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Performance Evaluation of Parallel Applications
on Next Generation Memory Architecture
with Power-Aware Paging Method

YuTo HOSOGAYA, 1t TOSHIO ENDO-
and SATOSHI MATSUOKA® i1ttt

With the increasing demand for low power high performance computingl] reducing power
of not only CPUs but also memories is becoming importantJ In typical HPC environments
larger capacity of DRAM than needed is installed to avoid memory swapping although not
all of the memory is used in many casesl] Since DRAM is volatile[] such unused memory can
waste a significant amount of power even in a standby state] We propose a next generation
low power memory system that reduces the DRAM capacity while minimizing application
performance degradationl In this architectured both DRAM and MRAM, fast non-volatile
memory, are used as a main memory] while FLASH memory is used as a swap device. Our
profile-based paging algorithm optimizes memory accesses by reducing accesses with slower
memories and using faster memories as much as possible[] Simulated results of our architec-
ture show that the energy consumption of memory system can be reduced to 26% by reducing
DRAM capacity, with 12% performance loss of application benchmarks.

1. 040 oan

ooooooooooHPCOOOOOOODODOO
gobobooooooooboooooooooobooo
gbooooooobooobooocboobooooonon
goooooooooooooboooooooooboo
cepuOOoOOOOObDvVSOOOOOOOOOQOOOD
0oooY0000000000000000000
gobooboooooooobcooobooooooboooo

+ 000000
Tokyo Insitute of Technology
++ 00000000
National Institute of Informatics
11 JST, CREST

000000000000000000000000
0000000D00000000000000000
0000000000000 41%000000000
O0ooooooo?o

000 HPCOOOOOOOODOODOOOOODO
000000000000 000000000000
000000000000000000000000
000000000000 HPCOOODOOOOOO
0000000000000 000000000On
0000000000000 00000000000
000000000000000000000000
000000000000000000000000
000 0000000000000000000%0
00000000000000000000 DRAM



gooooooooboooooboooooooboooo
Oo00oooooooooooobooHPCOOOOO
gooooboooooooooboooooooobobooo
00000oo00boo0ooo0o0oo DRAMOOO
goooooooooooboooouoooobooo
gboocooboooooboooobooobooooobo
goooobooooooooooooooobooboooo
000 DRAMOOODOODOOOOOOOOOOOO
goood

oo0o0o0ooOoODRAMOODOOODODODOOO
oooooooooooooooooooooooo
00000o000oooooooooo MRAM OO
00000000 DbDRAMOOOOOOOOODOOO
gobobooooooooboboodooooooooa
goooboooooooboooooooooobooo
00000oHDDOOO0O000000000000O0
OO0 FLASHOOOOODOOOODOOODOODOOOO
oooooboooooooooboobooooobonoo
gooooooobooboooobooobobobooDo
goboooooooooooocooooboooooboo
gooooboooooooooooboooooooboo
goooooooooooooooooooooboo
gobooooooooooboooooooooDoboo
ooooOoOooOoOooooo bRAMOODODOOOO
OoooUoOoooUuoOooouoD 12%000000
000U0o0oooooUooooooo 26%0000
gooooooooooooooocooooobooboo
goooobooooooooooooooooboobooo
oobobooooooobooooboOooDbo HDD
goooobooooooooboooooobooooa
gooooooooooooobooooooooo
gooboobooooooooooooooooooboo
gooooooooooooooooooooboobooo
goooooobooboobooboobooboboooo
ooooo00o0000O00Ooo CGOHPLOOOO
O HPCOOODODOOOOOODOOOODOOOOODOOO
000 00000000000 bDRAMODOOOOO
goooooooooooboooboboooooooboo
goboooooooooobo ooooboooooo
gboooooboobooooooono ocoobooo
000 HpCOOOOOOOOOODODOOOOODOO
oooa

2. 0000000

FLASH OOOOOODOOOOOOODODOOO
OooooooooooooOooolooMB/sOOOO
00000000 Solid State Disk(SSD) O O HDD
0 FLASHO O OO OO HHDD(Hybrid Hard Disk
Drive) 000000000 0HDDOOODODOOOO
000000000000 Fusion-io? O PCI Express

