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Emerging 64 bitOS’s make available memory address space huge and open the
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door to new applications using very large data. It is expected that the memory
in connected nodes can be used to store swapped pages efficiently, especially in
the dedicated cluster which has a high speed network such as 10 GbE and Infini-
band. In this paper, we propose the Distributed Large Memory System: DLM,
which provides very large virtual memory by using remote memory distributed
over nodes in a cluster. We also developped a DLM compiler which easily en-
ables the use of remote memory with ordinary C programs. According to a
preliminary experiment, the DLM outperforms ordinary kernel swap systems
using a local hard disk. Even on a 1 Gbps Ethernet cluster, DLM performance
is five to ten times better than that of a conventional kernel swap system. The
performance of DLM programs using remote memory in a 10 Gbps Ethernet
cluster is compared to ordinary programs using local memory. The results of
STREAM, NPB and Himeno benchmarks show that the DLM achieves better
performance than other remote paging schemes using a block swap device to
access remote memory. The advantages of DLM are not limited in performance
but also in easy availability and high portability, because it is a user-level soft-
ware without any special hardware. To obtain high performance, the DLM can
tune its parameters independently from kernel swap parameters. We also found
DLM'’s independence of kernel swapping provides more stable behaviour.
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IRl
[O=PZA% %!
dlmc  user_prog.c -ouser prog —ldlm

(0)FATSLETATURG]
user_prog user_args —— -n4 —f hostfile

DLM BEI7 4L hostfile 4"

calhost 32768 //32GB EFtEO—H/LRRL
memhost1 32768 //32GB AE!)H—/\RAK 1 .
memhost2 65536 //64GB AE!H—/ KAk 2 4/—F
memhost3 65536 //64GB AE!JH—/\iRAK 3

AEYH—N\TOEXR

A

AE)H—/\RRR 1

memhost1

AEYH—N\TaER

—

AEYH—/\RRR2

memhost2

EHEARRR
calhost YH—n\TFOotX

AEYH—/N\RAR3
memhost3

01 DLMODOOOOOOOO
Fig.1 The DLM runtime system.
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#1321 dlm double datalSize1l[Size2][Size3l;
FISC 2 int *p;
p = (int *) dlm_alloc ( sizeof(int) * SIZE )

02 DLMOOOOOOOOO API
Fig.2 The API for DLM.
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#include <stdio.h>
#define N 16384 // total memory 2048MB+ 32KB

dlm double a[N][N], x[N], y[N]; / DLM f#

int main(int arge, char *argv(l)
{intij;
double temp;
/I 475 a Z#11L
for(i = 05 i < N i++)
for(G = 0; j <N; j++) alil[jl =i
I =7 v x 2
for(=0;i<N;i++)  x[i] =1

/I alNIIN]*x[N]=y[N] &%

for(i = 0; i < N3 i++){
temp = 0;
for(j = 05 j <N; j++) temp += alil[jl*x[jl;
ylil = temp:

}

return 0;

03 DLMOOOOOOOOOOOOO matv
Fig.3 matv: A program example using DLM data.
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#define MAX 1000
dlmint al[MAX];  // dm BEE ME—OLEEEF

int main(int arge, char *argv[ ])

int i}

for(i = 01 < MAX; i++) alil =1

for(i = 051 < MAX; i++)  printf("%d ", alil);
return 0

}

21734/ dlme sample.c -1dlm

int (*__dlm_sh_a); //dIm T —%& &R A o Z3Luk i B2

int main(int argc, char *argv(])
{
int i;
dlm_init(arge, argv); // A EVH— T ot ZEfFEE),
I EfEA Ly RAER, ARG
if (MYPID==0){ /ue—HhL&A b GHHEAL Y R) O
__dim_dim[0] = 1000;
_dlm_dim[1] =-1; C program
_dim_div[o] =-1; // dlm F—% O#EhRYEIRF
__dlm_sh_a = (int (*))dlm_mapalloc(__dlm_dim,
__dlm_div, sizeof(int ),0, dlm_nproc);

+ dlm declaration

for(i = 0; 1< 1000; i++) _ dlm_sh_alil =1
for(i = 0 i < 1000; i++)
printf("%d ", _dlm_sh_a[il);

{ dlm_exit(); return 0; } :
dlm Library w
| ﬁ

dim_exitQ; //AF U H—"T v 2ADOK T LR T
}

Execution File

(a) D0DOO00DO0O0ODODO0ODOOOOOOOD (b) DLM OOOO0OO0OO0OOO

04 DLMOOOOOODOOOOOOOODO
Fig.4 The DLM compiler and a transration example.
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0 1 1GbEthernet 00O 00O hp-clusterd
Table 1 1 GbEthernet cluster (hp-cluster).

