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IBM BlueGene/L

Lawrence Livermore National Laboratory2005/
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REEEAFVIILFIOLEYY -
S _ °— abinet
EN—RELIZRNATY (32 Node Cards, 8x8x16)

V-
NMode Card =
(32 chips, 4x4x2) -
16 Compute Cards -

(up to 2 /O Cagds)

Compute Card
S o
- . : 1 l -..:‘ - D XY XY y
(2 procs.) . a : s 65,536 070 t‘ yHFyD
‘ 256/512 B DR (128K7 B &Y
! 90/180 GF/s 360TFLOPS
816 GB DDR — = F] JK
5.6/11.2 GFls FrErvhHIY ‘j"?;}/] ﬁ?%ﬁ%r%)
2.8/5.6 GFis 0.5/1.0 GB DDR 10247t vyYFvT I+ A

4 MB
170ty YFyTEIz270byH &£

Target clock speed: TO0MHz



7 IWEA LIERRELNTIRZZES

W /W T 35 3R &

5F & M ———PYBEa=t
0 V | | | |
02 03 04 05 06
| ! £ Ty R
e ! we 2 B . B BE%
FOEILRAFILAAS(ME) 49 76 12
FORLTV(MA) 6 27 45 2005.5.11
_._._._._._._._._._._._._._._;;_._._:; ____________________________________________________________________________ NEDOEI—PV‘yjiﬁ%%‘
o bVDLa—S(ME) 3.6 08 I3 w7+ 9 EF- RIS A
PCHDVD (B8 E)(MA) 27 114 43 M TR ERE 1 kY
e BwEERMIMB) 4908 I 708 I |
BESERLEKESE (BS) 14.0 20. 9 11



‘N
MPCore™ (SMPE!) ARME NEC

e ARM11™ AR—ZMNDT)LFIO0tYY -
- /?EJJ/J #ﬂ,mlﬁﬁﬁﬂ'ﬂ_ﬁ_l‘(VFP) , .

« TILFT I:Itvyzb“@ﬂﬂ-{’_ =
1~4 a7 BREE IR R,

— SMPH7R—

o AX—TJHIEIA=kF(SCU)IZLD
PEFEﬁ@m})Ji‘f‘n a

=ET4’774I~MESI7°I:I kajLizks
Froula—E MM

— L1 Duplicate TagZx W&
~ & iR%Ecache-cache T —4 5% (DDI)
DRTLINRINURIED BT A EE HHEIR
. ill:AcHéFaJ:UiUﬂcﬁ DBV AT L
- I/O il])&&)b_j_’fjb IJ.I..IIIIJJ.I TN TR ILI_I TIHLEN IJ.LIIIILI.,_IIJ.I.LIII_I.IJ1IL
- PEBDRAI—/IAYFREVY EE—
- PEREYVZREBAA(IPI)
e SMP-OSH'CPU#Z[Ei L BEIR 2 2—")2 % SMP-Linux 2.6,
i TO5 55045 HR—k: NPTL
—  FVH#IfE + A% 7 3R] Z5 (Adaptive Shutdown)
— AMPEXFR): /\1 71k (AMP+SMP) £, A 5
- VWIIFATTNYIIRIE

e PrimeCell @ Level 2 ¥y vaarbrO—S5HHR—

DR 1T e 111184 o T8 T 1117 S 1 1171

TR eE T T T T T E T AP T E eI e T

| L1 L T T T T A A AT T e

' Test Chip Layout
(IMB L2% =)



MPCore™J Ow% ARM & NEC

ARM and NEC Collaboration

Configurable number of Private FIQ
MPCore™ hardware interrupt lines lines

Interrupt Distributor
—y cPU cPU cPU
Wdog interface Wdog interface Wdog interface Wdog interface

CPU/VFP CPU/VFP CPU/VFP CPU/VFP

L1 Memory L1 Memory L1 Memory L1 Memory

| & D Coherence
Snoop Control Unit (SCU) 64bitbus  Control

bus

Duplicated
L1 Tag

L2 (L220)
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OSCAR(Optimally Scheduled Advanced Multiprocessor)

HOST COMPUTER
|

CONTROL & I/0 PROCESSOR CENTRALIZED SHARED MEMORY1
(Simultaneous Readable)

