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Abstract  The cell scheduling algorithm for packet switching three-stage Clos networks can be
implemented by centralized or distributed controlling scheme. The latter becomes more attractive
as the switch becomes larger, because of its good scalability. However, this scheme may cause
the cells of a flow mis-sequence, which limits its application. A distributed scheduling algorithm
that could maintain cells order is proposed in this paper. It consists of three parts: load-balanced
dispatch in the first stage, parallel scheduling in the second stage and scheduling cells in order at
an output port in the third stage. The good performance and economy of this algorithm are shown

by theoretical and simulation analysis in this paper.

Keywords  three-stage Clos networks; distributed control; scheduling algorithm; maintaining

cells order

JRERE 7o Ry 52 B K 25 B 8% H 2 5 46 19 2% 174 JR AL 3k
Bz L HAT A oy A58 4 = 9% Clos W4 2544 1)
WEFE AT o3 Ry e v X Ao A A R A S
Clos P 45 py F HAR B A6 Pk 58 Fn R 47 19 mT 9 XA oy W R 2K LA (Bufferless) Clos W 2% i1 2%

1 5]

T

W H 81 :2005-03-29. fe ZA& St e 3 B 91 :2007-02-06. A< B4 3 [ 58 )\ 7N =7 i F AR B 9 & e 1 Rl 301 B 4 4 (2002AA103062) , H
PLIEAF B A BR 2 H] R AT 52 i 4 (2X]S200609120159) (ISN [H 52 i 45 92 56 % JT i PR A8 (ISN8-03) W Bl 45 &N . 55,1973 4 4E , [ - F
A s EEBFGE T ) S RS 5 e bR 4 384 I 4% T — 1RO M 45 6 B R 55 E-mail: yangjg_xian@tom. com. #I RAX. 53,1959 454, Bl #04%
FHEWFFT T 16 A G S 4 R 2% 4 A TS e B R 2. XU B EE L B, 1937 AE A, HOE%, T b A 0, 32 B R ST U O A 4% G B R R 4
R, 53,1965 4R 47 W A 0 L 35 TEF O A BE N L5 A ol 55 BT L ATM B2 A S8 e B AR L T R B R A8 de B R 4EL
ABEEE, L0, 1981 4EE B ST A EEBESE T I oN BR AL AR M4 R M3l B M 4%, FIgE, 1B, 1982 44, ® - 0F 98 4, 5 HF
FE 7 11) Ry A% i 15 4% 58 48 90 45 8 B AN AR AP B R 4



468 o

Bl

Eilg 2008 4

L
&

773 (Buffered) Clos [ 45", o2& 77 Clos M 45 1) =
WA FK FH 23 43 38 W 25 ¥4 (Space- Space-Space, 3S) , A~
AR AT SR A7, 33 T A 0 245 g 11 e Ak 2 A8 480 ) 2 52 B ff
B HFRE AT 48 BE (Packet Scheduling,
PS) [ 2% F1 8 2 55125 0 58 iUAR JE 78 R 45 v 5 D i) 1Y
B AR R L IXRE 2 1l 9 45 1 S B AR TR
PA R A A SRR s 22 A7 2 Clos N 25 J2& 7E W]
K — AR = PR AL 2 A7 )y 2 PRIk
AR GE A7 1Y 25 43 58 4 7 =0 AR 48 78 O — A~
MSM ( Memory-Space-Memory) 45 #57¢ , MSM %%
F it A — (=D PO G A7 7 L AR BR ) 1
W2 B R e . DRI, B 4 4 B ] 8% A
RT3 T s 2t SF R B8 B 1 A e M A 2 i L BRI T 9
JERE ST o [F)IF s AN T I 258 118 23 A =S 30 19 1
SEBMERE . A T T MR A 2 s SOk 7]
P T — oA R BE ) =G Clos P25 8T 4514
A R Clos M %% (Distributed Clos, D-Clos) Fi1 3 T
72 40 A T A R REVAELL SR P X R 3 A R o] SR AR T
DI =2 Clos [ £ v 1) i J3E 1) 8 43 fif by 565 — 0 1)
BB A A AN (=0 G > S 4 BT A R I R T A
- 1] R figf e s 9 24 1 = TR IR BE v O R A B AT
e il (5 2 T AE 2 AL B S35 [ i I 4 4% ) 3
BERT LAAI T BLA 5 Crossbar W 25 8 B2 5205 0+
BRI IT AR N 4 H A R Ak R . SR T
o3 A R = 2% Clos M 4% 7] BE 51 Rl — 0 15
JCHELIT « R TRAR DT EL T ) U 43 A 2R FE Clos W 4%
T B A 1) E B ) g AR SO T — b Clos
Do 28 J A1 2 B8 SRR —— 1R AR g3 e O R X B ARk
(Load Dispatched and Volleyed Scheduling Algo-
rithm, LDVSA) i 535 78 O/ F¢ 23 A 200 B2 06 5 10
LA b AT DR AR T B A SE 40 0 2% 11 5y o A
AR 5 b A e 1 A5 T L)Y ) L.

