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Abstract

In order to maximize effective performance of large scale multiproces-
sors, techniques on static scheduling with sophisticated compilers have been
developed. An interconnection network, that is a critical component of mul-
tiprocessors, is also a target of static scheduling.

In this paper, a hierarchical multi-stage interconnection network (MIN),
R-Clos, which is both highly schedulable and scalable, is proposed. R-Clos
consists of hierarchically extended Clos networks connected with extra in-
termediate stages. Frequent local communication between neighboring pro-
cessing elements are supported with high bandwidth rearrangeable Clos net-
works used in a basis of R-Clos. A large-scale system can be built owing to
hierarchical structure with less hardware than that of other flat MINSs.

The transfer performance of R-Clos is analyzed by probabilistic simula-
tions. The simulation results show that R-Clos achieves reasonable perfor-
mance under local communication dominant traffic.

Secondary, scheduling schemes of packets transfer on R-Clos are pro-
posed. Using the schemes at compile time, the parallelizing compiler and
scheduler can arrange the packet’s routes, and schedule the access time to
avoid any packet collisions.

Additionally, in order to keep the static scheduling under partially sched-
uled traffic, which includes certain unscheduled packets, a switch architec-
ture called MGF switch is proposed. MGF switch has two sets of the transfer
channel for scheduled packets and non-scheduled packets respectively. We
fabricated the MGF switch on 0.35 ym gate array. The amount of hardware
of the switch chip is about one hundred thousands gates and the maximum
frequency of the switch chip is about 50 MHz.

Through the instruction(clock) level simulation, the scheduling scheme
performance on MGF switch is analyzed. The result of the evaluation by the
simulation shows the availability of proposed network systems, the combi-
nation of R-Clos, the scheduling scheme and MGF switch architecture.
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INTEGER LJ,K,L,M,N
REAL A(100), S

DO TOT=T,100
AD =1
10 COI&%INUE MT1 (Do-all)

K=2
L=A@3)

M =K * A(L)
NoM e o MT2(BB)

IF (N.EQ.A(M)) THEN
S=T.OE-T0 MT3(BB)

ELSE

; STN ! MT4(BB)

ENDIF

DO 20 J = 2,100

A(J)=AJ-1D+S :
20 CONTINUE MTS5(Sequential Loop)

30 S=5-1.0
IF (S.GE.0.0) GOTO 30 MT6(RB)

STOP MT7(BB)
END

023:MTOO0OO

@Uooooooooo MrTOOOOoOOOMTODOOOOOOOOOOOODOOOOO
bbb @oo)oobooo MG UOOOoO.02300000bo0o0obO 24
OO0O0.MFGUUOUODODOO BPAORBOSBOO MTUOODOOOOOODOOOOOODO
cooooooOooooOoooOoOoo0ooooooDooOo.0cooboobogooboOooo
U.00000000RBOODOOOODOOMEFGUOUODOOODODODO (DAG: Directed
Acyclic Graph) 0 0O 0.

@ouoooooooLo oo MFGLOO MTODOODOODOOOOoMTOODOOO
ubooboboo.MTorOOOOOOOOLOOOODOMTaOOODOOOOOOODOOOOU
oo.MTOOOOOODOOoOOooOOooOOoboobobo rGgOoo bpAGLOODOODOO
oob.024000000000000000025000.MTGUOOODOO MTO
ubboobooboboobbooboooboobboobbooboo.oooboag
uboooboobobooooboobobooboooobooobooooboonog
ooogbobo.oobogoboobobbooboboob0bO0o0o0ANDOOD ORDOO
goooboO0.ANDODOOOOODOO0O0ODOoooogoboboooboobooooon
gobooboooboo.cooorbboobooboooboboboobooboooboooDo
gbobobobooooboobobooooboobobo.bobob 250 MT200
MT30 MT4OOOOOOO0OOO0OOO0O0O0O0OO0O0O.00bO0bO0Db0bOobOobOoD
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MT1 MT2
-
MT3 MT4
MT4

data dependence MT3 mce

" control flow

o —— “control flow

conditio: anc! MTé6
MT6 Cc%nditionalbranch
MT7 MT17 SN

024000000000 (MFG) 025000000000 (MTG)

gbobogooANDOOOOODOOOO0O0DOO0ODOODOO0O0O0ObObOOoDOO0O0OO
ooooMrooooooooobooboobob.gooorRuoboboobooboboDbO
goooodb i1gbooboboboobooooMTOOODOobOobOoOoboobog
obo.0000oMTSOMT1IOODODODOODODOO0OO0O0OMT3O MT4000000000
oboooooo2000o0oooooooooogn.

uooboooooooob00 OoobooboboobOooooboobobobOobobooo
gooooboobooobooboooooMTOODOOooboboooooooobooO (PO O
gbobooooboooo.bobobobobobobobobooMTODODODO
obobgooobooooooobobobobooooobo.ooooboobog osod
gooobooboobooooboobobooboobooobooboobonbg
gbooobobobooooboobobooooogbobogbobooobooooboDbo
gbooooooobooooobo.MTO pPCODOOO0O0ODO0ODOODODOODOODO
goboobooooboooboboobooobooob.0bboobbooobooooba
oMTOOOOOOOoooOoooO pCcO0O0OOOODOOMTOODOOOOODOOODOOD
goooooopcoMTOOOOOOOOOOOOOOOODOOOOO.

éoMToUOOOO0OO MTOoOOOOoOOOoOoobOOoobOoOOoooboobbD esyoooo
ooooooooooboob (@ 2e6).0000000DOODOODOLOODODOODOOPE
ocsMbogooooooboobgoooobobooooboboooobob.oooo
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MT1 MT1

A(I):= . 1. Store A(I):= b 1. Store LM

2. transfer
-CSM

MTS5 MT5 .
: : 3. transfer

= A1) + ... | w=AJ-D) + . je—| LM

2. Load 4. Load
O26MTOOOODOOO 027.:000000000

oboboobooboooooooooooooo (@ 27nHhooooooooooooogn
gboogd.
gooobooooboooMrToOoooogoooooooboobooobooboooo
gbooooboobo Myuobooobobo dbSMyobooobgoooooboobood
ubbooboobooboooboo.oboooobooboboooobooMroooooonodg
gooobobooboobobooboboobobbobooboobooboonoo
gobooooooMrooooesMuoo pSMOOooogoooooooo.oboooon
uooooMrooooooboboooo MToOoooooooooboooo MTOO
oooboooooooMrTooooooo psSMoo eSMOodooooooog.

