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Abstract

Network-based parallel processing using clusters of personal computers
(PCs), which are interconnected by system area networks (SANs), has been
researched as potential cost-effective parallel-computing environments.

SANSs consist of switches connected with point-to-point links, uses worm-
hole routing (WH) or virtual cut-through switching (VCT) as its switching
technique to provide low-latency and high-bandwidth communications like
those of interconnection networks in massively parallel computers. Unlike the
interconnection networks used in massively parallel computers, SANs usually
accept arbitrary topologies so as to provide extensibility and dependability
to cope with low-reliability commodity PCs. The interconnection adaptiv-
ity, however, makes it difficult to establish paths that are free of deadlocks.
A deadlock-free routing algorithm is thus crucial for making efficient use of
network resources, yet the current deadlock-free routing algorithms in mas-
sively parallel computers with regular topologies cannot be directly employed
in most cases. Thus, traditional routing algorithms usually employ connec-
tivity and acyclicity of mapped spanning-tree to ensure deadlock-freedom
and connectivity in their target topologies.

Up*/Down* routing is the most popular spanning-tree based deadlock-
free adaptive routing algorithm. Up*/Down* routing guarantees deadlock-
freedom by using one-dimensional (up/down) turn model approach, and does
not require additional hardware such as virtual channels or buffers. However,
Up*/Down* routing tends to generates unbalanced traffic because the one-
dimensional turn model always generate unbalanced prohibited turns, and
thus it leads to poor throughput.

This thesis introduces the systematic approach for designing deadlock-
free adaptive routing algorithms called “left-up first turn (L-turn) routings”
and “right-down last turn (R-turn) routings”. The L-turn routings and the
R-turn routings are based on a two-dimensional turn model to guarantee
deadlock-freedom and make the paths as uniformly distributed as possible
by selecting well-distributed prohibited turns. The extended two-dimensional
directed graph, called H/V graph, provides the extra degree of freedom for
the selection of prohibited turns. The L-turn routings and the R-turn rout-
ings can be applied to any networks in which Up*/Down* routing is used
because they do not require additional hardware.

A flit-level interconnection network simulator written in C++ was used
for evaluating Up*/Down* routing and the proposed routings by probabilis-
tic simulation model. Results of simulations show that the L-turn routings
achieved the highest and up to 80% improvement on throughput. On the
other hand, the throughputs of R-turn routings were the lowest. Although

the L-turn routings and the R-turn routings achieve almost the same degree



of uniformity about the distribution of prohibited turns, there is difference
in an approximate tendency in which the traffic is more likely to be dis-
tributed. The traffic would be distributed toward the leaf nodes when the
L-turn routings are employed, and thus it leads to better traffic balance and
throughput. However, the traffic would be distributed toward the root node
when the R-turn routings are employed, and thus it leads to unbalanced
traffic and poor throughput. Therefore, better throughput results from uni-
formly distributing the prohibited turns by which the traffic would be more
distributed toward the leaf nodes, and the L-turn routings meet this condi-

tion.
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STEP1
STEP2

STEP3

STEP4

H/V 180
180

H/V 180

( STEP2  STEP3

STEP4

H/V Turn 4.2
, L-turn R-turn

42

Turn

STEP2

STEP1

STEP3



4 L-turn/R-turn

42: H/V Turn
STEP1
STEP2
(a) | H/V
(b) | (2)
() | (b)
(d) | ()
STEP3
4.2.2.1
6 ( ) p-dir
n_dir Ty _dir n_dir
7( ) T; T;
TD(T;, Tj)
8 ( ) H/'V {TD(T;,T}) | j = (i+1) mod n,i = 0,1,...,n—
1} n {TQ,Tl,...,Tn_l},
C(To, T1y ooy Tt
4.2.2.2 (STEP1)
H/V H/V direction H/V direction
4.8 0
4.8 H/V 4 H/V direction
12
4.2.2.3 (STEP2)
4.8
4.2.2
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4 L-turn/R-turn

direction

(next) \ \ / /
(rovions) LU RD RU LD

4
7

TLU,RD TLU,RU TLU,LD

—
—

/
<
N

TRD RU

C
w]

SENEB NI |lES

TRU,LU TRU,RD TRU,LD
Tiow | Tioro | Tioru
Truro /\ T, LD
< >RD LD < >TRU LU
Tiuru Tioro
erD,LU TRD RU
TLU,RD\ /I-RU,LD
4.8: H/V
STEP2-(a) (1 )
(2

link 3 ) 1 outer link

4.9 2 tree link 1

tree link

outer link

4.9:

44

tree

outer link



4 L-turn/R-turn

[\

H/V 4.9 4.10 4.11

tree link
LU U T Outer II n k

<r=u=mu= tUrN

(a) C1(TLv.rps TrD,RU> TRU,LU) (b) Co(Trv.rD, TrD, LD, TRU,LU)

4.10: H/V (Cy, Co)

tree link
LLULUUTRUUT T Outer Iink
rmimnm turn

(a) C3(Ttu,rps TrD,LU) (b) C3(Trv,rD; TRD,LU)

4.11: H/V (Cs3, C3)