R TS T AR SR RE A S A I 2% 1) i A
(DO ECH N, =% Clos S —%  nXn 38
B TT, BITER r= N/n A, A R A4 590
XTI e A R ITT N n X n, DR
Hr A H Clnan,r) K F Rz Clos W4 D. 4 51
IM(@) . CM(R)FI OM () 7R 5 — B 5 1 A 32 it
BT, PRI SR ke DS ITRN S =N E A
e BTT. AR SCIT 8 SR T8 AR T0 38 8 75 2K oFF 442 v 1
AR AR — AN E TR AR — I B (Timeslot).

2 HiE#E

=% Clos 45 7315 U BE 03k 70 o =3 5o 1D

iy NG B2 S TBC B o ) R e i S R OT SE
F18) 8 2 Bk LA B fi Y R Ak A A i 11 S 4 1) 0 R
EEUM R LDVSA 8 B 57k AL 55 B A S 58
240 3 45) 4y it 55 3% (Full Load-Balanced Dispatch
Algorithm,FLBDA) | H1 8] %% ()48 )5 n-3£47 (Round-
Robin based n-Parallel, RRnP) ¥ & 5 v A fy HH 9
A% 2 {5 J0 I F B Citerative Oldest Cell
Order Output,iOCOO) ¥# i 5 ¥ =3 4r. LDVSA
SEAINIEL 1 PR, RS AGCR F S AHEB A A
Ui X 23845 A OM [ 5 o0 B S B3 434 BA
53R n ASF BRI R TM R n A o (Ut
ST ML) n A E D 5 T R R RRnP 33006 2 h 3¢
k[ 10]/ Ay K F4-47 8 B 8 3% (K -parallel scheduling
algorithm) B #E 75 B Y. X Fh B LA — A I BE A XS »
A e ) R T [R) A 0% 9] 32 <22 . 8 BE S 0E ek R
il e — 4 CML AR5 AR IZ CM 8 HE BRI
BUHEAT I ST B AS B B A 9 BE DT C. 7E RS CM Y
— MM 0 R AR N DME TR %A
AT LUORE [R) — 23 2H 18 25 5 J5 AASEL P 19 07 303k 2]
OM 2% JE W & yF 4 4 OM R FAE AT 38 T 5
Crossbar, f#3E{Z 76 FIFO(First In First Out, 4E A
S ) IR BE S AR AT LUGRIEAS 0 i AASELY 19
A th. O 7 S B L AR SR AT iy 2 Crossbar H
iOCF (iterative Oldest Cell First) 2 g1 gk 47 &
LB 2 2 A 10COO T B 5775 R il e OM i i i
H 55 4[] T 14 LDVSA B85 19 & A8 53 73 1)
AT B,

