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Development of Sensable Simulation System Scube and
Evaluations for its Visualization Performance
Tomoyuki Yoshimura
Abstract
In recent years, there is a remarkable improvement in PC performance and the
construction of PC cluster cooperating PCs in parallel become popular. One of
the application of PC cluster is a large-scale numerical simulation. Under this
circumstance, the construction of a system, which makes it possible to execute
both a real-time numerical simulation and the visualization of the simulation
data is desired as simulation technology for the next generation, which may
serve as an alternative means of the conventional experiment.

We have been developing the Visualization Subsystem for the Sensable Sim-
ulation System(Scube). Scube is a 64-nodes PC-based cluster system in which
a commodity GPU as the visualization accelerator is configured with each node.
There is no dedicated special purpose network for the visualization, however, the
high cost-performance inter-connection network is originally designed for Scube.
All the hardware components for this network is essentially the small-scale and
commodity hardware designed for Giga-bit Ethernet.

In this paper, we have proposed an inter-connection network Three Quads
for Medium Scale Commodity Cluster such as Scube. Thee Quads can embed
various initer-connections and distribute the adaptable network resource in the
random communication request and so on. This inter-connection has a superior
characteristics in various communication patterns such as in the communication
between neighboring nodes in 3-D, between all nodes for the transpose process
of matrix frequently executed in numerical caluculation, and so on.

This paper have also designed the parallel image composition algorithm
which utilizes the degree of overlapping between sub-images, in order to reduce
the amount of unnecessary communication and computation, and evaluated its
algorithm. The result shows our algorithm’s speedup to the ordinary composi-

tion algorithms reaches about 2.



HEN

010

g20
2.1
2.2

2.3

u30
3.1
3.2

3.3

040
4.1
4.2
4.3

goggoboobboboboon
Scube OO OOOOOOOO

oood 1
00 3
I 3
PCODOOOOOOOO .. e 4
221 BeowulfODOOODO .. ... .. 4
222 O0O0O0O0O ... e 5
2.2.3  SAN 7
OO0O00000000000 ... 8
231 O0O0O0OOO0OOO0O0O ... 8
232 0O00OO0OOODODOOODOOOOODOODOOOOOOD
P 10
233 OO0 ..o 11
234 O0O0O0 .. 13

gboooooobobobobooboobooboobooobg 17

I 17
I 18
3.2.1 OOOO . 19
3.2.2  OOOO .. 21
OOOOOO o e e e 23
Scube U O 0 24
Scube O OO .. 24
I I 25
O0000 Three Quad O OO ... 25
431 OUO0O0O . 27
432 000000 .. 28
4.3.3 0000 (fault-tolerance) . .................... 29

434 00000000 .. 29



4.4

us0
5.1
5.2
5.3

5.4
2.5

el

4.3.5
4.3.6
4.3.7
gooo

gooo

5.3.1
5.3.2
gooo
gooo

gooo

EEN

gooo

00000 (Embedability) ....................
OO0
I I
OO

goobooo

UOOOD0
OO

37
37
39
42
43
43
45
45

47

49

50



010 oOood

O0ooopCOO0DOO0ODOOODODODOODOOOODODOOODOOODO
O00do0oooboobooooooo pCOb00O0ObOOOOobDOODOO
O00oooooooopCO0000O0OOObOObOOOOoOOoOoOoOoDOOnO
O00ob0obOOobOobopCO000OD0ODODOODOOOOPCOODOOOOOO
gggbbobobobbobobbbouodooooooobobobbobobobbbbouougug
ggoouobobobbbboooooooououbobbbboooooooo
ggogouoboboobbboooooooououobbbbobooooooo
gogodooooobbboooooooououobobbbobooooooo
ggogouoboboobbboooooooououobbbbobooooooo
0000000000000 0000000 (1,23, 40000000000
ggodoooobbbooooooooououobbbboboooooo
ggooooobobbbuoooooooooooo

gbooooboouobbbooogubbbooobooobobbobooo
O0000000000O0000O000 p|0000b000oooobooooooo
0000 Sensable Simulation System(0 O Scube) 00000000000 [6]
goddoooobbbibooooooooooobbbbobooooooo
goddoooobbbiboooooooouoobbbbobooooooo
goddoooobbbibooooooooooobbbobooooogoo
O0Scube 0000000 DOO0ODOOODODOODODOODOOODDOOODOO
godooobobboodooooooobbbboooogooooooo
goddoooobbbiboooooooouoobbbbobooooooo
goddooooobbbbooooooo

oooOoOoOOOOOO0OO0000000oDOo0obo0oooooboboobooope
gbgobobbobooboobuooboobobbobooboobon
O00OScube0O0DOOO0O0DODOOOODOOOOOODODODODOOOOO
000000 (@O GbESW)OOODODO00O0O0O0O00O0O0O0O00O0O0O00O0OO
00000000 Three Quads 00000 600000000000 OOO0O
guooooboboobbbbooboooooooouobobbbboboooooao
0000000000000 0000DO0DO0bO0ObO0ODbODbDOOScubed
guoooobobobobbbotoboooooooouoobobbbobooooogao



O0OScube0OD00OOD0O0ODOODOODOOOOOODOODOODO
gobb200000000bbobuogogobobobooooobobod
gobbbogobbboooobbobuooobboooobbobooan
gobbobuooogobobobooogbobobboog3sgoobooboooad
gobbboogobboboooobobbuoooobboooobbobooan
00000 40000Scubed 0 00D0O0DOO0ODOODOODOOODO Three
QuadsOOODOODOOOOODOOODOOSDO0O0O0OOODOODOODOODOD
0000000000000 b00b00b0ObOOobObOScubedoooog
gobbbuogbuoggoebbbuooobbood



020 00O

gbobboooobobbbooogbbobooogboboooobobobod
guoogoobbbuoooobbbuoooobbbuoooobn

gbobbboooobobbbooogbbobooooboboooobobog
gobbobooobobbooogbobobooooboboboooobo

2.1 JUduouobooooobbbuooooad
gbogbgobgobooubuogoboboobobboboobooabd
gobbboogobbobuoogobobbuoooobboooobbobooan
gobbboooobbboooobobbuoooobboooobbobooon
O000000/00000000000ooooooooooo
gobbobbooooobobbooooobbobbouoooobobbod
gobbobbooggbobobboooobbobodgooobbobobouogo
gbogobooooboobooboobobuoobobuooboooboban
gobbbogobbobuoooobbobuoooobboooobbobooan
gobbbooobboboooobobbuoooobboooobbobooon
gobbboooobboboooobobbuooooboboooobbbooon
gobbobuooooboobboooooboobboboooobbbbooan
00000000000 00000000000ODO0o0ooOoOoO(oooo
0000) 0000000000000 oOoOo0oOooOO0oUoOoOoOOooOooO
gobbbooooboboboooobbbooooboboooobbobooon
gobboboooobbbooobobobboooooboobooo
goboboboooobbboooooobboooooobbooooboboboa
OpCOO0OODOODOODOODOODOODOODOODOODOODOODODOODOODOO
gbgobobbobooboobooboobobbobooboobon
00000000000 (0 21)000000000D0OOOO0DO0DDOODOOOOO
gboobuooboobooboobooboobooboobobboon
gobbbooobbbuoooobbbuooobbboooobbbooad
gobbbboooodobbbbbouoooobbbbooooobbbooao
gobbboooobbbuoooobbbuoodobbboooobbbooad
gobbbuooogbbbboooobobbobaobboooobbboboooao



0000000000000 0D0O00000000000ODO00O (0220
gobooog

Server

‘Y

AR FER DERE
Server Client "

| 1 1 | L 1 | | N
| e | e o3
= ° o ° =2
sal—vavem@lt |

L L | =g |

=

\

FRLU—5 DEE

021: 000000000000 022000000

gobbboooobbbooodobbboooobboboooobbboo
000000000000 VGCluster[1, 710000000 0VGCluster 0 0O
gobbbooobbbuoooobbbuooobbboooobbbooad
gobbbooobbbuoooobbbuooobbboooobbbooan
O000bD0oboooogbog SeubeODOOODOOOOOOODODOOOO
gobbbooobbbuoooobbbuooobbboooobbbooan
gobbbuoodooobbbouoooobbboooobbbboooao
gobbbooobbbuooogbbbuoooobbooooobobod