4.10 4.11 2
4.10(a) C1(Tru,rp, TrRD,RU, TRU,LU)
4.10(b) Co(Tru,rps TrRD,LD, TLD,LU)
4.11(a) Cs(Tru,rps TrRD,LU) 4.11(b)
Ci(Tru.rp, TrD,LU) Cy O
Cs
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4 L-turn/R-turn

STEP2-(b) (1 )

STEP2-(a) 3 1

(a) TLu,rD

(b) 412

(a) Tru,rD H/V
LU tree channel
4
RD tree channel 0

prohibited turn

412: H/V
(3)7(b) Cl CQ
{Tru,Lv,TrD,LU} {Trp,rU,TrRD,LD} Cs3
Trp.LU 410 411
2
P = {Tip,rv,Tru,rv,TrD,LU},
P, = {Trp,ru:Trp.LD,TRD,LU}
413(&),(b) P1 P2
C1 Cy
Cs TrD,LU
C3

46



4 L-turn/R-turn

(@) Trp.rv, Tru.Lv, Trp,Lu (Pr)

4.13: H/V (Pl,PQ)
STEP2-(c) 2 )
STEP2-(b)
P Py
P 9
Q1a {Trvn_dir | n-dir € {LD, RU, RD}},
le {Tp_dir,n_dir | p—dirv n-dir € {L-Da RU, RD}ap—dZT 7& n_dir}
P
Q24 {Ty_dir,rp | p-dir € {LU, LD, RU}},
QQb {Tp_dir,n_dir | p_dir, n-dir € {LU7 LD, RU}>p—dZT 7é n_dir}
2
1 Qla
O
Qla Tla Pl
Tia LU
direction Tia
{Tp_dir,LU | p—dir € {LD, RUa RD}}
P
Qla
P a

47

Py

(b) Trp.rUsTrD.LD: TrRD, LU (P2)

H/V



4 L-turn/R-turn

2 QQa Py
O
Q24 T Py
Toe RD H/V direction
RD Tou
{Trp,n_dir | n-dir € {LU, LD, RU }}
P
QQa
Py Od
1 Py Q1a
Py
Qb LU
2 Py
Q2 RD
turn dependency graph (TDG) TDG D D =G(V,E)
V= {T\,Ts,.... Ty} E V p
E={TDy,TDs,...,TDy,}
414 415 O Qo TDG D, D,
4.14 4.15
1 2

4.14: Q1 TDG D,
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4 L-turn/R-turn

4.15: Q2 TDG D,
TDG D, 4.16
Cr(Trp,rv, Tru,RD»TrRD,1.D> TD,RUs TRU,LD» T1L.D,RD)
4.16 Cr {Trp,rU, TRU,LD-TLD,RD}
4.17(a) Co1(Tru,kD+» TRD,.D, TLD,RU)
C {Trp,rU, TrRU,LD} 4.17(b)

Cw2(Trp.rU> TrURD, TRD,L.D- TLD.RD)

9 ( )

10 ( )

TDG TDG

TDG TDG

49



4

L-turn/R-turn

TRU,LD

N

TRD,RU
TLD,RU

Cr(Trp,rps TrD.RU TRU,RD TRD,LD> T1.D,RU, TRU,LD)

4.16: TDG D,

RD,LD

Tioro TroLp
Tioru </
Troru

(@) Co1(Tru,rD, TrRD.LD, T1D,RU) (D) Co2(TrD,RU>TRU,RD, TRD,L.D. T1L.D.RD)

TRU,RD
TRU,RD
> T

4.17: TDG D,
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4 L-turn/R-turn

TDG ( )

(t1) up down

(Tvu,.os Tru,rps TrU,LD> TRU,RD )
(t2) down up

(Tuop,ov, Tep,ru, TrD,LU, TRD, RU )
(t3) left right

(Tru,ru,Tru,rp, Top,RU, TED,RD )

51



4

L-turn/R-turn

(t4) right left

(Tru,ru, Tru,rp, Top,RU, TED,RD

TDG D,

Cy(Tru,rD, TrD,LD>TLD,RU ),
Cs(Trp,rv>, TrU,D, TLD,RD):

Cs(Trp,ru,TrRU,LD),

C7(Trp,rU, TrRU,RD> TRD,L.D, TLD,RD)

TDG D,

Cs(Trp,ru, Tru,Lu, Tru,LD)s
Co(Trp,Lv,Tru,ru, Tru,LD),
Cio(Trp,ru,TrU,LD),

Ciu(Tep,Lv,Trv.ru, Tru,Lu, Tru,np)

52
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4.19

Q2



4

L-turn/R-turn

Troru I LD Tipro

cyclic dependency
forming a cycle in
H/V graph

TRU,

RD Trup Truto Trurp
/\ TLD,RD 4)
TRD,LD \/ TLD,RU
T

Tioru RD,RU Tror
C, Gs Cs G
4.18: TDG D (C4,C5,C6,Cr)

cyclic dependency
forming a cycle in
H/IV graph

TLU,

LD/\ TRU,LD TRU,LD TLU,LD
T,
D e
TruLu \/ Tioru

Tioru TioLu Tiow
Cs G Co Cu
4.19: TDG Dy (Cs, Cy, Cro,C11)