223 U00O0OOODO

MTOOpPCOOOOOOODOODODOODOOO. PCOODOOODOO MTO
Do-alDODOODOODOODOD Do-alDODOO PCODO PEODUOOODODOODODOODO
UbooooooooooD.0obg bo-alO0OOO0OO0OOODOODOODODLOOOOODOOD
gbobobobooboooooooboooobooooobobo.o2803PEQ0ODOOOOD
gbooooboooboo.

Do-all Loop

Parallelize
MT 1 PE 1 PE 2 PE 3
DO 101=1,100 DO101=1,33 DO 10 I = 34,66 DO 101=67,100
A =0.0 A =0.0 A =0.0 Ad) =0.0
10 CONTINUE 10 CONTINUE 10 CONTINUE 10 CONTINUE

028000000
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Do-alDO0O0O0ODOODODOODOODOUOO00O0ODLODOOODbOUODUODOODbDOD PE
gbooobobodgbogiob.Dbo-acrossU 0O 0UO0LOUODOOOOODOOOOOOOO
uboboobooboboooobooobooobooon.

224 OUO00ODOODO

gooboooobobobobobobobobobobooooooobo.ooooo
uboboouoooboobobobooooboboobobobooboboboboonboon
gboboobooboboobobooboooboobooboboobooobooobo.
MTO BpPAOOOOODODOOOODOOOOOOOOOOMTODOOODODOOODO
gbopCcObO0OO0O0OO0ODODOOOO(PEBYDODOOODOODOODO.O2900MTO
2QPE00D0O0DL0O0O0OD0DbOo0ObLOOobDbOoOn.
gbooobobooboboodgbobuoobobobobooboobobooooobo
uboooboooooobooboboobbobbobooboobobobobooonoo
gboooobooboboboobobobobooooooboboooboobobobooo
gbobbooboobagbuoobobooboobobbobooboobobganoo
uboooboooboboooboobobooobobobobobooboobobooooboo
goobooobooboboobooboboobooboboboobooboobobo
gboooo.o 21000000200 0000000000000000 2100000
ubobooooboboooooboooobboo.oboboobbooo pPEODDOOOOODOO
goobooboobooobooboooboobooMTOOODOODoOOooOoD.DbOd
gbooboobooboobuoobobboboobooboboobooboooboobo
gbobooobobooobooboobooobooboooogoo.
goobodobbooboboobboobboooboobobooobooob,ooo
ubbogobuoobb.booboboobooooooboboooog.

Processing Cluster

L=3 (2)

Y @l
[ I | |
= W N

.5 Parallelize
1%4:1?;82 : M=L+2(5)
N o M #*9 N=M**2(6)
N=N+1 . N=N+1(
P=SM 4

0290000000
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PE1 PE 2 PE 1 PE 2

1) 2 ey 2
3 ) 3 )

C)) C))

2 Write Write
Sync
Send (8) (6)
ync busy
Receive 6) EE wait 7
mm Nop

®) )

gz210:000000

225 O0O0OO0ODOOOOOOOOObOOO0ODbOODbOOnOD

gbooboobooooboooooobooobouoobooboooooooooan
goobooboobooboboon:

e JOOODDOOODOOD OO MTUOUO PC(Processing Cluster) OO0 OO0 OO0
googooboobooob pCcOMTOOODOODOOOODOODOOO

e PCOUOOODOOODMTOUOUODOUODOOODOO (bo-alhIOODOOODOOODO
gooooooooooooon

e PCOODOODOOODO MTULOUODUODODOODOOD (Do-across)l0 OO OOODOODO
goooooooooooopCO0 PEODODODODODODODODOD

e MTUOUOUODODODODOODOOODDODOODLOOODODLDOOODOOODLOOODOn
gobooooooo,MTOODODOOOODOOOODOOOO0DOO00O00 (Do-across)
gboboooboobbooobbooboooboobbooboooooonobdgd
gboooooooboobobooboonoobd

e MTUOODOODOOCSMIOUOOOOOOOODOODOO.

gobooboobobooobooooboooooboMTOooogobooooboo
gbooobooobobobooMTOOoOoOoOooobooboooboooobooooooooooo
gboboobogboboobooobooboobo pCclOMTIDOODD CSMOOODOO
gboooboooooogoboobo pCc20 MI20000000000000DO0OPC200
gboooooooobobobobooobooogogopciocsMubogooooono
gbobooboobbooboobooobooboooon

12



2 DOooo 22, ODO0DbOOObDObOObOobOOobOOOoOooOOoooOog

gboooboobooboobooboobuoobooboboobboobbobboobooo
gb.00b0oo0oooobooobooMrTooooobo pcOb0O00O0O0OO0OODODO
uboobooobooobooooo.

goboboobobobobooboobobuooboboboboobobboobooo
ubogboboboobogboobobooboooboboboobuooooboonbgd
ubobobobobobooobobobooboboobooboboboobooboooono
goboobogooobooobooboboooboooboobboobooo.ooba
obooooednonogoO.

gbooobobooboooboooboobobooboobooboonboboooboan
goooob:

glioooooooob pPE0DOODOODODDOOOOODDOO0OOO0n

g20pCO0 PEODOODOODOODOODOODOODOODOODO

g3jouoooboobooboooboooboooboboooboooboobooopCcOobOOn
gooooooooooooooooon

g4000000b00b00bO0bOO0bOO0bOObObObOObOODbObOObOobOOob

goooooooooboooooooooo2ngoobooooog.