22 PCOOOOOOOOO
pCOOO0O0DOOODOOOOODOOOUODOODOODOODLDOOODOOD
-ggboguogbboobbodbbogboooboouoboobood
oobooboobobooobboobo pCcObObDobOoobDOobbOOoDOnO
2.2.1 BeowulfOODOODO
gbobbboooobobbbooogbooboboooobboboooobobobod
gooooooooooooooooobo pCOOb0ObOOobOOobOOobOOobOO
OOob00OpCOO00DOO0O0ODO0OODOODOOODOOO 1000DOOPfister
gobbboooobbbuoooobbbuooobobboooobobobooon
gobbboooobbbuooogbboboooobboboooobood
199000 000TCP/IPOOO0O00OOODOOOOOOOOOOOOOOOO
gobbboooobbobuoooobobbuooobobboooobbobooon
00000 PVM (Parallel Virtual Machine) 00 00000000O000PCO



gbogboogbobogbobogbobodgogmssoobogbgoaod
OO0ODOD 100Mbit Ethernet 0D OO O0DOOODOOOOODOOODOODOO
gobbbooobbbuoooobobuoobobboooobbobooan
o0o0o0oo0oooooooboooooobooboooobooboooo pCcoboO
O0000000000000000000000000 pCOOOO (Beowulf
00000 Q)0000oooooooo00o0o0o0oooooooooooo
gbbogbbugobooobboooboboobooobboobboon
gobbbooggbbobuoooobboboooobobogao
godgdbb20dddddgobodddddduoioooooooot
O000000000000000000 Myrinet9]0 00000000000
gboboboobooobbobooboboobobboooooobgon 100Mbps O
1GbhpsOO0O0ODOOOOO0O0O0O0OOOODOOOOOOOOOOOO TCP/IP
gobbboooobboboooobobbuooooboboooobbobooaon
gobbobooooobobo20bodooobobboooobbobboooon
gO00obOo0O0o0O0o0obOobOOooOooboobOooopPCcOobDObObOODODO
gobbboooobboboooobobboooobboooobobobooon
gobobobooobbbuooooboboboooboboboooobobog
222 00000
gbgobobbobooboobgooboobobbobooboobd
000000000000 000000C00O0O0000 (bobooo)oooo
00000000 (0000)00000000O0O00U0DOOoDODOOoOoUooO
gbgobobbobooboobuooboobobbobooboobon
gbooobooboon
gbbodobbodgbboobboobbodobbuodobbuoobobboo
gobbbuooobbbboooobobbobabboooobbboooan
gbgboboboobobbodobobooboobobuooboboobobo
gobboooobbboooob
gbobbboodobbbooodgbbbooodobboboooobbbod
gobbboooobbbuodoobbboooobbban
3ugooood
IBM OO BlueGene/LO 0000000000000 OOOOOODOOOOO
BlueGene/LL.O 0O 8x8x80 0000 3000000000000 0OOOOOO

>



0000000000000 0000Db00 23004x4x4000000000
0000000000000 0O0DOD0DO0ooooooooooOooooog
0000000000000 0O0DO0DOO0o0oooooooooOooooog
000000000000 000D00DO000oooooDooooOooboooog
OO0o0O0ooDoOooooo
oo0ooooogo

O0000n002000000000000000 c00D00O0O0ODOODOO
10000000000000000DO00 24001600000000000
0 01010 1101,0001,0111,01000 4000000000000 00O00O00O nO 20
O00obooOo0ooboOo0oooobobooooboo NOOODOn =logy N
0000000 a(an, ap-1,-.-,a1)00 b(by,b,—1,---,01) 0000000000
0000000000000 000DnD0ooooooooogn a,eb;, =10
00000 (an,@n-1,"*,ai+1,b;,0;—1,---,01) 00 0000000000000
0000000000000 0000 e0b0O0O00O0ODOOODO

OO00000DO0000o0o0oooooDoooooooooooooood
0000000 DOO00O00o00ooo0ooooooooooDooooooooog
000 [10]0
OO00-mn-0000O

gooboboboooboboooboobooosrooboooobonog
O000D0O0O0O000OD Prodigy[11]0000000O00OO0O0 MmO nOOO
gbobobiobobooooDombobO0obOobOobooobobog 25
ooobd-m3-000000000O00DO0ODOO0O40 3000000000
O000000O0O0bO00ooOOo0obooOOo0oobobOoO0ooDboOOooDboboOoo
0000000000000 00DbO0OScube00O0D0O0OD0OODOODODOODOO
O0000O0b00O0o0o0O0ooO0obO0b0obOoooOOoDOOoDOobOoboooboo
000000bO00000O00O0DO0bO0obOo0o0ooOOoDOOooDobOoboooDo
000000000000 DbOO0O00OO00DODO00DODO0ooOOOoOoDODODO
000000000000 0000O0O0OMassively Parallel Processor O O O [
0000000000000 0DO0DbOO0bO0oo0obOOoDOO0oDOOobOobOoooDO
0000000 SANOODODOOD-m3-0000000030000000
000000000000000000000 120000 NICOOOOO30
O0Oo0ooobOo3boNICOOODbOooooboooobobooooooo



oobo0ooboOobooboobooboooobobobo 3o NICOboonboo
oobOooooNICcCOOOoboooooNIcooboooooooboooboo
gobboboooooboo

m. 303
300 301 302
O O O 3203
20072015202 Nais

swz
: SWX
© 3 swy

0011 11010

(1323 j 0001 1000 0000

024000000000 O25 000-m3-000

030~—-031_-032" 033

02330000000 O

2.2.3 SAN

o000 pCO0O0O00OO0OOOPCOOOOOODODODOODOODOOOOO
(SAN)J0D0O0O0O0O0oooooooooooo ¥osANODODOoOooooo
gobbboooobbobuoooobbbuooobobboooobbbooon
OO0SANOODOOOOOO0OO0ODOOODOOOO point-to-point 00O OCOOO0O
gobbboooobbbuoooobbbuooobobboooobbobooon
gobbboogobbobuoooobbbuooobobboooobbobooan
00000 1000000000000b0 SANOODOooooooouooooo
gbooboobobooboboobobofbdMyricom OO Myrinet O O
0000000000000 0 Myrinet-Clos (0 26) 0000000000
00000000000 0000OO ¥oooooosSANODDOOOOoOOoOooo
gobbbogobobbbooodgbobobooogboboboooobo

I Switch I I Switch I I Switch I I Switch I

[ swich | [ Switch Switch Switch |

111 1 I

O 2.6: Myrinet-Clos [




23 0000OO0OOoOooooood

goodoooobobbboooooooobobbbbbooooooo
godoobbbooogo 3o bboooooo sggo
goodooooobobibobooooogo
23,1 0JU0O0OoooooODO

30000000000 (D0DoooO0o00)bobooOOoD0DooOoOOoOoOoOUooo
gbgobobbobooboobuooboobobbobooboobon
godooobbobbooooooooobbobooobbbobbuooogoo
gbgobobbobooboobuooboobobbobooboobon
gbgobobboboobuoobuoobuoobobbobooboobon
gbgobobboboobuoobuoobuoobobbobooboobon
gboobooboobooobooboobooboobooboobon
gooooobbbbbbobooooooouobobbbbobooooogo
guoooobobobobbbtboboooooooouobobbbbobouooooao
O [13]0

goobodgubboogbobbognboogubooonbooonoo
gobb3bbooooobbobuooooobbbooooobobbbooon
gogoboboodiligbobboogoubbboogoouonbbbooao
guoooobbbbtooooooouobobbooooobbbobbuooooo
guoooobooobbbobooooooouobobbbboboooooaao
guoooobbbbtooooooouoobbbboooobbobbuoooao
guoooobooobbbobooooooouobobbbboboooooaao
j00do0oooob0ob0oboRGBOOODODODOUODODODODODDOODODO
gosdbbgogobobobooooobbooobbbbooobobboao
guoooobbbbbooooooouobobbbbooooooouyguoooao
goooooboobbbooooooooooubobbbboooooooao
godooobobobbbooooooooooubobobbbooooooaoo
O00000000o0oOooOoOoOoOoO (D27o000o0ooooooooooo
00000000 (front toback) D000 00O0OD0O0OODOOOO0OOODODOO
(back to front) D0 OO0 O0O0Oback tofront 000000000 POOODODO
Ooooooooooooogbvwbwb---Ov, 000RGBOODOODOO ¢



00000 oo U000y, 000oooooogoon
n i—1
P = Y a(w)ew) (1 - alv,) (2.1
=0 j=0
0000000000000 00o0oob0oo0 c, 0000000 A,00000

(22),(23)00000000000000

Cr = a(v)e(vr) + (1 — afv))Crq (2.2)
Ak = a(vi)Ak—l (23)
Oo00 P=C,00000000000O000O00O0O0O0O0O0O0O0O0O0O00O0O

gobbboooobbbuoooobbbuooobbboooobbbooan
gobbbuooobobboooobbbod

Front to Back Back to Front

’

o Volume Space o

o°° — ~ o°°

/ /

View Point View Point

027 00000000000

goboboboooobbboooobbobbooooobobboooobboboo
guoooobbbbbootooooouooobbboooobbbbooogoo
guoooobobobbbbotoboooooooouoobbbbobouooooao
OO00b0o0o0obOoGpUODODODOOODODODODOODODODOO
guoooobobbbtototooooouobobbbbboooooouoboboao
goooooboobbbotobooooooouoobbbbobouooogaao
guooooboboobbboobooooooouobobbbobouoooogao
goodoooooobbbboooooogad

gugooobbobobbbboooooooooobobbbbuouooooaa
00000 0O Binary-Swap-Comoposition[14](0 O BSC)OSLIC[15]0VG O O
00 [1, 16]0Sepia[17]0 VisA[18] D0 D00 000 O0BSCO0 O SLICO PCO
J0o0oobobooboooobooobuoobobuoooboooovGeooo



O0Sepiad VisAOOOOOOOODODOOOOOODDODOOOODODOOOODOOO
0000000000000 D0O0O0O0O0000O0Scubed O OOOOO0O0OnO
godoobooooooooooooooooouooooogoo
232 J0000O0O0oUOO0OOOOO0OOUOOOOUOOoOOOOOOn
0oooooooooooooooooooooooooooood e
O00000D00000O0Scubed 0000000 DOOOODODOOOODODOODO
goddobodoooooooooooooooooooooooooon
godoobooooooooooooooooooooooooooooon
godoobooooooooooooooooooooooooooooon
oodooooooooooooooboooooooooooo 101000
dodoobooooooooooooooooooooooooooooon
godoobooooooooooooo
O0D0D««0D000D0000D0020000000 RGBOO oOOOODODOO
00000000000 RGRUODUODDDODODOOO0O0OOoOoDDO 20
0000 RGBOODDOOOD «000O0D0O0D0ODOOO0ODOOOOODO (source)dO
O0000000000D00000 (destination) 0 « 000000000000
0 00O Osource O destinationd RGBO O C,,C;0a 00 A, Ay00000aO
00000 RGBO COa0 ADOODODODO (24),25)00000000OO