000000 FLASHOOOOODOOOO ioDrive O
0000000 8KBUOOODDODO 800MB/s O
gooooboooboobooobooobooooooon
O0ooo0ooooousSBOOO0O0O00OOO0OOO0O00O
00000000000000 Windows Vista 00O
0000 Ready-Boost® 00D0O0O0DOODOOD
0 0MLC(Multi-level Cel) 0D 0D O0O0000OO0OO
O FLASHOOOOODOOOOOOOoOOooooooo
00000 FLASHOOOOOOODOOoOOoOooOoOo
O000oo0o0ooo0oooooooo HpCcOO
gooooooooooooobooooooobooo
ooboooooooooo

FLASHOOOOOOOOOOOOOOOoOOoOOoO
gboobooobobooobooobooooooboon
gboooooodobooooooobooooooonon
gooooooobooooooboobooooobooo
0000000 Magnetoresistive RAM (MRAM)® O
Phase-change RAM (PRAM)O Ferroelectric RAM
(FeERAM) 0O 0DO0OO0OO0O0O0ODOOOOODOOOO
MRAMOODRAMOOOOOOOOOOOOOOO
gooooooooooboobooooooooo
2006 0 0 Freescale” 00 000000000000
gooooooooooobooobooooobooboo
goboobobobobboboobooboobo
gooooooooooooooooooooooboo
ODRAMOOOOOODDODOOODOOOOOOOOO
HPCOOOODOOOOOOOOOO MRAMOODO
goooobooobooboooboooooboboboooo
0000ooooooo MRAMOOOODODODODODO
gooooobooooooooobooboooooooboo
gooogog

3. Jbooooobood

gooooooooooobooooooooon
oooOooOooOooooUooo (o nyooooooo
ODRAMOOOOOOOOOOOODOODOOOOO
0000000 MRAMOOOOOOOO DRAMO
goboooooooooboboooooooooon
gooooOoooooooooooo HebDODOOO
00000000000 FLASHOOOOOOOOO
gobodooooobooobooobooooobooo

3.1 OO0OOooOooooad

goboooooooooooooboooooobooboo
goboooooobooooooboboooooon
gooooooooooobobobooooobooo
MRAMOOOOOOOOOOOOOOOOOOOO
goooooooooobooooooobooooboo
goobooooooooooobooooooooo
goooooooooooobooobooooobooboo
gooooooooooooobobooooooobobooo



HOTTER PAGE

COLDER PAGE

01 000o0o0ooooo

oooooooooooooobooobooobobboonoooo
goooobooooooobooooooooooDooo
oo0o0000oooooo0 DRAMOMRAM OO
goooboooooooooboobooooooboooboo
O00o0oO0o0oooOoooooOoooOooooO HeCO
goobooooooooooocooooboooboo
gooooboooooooboooooooooboobooo
oobooooboooooooo
goboooooooobooocoooooboooboobooo
goboobooooooooooobooboooooooboo
gooooobooooooooooooooooobooo
goooooooooooooboooooooDooo
oooOoo/oooooooooooooooon
0000000000®0000000000000
O000OO0O0OFLASHOOOOOOOOOOOOOO
goooooooooooooboooooooooboo
gobooboooooooooboooooooobooo
oobooooooooo
goboobooooooboooooooooboooo
gooooooooboooooooboobboooo
00000000o0oOoo oSUb LRU(DODOO
00000)0000000000000000O00O
oooooooooooooooooooon LRU
goooogoooooooooooboobooooooo
gobobooooouoobooocooooooobooooo
000ooO0o0oo0oo0oUoUOU (ooo)oo
goooooooooooooboooooooobobooo
goooooooooobooooboooooboo
gobooooooboooooobooboooa
0000oooooooo0 MRAMOOOOOO
000000000 (DOOMRAM fixed 00O O
0)000D000O00O00D00OODOOoOOUDOO
gopoooooooooooMRAMOOOOOOO
gdoooooooooboooooooooooooo
DRAMUOOODOO LRUOOOOOOOOOOOOO
Oo0ooO0o MRAMOOOOOOODOOOOOOOO
gooooboooooooooobooooooobooo
gobooooooooooooooDbOo0oO LRUD
oo2000000000000000000000
gobobooooouooobooocoboooooooooboo