Centralized Shared Memory|

1L

Global Network
J y J y y J y J Y 1 Y J J Y J Y
PE| |PE| |PE| |[PE PE| |PE| |PE| |PE PE| |PE| |PE| |[PE PE| |PE| |PE| |PE
I { ¢ $ I T I I
Local Network Local Network Local Network Local Network
“—Processing Cluste Processing Cluste Processing Cluste Processing Cluster—

g21:000000000000000000D00D00b00D
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23 UUdouuooooouobboooboboood

gboooboboobooobooboboobobouooobobooboooobooooooboo
gooobobooobooboboobobooboobooboboobooobooboo
ubboobobogboobboobaoboo

2.3.1 OSCAR

OSCARUDUOODoOobOobouobobobuobooobobDoobob @Wbobobooo
gooobo)bobooboooobooboboooboboboobomgsooooon
obobooobogoSCARUDDUODO 2120000003000 0000 80000
gobooboooboo(@kuyyobooooboooobobobbooboooD esoooo
goboobooooobogoScAROLCSMUOboogooooooooooooooboon
ubobooboobobooboobbooboobboobooo

Host Computer

Centralized Shared Memory1l
Control & 1/0 Processor (Simultaneous Readable) y
RISC P 1/0 Processor
| e I “ - I Bank 1 | | Bank 2 || Bank 3
1 I 1 I IR I AR | A
I 1 1
Data Prog. Distributed Add.n Add.n Add.n CcSM2 | | csm3
Shared ||| F---4dF---4F -- -1
Memory Memory Memory I T I I T I
Read & Write Request
| Bus Interface | Arbitrator
T T
! I I I I I I I
Distributed
Shared Memory
(Dual Port)
(CP)
- SMFLOPS,32bit RISC
Processor (CP)f (CP) (CP)| (CP)
(64 Registers)
- 2 Banks of Program
Memory
- Data Memory
- Stack Memory
- DMA Controller
PE1 PE5 | | PE6 PES | [ PE9 | |PE10| [PE11 PE15| [PEl6
~<— 5PE CLUSTER(SPC1) SPC2 SPC3
~<— 8PE PROCESSOR CLUSTER(LPC1) LPC2

0 2.12: OSCAR O O0O0OU
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oSCARUOU0DOObDobOobDbOoobuoobooboobbooobOooboobDoo
gbooooboobooboooobooooooboooobobobO @oos4000)WhOoDLO
ubooboooooboooboobobboboobooboobobooobobooooboo
go@uoobo)oboobobobooboobobobbobooboboobobg
gboboboobobobobobob 93

OSCARUOUDOUDOObUObOobOobOobOoboboOoboooobOooDooDooLDOoobDOoDo
gobodoboo,0bbo0bboobobuoooboobboob oSscARbugonog
ugbbgoboabod

e JO0OD @GLHOUODDOODOODDOO
e JOODODODOOOOO

e JO00O0O0OODODOD@WDLOD:CSMUODDOODO)ODOODOODLODO @O
go:DSMUOOOOOO)yOOO

gboogbooboboboobobooboooboboobooboobobbobooboo
goboobooooboooo

2.3.2 Cedar

Cedar D OMlinois D OO 1993 000 000000000000 00000O000O0O0OO0
oboboobooboobooboobobbobbAlant D00 0OD0OOOODODOODO FX-80 1
Uboobooooboob 20000000 (Omega LODH7SDODOOO 2130
OO0 Global Memory U0 D ODO0O0O0ODOO0OOO 214000000000800
ProcessorU 00O OO 0OO00O0OO0ODO0OOO4wayU OO0 OO0DOOODOOODOODO
vbooboooboooooooooooooooooooooooooooog

Cedr OO DOD0OODOODODODOOOOOOOOOODODODODODODO
goooboboobgooboboboboboobooboobobobobobooooboo
gobobooogobobobooboobobooboboooooboooboobobooon
gboobooboboobooboboobooboboobobooboooboooboo
ooooboobobogooboobooboo220b0bobobogbooboboooooboooboon
gbooboooobooooboooobooooooooooooooooo.

O00000 Cedar DO DOODOOOOOOOOOODOOODO

e JOODODODODODODLOD

e JOUOOUDODOOODODOO OmegaUUUECLODODOOODODDOOOODDOOO
gbooobboobobbooboobod

e JO0ODUOODDOODOODLOOODOODOOOD

O00OD00OCedar 0 32PE0 0O ODO0OOOO0OOOODOODODODOOODOOODOO
gbobooboobboobooboooboobbooobooboo
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Global Global Global
Memory Memory cecee Memory
8X8 Switch J 8X8 Switch _J Stage 2 8X8 Switch _J

\ /

1

]
N
/
| — o o]
|:8X8 Switch 8X 8 Switch jStageleS Switch j
\
N
/ &
Cluster Cluster| ..... |Cluster

O 213: Cedar OO OO0

Cluter Memory Modules

I/0
SUBSYSTEM
]
MEMORY BUS
4 WAY —
Interleaved Global B
Cache INTERFACE|
[ T T 7T
Cluster SWITCH
C E C E ...... C E

CONCURRENCY CONTROL BUS

O 214:Cedar OO ODODOODO (FX-8)
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2.3.3 Multiscalar Project

1995 0 0 Winsconsin 0 0 0000 00OOO Multiscalat] GST950 QEJ9OT], O OO O
00000000 oOdooO00oodoodoDoOoDodDOoDooDoOoOooDoOooog
00o000obOo0boooobooboooboooobooooooog

Multiscalar 00 00000, 0000000000000 taskO0O00O0O0OOODOOO0O
OO0 task O, 000000000000 000O0O00O0O0O0OOOO0OOO 2160000
O0,task 000 000O00DOODOOOOOODOOODODO,0D00000O0O0O0DOOOO0
0000, 0000000 10000,00000000O0000D0D0O00 taskOOOO
OO0 taskOO0O00O0O0O000O00O0OOtaskO0O0000O0OO000OO0OOO0OOOODOOOO
00o0o0bOOooOooo,b00b0b000b0oo0o0ooOOoo0bOoooOooO,0oo0oOooag
00000000000 taskOOOODODOOOODODOOO headerOOOOODOOO0OO
0o0d0o0dDO0odbOOoooOooOobOooDo,bdoo0oOoo0oboOo,00booooogd
O,00 taskO00O0O0O0ODOOOO

task -~ <Y>< --------- - Basic Block

Control Arc

Task Level
Control Arc

Multiscalar
Executable

O 2.16: task O O
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m Global Sequencer m