C = AC,+(1— A)Cy (2.4)
A = A +(1—A)A, (2.5)

0((23)00000000000000C00000000D0D0DOooooDoOO
OO000O00DbO0O000O00DOO00 RGBOO O OOODOODOODOOO
gobbboooobbboooobbbuooobbboooobbbooad
gobbboooobbbuoooobbbuooobbboooobbbooaoo
gbobbuoodgbbbuoodbbbuooobbooobobbooobbi o0
0000000000000000000000000 (0 28)0000000
gbbodbooboobuoobobooobooobooobboobboob
0000000000000 30000000(029000000000000
gobbobuooogbobbbuoooobbbbuooosgobbboooad
goggobobbbbbb3dbbouuuooooobbbobobbbbduoogn

10



gobbobooooobboboooobbobboo3gooobboboooad
goggoobbbobbbbbouodgooooooobbbob2bbobooooad
gobboogoobobodad

/

/

View Point Texture

02800000000 029 30000000

233 00O
gobboboooobobbooodbooboboooobboboooobobobod
gobbboooobbboooobbbuoooobboooobbobooan
gobbobuoooobooobbbouooobboboooobbbboooan
gboobodgbouogogbobobooboobogboobobooboooban
gobbobuooogbobobbooooobbobuoogooooobboooan
0000000000000 0000O00000O00ooooo30000 (o
O0000000000D0)0D0000000000000000000o0ooOO
gobbboogobbobuoooobobuoooobboooobbobooan
gobbobbooogoboboboooooboboboosuuuuobooboooad
U0 z,y,z 0000000200000 210000080000000000
gobboooogoon
gobboboooobbbooodobobooooobobboooobobobod
gobbbooobboboooobobobuoooobboooobbobooon
gobbbooobboboooobobobuoooobboooobbobooon
000000 bbOo0obbuooobbOoobobOod MasterOooo
gobbbooobbobooouobobobuoooobboooobobobooon
gobbbooobbobooouobobobuoooobboooobobobooon
gobobobuoooodoooboboooooboboboooobobbboooon

11



gboboobbobobobuoboboboboobobuoobdMasterdd
gobbboogobbboooobobuooobobboooobbobooan
0000000000000 000000000oooO (24000 00O
00 («0DO0D0D00OO0O0)0O0D0OOOOD0OO0OO00O0O0ODOOODOOOOOOOO
00000000000 sort-last 00000000 190000000000
sghuggubbbuogoobobobouoooob 2110000

Sub Volume  Sub Volume ~Sub Volume  Sub Volume Sub Volume  Sub Volume SubVolume  Sub Volume

Volume Data Sub Volume

0210 0000000
00

Final
Image

g211: 000000bobugad

gobooog
gbobobobuobobuodgbobboubobbobuooboboobg
gobbboooobbbuoooobbbuoobbboooobbbooan
U Master UODODODODOOODOODODOMasterDO0O0DOOD0OOOO0DOOO
gobbboooobbbuoooobbbuooobobboooobbbooan
gobboooobbbuoooobbbuoobobboooobbbooon
goobobooooboboobuooobobobobd MasterDOO OO
000000000000 MACO CSMA/CDOOCOOOO0OOOMaster00O0O
gobboboooobbobuoooobbbuooobobboooobbobooan
UboboboodO0OMaster DO OO0 OOO0OOO0OOoDOOOOOoOoOobDODOn
gbobobooboboboooobdOMaster D00 onoooon
gobbooboooobboboooobobuooon
gobbobobolouogogbbooboobuoooobbbboooobboobood

12



gobbboooobbboooobbbuooobobboooobbobooan
gobbboooobbboooobbbuooobobboooobbobooan
gobbboooobboboooobobuooobboooobbobooon
gobbobuoooobobobboooooboobbboooobbbboooan
00000000000 7% 00 9%% 00000000000 (A=0000
00000 RGBUOODDOOUOUODOOUDOOUODOOODORGBOO Master
gobbbogobbbuoooobobuoooobboooobbobooan
A=000000000000 RGBODODODOODOODOODOODOODOOODOO
(0 212)000000000C0O0C0O0O0QCOQOCOOOODOOOOOODOODOOO
gobbobogoobobbuoooooo

oo

N pixels
(A=0)

Rlo|8lar|e[8lof ———{Rlc[so R|s|s[a[ -

ASIORNCDCCED e— =

0212000000000

234 0O0O0O0O
O00000Db00O00000O0obO0DO0obOobOoobOooDOooDOoDOoDO
O0000O0bO00000O00O0obO0bO0obOOoo0ooOooOoDODobOoboooo
00000O0bO00O00o0O0oDO0oDO0ob0obOoooOOooDooDobOoboooboo
g00bO0o0oobOoO0o0oboOooOO00obO0oU0oDObO0UobbOO0OobbUoOobobooo
00000O0bO00O00o0O0oDO0oDO0ob0obOoooOOooDooDobOoboooboo
O00000DO0bO0ob0OOoon
Binary Swap Composition
BSC[4]0 0000000000 (0D 213)00000000000DOOOO
Oo0000ooo0oUooDooOoUoob (D214 0000000000000D00

13



gobbbooobbbooogbobuoooobbbooooobood

— Sub-screen i : I
Sub-volume ____/:7/ _____ : : i i
! » | | |
! 0 I R N L R R I
______ N } H I
T I i i i
' | | | '
y | Y | |
L 1 | 1
L 2 | | |
0213 000000000 0214: 00000

NOOOOOOOOOOoOOooooooooooooBSCOOO (Swap)Od O
O (Composite)d 00 (Gather) OO0 3000000000000 0000OO0O
02150 N=40000000

1.Swap

2.Composite

3.Gather

N -1

N |\

0 2.15: Binary Swap Composition Tree

1. Swap
O0ooooooooooooogooog200ouooooooooon
Oo0oooooooooooooooooooooooooooboon

000000000000 legeNOODODOO
2. Composite

14



loppNOOOODOOOOOODOOOODODOODDODODODOOOOOoOOOoooon
OO0 NOO 1OOOOooooooooooobobobobbooooooood
ododoooooooboooodoooooooooooooooogad
0odoooooodooooobooooooooonoooooooo
gooooooooooo
3. Gather
0doodoodooooooooobooooooooooooooooaa
dddddoooooooooooooooooNOOoooooooooad
0oooooooooooooliooooooooooooooooooo
oddobodooooooooonooooooooooooooooon
00000 (1600000000000 0000000 (000 M400)000
godoobooooooooooooooooobooooooooooood
0000000000000 000o0oOD0O00 (1/ooo)oboooooooo
godoobooooooooooooooooooooooooobooood
ddodoooooooooooooooooooooboboooooooog N
oo iligooooooobooooooooooooooood
ogodoobooooooooooooooooooooooooboooon
0000000000400 1000000000000 0O00OOO0ODOO
0000040030 0000000000000 BSCOODODOODOODOO
O00000D00000 SwapOODODODODOOODOODOODOODOODOBSCO
0000000000000 00D000D0DDO000O00DODO00oDODoDO0o00OO
000 200000000000
SLIC
SLIC[15|0 0 0000000000000 00O0000ooooOooooo
oo ooouooouooboood
godooboooouoonoooonoonoooooooooooooon
godooboooouoooooonoooooooooooooooon
godooooooobooooobooooooooooooooon
0000000000000000000000000000O000oO00 (o
O0)000o000oo0oU0O0ooOooU00oDoOoUoOooOoUoUOoooOoooo
000000000000 0000 optimized direct send 000000000
000000000000 bOOoobO00boooobOooooooosLIcoon

15



gobbboooobbboooobbbuooobobboooobbobooan
gobbboooobbboooobbbuooobobboooobbobooan
OO0000oO0b0oooboOMyrinetO 0 PCOODOOOODOOODOODODOOO
gobbboogobbbuoooobobbuooobobboooobbobooan
ooboobooboooobooooboobooobobooooosLicooooo
gbbodgbogobouogbobuoobbuodbboobooboboobobuoan

16



030 UOoooobotubobboobobuougooon
oogooogo

pCOOO0OD0OO0OO0ODOOOODODODODOOOODODOODOD
goboobbbouoooobbboooobobbogan

3.1 UU0ooboggooobon

gbogboboobodobobbbobogbdaooboboobooog
gobbboooobbbuoooobbbuoobobboooobbbooon
gobbboooobbbuoooobbbuoobobboooobbbooon
goooooooboooobooopCcOobbO0obbooboobboOooDbD O
100000000000 (03.)Yooooooooooooooooooo
gobboobobboboooobbbbouoooobboboooobbboooan
gobbobooogobbbuoooobbbuoobobboooobbobooon
0000000000000 00000000000000OO (032)o00o
gobbboooobbobuoooobbbuooobobboooobbobooon
gobbboooobbobuoooobbbuooobobboooobbobooon
goboboooobboboooon