RISC Processor | |I/O Processor
I I I I Bank1 || Bank2||Bank3

] ] ] | N 1 I OURSRTN  (FRRR | N
I I I
. Addr.n||Addr.n||Addr.n csvz | lcsms
Data Prog DIStrIbUted ..............................................
Memory Memory ||| Shared [ |
Memory
Read & Write Requests
Bus Interface Arbitrator
Distributed
Shared Memory
(Dual Port)
(CP)
_5P|¥|(|):(|:_eOSFS>§;’32bIt RISC (CP) (CP) (CP) (CP)

(64 Registers)
-2 Banks of Program
Memory
-Data Memory
-Stack Memory

-DMA Controller
PE1 PES PEG6 PES PE9| |PE10| |[PE11 PE15] |PE16

-— 5PE CLUSTER (SPC1) — SPC2 - SPC3 —
~— 8PE PROCESSOR CLUSTER (LPC1) — LPC2 >




OSCAR PE (Processor Element)

SYSTEM BUS

[ BUSINTERFACE ]
LOCAL BUS1 LOCAL BUS2 :
DSM
E[DMA][LPM [LSM][LDM]E[WU] [FPU]EE
: | REG ]
INSC b— L J:
INSTRUCTIONBUS L J o
DMA :DMA CONTROLLER L DM : LOCAL DATA MEMORY
LPM :LOCAL PROGRAM MEMORY (256K W)
(128KW * 2BANK) DP :DATAPATH
IN'SC : INSTRUCTION IPU :INTEGER
CONTROL UNIT PROCESSING UNIT
DSM :DISTRIBUTED FPU : FLOATING
SHARED MEMORY (2KW) PROCESSING UNIT
LSM :LOCAL RE G : REGISTERFILE

STACK MEMORY (4KW) (64 REGISTERS)



1987 OSCAR PE Board
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OSCAR Memory Space

SYSTEM MEMORY SPACE LOCAL MEMORY SPACE
00000000 PE15 4 00000000
i UNDEFINED i - EidM
i(Local Memory Area) : ( |Ssrt1r| elétM
00100000 } ared Memory)
00000800
PE 1
BROAD CAST \PEO NOT USE
00200000 — 00010000
! L P M(BankO0)
NOT USE (Local
Program Memor
01000000 9 | 60020000
cP L PM(Bankd)
(Control Processor)
00030000
01100000
NOT USE NOT USE
02000000 00040000
LDM
(Local
PEO Data Memory)
00080000
02100000
NOT USE
PE 1
0OO0OF0000
02200000
CONTROL
00100000
02F00000
SYSTEM
PE15
03000000 ACCESSING
CSM1, 2,3
(Centralized
Shared Memory) AREA
03400000
NOT USE
FFFFFFFF FFFFFFFF
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dol=2N
C()=A(1)+B(1)
D(1)=C()+A(1-1)
E()=D(1+1)+X
A(D=D(I) * B(I)

end do

(a) DoJL—F DA

:S1
:S2

:S3
:S4

BEIRIKRILIE

ER{EI)L—F D Loop Distribution YRR LGS ADE KL

S1

— g0 —

A

(s

DA

(b) @QDOT—3KET S

C(2:N)=A(2:N)+B(2:N) :S1
E(2:N)=D(3:N+1)+X :S3
do I=2,N

D(D)=C(D+A(I-1) :S2
A(D=D()*B(I) :S4

end do
(c) RUMILIEESNTF=a—F



AN THRIN

do I=1,N
T=A(1)*B(I) :S1
C()=T+B(I) :S2
end do
(@)
do I=1,N

TEMP()=A(1)*B(l) :S1
C()=TEMP(1)+B(1) :S2
end do
T=TEMP(N)

(b)
TEMP(1:N)=A(1:N)*B(1:N)
C()=TEMP(1:N)+B(1:N)
T=TEMP(N)

()

L N L

/S

_@4_

A

e
o




Doall JL—7

Scalar Privatization #tF

real a(n),c(n)

do i=1,n
x=a(i)*2.0
c()=x+1.0

end do

Doal IR BEZLIL—TF D 45

real a(n),c(n)

doall 1 =1,n
real x
x=a(i)*2.0
c(i)=x+1.0

end doall

Doal | EE 2k 51



Generation of coarse grain tasks

BMacro-tasks (MT5s)
7 Block of Pseudo Assignments (BPA): Basic Block (BB)
7 Repetition Block (RB) : natural loop
7 Subroutine Block (SB): subroutine

. [ BPA T Near fine grain parallelization | :EEA
I I | LsB
| | |
! y Loop level parallelization BPAI | —BPA
Program-—" RB % Near fine grain of loop body ’:RB H S
|