Allocate Hot Pages -
‘ on MRAM HProflllng Result

Application Running

L2 Cache Miss

MRAM Hit Rate
<— MRAM Hit / Memory Access

MRAM Hit++

Memory Access++

02 000000000

Swap Out the Last
Recently Used
Page on DRAM

Swap Out the Last
Recently Used Page
on DRAM or MRAM

gooobooooooooobooooooooobood
goooboooouoooooooooooooobooo
goooobooooooooboboooooobooobooo
OODRAMOIODOODOODOODOOOO LRUOOOO
goooooooooooooooooooooDooboo
goboooobooooooo

gooooooooooooooooooooooo
MRAMOOOOOOOOOOOOOOOOOOOO
gobobooooooooooobooooooooo
oooo 20000MRAMOCOOOOOOOOO
goooooooDOoOOoOOoOOO0OO0O0OOMRAMOO
gboooooodobooooooobooooooann
gooobooooooobooboooooobooboooo
0000 MRAMOODOOOODOOOOOOOOOOO
goooooooooooooboooooooobooo
goooooooooobooooooobooooboo
OOMRAMOOOOOOOOOOOOOOOOOO
goooooooooooooboobooooooboobooo
oooooo

Thr =ax MRAM _SIZE/TOTAL_SIZE

0000 MRAMSIZE 0000 TOTALSIZE O
oooooodo MRAMOOOOMRAMO DRAM
OU000O0o0oooUOb0a(=l)000ODOUOOoooo
O0ooOo0ooo0oO0ooO0oO0OoOOOMRAMOO
00000000000 DRAMOOOOOOOOO
gooooboooooooooooooooooboo
00000 RAMOOODOOOODOODOOOOOO
gootcoooboooooooocooooobooobo
goboobooooooboooooboobbeononoon
O MRAMOOOOOOOOOOOODOOOOOOO
gopoooooooooooosnnoboOo

3.2 00000

goooooboooooooooocooooooboo
gooooooooooobooooooooboooo
gobooooooobooooobooboo

gooooooooooobooooooooon
gobooobooooooooooooooboooooboo
goobooooooooboooooooboobooo



01 00000000

L2 cache OO0 1MB
goooooo 64B
ooo 1
oooooo 4KB

02 000000000

DRAM | MRAM | FLASH
000000 (Byte) 64 64 4096
000000 (ns) 22.5 15 35000
000000 (ns) 22.5 15 64000
000000000 (nd) 6.24 1.36 7000
000000000 (nd) 6.24 2.60 12800
0000 (WW/MB) 867 469 0

oooooooooooobobooooooooooa
goooobooooooooboobooooobooboo
goboooooooboooobooooo
gooooooooooobooobbbbbobobooooo
goooobooooooooooboooooobooobooo
goooobooooooooooboooooooboooboo
gooooooooooboobooooooooboo
goooooooooooobobooooooboboo
ooboooooboooooooo

4. O O

0000000000000 00000ogogoog
0000000000000 0000000 MRAM
000 FLASHOOOOOOOOOOOOOOOOO
0000000000 00000000000000d0
0 HPCOOOODOOODOOODOOOOODOOOO
0000000000000 00000 L2000dn
000000000000000000 Valgrind® O
00000000 1000000000000000
000000000000000 L2000000O0
00000000000000000000 (READ
000 WRITE)OOODOOOOOOOOO

0000000000000 00000000 20
00000000000000000000 DRAMO
MRAMO L200000000000000FLASH
0000000O0o 10000000000000
DRAMODODODOOOO 64MBOOOO DDR3ODO
O0D000D00D0OO0OFLASHOODO 58MB/sec 00
000000 32MB/sec0000000000 Sam-
sung'® 0 SSDOOOOOOOOOOOOOOOOO
020000000000000000000000
0000000000 FLASHODOOOOOOOOO
0000000000000 0000oooonog

0000000000 MRAM O DRAM OO0
000D000000000000000000000

on Hotter Pages(%)

Rate of Memory Access

30 o —CG ||

‘MG 1
--sPp ||

— — HPL

0 20 40 60 80 100
Persentage of Hotter Pages(%)