Switch Switch

Switch Switch Switch Switch

nn--n O--00 T =
666 -~ 4o 00-- 000 bdd - 6b 00~ 600

Node Node Node — Node

031 00000000000000 032 00000000000000
0O gboobobooooboo

gbobooobobobilleobooboboboobobobob 100
gbobbdogbboobodolegbbooboobobuoobboobood
gobbboooobbbuoooobbbuooobbboooobbbooan
goooo

gogggoobbbbbbboooos31bboobobbbooouoaagd

17



00 86436Bytes 0 0 0O

031:00000000000000

CPU Pentium4 3.4GHz
Oad PCI-Express
NIC Gigabit Ethernet
oo0oOd 000 700Mbps
ooooogo lam7.1.1/MPI

goggooobobbbbbbob32b0bbobbbobbbbobooooaad
gobobbooooobobodad

U32zuguggbboooogn

gbobobooobobob |gboobobobooooob

0000000 [ms 1.12 11.54

000 86436Bytes0 000D 200000000000 000DO0O0.98[ms|O
O00000000000000000000000000000000 1.12[ms]
goboobboboooobobbooooobobboooobbboooan
gbbooooobogbbooboobbboolibooboboobbon
O000000000000000 11.4ms]0000000000O0O0OO0O
000000000000 O0Ethernet00 CSMA/CDOOOOOOOOOOO
gobbboooobboboooobobbuooooboboooobobobooon
0000000 1.16ms)] 0000000000 16000000000000O0O
gooobooo200bo0booboboobooboboboboobaon
gobbobuoooooobbooooobobbooooooobobobboooon
gbooobgooboobo

3.2 U0OO0ObOO0O0OOoOoOobbbbooooobbbon
pCOOOCOODOOOOOODOOOODODODOOOOOOOODOO
gbogobobbobooboobuooboobobbobooboobon

18



0000000000000 0PCOOOO0OOOOOOOOOOOOOOO
0000000000000 0000000000000000000000
Master 0000 0000000000000000 TiweDdO (3.1)00000
2100000 (3.1)00000000000000000000000000
00000000

,Ttotal — Trender + Tread + Tcomm + Tcompose + Tcollect + Tdraw (31)

000 s D GPUOOODOOOOOOOC0OO00000000 Thew D00
00000000000 000000000000000000000000
000Tw.,.0 200000000000000000000000000O0C
00000000000 000000000000000000000000
00T ompese 100 000000000000000000000000000
000000000000 CPUDOOGPUOOOOOOO0O0O T 000
000 Master 0000000000000 e D Master 100000000
000000000000 000000 GPUDOODOOOOO
O0000000000000000000000000000001024x1024
000000000000000000000000000000000000
000000000000000000000000000000000
3.21 0O00OO

6400 PCOODODOO0C0OOO0D0O0O0000OpenGLOOOOOOOOODO
000lam7.1.1/MPIDO0O0O00O000000000000000640000
000000000000000000000000000Master00000
00000000000000000000000000000000000
000023300023400000000000000000000000
000000BSCOOOODOOOOOOOOOOOBSCOOOOOOOOO
000 CPUDOOOOSwapd 00000000000 DOO Composited 00
CPUODOOOOO0ODO0O Composite 0100 CPUODOD GPUDODOOO
OOCPUO GPUOOOOOOCOOOOOOODDOODODOOOOOOODOOOO
00000000000 000000000000000000000000
00000000 000000
00000000000000000003300000000000000
00000000000000000000000000000000000

19



gbobdbuoboboboboobobooboboobobuoobOobe4d

gbobooobobooboboo3s3gguoboooboono40bboonboon

O0b0ooooooobbo GhbESWOOODODDOOOOOooOooOoboooboo

OOMaster DO OO OOD0OOODOO0ODOOODOODOOOOOOO

u33:0u0ooon

)
:
.lmS
&8 &
N e 4
%9 %2NPT: .
I G Sl 2R 2 2 &
SSeEScifadl
T B o HIE g2 0 o
UHLLgS5O57m
£ 3 Olg L& g T 5 &
c T 5% g =
ol mmﬂm
o, o
=D K
Sltm %
_AG
e
Q
_H_D..m WM
> <« T O
- o H O
WSODDD&%%DD
COm_H_DDLau.VXM_H__H_
= O O|= <H [
o U X O
|

=

m

é
=

%

033 0000000000000000

0000000000000 000 Engine(00000000O0OOOOOOO
20



0000 256 x 256 x 128000 (O 3.4-(a)), Chest(0 0000000000
000000000 512x512x512000 (0 3.4-(b)), Tree(0 0000000
000000000000000512x512x1024000 (0 3.4-(c) 0000

(a) Engine (b) Chest (c) Tree

034 000000000000

Master UOODOUODOOOODOOOOOO 1024x10240000000000O0
gboboguoboodgbbogo2ex26000dboogoboooooogn
gobbbooobboboooobobobuooooboboooobbobooon
gobbboooobboboooobobobuooooboboooobbbooon
gobboboogobbbuoooon

gobboboogoobobobooouboboobbuoooobobobbg 3e00d
gobbboooobbbooobobbbooooboobooo

BSCOODOOOODOOODOODOOO SwapO OO Composite 1000000
Composite 000 DO0O00D000O0ODO0O0ODOOODODODOODODOSwapOOOOoOO
Composite 0O 0000000 DOOODOODOODOOODOOODOODOODOODO
gbgobooboobooboobooboobooboobooobon
O0b00boobooboboboobbO0OMaster OO OOOOOOODOO
gbgobobbobboobuoobuoobuoobobbobooboobon
gbgobooboobobbob
3.2.2 0000

gboboboboobooboobobbobooboos340b000obo
gboobobbobooboobgos3s0bag

21



034 0000000000

Engine Chest Tree

00 |OO04RL| BSC | OO |OO04RL | BSC | OO0 |O0+RL | BSC

Trender[ms] | 12.0 12.0 12.3 | 124 12.5 12.6 | 12.6 12.6 12.6
Treqalms] | 0.7 0.6 0.7 0.5 0.5 0.5 0.6 0.6 0.6
Teomp[ms] - 57.7 - - 56.5 - - 56.4
T eomm[ms] - 112.0 - - 1214 - - 123.5
Teottect|ms] | 221.3 183.5 38.9 | 250.5 226.5 37.8 2935 183.0 35.9
Taraw[ms] | 54.1 52.4 36.8 | 59.0 55.7 379 | 59.0 57.3 37.7

035 00000000

Engine Chest Tree
OO0 |ODO4RL | BSC |00 |OO4+RL | BSC | OO |O0O+RL | BSC
Tiotar[ms] | 288.1 248.5 258.4 | 3224 295.2 266.7 | 365.7 253.5 266.7
0000 [fps] | 3.47 4.02 3.87 | 3.10 3.39 3.74 | 2.73 3.94 3.74

gobbbooooobbbooogbobobooodoboobobooooboboobod
0000000000000 000000D000D0D0DoDOOoOoDDDOD% 000
gobbboogobbobuoogobobbuoooboboooobbobooan
ObOobooobOoboobobgodMaster 0O O0O0O00oDOOooboonDOO
0000000000000000000070% ~80% 0000000BSCO
0040% ~50% 0000 0000000000BSCO0D0DDOOOOOOOD
00020% 00000000000 6000000D00DODODOODODOODO0O0O
goooboooboob1ogboobbo40b000b 4MBODO 500KBO O
000000000 SwapUODOODOOODOODOODODODOODOODOODO
O0o0obooboboobboobobOoob se0dnbbOnb2s0kB,125kB 0
OO000OO00oO0ooOO0obo0oooO SswapOOOOOOODOODOODOO
gboobuooboobooboobooboobboobooboobon
Oo0ooOoOO0o0oDbOOoOobooOooboBSCOOOOOoOoDOOODO

gobobooogboboobobobooobobooooogbooog
00000 40~60% 0000000000000000000000O000OO
gbogobobbobboboobooboob

000000000 (D0O00000o0oO0)ODoDooOoooooUoOooooo

22



gobbboooobbboooobbbuooobobboooobbobooan
gobboooodgobon

3.3 Uoougno

goooopCOO0OO0DOODOODOODODOOOODOOOODOOODOO
gbooobgbobuggbobodgbooobobooboobobooban
gboodgbugbogbobobbobugubuoobuogbuogboooad
gobbbogobbobuoooobbobuoooobboooobbobooan
gobbbogobbobuoooobbobuoooobboooobbobooan
gobbbogobbobuoooobbobuoooobboooobbobooan
oob00o0o0oboOOooboooboobobooobbooopCco0obboOoboboOO
gobbobuooooooobobbbooooobobbooooobbbooaon
oD 1024x1024000 6400000000000 0O00O000O00000
O0000000000000000060%~80% 0000000000000
gobbboogobbobooouobobbuooooboboooobbobooon
gobbboooobboboooobobbooooboboooobobobooon
goooo

23



(140 Scubel 0O

O000oooobooboooobooooboooboooooooobope
0000000 SevbeDDOO0ODOO0O0ODOO0ODODODOODOOOOOODOOO
O000ddooooooooooooboooboooooooooooooon
O00000o0bOoOo0o0obOooooooOoooOooooooDooooooDoon
0000000000000 oobOoobOooooooOooooooDoon
000000o0obOobOoobooobOoob0o0obOooDbobooooooooon
0000000000000 D0O0D00000Db00000D000 Three Quads O
O0000Three Quads 000 O00D0OOD0ODOO0O