Cluster HP ML150G2 x 8 Nodes
Node CPU Xeon 2.8GHz x 2CPU  HyperThread
NodeMemory 1GByte (LL2cache 1MB/CPU)
0s Linux kernel2.6.20-1.2320.fc5 x86_64
Compiler gee version 4.1.1 20070105
Network 1GbE
Switch CentreCom GS924GT(1GbE Switch)
Hard Disk | 75001y ) SV cache, seck tiome 11ms

0 2 10GbEthernet 00000 CSLMO
Table 2 10 GbEthernet cluster (CSLM).

Cluster HP DL585 G2 x 5 Nodes

DualCore AMD Opteron(8220SE)
2.8GHz x 4 (8Cores)

64GiByte(67.1GB)

Node CPU

Node Memory

(6] Linux kernel 2.6.9-42 x86_64

gee version 3.4.6
10GbE protocol ( Myri-10G)
Switch Fujitsu XG1200(10GbE Switch)

SAS 147GB 10krpm 2 /5 RAID1
Smart array 5i, HP 431958-B21 (TransRate
300MBps, seektime 4(Ave)8(max)ms)

Compiler

Network

Hard Disk
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038 matvO SFO DLMOO0OO0O0O (sec) ODOO0DODO0ODODODDOOO
Table 3 The execution time (sec) and the size of memory used in matv for SF and DLM
(1GbEthernet Cluster, 1 GB Memory/Node).

5.000GB SF matv DLM matv -n 7
write a EITARATHE 74.3235
write X 0.004063
mul a*x 86.377434
total 160.704955
4.608GB SF matv DLM matv -n 7
write a 88.9981 67.3721
write X 0.0007 0.0034
mul a*x 596.5047 79.6442
total 685.5034 147.0197
3.872GB SF matv DLM matv -n 6
write a 67.1970 54.6153
write X 0.0018 0.0035
mul a*x 535.5436 66.6235
total 602.7424 121.2423
3.200GB SF matv DLM matv -n 5
write a 46.5746 42.8566
write X 0.0011 0.0029
mul a¥x 472.7194 55.0519
total 519.2951 97.9114
2.592GB SF matv DLM matv -n 4
write a 33.2976 32.2539
write x 0.0012 0.0029
mul a*x 700.5049 44.4691
total 733.8037 76.7259
2.147GB SF matvs DLM matv -n 3
write a 22.6264 24.4745
write x 0.0020 0.0024
mul a*x 201.4762 37.0128
total 224.1046 61.4897
1.568GB SF matv DLM matv -n 3
write a 11.2100 14.4606
write X 0.0003 0.0023
mul a*x 102.5674 26.9333
total 113.7777 41.3962
1.152GB SF matv DLM matv -n 2
write a 7.1195 7.1809
write X 0.0015 0.0017
mul a¥x 23.1196 19.5596
total 30.2405 26.7422
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Fig.5 DLM relative performance in 1 GbEthernet cluster (1 GB memory/node).
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04 matvO SFO DLMOO0OO0O0O (sec) 0OO0DOD0ODODO0ODDOOO
Table 4 The execution time (sec) and size of memory used in matv for SF and DLM
(10 GbEthernet Cluster, 64 GiB Memory/Node).

76.832GB SF matv DLM matv -n 2
write a FITARTRE 154.3412
write x 0.0046
mul a*x 479.8104
total 634.1562
73.728GB SF matv DLM matv -n 2
write a 303.8169 135.9808
write x 0.1512 0.0046
mul a*x 5801.8544 453.2156
total 6105.8244 589.2010
70.688GB SF matv DLM matv -n 2
write a 195.0827 118.5311
write X 0.2409 0.0045
mul a*x 1489.8479 437.5880
total 1694.1714 556.1236
67.712GB SF matv DLM matv -n 2
write a 128.9505 101.4623
write X 0.0009 0.0044
mul a*x 397.6954 420.5199
total 526.6467 521.9866
64.8GB SF matv DLM matv -n 2
write a 71.4285 84.8291
write x 0.0011 0.0044
mul a*x 56.2735 415.2058
total 127.7031 500.0393
61.952GB SF matv DLM matv -n 2
write a 67.4596 71.9147
write X 0.0010 0.0010
mul a*x 48.1678 54.2941
total 115.6283 126.2098
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Fig.7 DLM relative performance in 10 GbEthernet cluster (64 GiB memory/node).
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// testl.c dlm data size 32GB = 8000M * sizeof{( int ) (4B)
#define N ( (long int) 8000000000 )
int main( int arge, char *argv[ ])
{int *array;
unsigned long int 1, j;
array = (int * ) dlm_alloc ( sizeof( int) * N );
for(i=0; i<N; i++) array[i]=1; // (1) Ist sequential access
for( i=0; i<N; i+=1024 ) array[i] =-1; // (2) per page access
for(j=0; j<N; j++)array[j]=j; //(3) 2nd sequential access
return 0;