Coarse grain

. SB +——BPA

| . .
E E parallelization —BPA E :Fsgg
- SB — Coarse grain RB— _gpa
I 1 parallelization |_gg ——[RB
__________ | e o1 SB
Total 1 | :
11t Layer: 2nd Layer - 3d. Layer




Earliest Executable Condition Analysis
for coarse grain tasks (Macro-tasks)

15 BPA

Data Dependency
-------------- Control flow
O Conditional branch
1 BPA
0 _ BPA Block of Psuedo
..... Assignment Statements
2 E}F’A 3 BPA RB Repetition Block
----- N _
4 BPA \
-9 e i
T RB
5 BPA N
____________________ / BRA
6 RB = R
BPA RB
7 RB EE—
RB
Q _ BP
10 RB -----------

~ Datadependency

A Macro Flow Graph

15

Extended control dependency

O Conditional branch

'.-""»‘ OR

2eiTzeel”

-~~~ AND

> Original control flow

A Macro Task Graph




Automatic processor assignment in

Using 14 processors

103.su2cor

— Coarse grain parallelization within DO400 of subroutine

LOOPS SWEEP

Main
. e 111,14]
= " : ‘I ------ "l
. 1
i [ |[Rel}-_if corr
¥ | = ’ s
RB RB| V| 241 /| 2
. 1 ([sslt;
: ‘{‘ RB :
E \‘ E \ S=B ":[—1-1_4.]—

[1,14]

\)
[1,14] \
| |

-
-~
-
-
-
-,
el
-

[1,14]
Nrc, Nre = [PG,PE]

LOOPS
. o i . o"'
= ’ [ l' E a"’
L] x = : 1 -
: 0 || SB
RB ::."'-
DO RB RB| |RB RB S~o
900 DO DO| |DO L
] |[400|| [400] [400 RB| [~ —
“ — - \ ]
\ I
[1,14] [1,14] [1,14]N_5_N
DR “ 2,71 8
[1,14] Triply nested loop [7.1]




MTG of Su2cor-LOOPS-D0O400

Coarse grain parallelism PARA_ALD = 4.3

B DOALL I Sequential LOOP [CJ1SB BB



C RB1(Doall)

DO I=1,101
A(l)=2*
ENDDO

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

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

Data-Localization
LLoop Aligned Decomposition

» Decompose multiple loop (Doall and Seq) into CARs and LRs considering
inter-loop data dependence.

Most data in LR can be passed through LM.
|_R: Localizable Region, CAR: Commonly Accessed Region

Ve

LR

~

CAR

N [

Ve

LR

~

4 )

CAR

/

LR

~

DO I=1,33

DO 1=34,35

DO 1=36,66

DO 1=67,68

DO 1=69,101

L/_

DO I=1,33

DO [=34,34

DO 1=2,34

DO 1=35,66

/N

7

J

DO 1=35,67

DO I1=67,67

gl

DO 1=68,100

— |

.

J

- J

DO 1=68,100

N\~

/
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An Example of Data Localization for Spec95 Swim

DO 200 J=1,N

DO 200 I=1,M

UNEW(1+1,J) = UOLD(I+1,J)+

TDTS8*(Z(1+1,J+1)+Z(1+1,J))*(CV(I+1,J+1)+CV(I,J+1)+CV(l,J)
+CV(I1+1,3))-TDTSDX*(H(I1+1,J)-H(1,3))

VNEW(1,J+1) = VOLD(1,J+1)-TDTS8*(Z(I+1,J+1)+Z(1,J+1))
*(CU(1+1,J+1)+CU(1,J+1)+CU(1,J)+CU(1+1,d))
-TDTSDY*(H(I,J+1)-H(1,J))

PNEW(1,J) = POLD(1,J)-TDTSDX*(CU(1+1,J)-CU(l,J))

1 -TDTSDY*(CV(l,J+1)-CV(l,d))

200 CONTINUE

N -

N -

cache size
0 1 2 3 4MB

: : : UN
VN | PN | UO | VO

UN

VN | PN

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

U V P | UN
VN | PN | UO | VO

~ 1

DO 300 J=1,N
DO 300 I=1,M
UOLD(1,d) = U(1,J)+ALPHA*(UNEW(],J)-2.*U(1,J)+UOLD(I,J))
VOLD(1,J) = V(I,3)+ALPHA*(VNEW(I,J)-2.*V(1,J)+VOLD(1,J))
POLD(I,J) = P(1,J)+ALPHA*(PNEW(I,J)-2.*P(1,J)+POLD(l,J))
300 CONTINUE