4.1 Scubel O[O

Scube0 064000000 PCOOOOOOODODODODOOOOOOOODO
GpUOOOOOODOOOODOODOOOOODODOOOOODOOOODOODn
000 pCOOO0O0OODODODOOOOOOOODODOOOOOOOOODOOOOO
gdododododododouodooooooooooouoooooon
0000000000D0Scube0 00 000O0ODODOOOOODODODOOOOO
gbdoodooddoudouooooooooouooooouooooooon
Scube 0 0O0OO0O0O0O0ODODODODDODOOOOOOOOOOODO410000

0 4.1: Scube OO OOOO

CPU Pentium4 3.4GHz
OS Linux 2.6.9
Memory 1.0GB

Motherboard | ASUSTeK P5AD2-E Premium
Gfx Card GeForce6800GT PCI-Express
Gfx Memory 256MB
Network Gigabit Ethernet x3

24



4.2 OJ00O0O0O0OO0OO0OOOO0O0O00

Scube 00O O0OOODOOODOO410000000300O0000O0D0OO
gbobogobdbbod3sbudbdr,y, 2000000 300000000
oo o42~40000300000
000000 20000000000 (z%%)00000 4200000400
GhESWODOODOODOODO40000000000D00DOO0y,:000000O
gobogobbd0bb0o0boobbo43440000b000b00On
gobbobooooobobobooooobobbo4000oobbbboooon
o000 10000 GhESWOODOOOOOOOOOD eoooooooo
z000000000000DO0O0DOO0OOOOODOOODOOOODOODOO40
OzZz0000000000DOOODOOO0O GhRESWOOOOHestOODOO
gbgoboobbobooboobuooboobobbobooboobon
gobbboodobbbooodgbbboooobbboooob

4l 0ggpbboougoobobooogobooogd

4.3 0O0OOOO Three Quad OO
Three Quads 00000000 DODO0O0O0OOODODOOOOOODODOOOOO
dooobodoooooooooooooooooo3dnonnoonooooon

25



g

27 28| |aa] 42| aa]laa| [57]lse]lso]

<] B

042 XO0OOooOooooooboo

043 YOOOOOOOOOoODOO

|39|4O |53|54||55|56

|7 |8 |21 22||23|24 |37|38|

SW-Z. ISW-Z2| SW-Z3| W-Z4

9||10||ll|12| 25|26||27|28| 41|42||43|44| 57|58||59|60

044 2000000000000

26



0000000000000000000000030000000 [12,22]03
000000000000 300 Reduction 0000 (10000000000
00000000000 000000000000000000000000
0000000000000 00000000000000000000 GbE
SWODOOOOOOOOOOOOOOOO0O0OO000O000000000000
0000000000000 0000000000000000000000
00O00oo0O00oO0oo

00000 Three Quads 100 000000000000 O000O000O0O
ooooooo
431 0000

0000000, Three Quads 10000000002 0000000000
000000000000000000 N, 0000000000000 20 3n
00000000 (as, azet, -, a2,a;)02"0 300000000 (As, A, A7)
OoO00o0O00o0O0o0oO

Three Quads 00X OOOYOOOZOOO 300000000000000
0000000 X,Y,Z0000O00!,ma0000000000000000
00XO00O0OO000O000 mxnO00000000/00YOOODOOOOO
0IxnO00000000mO0Z000000000 IxmOO000O00O
0,000000000000000300000000000000000
0000000000ZO00O0:00000000 Z=i0000000000
0000000000 1000000000000000
000000030000000X000YODOO0OzO0000OO0OO0O00O0O 1
000000000000000000 (43,4,,4,)0000X000 4,00
000000YODOOD A,00000000Z000 A,0000000000
0000000064 00000Z00000000000000000 450
0oo0ooooo

00000 Three0OOOO0O0O0D0O00000O00300 (X,Y,Z00O00O)
000000000000000000000000000-mn-0000 [11]
000000000000000000000000000000000PACS
CS[12]00000000000000000000000000000 [10]0
Three Quads 10 003000000000000000000000000
0oO0ooO0oooon

27



(as,as,a4,3,0,0) (as, as,a4, @3, 0, 1) (as, as,4, @3, 1,0)(as, as,a4, a3, 1 ,1)

045:Z20000000000000000 (640000)

000Quads 0000000000000 0000000X-Y,Y-Z,ZX0O0O
0000000000000000

0000000000000 mO00000000000-m3-0000010
000 (000)0mD000000000000000000000000Three
Quads0 20000 (000)0 m00000000000000000000
0000 Three Quads 0 00 0-m 3-0000000000000000000
O00000-m?23-00000000000000
432 000000

0002000 A, BO0O10100000200000000000000
00000000, Three Quads 100000000020 00000000
O0000000000000000AQOOOBOODOOOOD 20 300
000000 (agn, agn1,- -, az,a) 000 (bgn,bsn_1,- -+, ba, bz, ba, b)) 027 0 3
00000000 (A3, 45, 4,)000 (Bs, B,,3,) 000000000000
Three Quads 00000 2"0 3000000000 20000000000
0000000000000002"030000000000AQ0 10000
000000000000 BOOODOOOO C (Cs,Cp,C,) 0000000
000 Three Quads 0000000 AD 10000000 CO00O00000O
000000000 CO000BO10000000000000000000
000 CO00000000000ADOOOBOOOOOOOOOOOOO
2000002000000000000000000

000000000 CO00000000000000000030000
000000000000000000 203 0000000000000

28



gobbboooobbboooobbbuooobobboooobbobooan
godgggoooobobobbbbobbbbbbbbbodoooooooon
00000000000 n=20000000 COOO (ag, as, as, by, ba, by) O
(ag, as, aqg,as,bo,0:)0 0000 (ag,as,cq,c3,00,00) 0000000000
4.3.3 0000 (fault-tolerance)
gbou20d0bodgboudbog20bboobouobuodgoogboaood
gbodggbogbiliobgbboodgbuodgbooboob 20bogooad
000 (000)000000000o0o0000ooooD 10D000000O
gbogobouooogbob20bdbobi1goobouogbboobogod
gbpodo MO0 Ny OOOoOoobobobobobobobzbobobo
Oooooooswziooooo ODOOO0OXOoOooooobooo SWX4
o0 NO Ny DODODOOD00O0ODOO0DO0ODO0O0DbObOO00obDgNO N O
20000b0o0bo0obooboobooMUzZboobooboooLogoy
OO0oooooswyloo vODOODOXOODOOoOooooo Sswx4o0O
N,0 Nes0OODOOOO0OOO020000 VO Ny ODOOODDOOO (O 4.6)0

046: 000 MO NyODOOODOO

4.3.4 0O0O0O0OOOOO
mUOO000000000000000000000000000-mn-000

0O00m*000000000000000000Three-Quadsd0001000

0000000000000 000000000000000000 »¥200

29



0D0000000000000000000000000000m=640010

005120000000000000000000

4.3.5 00000 (Embedability)
0000000000000000000000000000000000

000 [23)0640000000000 Three Quads 000000000000

000000000000000000000000

e 1/2/30000000
3000000000000000000000020000000000
0000000000Z0000000000047000020000
0000020000000000000000SWZ10 SWZ20000
SWZ30 SWz40O0OOOOO0O0000000YODO0O0OO0O0000000
0000000000000000000SWZ10 SWz30000 SWZ2
0SWz40OOOOOOOOOO0O00O0XO0O0000000000000
000000000000000000200000000000000
000
1000000 (000)000000Z0000000000 10000
00000000000000000000

faWaVaVa
AAA D SWYL
~fpswy2
Pswys

Dswya

Pswyi
Pswy2
FPswys
Dswy4

vyed  wwys
FHEd  EFata
FFFS  Fr®
047 2000000000000

o IDDODOO
z00000000D0CO0KOO0O0DOOOODOOOOOOSWOOOOO

30



SWY]

SWX

Swz

00400000000000000000D00DO00DOO0OOOOOOOd
0000000 Ni,N3o,Nis,Nes OO0 D O0D00D00D000O0 XOOOOO
YOOOOOOOOODODOoO10oooooooooooooooooooo
O000020000000000000 160000004000000
0000000 2000000000000006000000DO0OO
ooo

Fat Tree

Scube 00 Fat Tree 000D D0OO0OO0OOFat Tree D00 (DOOOODODO,
00000000ooo)o (243)000000000D0O0O0O0O0O0OO
(048) 0000000 (ag,as,a4,a3,a9,01) 0000 2000000000
00004000 (ae,as,a4,a3,%,+x)0000040000000000 X
0000000000000 16000 (as,as,%,%,*%x+x) 000001600
000000000 YOOODOOOOOooOOooOooOeMODbOoDODOODo64
O000 Fat TreeDODOOO00OD0O0OO00O0DOODOODO ScubeOOO0OODO
0000 10000Fat Tree(D 48) 0000 2000000000000
OO0000D0O0D0DO00oOooDooo0ooooDooDoooooo1oooog
OO0o0O0ooo220000000000000000000000000
OO0000O0bO0obOooooobgoo