4 L-turn/R-turn

STEP2-(d) 2 )
STEP2-(c) 4
Py Qup 4
{C1,C2,C5,C4} 2
P, = {Tip.rvu,TLD.RD},
Py = {Trup,TrUurD}
4.20 4 P Py,
S —— B i >
prohibited turn in P, prohibited turn in Py,
Truro - Truto L TRU,LD‘ ’ Truro _~: ‘4
R TLD'RDw et /
A “.a“ f ‘\} TLD,RD — T
~' \ K ,,",‘/ “"‘.f RD,LD
/', ,.a"" TRD LD \/ {l" TLD RU \‘
g Tioru Troru # Y Troru
C, Cs Ce G
4.20: H/V (Playplb)
Py Qa2 4

{C5,Cs,C7,C3} 2
Py, = {Tip,rvu,TrLu,RU},
Py = {Trurp,Tru,Lp}

4.21 4 Py, Py,
P 2
P+ P, = {Tipiv,Tru,ov,Tro,v, Tep,rUsTLD,RD}S
Pi+Pyw = {Tp,v,Tru,Lv,Tro,v, TrRU,LD, TRU,RD }
P LU
H/V

Pla



4 L-turn/R-turn

..... » R

prohibited turn in P,, prohibited turn in P,,

Tiuto TruLo Lo TRU,LD‘\\‘}' T ::
’: 000 TLU RU' “““““ ’3 “‘,‘ :, y
- > . J
f, ) e\" ,” /"/“’ TLLff.Uf" 4 TruLu
',l g \ j,y‘ ,\-*
e TruLu \/ ,é{" Tiory \,
“ TLD,RU TLD,LU TLD,LU
Cs C9 c10 C11
4.21: H/V (Paa, Pap)
STEP2-(b) P, 2
Py+ Py, = {Trp,rvu,TrD,.D:TrD,1U,TLD.RU,TLU.RU },
Py+ Py, = {Trp.ru,TrD,LD,TRD.LU. TRU.LD, TLU.LD}
Py RD
Py, Py, H/V
4.2.2.4 (STEP3)
(STEP?2) H/V

P ={Tip,rv, Tru,Lv,TrD,LU }

P, P

04, 055 06, 07
4.22

4.22 2

P, ={Trtp,ru.TrLD,RD}

{Trp,ru,TLD,RD} 418 4
2
Py

Pla

95



4 L-turn/R-turn

redundant prohibited turn in P,

- X,
LD,RU ~~~ "“f“
.
St RU,LU

-~ .
[}

CPRY

o

(a) C(Trp,ru> Tru,Lv, Tru,LD)

4.22:
418 4 (
H/V
H/V
(a) Pla
(1 RU
(b) Pla
2 RU
(1) LU (P,
(2)
(3)
2
1 (b)

P

prohibited turn in P,

TLU,LD/\

1

w

N,
T
s RU,LU

*

RD,RU

(b) C(Trp,rD, TrRD,RU, TRU, LU, TLU,LD)

T.Lp RD
RD

Trp,rU

Pla

o6



4 L-turn/R-turn

1 (a)
(1)
RD
(2)
LD
(2)
2 (b)
1
(1)
(2)
1

{Tru,LD,TrURD}s Poa = {TLD.RU,TLU.RU}

4.23

4.23 )

Cq

O(n?*1)

RD
(2)
LD
RD Typ,RD
(2)
(2)
(1)
TrLp,rU
RU
Tr.p,RU
Tr.p,RD P
Cs Cy
TrLp,rU Py
Cy Cé
Py + Py, Po+ P Py + Py,
Py, Py =
Py, = {Tru,Lp.Tru,LD}
Py
P Py
P+ Py,
TI,....T5 Py
5,6,7,9 4.23
4 5
Ts

o7



4 L-turn/R-turn

—<———prohibited turn in P,

~ allowed turnin P,
@ detected cycle

starting node for the
traversal algorithm

4.2.3 L-turn/R-turn

4.2.2.3 4 4.2.2.4
4

DP

DP = DA(H, Pst(zt> Pcond)

DA H/V H Pstat
Pcond
DP
Py ={Trp,rv,Tru,tv,TrD,LU } 2
P LU
LU

L-turn (Left-up first turn)

L-turn/a H/V P, ={Trip,rv, Tru,Lv, Trp,LU }
P, ={Trtp.ru.TrLD,RD}
DPy, = DA(H, Py, Py,)

L-turn/«a
L-turn/j H/V Py ={Trip,rv, Tru,Lv, TrpD,LU }
Py, ={Trvu.LD,TrRU.RD}
DPlb = DA(HaPhPlb)
L-turn/f
P> ={Tgrp,ru,TrD,1.D; TRD,LU } 2

o8



4 L-turn/R-turn

P RD
RD
R-turn (Right-down last turn)

R-turn/o H/V Py ={Trp,rv, TrD,LD, TRD,LU }
Py ={Trp,rU, TLU,RU}
DPy, = DA(H, Py, Pa,)