1—> —3 ol = ——
Do s P r X oin kT onXn |
n—a S IM ) I =NeV (G N =10}V (¢ D m
11— = 5\ 1
N EIMH = Mo 2| ESoMoL

1 LDVSA H kR E A

3 WMAZEELHNE
4B & 7% (FLBDA)

H i A A B A R 25 K TR, — A A 58
e 2070 B BEAN A RIS 00X ASF BB BRI

O TEARICHF R B =% Clos FIZ% 55 — %4 nXn XEFREGH . R
SN T VT A ST R RRSE T BT COr, Ko ) S5 4.



33 BN . —F B A F LR

J¥ RE 119 Clos 9 25 73 413 38 Ji B3k 469

FhBAF S VOSQ (Virtual Output Switch Queued Ji&
k0 A4 BT HEBD L A5 58 Lanh

VOSQY (k) (1<i<n, 1<<k<n, 1<[<r,
1<j<<r) R FNE IMD W5 @ A A 1 20
CM (k) £ 15 OM () BIfETCAE @ ¥ 1 HEBABAS 5

Lyvoso® Gy s 228 BB VOSQY (iuky i) K,
PUE TC o B 5

CO(Uaisg)  FRTER B ¢ 33K
i 7% R %) OM () {5 JC.

BT A4 IM B R FR P F TM (D > 3 B i A
R R AR RGN, 0
M VOSQGisk.j) s Lvosquisy M C Ciy j) R AUE
VOSQ (ivk+j) s Lyosq® wpy FI CV (Lsisj). AN —
Jetth R R IMCD RYER @ A A S H R 8.

EX 1. ey sy iH ik (FLBDA).

IM (D) %y A3

é\% /El\ M= {k | k= arg[mi]n {LV()SQ(z.k._/) 1 LI_,’ =
kE[1l:n

ZLVOSQ([.k.j) JES I'={j|j=argmax/{ Vo AE B

k=1 J€ll.r]

Bt o Asin 1 7 A2 5 B G Y A o 1w AR
u=G+modn. & t=hn+s(0<s<n, h AR
BO L WERAEW B an 8 VOSQ (iuiuj) (GETDH Y
BA Sk {5 Jo i i - AR A FE B B ¢ P VOSQ Gy us i) )
BASK A o0 s A o 1 2 B C (g il B BA S
VOSQ Gy ps ) i1 VOSQ (is p o j) T JE VLT FAS
FMZ— (D FERB — 1 BRu p€M HZE M 11
ME—JCFR s (2) TERTBR c—1 MR, p BHES M 21
TR — A p SR HEC W T7 ) B3R w W (E . BB
p=Ci+t,)modn, PB4 |g= (i+v)modn,
qEM,v>1t).
FLBDA %3 5K B B a2 s,

jvosQ<111> ~ |
TIV0sQUL 1) j
2}.

QVOSQ(I n,1)
IM(1)

t, =min{v

V()SQ(l n,r)

j VOSQ(n 1,1)

;jvoscxn 1,r)
Q VQSQ(M n,1)

%VOSQ(H 7))
&l 2 FLBDA 53 ffj SR & #

HisE 1 Al LA . FLBDA 3k 2% 3 ik 5
gt C (i, ) CBME Je Bt A 19 VOSQ L T 5 oo i i

JEAE n AR AU A O S B XREAT LA T
GIER
SIZE 1. 40 R s 4 I 2% 31 3Kl 55 2 mT AR PRI

(admissible)™, #ir A 4R H] FLBDA #3284 7

BEBE ¢ K2 t=hn(h g IEBBO B X T Vp.q=1,
2. n. ‘ Lyvosqii.p.p — Lvosacig.p ‘ <1.%:t NEHE
{EHTJ‘ ’ﬁ ‘ LVOSQ('\/’-I') _I‘VUSQ("-IIJ> ‘ gz'