-

08 OD0OOOO0OO DLMOOOOO testl
Fig.8 Testl: The DLM program with sequential memory access.
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Fig.9 The number of swap in process (1), (2), (3).
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Fig.13 The average and relative write time with one swap.
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0 5 STREAMOSTREAM2 000000
Table 5 STREAM, STREAM2 Benchmarks.

Kernel Code

COPY | a(i) =b(i)

SCALE | a(i) =q * b(i)
ADD | a(i) =b(i) + c(i)

TRIAD | a(i) =b(@) + q * c(i)
FILL a(i)=q

STREAM2 | COPY | a(i) = b(i)

DAXPY | a(i) =a(i) + q * b(i)
SUM | sum = sum + a(i)
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Table 6 Local memory bandwidth MB/s (STREAM malloc) array size 100 M (2.4 GB).
STREAM Array Size:100M 2.4GByte
Copy | Scale | Add | Triad
static 2976 | 2804 | 2926 | 3153
malloc 2718 | 2694 | 2767 | 2925
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Fig.15 The DLM performance on STREAM, local memory ratio 8%.
(a) Remote memory bandwidth, (b) Relative performance to the conventional execution.
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Fig. 17 DLM relative execution times to conventional executions: NPB.
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Original Version

static float  p[MIMAX][MIMAX][MKMAX];

static float  a[4][MIMAX][MIMAX][MKMAX],
b[3][MIMAX][MIMAX][MKMAX],
¢[3][MIMAX][MIMAX][MKMAX];

static float  bnd[MIMAX][MIMAX][MKMAX];

static float  wrk1[MIMAX][MIMAX][MKMAX],
wrk2[MIMAX][MIMAX][MKMAX];

Original Version
static double a[N+OFFSET],
b[N+OFFSET],
¢[N+OFFSET];

DLM Version (TF#kdim Z£10)
dim float  p[MIMAX][MIMAX][MKMAX];
dim float  a[4][MIMAX][MJIMAX][MKMAX],

DLM Version (RA 2% L@hityion i TIo48 i)
double *a,*b,*c; [/ KIEEHELTES
b[3][MIMAX][MIMAX][MKMAX],
¢[BIIMIMAX][MIMAX][MKMAX];
dim float bnd[MIMAX][MIMAX][MKMAX];
dim float - wrk1[MIMAX][MIMAX][MKMAX],
wik2[MIMAX][MIMAX][MKMAX];

JILATF I main 7177 AOSEFEE TR
a=(double *)dIm_alloc((N+OFFSET)*sizeof(double));
b=(double *)dIm_alloc((N+OFFSET)*sizeof(double));
c=(double *)dIm_alloc((N+OFFSET)*sizeof(double));

(a) Himeno Benchmark (b) STREAM Benchmark

019 DLMOOOOOOOOOOD
Fig.19 The modification to DLM programs.
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Original Version (main MR static Z£4K)
int main(int arge, char **argv) {

static dcomplex uO[NZ][NY][NX];
static dcomplex ul[NZ][NY][NX];
static dcomplex u2[NZ][NY][NX];
static int indexmap[NZ][NY][NX];

| Il
DLM Version (global ZE#&L i dim ZA40)
dlm int indexmap[NZ][NY][NX]; @
dlm dcomplex u0[NZ][NY][NX];
dlm deomplex ul[NZ][NY][NX]; DLM Version (4 dim Z£J i)
dim dcomplex u2[NZ][NY][NX]; dlm INT_TYPE key_array[SIZE_OF_BUFFERS],
key_buffI[SIZE_OF BUFFERS],

key_buff2[SIZE_OF_BUFFERS];
INT_TYPE partial_verify_vals[TEST_ARRAY_SIZE];

Original Version

INT_TYPE key_array[SIZE_OF_BUFFERS],
key buff1[SIZE_OF BUFFERS],
key buff2[SIZE OF BUFFERS],
partial_verify_vals|TEST_ARRAY_SIZE];

int main(int argc, char **argv) {

}

(a) NPB FT.B (b) NPB IS.B

020 DLMO NPBOOOOOODOOOOO
Fig.20 The modifications to DLM NPB programs.
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07 DLMUOO0OOD0OUO0OODOOOODLM OUOODO0OO 128KBO1,024KBOSTREAM 0000000
Table 7 DLM remote memory bandwidth (Stream benchmark, DLM pagesize 128 KB, 1,024 KB).