048 000000000000

00000000 (206-0000)0
00000000 ((@COo0ooO0010doo0o0)ooooooooooo

31



000000000000 (a6, as, as, as, az,01)0 ZOOOOO0O0000O0
000000 (ae, as, ag, as, asz, ay),(ag, as, a4, a3,d2,a1) 000000 00X0O
O0000000000000000 (as, as, ag, as, as, ay),(ae, as, dg, as, as, ay)
000D00000YOODODO0O0O000000000 (ag, ds, as, as, as, a1,
(@, as, as, az, a2,0;) 00000000000 X,Y,Z30 000000000
Ooo0oobodoooooodoooobbooo0oooonddrEat Tree
O00O0OScube0 00000 DOOOO0DO30000206-00000600
oddodoooodoooodoouoodoooooooooooon
100000000000 20000000000 ooooooaouo
gdodododooooouoouoooooon

O00-mn-0000 (00O0-43-0000)
O000-43-0000000000 Three QuadsO O OO0ODO0DOOODOOO
00400000000000000000000O0ODOO (0 2500)0
000000 Ny(0,0)D00000490000000SWX2000 SWY1
000000000 (4,0,1)(¢=1,23)00000000SWX2000 SWZ1
000000000 (0,5,1)(j=1,23)00000000SWY1000 SWZ1
000000000 (0,0,k)(k=0,2,3) 00000000

> A3.0,00(3,01)(3,02-303/] 5 A0
\Q\ i B ' a«bﬂ B

(3,0,03.0.1) (3.0.2)}(3.0.3)| 5
N

&
=
o
o !
[«
o
(=
&

fo}

o

: N
(0,0,2)i(0,0,3)

SW-71 SW-Y1 SW-X2

049 00043-000000000

4.3.6 D000
0000000000000-43-00000000000000000-42 3-
gbogoboooboobbuoobbuoobbuobuodbbebooboon
gboog4200000b0000b03bugboubooboobooboon
gobobobobbobbdoooooboboboboooooboobobbooooooog
0-43-00000000-423-00000000000000 (nxn)0n00

32



gobbooogoobobodan

042: 0000000000000 (@MOOCOe640000)

Hypercube | base-4 3-cube | Hypercross | base-4? 3-cube
00 6 3 2 3
00 6 3 2 2
oooodoo 6 6 - 18
oo0oooo 3 2.25 1.75 1.41
ooooo 0 (4x4)x64 8x8x8 (16x16)x12

000-423-000000000000000000000000000000
O0000000000000000000000000000000000
000000000000000000000000000000300000
000000000000000000000001000000000000
000000-m3-0000000090(00000000060)00000
000 Three Quads 0000 360 (000000000 180)000 (O 4.10)0
00000 Three Quads 0 0000-m 3-00000000000000000
00000000000000000000000000000000000

00000000 [24]0 Three Quads 0000000 2000000000
000000000000000000000000000000000000
00000000000 0000000000000000000 00 Three
Quads00000000000O00000
437 0000O0O0O0OOO

000000000000000000000 [25, 26, 27] 00 Three Quads
00000000000000000000000

00000000 Nx NOOOOOOOOOOOOOOO (64000)0 8N
x SNOOOMODOOOOOOOOOOO0O0O00OScubeD00O0000 4.110
0002000000000040,;00000000NxNOOOOM,;0
00000000

010000000MOODOD4N x4N0O 4000000 AB,C,DOODO
DDNL:@@DDDDDDDDDAH%CHYDDDDDDDDABCDD

33



base-m 3-cube Three Quads

04.10: 30 000000000-m3-00000 Three QuadsODOOOD0O0OO
EEN

0000 ay,bi,ci,di;(0<i,j<3) 000000000000000000000
000000000000000000SWZ1,SWZ2,SWZ3,SWZ40 0000
10 1000000000000000000000000000000000
000000000000 00000000000000000000000
DM%DDDDDDDDDDD”DDDDDDDME:@EQDDDDDD

DQDDDDDDDNTDDDDCﬂymmmmmmmmmthzgggm
O00OMOMOOOOOOOALDIOO0COO0O000O0OCOO0OOOO
0000000000, 00000000000000000000000
00 XO0OOOOOYOOOOOOODOOOOOOOOO0O000000000
0004,;00000000000000000000000000000C0CC0
000000000000 00000000000000000000000
000200000000000000000000000

0000 100000020000000000000000000000
000000000000 00000000000000000000000
200000000000000000000100000000000000
oooooo

00000000000 000000000000 20000000100

gobbobooooobobobuoooobbi1ibobboooobboboooan

V000000000 00O0D0OoO0oog

34



gobbbooobbbooogbobuoooobbbooooobood

SWzZ1 SWz2 SWz1 SWz2
MDO MDl MOZ M03 M04 M05 MUE M07 aDO 1 2 3 b)D 1 2 3
MlD Mll MlZ M13 M14 MlS MlE M17 0 1 2 3 0 1 2 3
MZD M21 M22 M23 M24 MZS MZE M27 0 1 2 3 0 1 2 3
Mo | M| Ma| M Mo | Mas| Mss| Msr | & | &) as o bE | kel b
Mo Ma M2 Mz Mas Mas Mas Ma7 Coo 1 2 03 dJO 1 2 3
MSO MSl M52 M53 MSA M55 M56 M57 10 11 12 13 0 1 2 3
Mso M51 Msz Mes Ms4 Mes Mes Me7 0 21 22 23 0 1 2 3
M| M| M| Mz M| Mis| M| Mn 0 1 2| C= o i o | s
SWz3 Swz4 SWz3 SWz4
SWX1 SWX2 SWX3 SWXx4 SWX1 SWX2 SWX3 SWXx4
an| | | as Do | Do | D] Do Moo | Mo | Me| Mss Moo | Mo | Mes | M,
LA AN AR
ou au o b / b31 M}o MIl M}z M}a MEA M}s Mie ML
Z

a:| a:| a 9;/ // // /ba Mao | Mo | M2 | M Mas | Mis | Mis| M

a:| as %z // // /bs Moo | Mo | M5 | M Mas | Mis | M| M5

t t t t t t t t

G| e x| 2] 9,( Ooo | Cho Mio | M| Me| Mis Mis | Mis | Mis| Mir

t t t t t t t t

01 11 21 / 9‘2{ dll le d31 M50 M51 M52 MSS MSA M55 M56 M57

4 5 t t t t t t t t

C02 12 22 'jé/ dDZ d12 d22 d32 M60 M61 M62 M63 MGA Mas MBB M67

Y t t t t t t t t

03 C13 23 C‘;/ dOS d13 d23 d33 Mm M71 M72 M73 M74 M75 M76 M77
SWX1 SWX2 SWX3 SWxX4 SWX1 SWX2 SWX3 SWxX4

0413 020000 04140000

4.4 0O0O0OOOO
gobboboooobobbbooogbobobooooboboooobobobog

000000000 ScubeOOOOOOOOScubeD 0 ODOOOOOOoOoOO

D000 PCOOOODOOODOODODOO Three QuadsOOO0OOOODOOODOO

35



O0D000D00000000OThree QuadsO0OO0OO0-m3-00000000
00000000-m?3-0000000000000000000020000
gob20000000000b000bbboooooboboboboooad
0000000000000 000000O0O0Three QuadsODOODOOOOO
gobbboogobboboooobbbuoooobboooobbobooan
gobbobuooogoobbooooobobooooboobobboooan
oo

36



Os50 0UOOobouoooudd

O3000sort-last OO ODOODOODOOOOOOOOOOODOODODOO
gbogbgbodoboobobodobuooboboobuoobobooobad
0000000000000 0OO0O0U00U0UOUUoUo (Dooooooo)o
goooo

5.1 JUUOUOOoooogdg

gobbobooooobbbooodgboobooooboboooobobobod
gobbboogobbobuoogobobbuoooobboooobbobooan
gobbboooobbboooobobbuoooobboooobbobooon
gobbboogobbobuoogobobbuoooobboooobbobooan
gobbboooobbboogobobbooooboboboooobobobod

O000002000000000000 (@S )0000O0OODOOOOO
gbooobgbuogobgbuogbobbooboboboboobobbobad
00 (00)0o0000O0O000000o0o0O0O0000o0oUoooooUooo
gobbobuooooobobboooooboboooobbobbooooooon
gbooobgbogbobobobuooboboobooboboobbobon
gogobbbbbdoddd 2yl 000000000 0000000
gobbobuoooooobobbooooobbobooooobbboooan
gobbbooooobobogd

7 L 7 7 L 7 7 L 7 7 L7
1 2 3 4 5 6 7 8
.“o / ."0 / ."0 / .“0 /
‘Q ‘4 K ‘Q

L7 L7 L7 L7
& & & =
1 3 5 7
.~ .~
......
RN / " /
L7 7
| &l
5

/» Transmission

A L 7
Master ' =====> Composition Flow

051: 200000000000 ((CO0ODOO8OOODO)

Y
.
.
.
.
.
.
.
.
.
.0
.