WAL SRA ANk, RS A s A BAS A
Bl O I #8225 B 324 R 28 DI B2 1 T 46 B35 {5 TG

G B IR AE I B B T U6 B F AR I UK S T ¢ R
BB Y e =1.2, o IF ) T — > IF B A B2 22 31 3K

—ME T, 4 FLBDA FERE 5 Wik 5 3 1 AL
iR E =T+ 1, T+2,,T+n B, 55 1 A%
S FHEAEBATE t=T+n-+1 BHER, 518 1 38R 0T
B Tel(h—Dn—1,hn—1],fEEH 4 VOSQ BAFI
VOSQispj) Rl VOSQ Givqsj) BEAT 4347 JEiE 5] B
By T=(h—Dn—1, 4 T+n+1=hn, H
fRBEHTE T+ 1 BB | Lvosaci, p. i — Lvosacig | =15
RATET+1 B T+Hn+1 1 n DIFEENVOSQ G, paj)
MVOSQ(i.q. WA ANFN IR Z 4 B BT 1 A E T,
P~ BAI e 2 % B B35 1 M5, B P R A5
FALFTLUTE T+n+ 1. | Lvosaci.p.pp — Lvosaagpn | =1
MR BEAST s FHIE S | BRS 238 70 WRAEM BR T+ n+ 1,
VOSQGi, p,j) F VOSQ (i v g, ) 3% A A7 TT 8 IF i
Gk 2 — A i J& S e FEd i A, i B B e
T+n B BEARGIH1 8S, B ATERBE T+n+1 K,
I TR BT IR AER B T+ n+1 BEITH 2
VOSQGi.p.j) 5L VOSQ (i gy j) I BR K AR T A W5
RBAE S B T+ n+ 1 BIFHY & VOSQ (iy py j)
BNk fEE. T (h—Dn—1.4(T+v)modn=0.,
0<wv<nm, Hﬂﬁi&vﬁﬁﬂ‘@ T+ EEv |LV()SQ(i<p.j) -
LV()SQ(i.q,j) ‘il ’ ﬂD% IlV()SQ(;’,p.j) zLVUSQ(i.q.j) . EQ}?E
BB THn+1 K5 B 1 BT R Lvosec. . =
Lyvosaciugp — 1o H TAER B T+ n+ 1 B I 09 2
VOSQGispj) AR AEW B T+o+1 2 T+n+1,
V()SQ(i, q,j) /&ﬁfgﬁ%%a %B/A | LV()SQ(:‘./uﬂ o
Lvosiingp | =23 LZ s | Lvosaiippy — Lvosaciagp | = 1.
g5 Bk, i AR 5 B 1L HERE.

EX 2. BAREIGRFFHRRME. WX P FIFO BA
115 TC N BA Sk B BA . /INEI K 2 5. ) Fil C a2 4y
& TPABNINEIC. a2k C BT CRIE 4 C
75— A KT Co BRI P BA S B A BA ] £1 )7
R,

513 2. fZIH FLBDA g 94 2 P4 BA A
VOSQ i\ p, )1 VOSQ Gisq. ) TERTBRE hnCh iy H K
O R HA BN 7 Rk

. AREBR.VOSQG, p.j) I VOSQ(Giyg, j)
BABI#RJE FIFO BAS R IR UER:. H 5] B 1, R 2k —



470 it "