STREAM REMOTE MEMORY BANDWIDTH (MB/s)

DLM PageSize Copy | Scale Add Triad
1024 KB 379.7 379.6 366.9 367.5
128 KB 307.5 307.5 304.4 304.4
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08 DLMUOODOOOOOOODOODLMOOOOOO 128 KBO 1,024 KBO Himeno 0O OOO0OO
Table 8 DLM application performance (Himeno benchmark, DLM pagesize 128 KB, 1,024 KB).
(a) Himeno Benchmark Degradation (Experimental value)
(Normalized by malloc version)

Local/Total Mem Ratio(%) | 86% | 82% | 65% | 54% | 43% | 32% | 21% | 10%
DLM PageSize 1024 KB 23| 27| 37| 45| 46| 48| 49| 50
DLM PageSize 128 KB 26| 30| 44| 53| 56| 60| 59| 59
DLM PageSize 4KB 87| 11.7]222]29.2|30.2|333]|332]| 344

(b) Himeno Benchmark Performance (Sequential program)
(Experimental value) MFLOPS

Model static malloc
S 1257.43 1126.15
M 1220.92 1064.47
*L 1220.08 713.14
EL NA 612.78

(¢) Himeno Benchmark Degradation (Estimated value from (a))
(Normalized by static data version)
Local/Total Mem Ratio(%) 86% | 82% | 65% | 54% | 43% | 32% | 21% | 10%
DLM PageSize 1024 KB 40| 46| 64| 77| 79| 8.1 84| 85
DLM PageSize 128 KB 44| 5.1 75| 9.0] 9.6|10.2| 10.0| 10.2
DLM PageSize 4KB 14.8 | 20.0 | 38.0 | 50.0 | 51.7 | 57.0 | 56.8 | 58.8
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32%0 6.00010%0 5900000000 DLMOOUDOODOOO 1,024KBOOO0OODO

00000000 82%0 2.70065%0 3.70032%0 4.80010%0 500000000
OO0OODLMODOO 12)000000059000 1100000000
O00O0DLMOOOOOOOODOO0OOOO0O00000000000000000000
00000000 8(b)00000 Large D000 malloc 00 713.14 MFLOPSO O O O
O000Omalloc 00 static 00 00O0O0O0O0O0DLMOOOOOO0O0000000 static
00D001220.08MFLOPSO D000 OO000O0000O00000000000000
0000000 8(c)0000
00000128KBOOO0000000000000 82%0 5.10065%0 7.50032%0

(© 2008 Information Processing Society of Japan



154 00O00000O00C0OO0 DLMOOOOOCOOOOO

10.20010%0 10200000 12) 00000003000 50000000000000
000000ODLMODOOOODOO 1,024KBOOOOODOOOOOOODOOOOO 82%0
460065%0 640032%0 8.1 0010%0 8500000 12)0000000DLM O
35000 6500000000000000000
o0o0ooooo0oooOoooogoooU0oodoooooUoo0DOooooooooo
oo0ooo0o0oo0ooo0oooo0oo0oo0ooooo0ooooooooooooo
o00oooooO0ool1oooooooobLMUOOOOOOOOOOOOOOOOOOO
ooooooooo
6.3 0O0O0OOOOO
DIMOIODMOIOO0OO0OO0OOOOOOOOOOOO0OO0D0OOOOOO0OODOOooOoDoOOOO
o0ooo0oo0o0oo0o0oo0oOoU0b0 100000000 ooooUooooooooo
O DLM version(] DLM-SO DLM for a Single Clientd dlm64-0.0.50 000000000
000000000 0O000000O000000O00OO0O0O0ODO0ODOODOODOOO
000o0o00o00oOo00oO00oOo0oOOo0oO0oU0DUOooOoOOooOOobOOD 100000
O000o000o0o0o0o0oOo0oOo0bo0OooU0oOo0oOoOoOoUbOoooOoooOooO
gogbooobobdoobobooboobbooboobooboboobboobbobboob o
gooobooooobuooobbuooobbooobboobbboobbboobnbboo
gooobodbooooooooboooooboobobobobobobobobobooobo
00 6)0000000000O00DO0OO0O0O0ODOO0OD1IDOD0O0O0O0ODO0OO0ODOODOOD
gobooboobooboboobuobboobooboobobobobbobooboboo
ooo0o0ooO0o0oo0o0ooOo0oo0oo0ooooooooooooUoooooooo
0o00oo0ooo0o0oo0oooooooooooooooooooooo cpunoOO
oo0o000000ooooOo0O000U0O0oooOo00o0UooooooooOo0ooooo
00000 DLM version 000000000000 O0000O0O0OOOOOOOOOOOO
Oo000ooO0o00ooo00oo0o0ooo0o0ooo0o0ooo0O DLM O000DLM-MO
DLM for MultiClientsO O version 000000O00O0000O0%Y0