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

(b) Image of alignment of arrays on

cache accessed by target loops

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



Data Layout 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, Nz\Zﬂ)
13 :
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),
PNEW(N1,N2), UOLD(N1,N2),

UNEW(N1,N2), VNEW(N1,N2),
PNEW(N1,N2), UOLD(N1,N2),

CU(N1,N2), CV(N1,N2),
Z(N1,N2), H(N1,N2)

CU(N1,N2), CV(N1,N2),
Z(N1,N2), H(N1,N2)

* *
1 1
*  VOLD(N1,N2), POLD(N1,N2), *  VOLD(N1,N2), POLD(N1,N2),
2 2
* *

A
\J
A
\J

4MB 4MB

m—

I padding

-

Box: Access range of DLGO



Source
Program

FORTRAN

APC Compiler Organization

\

!

APC Multigrain
Parallelizing Compiler

Data Dependence
Analysi

- Inter-procedural
- Conditional

- Cache optimization
- DSM optimization

| Eatalizaton | —

- Hierarchical Parallel
- Affine Partitioning

Scheduling

- Static Scheduling
- Dynamic Scheduling

peculative

- Coarse Grain
- Medium Grain

- Architecture Support

OpenMP
Code
Generation

Feedbackﬁ

Parallelizing Tuning System

4

[

\

Sun Forte 6| IBM XL Fortran| [IBM XL Fortran

Program Visualization
Technique

Update 2 Ver.7.1

Ver.8.1

Runtime

Feedback-directed

Selection Technique of

Techniques for Profiling
& Utilizing Runtime Info

Compiler Directives

Info

l

Ultra 80

SUN

IBM
Ultra 80 RS6000

\

IBM
pSeries690

Variety of Shared Memory Parallel machines
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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 (64KB/processor, Direct map)
— L2 :1.5MB (shared cache with 2 procs., 4~8 way assoc.)
— L3 :32 MB (external, 8 way assoc.) [x 8 = 256 MB]

GX

Mem Slot

Slot Mem '
Slot

Mem
Slot

GX
Slot

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
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speedup against 1pe

SGI Altix 3700

16 Itanium 2 (1.3GHz) SMP server

L1 16KB(4way), L2 256KB(8way), L3 3MB(12way)
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Performance of OSCAR compiler on SUN V880 (8 Ultra SPARC Il Cu 1050MHz)

O fortelpe (prefetch off)
Ofortelpe (prefetch on)
M oscar 1pe (prefetch on)
O forte best (prefetch on)
W oscar best (prefetch on)
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Performance on IBM pSeries690
Power4 24 processors SMP server
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 OSCAR compiler gave us 4.82 times speedup

against XL Fortran Ver.8.1
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IBM p5-550Q server (1.5 or 1.65 GHz)

Two Quad-Core modules

105.6 _ cm——
GB/sec

2-core 2-core
!56 M B POWER5+ | | POWER5+
processor || processor | 42 2
# — . GB/sec 1 to 64GB
¢ L2 L2 Mem | - > DDR2
L3 4 Cache || Cache || Ctlr | < 533 MHz
1.9MB DIMM
SMP Bus
GX Bus GX Bus on 2nd processor card
4.4 GB/sec 4.4 GB/sec
-
= A pr 4 '
IFour 1/O _>‘_ /0 ‘_, Four PCIX & E?:v(/gros
Drawers 40 Hub One PCIX DDR

GB/sec GX adapters share PCIX slots 4 and 5



speedup ratio
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Performance on IBM p5 550
POWERS+ 8 processors SMP server

[ XL Fortran Ver.10.1(SMT off)
O XL Fortran Ver.10.1(SMT on)

| W OSCAR(SMT off)

tomcatv| swim | su2cor |hydro2d| mgrid = applu | turb3d | apsi | fpppp | wave5 | swim | mgrid | applu apsi

spec95 spec2000

OSCAR compiler
— 2.74 times speedup against XL Fortran Ver.10.1 without SMT
— 2.78 times speedup against XL Fortran Ver.10.1 with SMT
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Performance on ARM/NEC MPCore

4 processors SMP embedded multicore
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OSCAR(Optimally Scheduled Advanced Multiprocessor)
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