Bl

Eilg 2008 4

L
&

e AR AERT B t=hn K s Lvosaci.g.p=Lvosaci.p.p 11
Clin 2% g > B 3 45 4 AT DL 3 m) A 1 5 ik TE WD ik
VOSQi, p.j) F1 VOSQ (i g j) BRI BA B 15 7T C,
A CoAERS B hn KA BA BUIRLGR P 5. ot G
2 /N T Co 5 C e T CoBlik. R G2 1E I B
(h—Dnto(I=v=n) Fik A ATE C {5 ILEIE W
Eﬁ*/l\[ﬁ@j{ 7LVUSQ<i.q.j) :LV()SQ(i./;.j) +2;M§[ 1
AOIE R 3 F2 AT LA s Lvosacig = Lvosacipp T2 1Y
THORAEAE (h—Dn K s Lvosaci.g.p = Lvosqci.p.p 115
HAAECh— 1 n+1 8 Ch—1)n+ v B BZMHE,
VOSQis p»j) BRI TG # T 1l VOSQ Gisg ) BA
HIBA 5 TT 1 JT 11 00, 72 B FLBDA 43 i 55 %,
MEFBR(h— D n+v BB BE hn s L2 VOSQ (iyq,j)
BB AE 2 (Rl i AR 48 5 & E & I — M {F e,
i VOSQ (s p j) AT 2 41 5 I 85 JF » Bt LAFE I B
hn H Lvosacig.p = Lvosaai.p.p s 5 @%ﬁ Lvosqig. =
Lvosqip. T1 AT JE. HERE.

4 HiEREERZE

Hh ] 2% 22 e BT SR A VOQ B i AHEBL . 1
Je A AT 3 4L - A VOQ BRI L 4 — ARt
o7 A BT Y — A S T IR R % ) 4% (1 — A
i A2 T K — S VOQ HE— 40 R n AT BA
G 3 B — K L — A iy A ASE B A — A Hi A 1 FR
XA BRI L 405 A 41 G i L A i e HE BA (Com-
bined Virtual Input Output Queued, CVIOQ). H
CVIOQ™ (isp,j) Fm N IMCp) (5 @ A At
R E| CM (k) s )N CM R BYSES § A4 iy H 3 1 4y 4 1)
HICBAF] . VOQ™ (p.j) Fm CMR) I p AN A
Ui 1 AE R B 38 CM CR) 55 5 A% th o 11 o6 19 BA
I, 7R K ARE B F CVIOQ Gy p, j) A
CVIOQ™ (isp,j) REIR ALK VOSQ” (ivkyj)
15 JT a2 CVIOQ™ (iy pyj) W AAE T, X
P BA B0 A X %
4.1 HEEBRFMEXER

EX 3. il JRAT R SR (RRaP). 7RI
Bt o 3 A 1Y 7 2L B CM (k) (k=1 modn),
it B CM (R A% 32 B B B4 HE BA I B0 1 58— > IS e L OF:
PRV Be N A BT A n A g e B 0. CM (k) 11
DERC B LR HL . (D R HGE A F K 47T R 1A
JBEBEN O A — A A O 1T DR S s B
F CM k) a5 (p,j) € 7, A E VOQ™W (pyj) s
BEARVOQ™ (p.j)—EHEZS ; (D FEEEVOQ™ (ps))

(9 A F-BAF 44 LA B0 000 A i — A BA B 1 BA
KAF TeH - () WRAFAE CVIOQ™ (iv pyj) BRFI Y
K BERTF 1.8 2% 8% CVIOQ™ iy psj) BN fE
TG (b) MR AAEAE W 2 () P& i (L, N
VOoQ™ (p, D AEZS A B FAE— 1 FBAFIIE =S,
TSR 23 1 F BB S e — 1), 1 PR BA B BA Sk A5 0T 5
AR T BN Z A4 T 4 B g i s
e B ITAH N 1 BR B CVIOQ'™ (is py ) AR 2516 B
WREHT n—1 4 CM xR F SR 2 SR 2
1 —A~ CVIOQ™ (i p.j) BAKAF IT; (3) k& & 1
CVIOQ® (ivpsj)(p=1.2,,n) J5 ¥ 7] £F i VT i
FEA B BN B T n—1 A [a] 28 AT,