Y. D0OO0O0O0ODOOOoOoooo

goboooooooooobooooooooboOoboooooobOboboOooooOOboOoOoOon
goooOooooOooooooOoDOO0O0oOoOoooOooo bLMOOOOOOOOOOOO
ooooooooooOoooooooooooooo oSoooboOoOooooooooo

000000000 0O0o0O00oDOoOooOooOogd Vol No.3 136-157 (Dec. 2008)

gooooooooobobooooooobooooobobooooooboooooDooDo
gooooooo
7.1 0DO00O0000000000000000000
oooooobLMOOOOOOODODOOOOOOOOOOOOOOOODOOOOOO
goooobooboouoooooobooooboobobooooooooooooobooOobocOoOoOooDon
goooboobooooooooooooobooboooooooboobooooooobOoOooooDon
ooooooooooooooooo bLMOOOOOOOOOOODOOOOO0O0O0O0O
gooooobooooooooooooooboooooooOoboOooooobooooooon
goooboboooooooboooooooboooooooooooboooOoooboooboOoobDn
gbobooobooboooooboooboboooboobooooobOoooobOooooDo
goooobooooooboooooooboolooooboooooOooOoobooobooboOooooooo
OO0 #.BO0O 1.7GBOB/12 x 256 x 256 x 16Bx 300 + 0000000000000
00000000000 40%004KBO DLMUOOOUOOOO 1,080 00000000
0o000000o0oooooooooe4aGBOOOOOODOOOOOOOOOOOOOO
000000000 002,048x1,024x1,024 x16Bx30000 6400108GBOOO
0 40%0 43GBO0O0O00O00O00O0O0O00O0O0O0O0O00O0ODO0O0O0O0O0O0OO0O0O0O0O0
gooooobooolgobo0o vyogoooooooooboobooo
gobooooooooooooooobooooooboobooooooooo beMOODOO
gooooooooboooooooobooooobobooobooooooobooooDboo
gobobooboooooobooooobooo NPBOODOOOOODODOOOODOO
oboodoobboooboocooooooooobooobbooooboooooa
gobooooobooooooooocboooooooOobooOobO0oooooOooboOooooon
ooooooo bLMOOOoOoOoooooODOODOOOOOO
7.2 0000000000000 DLMOOOOOODO
oooooooooooOODOOOOOOOOOODLMOOOOOOOOOOODOD
00000oo0oO00oo bDLMOOOOOOOODLMOOOOSOOOOOOOOOOOO
cooooooDOOO0OO0OO0O0O0O0O0ODbLMOOO0O0O0O0O0OOCOOOOODOOOODOOO
coooobLMOOOOOOOOOOOOOOOOOOOOOOOOODDOOOOOO
gooobobooooooooboooboooooobooboOoooobooooboobOoooobooDooDn
goooooooOOoOOO0ODLMOOOOOOOOOOOO0OOOOOCOCOOODOOOOO
gooooooooo0oooooooOoOooo bLMOODOOOOOOOOOOOOOO

(© 2008 Information Processing Society of Japan



155 000000000000 DLMOOOOOCOOOO0O0

09 0000000000 DLMOOOOOOOOoOoOO
Table 9 The estimated size of the DLM pagetable when using large memory.
Page entry 32B

Page Size IMB Page Size 4KB Page Size 4MB
Total mem size | Num of pages | Table Size Num of pages Table Size | Num of pages Table Size
1GB 1K 32KB 256 K 8 MB 256 K 8 KB
4GB 4K 128 KB IM 32 MB 1M 32KB
128 GB 128 K 4 MB 32M 1 GB 32M 1 MB
512 GB SI12K 16 MB 128 M 4GB 128 M 4 MB
1TB 1M 32 MB 256 M 8 GB 256 M 8 MB
64TB 64 M 2GB 64 M 512GB 64 M 512 MB
128 TB 128 M 4GB 16 G 1 TB 16 G 1 GB
256 TB 256 M 8 GB 32G 2TB 32G 2GB
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