03 O0oooooooooooo

O0O0OOONECY 0 SRAMOOOOOOOOOO
O MRAMOOOOOOOOOOOOOMRAMOO
OO0 DRAMO 1.5000000000000000O
000000000 182mWoOOoOoooo0d 346mW
0000 Freescale 0 MRAM O ODOOOOOOOO
00ooo00ooDooO0ooDOooooooooooon
0ooo0oooooooUooooooooooon
Jdd00ooo00ooooooooooooooo
0000000000 60mW OO0 Freescale 00O
0000000000000 O0o0O0O0O0DRAMO
O00Od e4MBOOODOOODOOMRAMOOOOO
0.5MBOOO000O0OOOOOOOOOOO MRAM
O00O0OO0 DRAMODODOOOOOOOODOOOOO
J00o0d00000o0DOo0oodooonooooooo
0o0popodoDoooooOo MRAMOOO FLASHO
0ooodooooooooooooo
J00000000D0O0D0O Nas Parallel Bench-
mark3.2'? 0 CG(class B)OMG (class A)0SP(class
B)O HPL¥® 000000 10000000000
Jodo0bOo0oOoOoooObOOoOooooNPBOOODOO
JO0000D0 Iterationb 00 OO0 OHPL O Matrix
size 0 81920 Block size d 256 OO0 OO OOOOOO
goocGOMGOSPOHPLOOOODOOODO 412MBO
448MB0O 344MBO544MB 000000000 HPC
Jo000oO0oooOoboOoboOooo 3aas5000000o
00000000000 000000000000
0000000000 0oO0dUOooDbRAMOO 1GB
Jdooodooooooooooooooog
Jd0000o0d0ooooooooooooooog
ogoooooobooooooboboobooooood
00000 3000goooooooooooooo
0oooooooooooooooooooooog
goo0o0O0o0obO0oDbODbO cGuHPLODOOODO
00o0oO0O0ooooooooOo MGOsSpOOODOO
00000d000o00oooooooooooon
4.1 OO00OOOOOOOO
00ooooooooooooooooooon 4



[ )
S o

Execution Time (sec)
- N N
(4,1 o o

\\

[ | —e—Simple LRU
[] =B~ MRAM fixed

o

3]

[ | —A—Proposed

0 100

o

200 300 400
Installed Main Memory Capacity (MB)

500

600

Execution time (sec)

MG

N
o
<]

w
2]
o

W

o

[S]
T

N
3]
o

N

=]

<]
T

o
o

R

| | —&—Simple LRU

—5— MRAM fixed k\%
[ —A— Proposed &

0 100 200 300 400 500
Installed Main Memory Capacity (MB)

o
<]

o
o

o

600

04 DOO0ODOOODOOOO - MRAM 128MB

000 DRAMOOOODO cGOMGUOOOOOO
gboobcooboobooobooboboobooobooboooboon
O000o00ooOoooo0obD LRUCOODODOOO
MRAM fixed DO 0O0O0O0O0OO0OOOOODOOOOO
Oo00 128MBO MRAMOOOOOOOOOOOO
00000 MRAMOOOOOOOOOOOOOOO
0000000000 DRAMOMRAMOOOOO
goooboooooooobooboooooobooboo
gobooooboooooooooboooboboooo

cGOMGOOOOOOOOoODDOODOOOOODOOO
oo0oooo0oooOooooooooocGoooo
goboobooooouooboooooooooooooboo
MRAMOOUOOOOOOOOOOOOOOOOOO
ooooooooooo MRAMODOOOOOOO
0000 15%00000000000000000
ooooOoooooooo MRAMOOOOOOOO
O00 MRAMOOOOOOOOOOOODOOOOOO
OO0 MRAM fixed OOOOOOOOOOOOOOO
O00oooooooOoooooooo MGoOoOoo
O0ooooooooooooMRAM fixed DOO
gos3l1ooooooooooobodooooonn
O00oo0o0oooMRAMOOOOOOOOOOO
goooooooooooobooboooooobooobooo
ooooo