R-turn/a
R-turn/3 H/V Py = {Trp,rv, Trp,LD-TRD,1U }
Py, = {Tru,t0,Tru,LD}
DPy, = DA(H, P27P2b)
R-turn/g
L-turn R-turn
4.24 4.24
3 L-turn R-turn a
H/V
L-turn
R-turn O
4 L-turn R-turn
Od
H/V LU RD RD
LU H/V
Tru,rD TrLu,rRD H/V
L-turn R-turn
O
4.25 4 x4 2 BFS Up*/Down*
L-turn (a 16 ) 2 West-first
425(a)  4.25(b)
Up*/Down*

L-turn
4.25(Db) 4.25(c)

L-turn

99



4

L-turn/R-turn

4 3gllowed turn
<= = = = = = prohibited turn

< conditionally prohibited turn

TRU,RD/\ TLU,LD/\
< >TRD,LD w TRU w Tw RD\ /TRU LD
TLU,RU TLD,RD‘ ' LD RU \\‘"“ Q TRD LU

% ¢ N Sa
134 TLD,LU \/TRD RU s *

(a) L-turn/«

TRU RD TLU LD &
< >RD LD < % TruLU TLU,RN 25 Trup
N
. \
TLU,RU w TLD ' TLD,RL/‘& TRD LU
A
154 TLD,LU TRD,RU

(b) L-turn/g

TRU,R[/\ T, LD
Y s RD LD < > RU,LU |_u RN /TRU LD

K ’ TLD RD

w,,
2,

TLU,RU TLD RU \H\“"\‘ RD,LU

TLD LU " RD RU

(c) R-turn/«

TRU,RD/\ T, LD v
. TRD LD TruLu T RD\ ~ Trurp
T »’ . T
LU,RU Tioru §§ RD,LU
A

LD RD

TioLy TRD RU
(d) R-turn/g

4.24: L-turn/R-turn
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4 L-turn/R-turn

4.25: 2 (4 x4 )

61



4 L-turn/R-turn

L-turn R-turn
L-turn/«
(a) H/V
(b) H/V
(c) H/V
4.26 L-turn/«
16 H/V
4.26
Up*/Down*
3
4.2.4 depth
4.1.3

right-up left
4.27(c)

Trp,LU

4.2.24

Up*/Down*

Up*/Down*

BFS Up*/Down*

H/V
4.27(b)

62

11

)
L-turn/«

4.27(a)
right
left-down

4.27(b)

P

[E.W59]

10

depth

4.27(c)

4.26



4 L-turn/R-turn

lllllllllllll"l
I I
,','"""""""l'l,l'l,l'l'l‘l""."'

"X
LD RD N ot
|||||||||||||||||||||||||||||||’ Channel uwj by BFS Up*/DOWn* routlng path
====suusp  channel used by L-turn/a routing path
sour ce switch
@ destination switch
4.26: BFS Up*/Down* L-turn/«a
LU RU ‘IIIIIIIII
X prohibited turn
LD RD
(a) (b) ()
4.27: depth
L-turn
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4 L-turn/R-turn

4.27 L-turn R-turn

4.2.5 H/V

L-turn R-turn 4.1.2 H/V

horizontal spread

, H/V

(a) random

(b) less child-node first

(¢) more child-node first

(d) more upper-channel first

up
random
more upper-channel
first
more upper-channel first
4.27(b)
)
4.2.6
L-turn R-turn 3.1
4.3
4.3 n m
4.3

Turn ( ) 2

64



4 L-turn/R-turn

4.3:
L-turn BFS DFS Smart | Adaptive
R-turn Up*/Down* | Up*/Down* Trail
yes (BFS) | yes (BFS) yes (DFS) no no
Turn yes (2D) | yes (1D) yes (1D) no no
low high medium - -
yes yes yes yes no
O(n?) O(n?) O(n?) O(n?) | O(m?)
4.2.7
Up*/Down*
L-turn R-turn Turn
3.1
L-turn R-turn Turn
4.28
n (n > 2)
4.28 n (n Turn )

4.28 [M.J80, SDOO,
SLT02, JPMJ02, MAHO3] (virtual channel
transitions)

Turn
4.28 DL Minimal
Turn
Turn 4.28
Turn
4.3
L-turn R-turn
[ 02] L-turn R-turn
L-turn R-turn Up*/Down*
2 4
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4 L-turn/R-turn

routing algorithmsfor irregular networks

A

virtual channels

required? "% no
spanning-tree
required ? - yes no

virtual channel -

transitions ?
deadlock-free  —p Turnmodel  Channel dependency  Eylerian
strategy graph trail
dimension of /l\
directed graph - 1D 2D n-D
w b
* c - =
. . c = 3
routing algorithm = E 3 3 =
S & 8
=3 £ %—
7 2
LL
a
D
LL
)
4.28:
H/V
Turn 4.2.1
Turn LU
5
6
2
L-turn/«
)1
5 L-turn
6 4924 L-turn LU

66

yes no
 /  /
B

2 E §
o€ >
s £

8

&

(3]

