes
areinserted
DO I=1N DO1=LN /
fuson |F(I>=2) A(l)=. .. :E((|I>_—_2]5)5822__ A(l)
EN'D'SS\(I) = L= h } contracted
ENDDO
21

Problems of the previous array contraction(2)
It isdifficult to decide which loop nests should be fused

DO J=1,N2
DO I=1,N1
AL =...
ENDDO

ENDDO

DO J=1,N2

DO 1=1,N1 How we should split aloop nest sequence

= 1(AL J), ANL-1+1, J)) R
ENDDO for better contraction ?

DO J=1,N2
DO I=1,N1
AL =...
ENDDO

DO J=1,N2
DO I=1,N1

.= g(A(, ), A(l, N2-3+1))
ENDDO

\ ENDDO )
22




Definition: definition / use-dominated

- An array A isdefinition-dominated in aloop nest L:

if no element isused beforedefined in L.
ex.
DO I =1, N
Al)=...
ENDDO

- Anarray A isuse-dominated in aloop nest L:
if no element isdefined beforeused in L.
ex.

DO I=1,N
L =A(l)
ENDDO
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How to split aloop nest sequence

DO J=1,N2
DO I=1,N1

If A isdefinition-dominated in L, Al )=

ENDDO

L becomesthefirst loop nest ENDDO
of anew group DO J=1,N2

DO I=1,N1
. =H(AQ, J), A(N1-1+1, J))
ENDDO
ENDDO

DO J=1,N2
DO I=1,N1
. =g(A(1, J), A(l, N2-J+1))
ENDDO

\ ENDDO /
24




Benchmark Programs

- SPEC CFP2000/applu

- NPB2.3-serial/SP CLASS A

- NPB2.3-serial/BT CLASS A
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How to apply Our Method to SP

do 100 k =1, n3-2 2. renamlng
do 100 j =1,n2-2
do 100 i =1,n1-2

save & restore code are added

100 Ihs(i,j, k, 1:15) =. ..
do k=1,n3-2
do 110 k=1,n3-2 do j=1,n2-2 .
do 110 j =1,n2-2 1hs1(0, j, k, 1:15)=Ihs(0, j, k, 1:15)
do 110 i =1,n1-2 Ihsl(n1-1,j, k, 1:15)=lhg(n1-1, , k, 1:15)
110 Ihs(i, j, k, 1:15)=Ihs(i, j, k, 1:15) +. .. enddo
enddo
do 120 k=1, n3-2
do 120 j=1,n2-2
do 120 i =0,n1-3 do k.=_1, n3-2
120 Ihs(i, j, k, 1:15)=fo(lhs(i, j, k, 1:15), do j =1,n22 .
Ihs(i+1, ], k, 1:15), Ihs(i+2, j, k, 1:15)) 1hs(0, j, k, 1:15)=Ihs1(0, j, k, 1:15)
... Ihs(n1-1, j, k, 1:15)=lhs1(n1-1, j, k, 1:15)
do 130 k=1,n3-1 enddo
do 130 j =1,n2-1 enddo
do 130 i =n1-3,0,-1

130 ...=go(lhs(,j, k, 1:15),
\ Ihs(i+1, ], k, 1:15), J
Ihs(i+2, j, k, 1:15))
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How to apply Our Method to SP (con’t)

do k=1,n3-2
do j=1,n2-2
1hs1(0, 1:15)=Ihs(0, j, k, 1:15)
Ihs1(n1-1, 1:15)=lhg(n1-1, j, k, 1:15)

. do i=1,nl2
3. fusion Ihsl(i, 1:15) = . ..

dd
& Zr; igl, ni-2 IhS(65, 65, 65, 15) / 33M B
. lhsl(i, 1:15)=Ihsi(i, 1:15) +. ..
4. partial ;nddo
. o i=0,n1-3
contragtion™, i1 15)=oghs1(, 1:15, & partially contracted
Ihsl(i+1, 1:15), Insl(i+2, 1:15))
enddo
doiznia.0-1 lhs1(65, 15) / 8KB
...=g0(lhsl(i, 1:15),
Ihsl(i+1, 1:15),
Ihsl(i+2, 1:15))

enddo
Ihs(0, j, k, 1:15)=Ihs1(0, 1:15)
Ihs(n1-1, j, k, 1:15)=Ihs1(n1-1, 1:15)
enddo
ddo 27

Array data size without/with contraction

MB
350
300
250

200
150

M original
H with full
with full+partial

100
50y
0

SP applu BT
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Speedup of SP on the Alpha Server

—— para+our method

-=—para

1 2 3 4 5 6 7 8
The number of processors 29

Speedup of applu on the Alpha Server

9 -
8
7 —— para+pipeline+our
6 method
Q.
-§ 5 —e— para+pipeline
S 4
F
3 —-=—para
2 A
1
0

1 2 3 4 5 6 7 8

The number of processors o




Speedup of BT on the Alpha Server
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Conclusion

- Wegeneralize array contraction and introduce
partial array contraction with save & restore
=) \We have mor e opportunities of array contraction

- We gplit aloop nest sequence using definition / use-
dominated
mm) Array contraction can be applied mor e effectively

- The performance of SP, applu, and BT aredrastically
improved
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