37



gobbobooooobob8sbbugogobobbuoooobobobod
gobbobbooogobobbooooobobos3sbbbboooo3ggan
gbobooboboobobooboboobooo Xy,Z2z00oooooo
0000000 (05200000000 (x,y,2) 0000000

gboooobooobovyoboboozbooooboooboooooo v,bod
gboboooboywyoobobouoobobuooboobooooboooooo
000 0000000000000000000000000O0O0O (0,0,-1) O
gogobboobbbogoooguobbbbe,ygobbbobbooooon
goooboboobooboobobooobzoobooboooobooboo
O0000000000000000000000 (053) 0000000000
gobbbooobboboooobobbuooooboboooobbobooon
gobooboogon

Y
A
Vy
s
il Ny Vo+vz| Vx
Z% 1 2+ X
Vo 053 000000 (0,0-1)00000

052 OO00DO0O0O0O0OC0OODooogtbuobuoouon
00

gobbobboooogobobouoobouooooobbobboag 2d
gobbobooooobboboooobbbboooobbobboodo 200
gobbobod2uggobobogooobobboooobbboooad
gobbboooobbbooogobbbooodobobobooooboobobod

O00D00000DO04000000 Three QuadsOOOODODOOODO
gbooolgboobooo Xgooooyvyzhhoooboobooooboo
gboobobbooboooboobuooboobobboobooboonD XY
gboobzbo0ob0o0obooobooboboooboobuooboboobnon

38



gobbobboooogbobbobbooogbbobbooooobbboogd
gobbboooobbboooobbbuooobobboooobbobooan
O00 Three Quads U0 00000000 DO0ODOOOOOOOOODOODOO

5.2 UOUOOOO
05100000000000000000000000000000Scube

000000 1010000000000000000000000MPIOO

00000 lam7.1.1/MPIDOO0010 100000000000000000

0000 pingpong 0000000000000

e 1000000 (DOODDO0O0DOOOOOODOOON)
0000000000000 00000000000000000000
00000000000 0000000000000000000000
000000000000 0000000000000000000000
00000000000 0000000000
00000000000 0000000000000000000000
00000000000 000Bytes00O000 10000000000000
O0000000000000000000 Teendereciere 10000100
00000000000 Tena(Toeng = Zendsreciere) 00 0 0 O

e JODOD
0000000000000000000-0000000000000
000000000000000 (5.1)00000

O0000000 xOOOO x2
o000 = x . (5.1)
o000

XY, 2000000O0oo0ooooobooobobos10000d

gs1l: 0000

00000 [ms] | 0000 [MB/s]
X, YOO 0.162 87.41
7200 0.057 47.03

gboboboooboboboboboobobubibUbess36Bytes
00000000000 (05.1)000000000D000000O0 65536Bytes

39



0000000000X,YOOOOOO00.749ms)0Z0000 0 1.39[ms] 0 O
00000ZOOOODOOOOO0OO0O0OO0OO0OO000O00000000 4% 00
0000000000000 00000000000000000000X,Y
0000000000000 000000000000 18% 00000%Z00
00000000000000000000000000000000000
00000000000 0000000000000000000
000000 Maste 0000000000000 O00OCOOOOO0O0O
00000000000 000000000000000000000000
00000000000 000000000000000000000000
O00000000000C0Maste 000000000000000O0000
07000000000000000 Maste DOOOOOOOOOOOO0O
000N, x N, x N.(N,=N,=N,=N)00000000000000POO
000000000000 00000000000N200000000000
ooOoooooooon
D0000000000000000000000000000 T,,000
0000000000 N2/Pi0000000000000000000000
0000000000000000000000T,,00

Ty = (P— 1) 5.2

3

0000000000
D0O0BSCODOO T4, 000000BSCOOOOOODDOOOBSCO
00000000000 00000000 log, P 000000000000
IN2IN?IN?0 0000000000000 0000000000000
D00000000000000 Master 00000000000000000
D0D00OBSCODODODOO0DO0O0OO Maste 00000000000 Thee
0000000oo
11 1 P-1

o —_ B — ... R —— 2
Tue = (( 5+t + gugp )+ - )N
—
00000000 (legyPODOODO) Master 00000000
20P—1) .,
N 5.3
P (53)

gbobooboooooobob L 0boboooooboboboboobg
0000000000000000 (5.2)(63)0000000000000O0O0O

40



00000000000 000000000000000000000000
00000000000 0000000000000
000000000000000000 (-1,1,1)0000 (1,1,1)0(-1,-1,1) 0
D00000000000000 Thee-aiey 0000000008000000
000000000000000540000000000000000000
00 N2/P3000000000000000000000000 Theegiag D 0
0000 (5.4)000000000000n=1logP30000

n VB N
T;free—diag - (2 2 22 + 2”) 1—6<E)2

1
logP30000

oooooooo + @%H+HTH_QMH_@

1
log P30000

I (22n+2 _ont2 n22n+1) £<ﬁ
P3

2
16 )

log PE0 000
_ (22n+3+(n_1>22n+1+n2n+1
V3 N,
ﬁ(g) (5.4)
000oooooooooooooooooo (o,0,10o000o (0,1,0)0(-1,0,0)0
Oooooboooooboobooooobobooodoon MasterOOOOOOO
000000 Thee—peore 10O DOO0O0O0O0OSOOOOOODOOOOOOOOO

000000550000000 ey 000000 (5500000

+ 2n—6)

N? N2 N2 N?
T‘tree—para = IOgP%—Q + 4+ —+ "+ —
Ps3 P3 P3 2

~———
1 2
00000000 (legP30000) Ooooooooo (legP30000)

= (o losP) + (1= ()7 w2

(5.5)

gobobobooodn
gboogp=806405120 00000000000 000O0000O00O0O0ODOO
gobs20~05500000 52000000000

41



- -G

054000000 (-1,1,1H00000
gog (jvtreefdiag>

15(2,6

1 |=»(15|=»(15|2,6(=>

3,7(4.,8

055 000000 (0,01)00000
|:| |:| |:| Eree—para)

Us2.000obboodd

Teq Tyse | Tiree—diag | Tiree—para
80O | 1.75N? | 1.75N? | 0.87N? O N2
640 | 3.94N? | 1.97N? | 1.18N? 1.06 N2
5120 | 7.98N? | 2.00N? | 1.38N? 1.03N?

T,.0000000000000000T,,00000000000000
0000000000000 00000000000000000000 5.20
0 Tiree—diag O Tireepare 00000 0000000000000000000
00000000 Theepere 10000000000 Thee—aiaqy D000 5400
0000000000000 0000000000000000000000
000000000000000000000000000000007Tee—para
00000000000 000000000000000000000000
000000000000000000BSCODOOO0O43% 000000
000000000000 00000000000000000000000
00000 8% O0BSCODOOD 5% 00000000000000000

5.3 UOU4OnO

Scube 00 DOO0O0OO0ODOODOOODOODOOODOODODODOODOOODOODOO
gobobobooooboo

42



5.3.1 0000
gbogobuooogbbodgbos2igbogoouogooboanood
01024x1024000000000000000000 Tree(O 34-(c)) 00O
gbobooboobobooyYyobuooboobooboboobobooobo
O00obO0DbOob0Oo Slave0ODOOO0OOOOOOOODOOODODODODOO
gbogbboobuodobogbboobob200bodgbooboboooad
0000000000000 200 Bounding Box(O 5.6) 000000000
03220000000000BSCOODOOOOOODOD

Screen Screen Screen

Bounding Box Bounding Box
Bounding Box Compose

< — | [ <
oL |t T

Sub Image2

Composed Image

Os56: 00000000000

5.3.2 000000000

goooob Xoobooobooobooobooooboobooboo s
oobboooOobboooOooogoobogoo BSCobooooobooooboo
goo

Us3: gubobobooggbbboogon

O |gogog 00O | BSC

Thonger [ ] 126 | 12.6 | 12.6
T eaqms] 0.7 06| 06
T eomp|ms] 26.7 -| 56.4
T [15] 42.3 -1 1235
Teotiect|ms] 33.9 12935 359
T |ms] 98.5 | 59.0 | 37.7

gboobobbobooboobuobobs4bnOd
e BSCOODOODOODOOO

43



Us4: 00000000

0000 | 00 | BSC
Tyora[ms] | 1447 | 365.7 | 266.7
0000 [fps] | 691 | 2.73 | 3.74

000000000000 53% 000000000000000000O 5.2
O000000D0OD0ODODODODODODO0OCCOOCOOOOOOOOOOO 5% 0
gobboooobbbuogoobobuoooobbooooobood
00000000000000000 (0,0)00000000000000
gboogboboobuogoboboobooboboboboobogbd
gobbobuogogbbobboogobbobbbooooobbobod
gobbobbooooo4000bobobboooooo200b0b00n0ood
gbogbbogboogboboobbobouogbbodoboo4b0oano2nod
oopbooBsCOOOOO0bOOoOOOobOOobObOOobObOOobbOOobDoboo
g400oobogoogobobob20bdbbooooboonobg
gbobodgbbuboggbboogbbdgedtbbuogobbonoog
goblebodbogoboooboobbogbboouoobbaobd
gobbodbbooooobooboobobbuoobboobboonbobod
O00000000000000000000 1/41/2000000BSCO
0000000000000 1/32,1/6400000000000000O
gobbbooooobobuoooobboboooobbbooooobobog
goo

e UOODODOOOOODDO
O000000000000000O00000 1400000000000
0000000000000 000O0O0O00DODOOo0oOoLOOO 1/40000
O0bo0ooboooboooboboooboonD Master O OOOO0OO0OOO
gbooboboboobooboobgoobooboboboobooboob
OoooooooooooobooooooobooooBscooogoo
goooooogsebobbooboboobbobobobobobobn
gbobboooobbbuoodgbbboooobbo

gbobbbooouooogbbboooobbbuooobbboooobbb

44



54 OUOOOOOOOO
gobbbooooobbbooodoobooodoobobbooooboboboa

gobbboooobbboooooboboooobbobuooooboboboaon

e UOODODOOOOODLDDOO
00000000 BoundingBoxUDO OO OOOOOOOOOOOOOOOO
gobbobobooooobobobbooooobobobbuooooooboboobo
gbgobobboobooboobgooboobobobobooboon
gobbboooobobobboobooooobobbooooobbboa
gboobboobooboobooboobooboobooboob
gooogo

e JOUOODOODODO
gboobobobobooboobgooboobobbobooboon
gbobbbooodobbbuoooobbbuoooobboooobobbod
gbobobodbobogboboobobobuoobobuobbobdg
gbobuodgbobuoouobbobobooboboobobdabobg
gobbooodobbbuoooobbbuooobobboooobobobod
gbobbooogbbbuoooobbbuooobobboooobobobod
gbobboooobbbuoooobbbuooobobbouoooobobod
gobbbuooobbbboooobbbooooobbboogaog
O00000000000000000000 100000 (000 Master
O000)0000000000dooooooooUooooooooooo
gbobbooogbbbuoooobbbuoooobboooobobobod
oobooboooocpibOobooobOoobbooobboobboobooo
gobboooobbbuoooobbbuoooobbooooobobod
Ubooobd MasterUODODODOODOOOO