=

=

=

H/V

2

<
«

Structured Buffer Pool

<
«

LASH



4 L-turn/R-turn

Turn

e H/V

e H/V
(4

L-turn

L-turn

L-turn

~ H/V

L-turn

5.2.5

[

L-turn/a
[MAAHO1]
H/V Turn
L-turn/g8, R-turn/a R-turn/g
H/V 2
4
[AMAHO02, 03]
2 Turn
)
02] [AMAHO02]
R-turn
[AMAHO02, 03]
R-turn 2 Turn
42 )
(5)
R-turn
( 524 )
( 425
)
R-turn (
( 53 )
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4 L-turn/R-turn

4.4
Up*/Down*
L-turn R-turn L-turn
R-turn Up*/Down*
1 H/V 2
H/V 6 12
H/V
2 Turn
L-turn R-turn
L-turn R-turn 2
Turn Up*/Down*
SAN
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L-turn R-turn
BFS DFS Up*/Down*
5.1 5.2 5.3
( )
)
5.1
5.1.1
C++ SAN
( )
)
, CPU
SAN

69



5.1.2
L-turn R-turn BFS DFS Up*/Down*
(1) (2) (3) (4)
(1)
(a) ( )
(b) ( )
(2)
(a)
(b) 2
(c) 2
(3)
(a) 16 ( 4 x4 )
(b) 64 ( 8 x 8 )
(4)

(a) uniform

(b) bit-reversal

Sancho
[JA00] 1
crossing path
20
BFS 3.1.1 minimum depth
(MDST) DFS 3.1.2
DFS BFS Up*/Down*
L-turn R-turn DFS Up*/Down*

70



3.1.24 crossing path  average distance
L-turn R-turn
H/V 4.2.5
more upper-channel first
L-turn R-turn
5.2.4 5.2.5
2
e uniform
e bit reversal
PC 0 n—1(mn PC ) 2
2 A0, A1, " 5 G2, Q1 PC
QAp—1,Qp_2," - ,a1, 00 PC
PC
5.1:
500,000
8
PC 4
1
128
VCT
lhop 23
OSF( )
Myrinet M3F-SW8§ !
RHIiNET-2/SW[STH™'00] 8 8 4
PC 4
20
1 2
L-turn R-turn SAN
1

"http://www.myrinet.com /myrinet /product_list.html
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[SB97] OSF

5.1.3

PC
PC

PC NIC to
PC NIC t
t —to

e M PR(Minimal Path Rate)
(%) MPR

e PT(Prohibited Turns)
PT

2 MPR PT

e SDPT(Standard Deviation of Prohibited Turns)
PT SDPT

e PPT(Pairs of Prohibited Turns)
PPT

72



e C'PUP(Crossing routing Paths on UP channel)

up

CPUP CPUP

(crossing routing path)

e CPDW |(Crossing routing Paths on DoWn channel)

down crossing routing path CPDW
CPDW
5.2
( )
5.2.1
(1)
16 64
uniform bit-reversal 5.2
5.2 2 L-turn
BFS Up*/Down*
16 7 9% 64 22 29%
DFS Up*/Down* 16
3 9% 64 8 14%
L-turn L-turn
uniform bit-reversal
L-turn/oc  L-turn/f 64
3%
2 R-turn 16 BFS Up*/Down*
64
L-turn
64
bit-reversal BFS Up*/Down*
16% R-turn/ac R-turn/f
64 3% L-turn
DFS Up*/Down* 16 bit-reversal

2 L-turn

L-turn
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5.2:
16 64
Uniform | Bit-reversal | Uniform | Bit-reversal
BFS Up*/Down* | 0.1050 0.1332 0.0357 0.0389
DFS Up*/Down* | 0.1090 0.1334 0.0383 0.0451
L-turn/« 0.1124 0.1435 0.0434 0.0486
L-turn/( 0.1122 0.1450 0.0438 0.0500
R-turn/« 0.1053 0.1343 0.0331 0.0336
R-turn/f3 0.1032 0.1347 0.0340 0.0338
(2)
16 64
uniform bit-reversal
5.1 5.2 5.1 5.2
20 L-turn R-turn
L-turn R-turn
(3)
16 64
5.3 5.4 5.3
MPR PT DFS Up*/Down*
DFS Up*/Down*
SDPT PPT L-turn R-turn
Up*/Down*
L-turn R-turn SDPT PPT
BFS Up*/Down* SDPT 40% PPT
80% DFS Up*/Down*
25% 75% L-turn R-turn
Up*/Down*
SDPT PPT 5.2
L-turn R-turn
Up*/Down*
CPUP CPDW 5.3
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5.1:

Latency (clocks)

Latency (clocks)

12000

11000

10000 [

9000 [

8000 [

7000

6000

5000

4000

3000

2000

1000

—>— BFS Up*/Down*
- -+ - DFS Up*/Down*

--¥- - L-turn/a
——[-- L-turn/B
—--— R-tumn/a
=0+ Rum/p

0.02 0.03 0.04

0.05 0.06 0.07 0.08
Accepted Traffic (flits/clock/PC)

(a) Uniform

12000

11000

10000

9000

8000

7000

6000 [

5000 [

4000

3000

2000

1000

—>— BFS Up*/Down*
- -+ - DFS Up*Down*

--%¥-- Ltun/a
——1-- L-tun/B
—--— R-tun/a
----O--- R-turn/p

0
0.01 0.02 0.03 0.04

Accepted Traffic (flits/clock/PC)