\

v
1I-Cache o

E:i Execution ||
; l;(Aecuhlon ; 00
1 Pipeline |

A 4

Interconnect Network

O 2.17: Multiscalar O OO0 O O0OO0O

Multiscalar D 00000000 2.17 0000 Global Sequencer 00 0 task OO0 OO0
0000000000000 taskODOO0OO0OD0OOO0OODOODOOOQO Processor Unit O OO
O0D0OOMultiscalar DO O0O00O0O0,0000000 taskOO0O0OOO0OOOODODOOOO
O,0000000,0000000000000000000000O00000DO00O00O0
O00D00OO0oooooo0oo, 000000000000 DOoooooooood
00000odDoDOdoU0o0Oo,d0d00dbDdD0oooooooDoooooood
000000 ARB(Address Resolusion Buffer) 0 O 0 0000000000 OOCOOO0O
O0O0OOloadO store 0000, 000000000000 ODOODOODOOOOOOO,O
0000000000000 000000 ARBOOOOOOODOOOO

O0000,4Unit0 Out-oforder 00 OO DOOOODOODO,SPECItO0O 1000 20,
SPECfp 000 30000000000 QEJ

Multiscalar [0 task [0, macrodataflow O task OO OO, 00 ASCAOOOOOOOOO
00000000, Multiscalar 0 ASCAOOOOODOOODODOOODOOOOODOOODO
000D00O00oo0oU00o0ooDO0bOO0oDOooDUOoO0Oo,0b0D0ooDOooOoooooDd
000 Multiscalar 0, 0000000000 taskDOODOOODOODO taskOODOODOO
000 Processor Unit 00 OO0 0000000, 00000000000task000000O
0000000 o0ObO000DbOo0o00oDbOoO0o0ooOooOoooOono ASscAOoOoooa
000000000000 00DoO0DO0DOoooo0oo0Oo,0Dooooooooog
000,00000000000000000000000 Multiscalar DO OO OO0
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gopobooobobog AScCAdoboouogooboooobooobbooooobg
obO,ASCAO000000000000000,00000000000000

Multiscalar U 0 OO0 000000000000 O0OO0O0O0OO0O0OO0O0OOO 2000000
goooobogoo

e ProcessingUnit U DO D000 U0OO0O0OOOOOODOODO
e D-CacheU ARBOUOODDOOUODOOOODOOODOOODO

O000tskO0000D00O00O0D0OOO0DODOO0O Processing Unit 000000 task O
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00000000 OSCAR,Cedar D000 Multiscalar 000000000 OOO0O

e OSCARUDOIDOODODOODODOOODOOOODOO

e Cecdar U OUODODOUODDOODOODODODOOODOODODDODOODOODDO
goboooooooooooooooooobooooooooobooogonDg
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00000000000 O000O0O000oO00o0oOoo00oocoOo0oooooooooboon
000
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gbooboobogobbooboobobooboobo
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Distributed Shared Memory

Bl

Processors

031: 0000 MINOmega ) DO D ODOGOODOOODO

3.2 Clos[

ClosOUOUOUO32000000000000O0LOOLODLOO3bO0UbDUOD MINODO
U0 3000000000000 distributord exchanger concentrator 0 0 O 0O 0O 0O 0O O
obooooooooooooo k00onoob ck0obooobooooooog

g/000b000bpoobo/ooo0sbo00db rxrDODODDOmOOODOOD Clos
OO00VmnenOOOOOODOOOODOClesOUOO mxOOOODOOOODOOODOO
OO0O00o0o0oDbDoobboOoood
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em>n:0000000
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memory

>

o

o

% 0 1 2 3 concentrator
£

'\(D

ca)

[a

3

< 0 1 2 3 exchanger
&

b

S

2

E 0 1 2 3 distributor

EXEXD EXEXEED EXEXEXED CEXEXEE)
processor
O 3.2: Clos O

googobooboboobooboobobooboobobooooobobooooDoDo
oooooooon

oobobogobogb ClesUbbbOoooooboobDbOOobDOOoDOODOO
gboogboooboboogb ClesODOOO0DbOOOODOODOOD.ODODOODO
ooooboooboooTSsel DR2DOOOOOOOOOOOO0OODO0O0O0O0O0OO
gboobooboobboobobooboobboomyIoot
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ubooboooobooboobobboboobuoobooboboooboobooaaa
googno

e IO PELOOODOOODOOO
e JOUODODODOD PEODODODODODO
e NO0ODOODDOODOODO

ogbooobooon
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with Opt 0 Nums-NodeAge-RRwithOpt U D 0000000000 0O0OOO0O0O0O00OO
goooboobooooboooogoD os%»0boooboooooboboooooboooogoD
goboobobooboooobobobooboboo200b00bboobooboobLbog 05%000
ooo
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(200000000000 0DO RClosODOD0OO0OOO0ODDODODOOOODOODO

OO0 ClosUDOODOOORClosDO0OOD0OODOOO0OOODOODOOO ClesOOOODOO
olooooooboo@o 2000 s NROODODODOODOOODOOOODD

. J00000000 UO4PE/DODUOOG4APE2OD)
i. J0ooooooooooooooon 10,000
. JO0O00O00000 d o6

iv 00000000 ClesDODOODOODO oDo300.50080 400

gooooob ssobogoboooboboboboboobg Clesdboonboonog
obobobooobobooooobooboboo clesbobgoooobonoooon
ooooboooboboooonoo e 2810 0000O0ClesDODOOODOODOO
Ubooooboobooog8owd ClosULDUODOODOOOOO 134000000000DOO0
oboboobooboooboobobooobooRrRROODOODODOOOODODODO
goboobooobooboobooogobogoclesobooboobooobooD
UOONRODOOOODOOOODOOOnodeage ageO0 DO OOO0OODOOOO ClosU
uboooboobobooobooboooooboobobboboobooboooboooo
oobooboooboobooobooboobooboooobodcClesobogoboom
gboodgbgoboobobobboboobuooboobooooboboboboboo
uboooobooobobooboobobobobooboooboooooboboooboooboo
gobogoboobbooboobobon