4.2 J00O0O0OOOOOOODOO

gsoodooooooboooooooooobooa
goboobooodouooooooooooboooooboooo
O00oo0o0ooooooooooo0ooo MRAM

oooooooooooooooooboobobobobonoono

gooooboooboboooboobooboobooo
goooooobooooooboooooooooboo
O000ooO0o00oo0o0o0ooooooOCGOHPL
goooooooooooboobooooooboooboo
OO00ooooOooooooMGOSpOODOOOO
gobooooooooboooooooo
gobooooooooooooooooooobooa
gooooooooooboobooooooooo

gobooobobooodoooboooooobooboooa
gooooooooooboobooouooooobooo
40%00000000000000000000 30
40%0000000000000000000000
goooboboooooobooooooooboobobo
gboooooodoboooooodobooooooann
cGUOOO 2%u0UooooUooooUooo
OMGUOD 40%0000000000000000
gooooooooooboobooooooobooo
gooooboooooooboobooooooobobooo
OOooo0ooOooOoooooooooo ccoooog
MRAMOOOOOOOOOOOOOOOOOOOO
oooa

4.3 0O00O0OO0OO0OOOOO

JeO0ouooooobDObOOoOoOoOoooDODODbOO
gobobooodouooooooooooboooooboooboo
goooooboooooooboooooobooboooo
oooobooooooooboooooooooboo
goooobooooooooooboooooooDooo
gooboooooooobo0oooooooooooon
OO0 FLASHOOOOOOOOOOOOODOOOO
gooooooooooboobooooooobooo
goboooooooooocoooooobooboooa
gobooooooobooobooo

gooooooooo MRAMOODOOOODOOO
gooooooooooboooooooooooo
oo0oooooooOooooosSpOOOOOOOO
goboooboooooooooboooooooooboo
goooooooboooooboobooooooooo
goobobooooooboooobobooobooooboon
goooooooooobooobooooooooo
000000 CGOHPLOOOODOOOODOOODOOO
gboocooooocobooobooooobooooooo
oboobooobooOoobooobooboooboon
OooooooooooOoHPCOODOOCOOOOO
gooooboooooooooooooooooobooa
goood



=
o

o
=]
T

N
o
T

Execution Time (sec)
w
S
T

20 | ——DRAM only

—=—64MB
10 — —A—128MB

——256MB

0 T
0 200 400 600 800 1000
Installed Main Memory Capacity (MB)
SP
300
K —&— DRAM only
250 —=—64MB
—A— 128MB

200 —¢256MB

150

Execution Time (sec)

100

50

0 200 400 600 800

Installed Main Memory Capacity (MB)

1000

Execution Time (sec)

o |
2 300 f

£
<
8
2
=
(5]

o
X
i

MG

N

o

<]
T

o
o
T

o
[S]

[ | ——DRAM only
—=—64MB
[ | ——128MB

—¢—256MB
0 n
0 200

2]
o

400 600 800
Installed Main Memory Capacity (MB)

1000

HPL

500 "
450
400

250 -

200

150 H —&—DRAM only
64MB

1901 i128MB

50 11 ¢ 256MB

0 :

200 400 600 800 1000
Installed Main Memory Capacity (MB)

05 0DOO0OO0OO00OO

00000000000 O0oooOMRAM 128MBO
DRAM 96MBOOUOOODOOOOOO DRAM 1GB
ooooOoooooo ccGUooooooooooo
ooooooo 12%00000000000000
260 000000000000 00O00ODOUODO
goboooooooooboooooooobooobobooo
oooooooooooooooooboooooboo
gooooooooooooooboooooboooo
O00oo0ooooOo0oooo DRAMOOOO
gobooooooboooooboobouoooboboooo
goooooooooooobooboooooobooobooo
gooooooooooooooooooooboooo
goooooooooooooboboooooooboo
gooboboooooooboooooooooooboo
gooocoooo

00o00ooOoooo0oooOooooO0o MRAM
gooobooooooooboooooooooooo
O MRAMOOOOOOOOOOOOOOOOODO
ooooooocGoOOOOOOOO0OOMRAMO O
o0oe4MBOOOOOOODOOOOOOOODODOO
ooooo0ooo0o MRAMOODOODOOODOOO
oobooooooo

gooooooooooobOobOboboOobooon
goooooooooooboooboooooooooo
gooobooooouoooboooooooooooo

gooooooooOcpvOopoOOODOOOOOO
goooooooooobooooooooooDooo
goooooooooobooooooobooooboo
goboooooobooooooooo