(b) Bit-reversal

(16 )

75

0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19



5.2:

Latency (clocks)

Latency (clocks)

20000

18000

16000

14000

12000

10000

8000

6000

4000

2000

20000

18000

16000

14000

12000

10000

8000

6000

4000

2000

T T T T T T ———T
R
Ik : [,] h
' 1 4
—>— BFS Up*/Down* ,b ' [
- -+ - DFS Up*/Down* 1' *
--%-- Ltumia I: S T
——[-- L-turn/B ] . |
— - Rtum/a ' | l' * T
+ L
-0 Rtum/B Sy
II " |
p 1
! -
1 1
Io¥
d 1
1 4
] 1
| %
7 i
1

0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Accepted Traffic (flits/clock/PC)

(a) Uniform

T T T T T |: T T \ |’ T I
¥ X
| T
H 1 -
—>¢— BFS Up*/Down* e) T ;
- -4 - DFS Up*/Down* I3 ! /
--%-- Ltun/a | . * / 1
——J-- L-turn/p _]-*' [m|
—-— R-turn/a + 7 o 7
----O---- R-um/p i o]
i H 1 ] 1
H [}
oo 1
i 4 ]
no /

0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 005 0.055 0.06
Accepted Traffic (flits/clock/PC)

(b) Bit-reversal

(64 )
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L-turn CPUP CPDW
L-turn
R-turn
CPDW CPUP L-turn
R-turn R-turn
Trp,LU LU
RD
R-turn
L-turn
Up*/Down* cCpPUP CPDW
Up*/Down* (1) up down 2
(2) 2
CPUP
CPDW
5.3: (16 )
MPR | PT | SDPT | PPT | CPUP | CPDW
BFS Up*/DOerf’< 89.6 3.181 3.723 1.591 11.40 11.40
DFS Up"‘/Down>|< 92.9 2.863 3.061 1.431 11.73 11.73
L—turn/a 88.9 3.175 2.264 0.366 10.76 12.54
L-turn/f 88.8 | 3.172 | 2.379 | 0.388 | 10.66 12.78
R-turn/« 8.8 | 3.184 | 2.300 | 0.375 | 12.54 10.78
R—turn/,ﬁ 88.6 3.163 2.328 0.369 12.64 10.74
5.4 64
16 5.3 L-turn R-turn
64
MPR 16 20
25%
5.2 64 L-turn
R-turn

7



5.4: (64 )
MPR | PT | SDPT | PPT | CPUP | CPDW
BFS Up*/Down* | 64.2 | 2.994 | 3.626 | 1.497 | 86.16 86.16
DFS Up*/Down* | 729 | 2.602 | 2.454 | 1.301 | 85.54 85.54
L-turn/« 66.9 | 2.890 | 2.288 | 0.316 | 82.94 91.63
L-turn/( 67.1 | 2.866 | 2.271 | 0.306 | 82.47 91.69
R-turn/« 67.0 | 2.886 | 2.281 | 0.316 | 91.14 82.38
R-turn/f 67.0 | 2.863 | 2.269 | 0.302 | 91.96 82.74
5.2 L-turn DFS Up*/Down*
L-turn R-turn
5.2.2 2
(1)
4 x4 8x8 2
uniform bit-reversal 5.5
L-turn
BFS Up*/Down*
10 50%
R-turn BFS Up*/Down*
BFS Up*/Down*
10 30% L-turn/a
L-turn/g3 R-turn/ac R-turn/g
4x4 8 x 8
( )
DFS Up*/Down*
16 uniform
BFS Up*/Down*
40% L-turn 60%
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5.5: 2
4 x4 8 x 8
Uniform | Bit-reversal | Uniform | Bit-reversal

BFS Up*/Down* | 0.0863 0.0877 0.0357 0.0380

DFS Up*/Down* | 0.0796 0.0601 0.0215 0.0226

L-turn/« 0.0963 0.1069 0.0510 0.0575

L-turn/( 0.0963 0.1069 0.0510 0.0575

R-turn/« 0.0791 0.0769 0.0257 0.0300

R-turn/f3 0.0791 0.0769 0.0257 0.0300
(2)

4 x4 8 x 8 2
uniform bit-reversal
5.3 5.4
L-turn
R-turn DFS Up*/Down*
BFS Up*/Down*
(3)
4 x 4 8 %X 8 2
5.6 5.7 5.6
5.7 MPR PT 8 x 8
Up*/Down*
MPR 2
SDPT  PPT 8x8 BFS Up*/Down*
SDPT L-turn
PPT 4 x4
0 8x8 Up*/Down* 92%
L-turn R-turn

cCPUP CPDW
L-turn
R-turn
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Latency (clocks)

Latency (clocks)

5.3:
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7000 | : i ? 1
: H /
6000 [ . ! / _
; |
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2 (4% 4 )