35000

30000

5000

o
3 25000 +
L [
[] AN
E 20000 SRZINEE ~
[ 2 ¥

2 _ _ S
S 15000 | > 7

2
k: . ]
2 10000 2 o ==
& -
o -

=

E

2

2

| | -

0 0.3 0.5
Rate of Inner Clos Network Access

(=2
co

ENR ORR

E Nums—Age-RR ONums—Age-RR with Opt
Age-Nums-RR M Age—-Nums—-RR with Opt

B Nums—NodeAge-RR B Nums—NodeAge-RR with Opt
O NodeAge—Nums—-RR B NodeAge—Nums-RR with Opt

Oss:200 64PEQ0DODODOODOO
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54 UUUdUoUouooooouobbbon

MINOOOOOODOOOODOOOODOOODODOOODOOODO permutation O OO
000000000ooO00oOoO0o00DOoO0o00ooDoOoO00ooOoO0o0ooDoOOooooonoDo
U000obOo0 ClesUDOO0ODOOODOODO packing strategy] YJIOOLLI OO OO ODODOOO
ooooooooopOooOoOobOboOo0O0oDboO0OoboDoOO0OobDooOoooDoOoooDo
0000000000000 0O000ooOoO0O0oDoO0o0DOoOODODDOO0O0ooDOoOOooDDo
000000000 0OMheis 000 Cedad JTA*OID 0O 0000 OSCARD OO 8811
Oo001991 00 Mincis D0 ODOO0O00O Cedar OO OODODOODOODOmega 0O
00000000DOoO000ooO0o00oOoOO0o00DOO00bOOoODOO0oooOoOoooDDo
ooooooboboooooobboooooo

goomes7ooooobooboooboobD oScARbDOooooooooooobogooog
gbobobolebobobobobooboo3ogoooooobobobobobo
o30ooooooooooooooooooobooboooooooobooooDobooooo
OSCAROUOUOUOOUObOOoUOoOoboboboobobboobOoooDooboDobbOoooboo
00000O000O0O0o00ooooOoOoO00o0oooO0ooo0o0ooDoO0oobOoOOoooooDo
Uboboo0oooboboOomob e’ oSCARDUODOOOooooooooooood
go0ooOooO0ooo0ooOobDO0OooO0bo0bDOobOoboooboOoDOobOoooOoDbOobooo
oooooobboooobooobobogoooooobboobooboooo

PEOPEIPE2PE3 Bus1Bus2Bus3 PE1 Bus1Bus2Bus3

| twaitB |

teurrent :_ :_
| | tous __ OPtime ___
L ;7__

tbus —]
teurrent
Bus Requests Bus Status Adjusting Bus Access After BUS Arbitratio
(A) (B) ©) D)

I:I. .. BUS ACCESS

.. .. NOPs inserting for WAIT

gse6:00opoooonog

00000000000 tame DOOD PEOODDODOOODOODO 560 (A)OD
gooooboboboooo uobobooooboboooobooooobooooon
Uo00o0boobooboooOobopPpEIODODOOODOO0O0O0OD0O0000D O tepyrrent O
Ubobo0bboooboooDO 65, 000PE1I0DO WAITODOODOODO NOPOO
gboog@©oooobob w, 0O00O0O0O0O0O0O0OBUSIODOOOOOOOBUSIOOO
Ubooboooooboooboobd e, OO O00O0O0DOOOO0OOOOOOOOOODOO
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goooooobooooboobooboboobooooboobooboboobooboo
oboboooboboooobooboboomoossmoooooooobooon
ubbooobooboobbooboooboooboobooonog

OoooogodRClosUOUODOOOOOOODODODUODODOOMINODODOO
gboogbuooboboobuoobuooooboboobooboooobooobooboo
goooScARIUIOOpOoooooooooobobobobobooboooooooon
goboboobbooboboobbooboboooboMINDODOODDOODDOO
ugoo
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oooOoOoOoOoOooOOoOoOoOoOoO0OooOooooooooDooOOoODOODDOOOODObbOD
goooooo,00000000ooooooooooooooooooo0g0g,0og
gooOoOoOoOoOoOoOOOOOOOO0OO0O0O0O0UO0OO0ODOOODOOODODOUOOOOOOO
ooooOoOooooOoOOoOooOoooooooooooOoo,.MTODOODOODDODOOOOOO
gooooo,00o00o0o0o0oOoOoOoOOo0oOoOO0OOUODOUODDOOLOOOO,0O
000D0O000000O00O0O0ODO0DO0000000oOoDOOOO0,0DD0D000000
O000oooOoooo0oooooOoO0ooOo,000oo0oDooo0oooobooooOo,0oo
o0o0OooooOoOo0oo0oooooOoOoooooOoOoooDOoOo,0oo,00ooobooooo
0000000000000 O0000DOO0000ODOCOO000n0DO MGFMulti channels
with Greedy Forwarding) 0 0 000000000 0ODOOOODO

6.1 OO
MGFOOOOOODOoOoooo,b0200000000¢0:
e JOODODODODODODODLODODLODODODO
e JOODOUODODODODODOD

oooooMGFOOOOO,000000000¢0:

e JOUODOODUODOOUODOODLDODLODLOD (DOUD schannelODO)DODOO,
gobbooobo0oboobooooboobbboO0 (@O0 cchannel OO O) O
gbood,ogobodoboobobodoboon

e JO0ODOODLDOODOODO(M@,20HDOODOO

e JOUODUOODLO (MUDUODODODODODO (OO scheduled packet 0 O 0O)/ O
U00D00 @O0 commonpacket U OO ) DOOOOOODOODOOODODOO
g, ggboogbboobuooboobbooboo

e JOODO,20000000000000000000000O00A0O, s-channel J 0O
goooooooooo,0cobobgoooogoo

gel1l,000000000MGFULDUODODODODLOO
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6 MGFOUOOOOOOOOOO 6.1. OO

s-channel

' ; :
! fifos CrOSSbaf—r’rEgL'

> decode={ '-+4¥2. Lol OUL |
% fifoc F» ..D_/
- mux5
5 input ports> ~ ¢-channel -5 output ports
. Crossbar -

OUL |-

‘ mux5

arb

O61:MGFOUODOO OOOO

oo0,MGFOOOOO0OO0O0OOooO0obO ooooooooooooooo

i.

il.

iil.