5. o ookno

00D000000000D000000000000
000000000000000000000000
0000000000000 00000D00D0000n
000000000 000000000000000
000000000000000000000000
0000000000000 00000000000
00000000000 0000000000000
OD0O0"YOHung OO Lebeck 00 DRAM O OO O
00000D0000000000000000000
00000000000D0000000000000
oo®Ygoooooo0ooooonoonoonoon
00000000000 0000000000000
00000000000000000000Cai00
00000000000000000000O00HDD
0000000000 D0000D0000000000
0000 HDDOOOOOOOOOOOOOOOOO
000000000000 00000000000
0000000000000 00000000000



ca
40

35
30
25

20

15 —o—DRAM only
10 B -5 64MB
—A—128MB
—¢256MB

Energy Consumption (J)

0 I !

400 600 800 1000
Installed Main Memory Capacity (MB)

SP

—5— DRAM only|
—=—-64MB
—A—128MB
—>¢256MB

Energy Consumption (J)

0 200 400 600 800
Installed Main Memory Capacity (MB)

1000

Energy Consumption (J)

Energy Consumption (J)

MG

—o—DRAM only
—&—64MB
—A—128MB
——256MB

=
=]
T

N
o
T

N
o
T

o

400 600 800
Installed Main Memory Capacity (MB)

1000

HPL

160

140

120

100

80

60

—5—DRAM only
40 —=—-64MB i
—A— 128MB
——256MB

20

400 600 800
Installed Main Memory Capacity (MB)

0 200 1000

06 DOOOOOOOOO

00o00oooOoHPCOOOODODODDOOODOOO
0000000000 0000000DD0000n
0000000000 00OoOoOoOon
HDDOOOOOOOOOOOOOOODOOOoO00O
00000000000000000000000™0
000000000000 0000OInfiniBand O
0 10GhED® 0000000000000 DOHDD
0000000000000 0000000Dooo
0000000000000 0000000000n
DRAMOOOOOOOOOOOOOOOOOOOO
0000000000000 0000DoDO0o0Oon
0000000000000 000000D0DO0O
000000000000 DD0000ooooon
000000000000000000000000
00000000 000000O0O0O00D0O0 FLASH
Joo0o0o0o00000O0O0OoOoOooOoOn
0000000000000 D0DO0O00O0OoooOO
000000000000 00000Doooooo
000 SRAMO DRAMOOOOOOOOOOOO
0000000000000 00000000000
0000000000000 000000D0000
O0O0Avissar 0000000000000 OOOO
00000000000 00oDoooDo?. oooo
O00000O0oHPCOOOOOOOOOODOOOO
0000000000 00000000000o0oon

00000000000 MRAMO DRAMOOOO
oo0O0oo0oOoooOoooooHpCcOQOOOOO
oooooooooon

6. 0O 0O O

goboooooOooooooboobcooooooon
gooooooooooboooooooooooboo
ooo0ooOooOooooo brRAMOOODOOOOO
gboobooooobooooooboooooobooon
MRAMOOOOOOOOOOOOOOOOOOOO
000000000000 0oO FLASHOOOO
gooboobooooooooobooooooooo
goooooooooobooooboooooooooDooboo
gooooobooooooooboobooooooboa
gooooboooooooobooooooooobooo
O0o00ooo0oooooooo HpCOOOOO
goooooboooooboobooooooooboooo
O00000O0. O00O0O0O0OMRAM O 128MB O
O00O00O0O0O0oDooooOod DRAM O 96MB O
O00000OO0OO0OO0ODRAMO 1GBOOOOOOO
OoooUooooocGUUOoOoOoD 12%0000
00000O000o0ooOoooo26%0000000
goooooooooooooboooooooDooo
goooooooooobobooboboooooobo



DRAMOODODODOOOODOOOOOOOOOOOCOD
gobooooooooooooo
goboooooooooobooooooooDoo
oo00ooooOooooocpUOOOOOOOOOO
oooooooooocoO0oOoLrRUODODOOOOOO
gooooooooooocooooooboobooo
O MRAMO DRAMOOOOOOOOOOOOOO

goooooooooboooooobooboooboooDo

goooboooooooooooooooooobood
gobooooooo
o0o00oo0ooooooooooOo HpPCOOO

goocooooooboooooobooobooboooo

goooobooooooobooooooboooooDooo
goobobobooodoooooooooooooooa
gooobooooooooobooooooooboooboo
goboboooooooooooocooooooooboo
gooooooooooboooooooboooooo
goooooboooooooooooooooooboo
goooboboooooooooboboooooooboobooo
gooad