20000 T
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2000 -
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1
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/
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/
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0 1 1 1 1
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Accepted Traffic (flits/clock/PC)
(b) Bit-reversal traffic
5.4: 2 (8 X 8 )
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5.6: 2 (4x4 )
MPR | PT | SDPT | PPT | CPUP | CPDW
BFS Up*/Down* 100 1.125 | 0.992 | 0.563 | 35.67 35.67
DFS Up*/Down* 100 1.125 | 0.992 | 0.563 | 31.17 31.17
L-turn/« 100 1.125 | 0.781 0 28.17 36.08
L-turn/( 100 1.125 | 0.781 0 28.17 36.08
R-turn/a 100 | 1.125 | 0.781 0 36.08 28.17
R-turn/f 100 1.125 | 0.781 0 36.08 28.17
5.7: 2 (8 x8 )
MPR | PT | SDPT | PPT | CPUP | CPDW
BFS Up*/Down* 100 1.531 | 0.847 | 0.766 | 1671.43 | 1671.43
DFS Up*/Down* | 83.5 | 1.750 | 1.953 | 0.875 | 622.96 622.96
L-turn/« 99.0 | 1.578 | 0.932 | 0.063 | 1075.21 | 1774.31
L-turn/f 99.0 | 1.578 | 0.932 | 0.063 | 1075.21 | 1774.31
R-turn/« 99.0 | 1.578 | 0.932 | 0.063 | 1774.31 | 1075.21
R-turn/f 99.0 | 1.578 | 0.932 | 0.063 | 1774.31 | 1075.21
5.2.3 2
(1)
4 x4 8% 8 2
uniform bit-reversal 5.8
L-turn
BFS Up*/Down*
16  83% R-turn
BFS Up*/Down*
BFS Up*/Down*
2 20%
2 2 DFS Up*/Down*
BFS Up*/Down*
BFS Up*/Down* 20% L-turn
55%
(2)
4 x4 8 x 8 2
uniform bit-reversal
5.9 5.6

82



5.8: 2
4 x4 8 x 8
Uniform | Bit-reversal | Uniform | Bit-reversal
BFS Up*/Down* | 0.1195 0.1356 0.0386 0.0383
DFS Up*/Down* | 0.1201 0.1080 0.0362 0.0320
L-turn/« 0.1385 0.1590 0.0623 0.0655
L-turn/( 0.1392 0.1574 0.0583 0.0700
R-turn/« 0.1200 0.1088 0.0316 0.0331
R-turn/f3 0.1211 0.1104 0.0330 0.0393
L-turn
(3)
4 x4 8 X8 2
5.9 5.10 5.9
5.10 MPR PT
SDPT  PPT L-turn R-turn
CcPUP
CPDW L-turn
R-turn
5.9: 2 (4x4 )
MPR | PT | SDPT | PPT | CPUP | CPDW
BFS Up*/Down* 100 3 3.240 1.5 22.00 22.00
DFS Up*/Down* | 100 3 3.240 1.5 22.25 22.25
L-turn/« 100 3 2.208 | 0.438 | 19.75 29.06
L-turn/( 100 3 2.208 | 0.438 | 19.75 29.06
R-turn/« 100 3 2.208 | 0.438 | 29.06 19.75
R-turn/g 100 3 2.208 | 0.438 | 29.06 19.75
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5.5: 2 (4 x4 )
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Latency (clocks)
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5.10: 2 (8 x 8 )

MPR| PT | SDPT | PPT | CPUP | CPDW
BFS Up*/Down* | 81.9 | 25 | 2264 | 1.25 | 1014.56 | 1014.56
DFS Up*/Down* | 88.7 | 2.5 | 2264 | 1.25 | 654.25 | 654.25

L-turn/« 86.5 | 2.516 | 1.601 | 0.234 | 411.07 | 689.68
L-turn/( 86.3 | 2.516 | 1.649 | 0.234 | 405.73 691.76
R-turn/« 86.5 | 2.516 | 1.601 | 0.234 | 689.68 411.07
R-turn/f 86.3 | 2.516 | 1.649 | 0.234 | 691.76 405.73
5.2.4
Up*/Down*
[JA00]
L-turn R-turn
5.11 5.12 16 64
L-turn/« R-turn/«
(R1) Sancho
(R2)
2
(L-turn/g R-turn/g
) 20
uniform
5.11: (16 Uniform)
Throughput | MPR | PT | SDPT | PPT
L-turn/a(R1) 0.1124 889 | 3.175 | 2.264 | 0.366
L-turn/a(R2) | 0.1022 86.8 | 3.256 | 2.553 | 0.453
R-turn/a(R1) |  0.1053 88.8 | 3.184 | 2.300 | 0.375
R-turn/a(R2) 0.0919 87.1 | 3.234 | 2.515 | 0.431
5.11 5.12 L-turn/« R-turn/«a
R2 R1
R2 L-turn/«
R1 R-turn/«a
16 64
L-turn R-turn
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5.12:

5.2.5

first
5.13

4

(64 Uniform)

Throughput | MPR | PT | SDPT | PPT
L-turn/a(R1) | 0.0434 66.9 | 2.800 | 2.28% | 0.316
L-turn/a(R2) 0.0346 64.7 | 2.950 | 2.381 | 0.357
R-turn/a(R1) 0.0331 67.0 | 2.886 | 2.281 | 0.316
R-turn/a(R2) | 0.0276 64.7 | 2.948 | 2.384 | 0.355