1v.

Ob00obOoooobooboOobg,boogd (scheduledcommon) DO OO ODOODOO
gooooobgo,booboobobooboobbooboo

gboobooboooobooobobquened00000on0o,00000000O0O00O
googooooobd

goog,bobbooboooboobbooboobboo,oobooooba
googoobooboobbooboobbon

O0,s-channel OO0 OO0 O00O0OO000O0O0OO0O0OODOODO,D00000000000
oon

cchannel 0O 000000 OO00OO0O0O,00 s-channelO00O0OO0OOOO0OO
000,000000000000000

O0000 MGFOUO, scheduled packet U D OO0 0OOO0O0000,000000000
U00,0000 commonpacket 0D ODOOO0OO0OOOO, 00000000000
goobooobo,oobobooobboobbooobbooobbooobbooon
ugbboobobuoooboooo,bgobuoobobuoobooooobuoooboabod
uboboooboobooboboobooobooobooboboboboobooboonoad
googoo
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62. MGFOUOUOUOOOOoOooood

6.2 MGFOOUOOOODOOODOOO

MGF O 0000, decode, fifo, arb, mux,out 0 SO00000000 (O 62) 00000
00000000000 0000000O0000O0000O0000 so0 s0o000a0aon

T e

o5 >

packet dvide
(320it -> 160t X 2)
"\t

32

For Non-:
Common Packet
packel o r S iy | |
IS
data J;-P' -1
7| decode | T~ | FIFO (8ts)
16 packet chunk-
16bit X 2 -> 32bit)
oo | FIFO (2is)
=l T
67| FIFO (2fits) 32 %
Scheduled
packet
L]
L]
L]
arbitor
Common
packet N 3
FIFO (8flits)
data o e 2
T’ decode | =% | FIFO (8fiits)| | 32 | 32
16 ~!
packet merge 32
16 (16otx2->3250) 2 | :
orer=*| FIFO (2flits) - - 2
el FIFO (2flts) 32 2.
Scheduled 2. Imux
packet : ”J2'”,
3%
E;LL\I;nrscheduled - arbitor
6.2.1 decode

packet dvide

(32bit -> 16bit X 2)
v oferts

32

0000000000000 0000O0ObOoOnOd scheduled packet I common packet
oboobobob,0o00o0obobob0ob0obuobubuobng,000n s-channel 00O O
Occhannel OO0 DOO0OO0OO0ODOOOOODDOOO,DO0000D0DO000O0O0O0DOO

aoo

6.2.2 fifo

decode 0 000 s-channel O c-channel 0 OO0 000000000000 OOODOOO0O
OO00000000 (FIFO: First In First Out queve) D 000 OO0 OO OO O O common
packet 000, 000000O0DO0O0ODO,00000000000O0DOOO00O00O0ODOO
000OO000O000,000b0b00do0b00oDOon fifeodOD0DOODODOODODOO
0,0000000000000000D0000,00000000000 scheduled packet
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6 MGFOUOOOOOOOOOO 63. DODOODOODODO

oboooooooobooboobo,fifeod00O0O 1packetDODO O, 000000000
ugbbgobuoobbooboobo

6.2.3 arb

gbobobobooooogoobo,fifeobd000b0O0O00ODbODbDODODOOOOn,
ooboooboooboooooogoog,dbobodbodD mux(multiplexor) OO 0O O
ugboooood

6.2.4 mux

500 1000 multiplexor 0, 500000000 fifoUDODOODOOOOOODOO
Ub00,ab000000000out00000O000O0OO0

6.2.5 out

s-channel O OO c-channel 0 20 000000000000 O0OOOOOOOOOOO,
s-channel 0000000000000 O0OOODO0ODOCc-channeldO OO0 O s-channel
000dbOO00O0o0bOoo0bO0oobOO0obDbOOoDoDbOOoboDoOoOoDoOoobOOoboDOoOooDOooo
Oddddd,cchannel DO OO OO0OOO0OOOOOOOOOOOOO,00000000
oooooo

63 UUOUOUoUooogn

oboobo,MGrOOobDObOOobOOoobOoboobobobooooMGFODODOODOOOO
oo,00

e scheduled packet

e common packet

CSM (read, forward)
CSM (read, backward)
CSM (write)

Peer to Peer (write)

broadcast/multicast

ODebDDOOODLDOOOOOL,DO0OULUODOOUODDOODOUOOLOODODOOOO
O0,000000000D0CO0O0O00DO scheduledpacket OO0 ODOOOOO0OOODOO
OO00D00ODO commonpacket OO OO OOcommonpacket 10D OOOOODO, 00O
ocooooooboo4b000b0b000O0U0oDO,000DbDbODODODODbDbOODbOObO
gbooboobooboobooooooebitd0odoooO, it 16bit0 0 O00OOOODOO
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0 OO scheduled packet 0 broadcast/ multicast packet 10 40000 (16x4000)00
0000000 DO0DOO0DO0DOOoooooooooo 2t 0000000 0OMGFODOO
dood2At00o00o0oooooo,2t00000b000bo0o0oooonn field
oooog