5.5 UUUoon
gbbodbbuodobbuoouobbuoobbuoobboobboobboo
gobboboooobbbuoooobbbuoobobboooobbobooon
gobboboooobbbuoooobbbuooobobboooobobobooon
gobbobuogogbobobbooooobobuooooooobbboooan

45



gobooboooboobooooobooboboooDobooogoosBscobooOg
0043% 0000000000000000000C000O0OODODODOOO0O0O0
000000000000 8% OBSCOOOODOS0% 0000000000
OO000D00OO0Scube0ODO0DOOOODOOOOODOBSCOODODOODODOOO
000000000BSCOOOO0O0DOODOOOOOOO0O0Os% 00000
00000 1800000000000 00D0O0OU00OUDOooooO %0
gobbooogdab2s00d0oboboooonon

46



el 0UOOO

gbobboooobobbbooogbbobooogboboooobobobod
gobbboooobbobuoooobbbuooobobboooobobobooon
OO000OScube0 DO OODOOOOScube0 00O O00ODOOODOOODOOOODO
gobbboooobbbuoooobbbuoobobboooobobobooan
gobbobuoooobooobbbouoooobobboooobbboogan
gobbboogoobbbooogbobobooooboboooobo

g3gbboobuogbogbobobobboobooboobogubogon
gbogogbboobuogboob200bboobobooboobboobo
gbobobogbobooboogoboobogbogobobboobon
gobbboooobboboooobbobuooobobboooobbobooan
gobboboogobboboooobbobuoooobboooobbobooan
gboogboobobogbuogbobbobobuoobobboboboobad
gobbboogobbobuoooobobobuoooobboooobbobooan
gboodgboogbogbogbuogbuogbugboobogboobuodgbo
gobbboooobboboooobobbuoooobboooobbobooon
gobbobuooooooobobbooooobobobooooobbboooon
oD 1024x10240 00 6400000000000 0O00O00O00000
O0000000000000000060%~80% 0000000000000
gobbboogobbobooouobobbuooooboboooobbobooon
gobbboooobboboooobobbooooboboooobobobooon
goooo

040000Scube00000D00ODOODOODODOODO PCOODOODOOO
00000 Three Quads 0000 O000O0O0OOODOOODOOODOODOODOO
gbooobobogoz20b00bbg20b00boobboooboobbon
gbobboooboooooboboboooboboboobobobobon
gbgoboobbobooboobuooboobobbobooboobon
gobbbuoooobbbboooobobbobuoooobbbbooooboan
gobbooodobbbooaob

gsbdbobs3sgboboboooboobooboooboboboboonog
gobbboooobbbuoooobbbuooobbboooobbbooan

47



gobbboooobbboooobbbuooobobboooobbobooan
gbogbogbooboooboboogbobodgbobooboboobobad
gboggbodgbooobobuodgbobogbooboboobobobooboad
gbbogbbuogobooobbuoobobooobboooboodbogn

48



HEN

gobbobooooboboobboboooobobbboooobobobod
gobboooobobbto ob oo bbooogoobogo

goggooobbbbbobbbbbbbobbbbbddooooo o d
g0 ogoobbobooogood

gbogbobogbuoguudgbooobuoobooobbooobo oo g
U oboggobboooogoo

gbgboodgbooobooobobooboboobobobobuooboba
gobbbdo ob obbb oo ooboobbooooooboobo

000000000 0O000O0 Revolver OO OO0OOOODOOODODOO
gboboo ooboobob20b 0b 00000 b b obob ob obo
gbogob400 00 00O DOOOD ODO ODbOoOoDbOobbobo

gboobooboobooboobooboobooobooboobo
gbooboooboobobbobooboobn

49



Ooon

1]

Ogata, M., Kajihara, K., Kukukawa, T. and Terada, T.: An Evaluation of
Communications Cost for Simultaneous Processing with Simulation and
Visualization using an Image-Composition Device, 0000000000
O0000000000000000000 (HPCS), pp. 63-70 (2006).
gooooo:000o0ooodooooooonogooo,ooooon
00000 99-HPC-66(HOKKE’97), Vol. 97, No. 37, pp. 25-30 (1997).
S., D. et al.: RVSLIB:A Library for Concurrent Network Visualization
of Large Scale Unsteady Network Visualization of Large Scale Unsteady
Simulation, SPEEDUP journal 11, pp. 55-65 (1997).

Groner, J., M.Lee, Martin, J., Moorhed, R. and Newman, J.: A Concurrent
Visualization System for High-Performance Computational Simulations,
IEEE Visualization Poster Abstracts, pp. 139-140 (2005).
dooo:00ooooooooooooooooo,ob0oooon
godleoooonog (S)DDDDDDDDDDDDDI),DDDDDD
O, pp. 10-12 (2004).
Oo0oo0O,0000,0000,0000,0000:00GPUOOODOO
ododooooooooo,o3s3unuoooouonooooooon,
Vol. 25-Suppl, No. 1, pp. 277-280 (2005).

oo, 0000, 0ot gobodooboooooooooooon
dooooooooooooooooooooo,obgooooooao,
Vol. 2005-CG-120, pp. 7-12 (2005).

0000 LOoOooOooOo:-pPCOOODOOOO,0000 (2001).

Boden, N. J. and et al.: Myrinet A Gigabit-per-Second Local Area Net-
work, IEEE Micro, Vol. 15, No. 1, pp. 29-36 (1995).
O0000:00000000,000 (1996).
O00,000,0000,0000,000:00 AIODODO Prodigy 00O
O0000000,000, Vol. J71-D, No. 8, pp. 1496-1501 (1988).
O000,0000,000:000000000000000 PACS-CSO
00,0000000000, Vol. 2005-HPC-103, pp. 133-138 (2005).

D http://www.jsps.go.jp/j-grantsinaid/

20



[16]

[17]

[18]

[19]

[20]

[21]

O000,0000:00000000000000000,0000 (2000).
K.Ma, J.Painter, C.Hansen and M.Krogh: Pallael Volume Rendering Using
Binary-Swap Compositing, IEEE Computer Graphics and Application, pp.
59-68 (1994).

Stompel, A., Ma, K.-L., B.Lum, E., Ahrens and Patchett, J.:
SLIC:Scheduled Linear Image Compositing for Parallel Volume Renderin,
IEEE Symposium on Parallel and Large-Data Visualization and Graphics
2003, pp. 33-40 (2003).

Nonaka, J. and et al.: Hybrid Hardware-Accelerated Image Composition
for Sort-Last Parallel Rendering on Graphics Clusters with Commodity
image Comositor, IEEE Symposium on Volume Visualization and Graphics
2004, pp. 17-24 (2004).

Moll, L. and et al.: Sepia:scalabel 3D compositing using PCI Pammete,
Proc. of the 7th IEEE Symp. on Field-Programmable Custom Computing
Machines, pp. 55-118 (1999).

O 0000:00000000000000000 FPGADDO PCIOO
0,01000000000000000000000, pp. 15-20 (2003).
Molnar, S., Cox, M., Ellsworth, D. and Fuchs, H.: A Sorting Classification
of Parallel Rendering, IEEE Computer Graphics and Applications, Vol. 14,
No. 4, pp. 23-32 (1994).

Takeuchi, A., Ino, F. and Hagihara, K.: An improved binary-swap com-
positing for sort-last parallel redering on distributed memory multiproces-
sors, Parallel Computing, Vol. 29, No. 11/12, pp. 1745-1762 (2003).
Cavin, X., Mion, C. and Filbois, A.: COTS Cluster-based Sort-last Ren-
dering:Performance Evaluation and Pipelined Implemetation, IEEE Visu-
alization 2005, pp. 111-118 (2005).
0000,0000,000,0000,000:PACS-CSO 000 Ethernet
000000ooooooooDo,000oooooooO, Vol. 2005-HPC-
103, pp. 139-144 (2005).

O0000:0000000000,000 (1996).

Kadota, H. et al.: Parallel Computer ADENART-Its Architecture and
Application-, Vol. ICS-91, pp. 1-8 (1991).

o1



[25]

2]

[27]

Oo00,0000,0000,JJ.0000,00000:0000000
000,00 (1991).

Agarwal, R. C., Gustavson, F. G. and Zubair, M.: A High Performance
Parallel Algorithm for 1-D FFT, Proc. Supercomputing 94, pp. 34-40
(1994).

O0O00O,000,0000:PCOO00D00OO00OODOOODOO FFTOO
O0000D0000,000000000, Vol. 43, No. SIG 6, pp. 134-142
(2002).

52