4.2.5 H/V
4
5.14 16 64
L-turn/a R-turn/« (L-turn/g

more upper-channel

R-turn/g

(V1) random, (V2) less child-node first, (V3) more child-node first (V4) more
upper-channel first,

5.13:

5.13

V4

20
uniform
(16 Uniform)
Throughput | MPR | PT | SDPT | PPT
L-turn/a(V1) | 0.1022 86.5 | 3.306 | 2.533 | 0.447
L-turn/a(V2) 0.0946 86.7 | 3.216 | 3.206 | 0.738
L-turn/a(V3) | 0.1022 86.8 |3.281 | 2.551 | 0.459
L-turn/a(V4) |  0.1124 88.9 |3.175 | 2.264 | 0.366
R-turn/a(V1) |  0.0912 86.7 | 3.300 | 2.526 | 0.441
R-turn/a(V2) 0.0924 86.7 | 3.216 | 3.204 | 0.738
R-turn/a(V3) | 0.0927 87.0 |3.247 | 2488 | 0.425
R-turn/a(V4) | 0.1053 88.8 |3.184 | 2.300 | 0.375
5.14 L-turn/« R-turn/«a
more upper-channel first (V4)
3
less child-node first (V2) L-turn/a
R-turn/« 16

H/V
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R-turn 4
upper-channel first
5.14: (64 Uniform)
Throughput | MPR | PT | SDPT | PPT
L-turn/a(V1) 0.0353 65.0 | 2.960 | 2.417 | 0.352
L-turn/a(V2) 0.0307 64.1 | 2.878 | 2.917 | 0.603
L-turn/a(V3) 0.0340 64.4 | 2.959 | 2443 | 0.373
L-turn/a(V4) 0.0434 66.9 | 2.890 | 2.288 | 0.316
R-turn/a(V1) 0.0284 64.9 | 2.962 | 2418 | 0.355
R-turn/a(V2) 0.0275 64.1 | 2.882 | 2.931 | 0.608
R-turn/a(V3) 0.0276 64.4 | 2.944 | 2.423 | 0.370
R-turn/a(V4) 0.0331 67.0 | 2.886 | 2.281 | 0.316
5.3
( )
5.3.1
16 64
uniform bit-reversal
5.15 ( )
Up*/Down* 25%
L-turn R-turn
(2
2 )
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5.15:
16 64
Uniform | Bit-reversal | Uniform | Bit-reversal
BFS Up*/Down* | 0.1036 0.1442 0.0359 0.0394
DFS Up*/Down* | 0.1047 0.1441 0.0376 0.0482
L-turn/« 0.1107 0.1476 0.0430 0.0486
L-turn/( 0.1102 0.1465 0.0436 0.0492
R-turn/« 0.1043 0.1384 0.0331 0.0324
R-turn/f3 0.1047 0.1407 0.0329 0.0318
5.3.2 2
4x4 8 x 8 2
uniform bit-reversal 5.16
2 L-turn
R-turn
4 x4
Up*/Down*
Sancho
R-turn
5.16: 2
4 x4 8 x 8
Uniform | Bit-reversal | Uniform | Bit-reversal
BFS Up*/Down* | 0.0681 0.0834 0.0295 0.0362
DFS Up*/Down* | 0.0681 0.0728 0.0286 0.0298
L-turn/« 0.1045 0.1172 0.0398 0.0474
L-turn/f 0.1045 0.1172 0.0398 0.0474
R-turn/« 0.0873 0.0961 0.0274 0.0310
R-turn/g 0.0873 0.0961 0.0274 0.0310
5.3.3 2
4x4 8% 8 2
uniform bit-reversal 5.17
2 L-turn

BFS Up*/Down*
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2 Sancho
5.17: 2
4 x4 8 x 8
Uniform | Bit-reversal | Uniform | Bit-reversal
BFS Up*/Down* | 0.0945 0.1067 0.0292 0.0325
DFS Up*/Down* | 0.1047 0.1352 0.0316 0.0406
L-turn/« 0.1201 0.1547 0.0519 0.0552
L-turn/( 0.1198 0.1826 0.0514 0.0560
R-turn/« 0.1052 0.1351 0.0309 0.0407
R-turn/g 0.1058 0.1151 0.0314 0.0422
L-turn R-turn (
) ( )
L-turn
5.4
L-turn R-turn BFS DFS Up*/Down*
L-turn BFS
Up*/Down* 30%
80%
R-turn
L-turn
R-turn
L-turn
R-turn
L-turn
R-turn ( )
( )

L-turn
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PC PC PC
SAN
SAN
Up*/Down* SAN
Up*/Down* 1
Up*/Down* Up*/Down*
L-turn R-turn
L-turn R-turn Up*/Down*
1 H/V
2 H/V
6 12
H/V 2 Turn
L-turn R-turn
L-turn R-turn
2 Turn
Up*/Down*
L-turn
BFS Up*/Down* 80%
R-turn
L-turn R-turn
L-turn

R-turn
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