Odododoooooooooooooa

gel:00dnoooonDonoonD@Oon)

o0 bitd O00OO0O0ODOO

PT Ibit DOOOOODOOO
scheduled packet O 1
common packet [J 0

FT Ibit OO0ODOO0ODOOODOOCO0O0O 320it00000000
ooobob @ooflipdD o1
ooooooooobobDOoO

gbooooobo,0booboobbooboobbooboo

6.3.1 scheduled packet

scheduled packet(l] 6.3) 0, 000000000 0OO0O0OO0OOO0O0OODOO0ODOOOO
oboooooooMTOO PEODOODOO,S220000000000000000D0O0
uboooboooboooboboobooboboobobooboboboboboooboo
gooMrooooooogooboboboooooooboboMGFOOOoDOOoDO
ooboobooogo ClesOO0D00ODOOODOODOODO,000000D00000O
ubobooboboooboooboobboobobo,bbooobooobooood
gbobooobooboobooboobo
gboooooooooooooo,0coboobooboooooboo 2000000
100,000 PEOO0O0ODOOODOOODOOODO0OOODOOO100O,ASCAD PED
U0 MAPLEODOOODOODOODOOOOOOO0OO0ODOO0DOO0DO00bO00bO PEODODO
ugboodbooboboboboobobboobobooboobooboboboooboo
obooobooboobooboboboboobooboobooboboooboooooboo
gobooobooooobobooobooog@wuob)yoboooobooobobooboooo
ubboobuoobbooboobboobooa
Obitdooog,de62,630000000000
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6 MGFOUOOOOOOOOOO 63. DODOODOODODO

a) scheduled packet (For inner Clos Network)

-1. To DSM
PT|FT|ST Routing Tag RP XI;EZZZ
Memory Address
Data
Data

-2. To Receive Register

PT|FT|ST DEST RR Num

Data

Data

Undefined

0 6.3: scheduled packet 0 0 O OO0

0e62:000000000000 (fordDOmQg)

oo bitd OODOODOODO

ST Ibit DOOOO0ODOOD0OOO0DOOOO0OOODOO0O0O0ODOO
goog
ogboboooooo100o0d

RP 2bit DOOOOOOOOO

00000000000 0000 1100000000
RoutingTag 6bit OOOO0OOO00O

0000000000000000

0000 110 2bit0 1000,0003000000
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To R-Clos Network To R-Clos Network

| Network Interface | | Network Interface |

DSM

.
-
-
.
-
-

(receive-register exclusive crossbar)

Ue4: 00000000 DOODLDOOODO

O063:000000000000O (Revive Register)

uo bit 0OODOOOOO

ST Ibit DODOOOO0OOOO0OODOOOO0OOO000O0OO0O00b000OO0
g
goboobogobboooonbnbo

DEST 2bit DODOOOOOOOOOOOOOOOOO port
oo0o0 1100

O00O0d ClesOOOOOODOODODO, distributor O O level-1 exchanger D O OO O, O
000 concentrator 0 O O 0O OO

6.3.2 CSMOODDOOOOOO
csMooooooo,oogoogog:
I.cSsMUOnDoooon
2.CSMUODOO PEOODODOODODODO
.esMubngooobooon

1.0 ReadODO O, CSMOODODODOODODODODODODODODODODO
gbobobobooooooobooboboboooo eSMUOb pPEODODOOODOOOO
ooboboooo,eSMbOdbogooooooooooooooooooo fitbbobobO
goboooooboo cesMuoboooo,pPE0O CSMOOboooooooboooo, CSM
U0 PEOODOODOOOODOOD20000000000PEODD CSMOOODOODOO
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6 MGFOUOOOOOOOOOO 6.3.

gooooobooood

U0O0d0 upstream, CSMOUO PEOOOOODOUODOOOOO downstream OO0 OO0
goo,ecSsMUOn0ooogoboooobodnDd wpstream, CSMUOUO PEOOOOOO0O
U0O000000 downstream, CSMOUOOOODOOD0OOOOOO0OOOO up stream

gboobooboobooboboobooobobon

gbooobooobo30b0b0obooboboobobobgon es, 66000000

ood

b). CSM packet

-1. read
( forward format )
PT(FT| Class ‘Iz g/ Bank Source Routing Tag
Packet ID | Prio Number of Words
PT|FT Memory Address
Memory Address
(backward format)
PT|FT| Class \I;V/ g/ Routing Tag RP
Packet ID | Prio Number of Flits
PT|FT Data 1
Data 2
PT|(FT Data 2N-1
Data 2N

ges:cSMUboboboboboobn
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6 MGFOUOOOOOOOOOO 6.3.

gooooobooood

064 000000000000 (CSM packet - Read backward)

o0 bitd O00000O0O
Class 2bit common packet 300 )0 00
csMOOoOOoooroono
R/W Ibit OOOOOODOOOO
ooooooooon
F/B 1bit  up stream(forward) 0 down stream(backward) O I [
down stream(backward) D OO 1000
Routing Tag gbit JODOOODOOO
000o0oobOOoobooooooo
0000 110 2bit0 10000000 4000000
RP 2bit OOOOODOOOOO
oo0dooOoobooooo0d Noooooooo
Prio 2bit OOOOODOOO0
o000 110004000000 ooODOODOOO
Number of Flits it 000000 D0OO0OO0ODOOOO0ODOOODODOOOO
Data00OOO0DOOODODOOO
200 51200000
650000000000 (CSM packet - Write)
oo bitd OO00O0OO0O0O0O
Class 2bit common packet 30 0 )0 00
csMOOoOoooo1rogono
R/W Ibit OODOOOODOOOO
oooooo1000
Bank 2bit OOO CSMOOOO
o000 1100040000000
Prio 2bit OOOOOOOO
o000 110004000000 ooODOODOOO
Number of Flits it O000000DOO0OO0OO0OODODOOODOOOOO

DataD DO OOOODODOOO
20051200000
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63. DODOODOODODO

-2. write
R/ R d
PT|FT| Class W Bank eserve
Packet ID | Prio Number of Flits
PT|(FT Memory Address
Memory Address
PT|FT Data 1
Data 2N

geo:CSMUDUODUODOODODODOO

6.3.3 P2P(Peerto Peer)J 0 (DO O)

gbooooobo,boooboboo pPELOUOOOODDOOOODOOOO0OODOO0O0OnO
oboobobobob,0gb0 PEODUODOO0OOD0OO, CSMUOOOOO reed0 00000
oboboboboobooooo,esMOooobo RClosOOO0oOgonoDooooooon
gbooboooo,p2pO0b000O0O,0000 PEODOODODODODODODODODO

oboobooboooooon
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6 MGFOUOOOOOOOOOO 63. DODOODOODODO

c). P2P packet (write to another PE’s DSM)