u a

goooooo JST-CRESTO ULP-HPC: 00D
ogoboodoooodpobooboooooboogoda
00000000000 000O0O0O0000d Microsoft
Technical Computing Initiative 0000000

g o 0 0o

1) Nandini Kappiah, Vincent W.Freeh, and
David K.Lowenthal. Just in time dynamic volt-
age scaling: Exploiting inter-node slack to save
energy in mpi programs. In ACM/IEEE SC
2005 Conference (SC’05), p. 33, 2005.

2) Charles Lefurgy, Larthick Rajamani, Free-
man Rawson, Wes Felter, Michael Kistler, and
Tom W. Keller. Energy management for com-
mercial servers. Computer, Vol. 36, No. 12, pp.
39-48, 2003.

3) TSUBAME Grid Cluster, Tokyo Institute of
Technology. http://www.gsic.titech.ac.jp/
~ecwww/.

4) Fusion-io. http://www.fusionio.com/.

5) Microsoft Corporation. Windows pc accel-
erators. http://www.microsoft.com/japan/

whdc/system/sysperf/perfaccel.mspx, Novem-

ber 2006.

6) Saied Tehrani, Jon M. Slaghter, Mark De-
herrera, Brad N. Engel, NicholasD. Rizzo, John
Salter, Mark Durlam, Renu W. Dave, Jason
Janesky, Brian Butcher, and Greg Grynkewich
Ken Smith. Magnetoresistive random access
memory using magnetic tunnel junctions. In

Proceedings of IEEE, Vol. 91, pp. 703-714,
2003.

7) Freescale. http://www.freescale.com/.

8) OOLOD,000,0000,0000. 10gb
ethernet 00 rdma 0000000000000
O00. 00000ooooooooog CPrsy,
Vol. 106, No. 287, pp. 7-12, 2006.

9) Valgrind. http://valgrind.org/.

10

11

12

) Samsung. http://www.samsung.com/.

) NEC. http://www.nec.com/.

) Nas parallel benchmarks. http://www.nas.

gov/software/NPB.

13) Antoine Petitet, R. Clint Whaley, Jack Don-
garra, and Andrew Clearyb. Hpl - a portable
implementation of the high-performance lin-
pack benchmark for distributed-memory com-
puters. http://www.netlib.org/benchmark/
hpl.

14) Masaaki Kondo, Shinichi Tanaka, Motonobu
Fujita, and Hiroshi Nakamura. Reducing mem-
ory system energy in data intensive computa-
tions by software-controlled on-chip memory.
In Int’l Workshop on Compilers and Operating
Systems for Low Power, 2002.

15) Hai Hung, Padmanabhan Pillai, and Shin
Kang G. Design and implementation of power-
aware virtual memory. In USENIX 20038 An-
nual Technical Conference, pp. 57-70, 2003.

16) Alvin R. Lebeck, Xiaobo Fan, Heng Zeng, and
Carla Ellis. Power aware page allocation. In
ASPLOS-IX: Proceedings of the ninth interna-
tional conference on Architectureal support for
programming languages and operating systems,
pp. 105-116, 2000.

17) LeCai and Yung-Hsiang Lu. Joint power man-
agement of memory and disk. In Proceedings of
the conference on Design, Automation and Test
in Burope (DATE’05), Vol. 1, pp. 86-91, 2005.

18) Tia Newhall, Sean Finney, Kuzman Ganchev,
and Michael Spiegel. A network swapping mod-
ule for linux cluster. In Proceedings of Euro-Par
08 International Conference on Parallel and
Distributed Computing, pp. 1160-1169, 2003.

19) Shuang Liang, Ranjit Noronha, and Dha-
baleswar K. Panda. Swapping to remote mem-
ory over infiniband: An approach using a high
performance network block device. In Pro-
ceedings of the IEEE Cluster Computing (Clus-
ter2005), 2005.

20) Oren Avissar, Rajeer Barua, and Dave Str-

wart. Heterogeneous memory management for

embedded system. In International Conference
on Compilers, Architecture and Synthesis for

Embedded Systems(CASES), pp. 34 — 43, 2001.