PT|FT| Class | Rank Routing Tag RP

Packet ID | Prio Number of Flits
PT|FT Memory Address

Memory Address Undefined
PT|FT Data 1

Data 2
PT|FT Data 2N-1
Data 2N

ge7:p2pO0000O00OD0OO0OOO0

ge6:00IDOOIDODOOD (P2POODON)

oo bitD DOOOO0OOO
Class 2bit common packet 300 ) 00T
PeerToPeer UL OO 10000
Rank 2bit O OO exchanger O O O
oo00U 110003000000
Routing Tag gbit ODUOODOOOODO

gboogboboobogbooboo
oooO 1102bit0 1000000 4000000

RP 2bit DUODOODOODOODOO
goooooooooooobOo11obobobob
Prio 2bit JOOOOODOO

oob0 110004000000 o0oODODODO
Number of Flits 9%it ODO0O0O0O00O00O00O00000
200 51200000
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6 MGFOUOOOOOOOOOO 63. DODOODOODODO

634 ODUO0OO0OOOO/MDOOOOOOO

gobooboo,0bboobboobobuoooboobbooobooobooon
obooooboobobobobooboofatob 24t 0000000R-Clos 000
TreeOUOOOOO0OO,000000000000000000000000O00000O,040
gbobooboobbooboobbooboobobon

d). broadcast/multicast packet

PT|FT| Class ng:i{ liiq. Source Node PE
Data 1

PT|FT| Class gzzck ;iq' Source Node PE
Data 2

geUD0ID0ODODL/WMDODLOLOLOLOOLODLODOOOODO

Ue67:000000000O0O (broadcast/multicast packet)

00 bitd DOO0OODOODO
Class 2bit common packet 300 )0 00

00000000/ o000o00o0b0oo nmooo
Seq.No 2bit OO0OOODODOOOOOODOOO

0000 11000 2bit
Source Node PE gbit D OOOODOOO

0o0dooOoobooooooo

0000 110 2bit0 10000000,004000000
Cast Rank 2bit UJUODODOOO0ODOOODODO exchangerU OO OQOO

o100 11ooo3gbogooooobooogoono
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6 MGFOUOOOOOOOOOO 64. MGFOOUOOODOO

6.4 MGFOOUOOOOO

MGFOOOOODOOOOOooooooooooooooobooooog 6200000
000500 s5000000000000O0000D0e6e8000000O0ODOOOOOO
O(DECOODOOODODODO)yOoOoOoDOoOoooao

dddoddooogoo esooonobDnO BCO,OD0O0DOOOoDOoOOOOoOOO
Synopsys 0 0 Design Compiler 0 000000, 0000000000000 OO0O0OO
dddd,1Cell=2NANDOOOOOODOD, 0000000000000 963340 O
ooo

0000 MGFOOOOODOOOO 61000000 DOOO0ODODDOOOOODODOOOOO
O,s-channel 0 FIFOOOOO 20,c-channel 0 FIFOOUO OO 8O0 0O0OO0OOOOOOO
1000000 0oooooo,00dooono soMHzOOOOOOOOO

O0dooooooooooooo,0eonnonoog

el U00UIDODODODODLO

good 0.35um, PolySi: 1 O
oooog:so

oooood 0.25pum
oooo 33V
oooood 59 mm 0
oooog 190
oo0oooo0 | 143kG2NAND O 0O)
ooood BGA256
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ge69000000000O
RAMOOOOOOO 43487BC

RAMOOOOO 4,680 BC
RN 48,167 BC

0610: 0000 MGFOUODOODOODO

googd 96334 (48167 BC)
googno 51.46 Mhz
ooo bitd 16 bits
god sg0s0o0
gooboob@oboo)o 4

geoMGFOUODODOD ODOOODOO
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6 MGFOUOOOOOOOOOO 6.5. MGFOOUOOODOO

6.5 MGFOOUODOOOO

Oooo0 MGFOOOO ODOOOOO0ODOO Verilog-HDLOOODOOODODOOOOODOO
U0bo0obooboboboobobo0b0bo0bouobboUgbboOobD single channel
0000 @UOSINGLEODOO)ODODOobooobooooboooonDo

6.5.1 O0OOO
e JO0ODOODODO IO @MOUODOODDOODON)
e 0O DOOODLOOODODOODLOOODDOOODLOOOO

gbooobboobogboobbod

ooooog4it00dn

gboopoboobooooboobooobooboooo

6.52 UO0O:0000

gelobboobOobObObOODbODODOODODODODOODODOOODODO
obobOobOooOOoOoSINGLED O ODOODboooobooooMGFooooooon
goooboboobogboSINGLEDODooboobonoooboobobooonoo
obo0de0uO0n 70%0 000000

gbooboooboboooooooobooboouooobooobooboboobooooboo
goooboobobooboboboboobooboobobooboboobooo
goboooooboobooboobooboooboobooobog AScCAO0ODOoooo
uboooboobooboooboboooboboobooboobobooooboboooonoo
Uopboooobbooobob SINGLEODDOO 300 0000000n0oogoog
gboboboboboboooboooooboooMGFOODODOooD 20000000
Ob0oOobooboob SINGLEODODOodo e obooonoooonon

gbobobooboobobobobooooboobobboobooboboboooboo
uboodobuobooobobuogbuooboobobobooboobooboaoooooboo
gbooboooobooobooboobod

UOOOSINGLEOODOODOO MGFOODOODODODODODODOODOOOObOOobOoooo
Ub0000ooo0b0obooobogbD el1100000MGFEswitchODOODOOODOODOO
ooooboobono SINGLEOO 14000 00bo0bboobooouoboooonon
oboooooooon
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6 MGFOUOOOOOOOOOOe6. DOOOUOUOOOOOOMGFOOODOOOOOOOOOO

60

O£/ ybOFEL ATV (MGF)

B2y bDOTHL AT (single)

50 O Schedule Packet ML 1572 I(MGF)

O Schedule Packet ML 4T3 (SINGLE)

B Non-Schedule Packet DKL 172 I(MGF)

40

E Non-Schedule Packet )L 17+ (SINGLE)
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