EX 4. BA[E] FIFO Fedk. L xt w4~ FIFO
BAF 119 £ 70 D A 3k 310 BA 8 1R /0N B K Gt 5 422 RS
BT R 43 3 AN BA S ep 52 A o6, — AN BRI
FF-5 /N A5 06 B T I BB S B T 5 — A BRI R S
FL B R A 0 B T 5 B, 8 2 ik ik b HE BAFD B8 T
K HEA B FIFO FRE. R4 51 2 1 figl 8 2 DL &
FE L3 OFIE SC 4 AT AR AT RS

WL 1. i AZCR A FLBDA 43, A | 9k
H RRaP ¥ & 55 2 19 = 9% Clos ® 4%, b [a] 2% /Y %
AHEBA W LR FR I X T VR R =1,2,
CVIOQ™ (i psj)F1 CVIOQ™ (iypsj) AWK HE
REMZE DA CVIOQ™W (ivpyj) (B=1,2,,n)
BA %1 Fi1 RRnP i B 51 HAT BA[a] FIFO FEE.

EW. AL VOSQY ik, ) Wyt (5
JeE 2 CVIOQ™ iy p.j) WM A5 o0, 51 B 1. 5]
B2 FE L3 A ARE G UEWIHER BT, TEEE.

B3 3. R AE =% Clos M %%, iy AR
A FLBDA 11 43 B 5335 . T W 2R Al RRaP i B
B A AE A v ] 58 4 55T 1 B4 o o 1
N4 8 R N AME 0 1 G A7 50T DA 2830 38 46 )
26 W5 TCANEL T b 1E B A 384 BRI

. WRE CM R &g o kA4
CVIOQ™ (ivp.j) (1=i<n,1=<p=r) B\F K {5
JCA B 87 U A CHEBA (Virtual Input Queued)
VIQ™ Giyp) (1=<i<<n, 1=<p="r), B IR X 1Y A 5]
HH nxXr=N A EX CVIOQ™ (Givp,j) (=1,
25 e+ o) A 70 A BA Sk 3] BA R e DA /DN 1) K 6 47 G
S lER .Y CVIOQY Gy py ) RS v BI{E T
F3k VIQY (i p) B}, HE CVIOQ®Y (iy psj)(s=1,
2,y sEDHGS R o—1 MfEICH E T & Hk
VIQY iy p) s B4 %5 & v— 1 W5 JC AT LA & JF
VIQ®W (iyp) (h=1,2,,n) RNELIF Hu ik A 5 i H

)



3 BN . —Fh BAF 0T RE IR Clos W 46 43 A 20 2 38 1% 471

L —VIQ™W (i, p) AT ¥ —ME U 1 W 2%
f7. Rt CM G 1y — A Hi it i 1 %5 28 N AMME T
AT HEEE.

MG 3 IIE M R FE L T LB CM (R 5 5 A4
it v H R A VIQ™ G p) {5 JC Ky LI B 22
= VIQ™ (. p) A5 2 MMEICHNIK AT A HE
ZEVIQYP (ivp) (k=12 ) {5 0L AT LAy iy
9. T RRnP 8 B2 505 i — A 0 B2 28 ok o8
B I LA AT DAAR fi S0 S Y — A VIQ™W iy p) 4
2 AMEIC BRI @A T A 1 VIQY (i p) (k=1
25 ) EAFE RS BTN I8 T RRnP 3 B2 38 04
A T W 2% R M BE R W, T T S o A — R
RRnP 8 B 512 B B 1) —Se 5.

4.2 RReP FHEHEEHMERE

J T E LTS RRaP B PERE . 1 B
H Crossbar Hi BE R IE 1) — 28 58 L.

EX S, T ok & R E R KDY pPBS
(Pipeline-Based Scheduling). — 22 #e M 284 p 4>
T AR S LA p AU J 0 B — A i i A —
A1 U JE 2% 58 L B DR E

TE A Crossbar Ht pPBS — i ITEAT A VOQ
B AHEBAH OB — A VOQ H il R R p A F
P EE A S TR A — I Bl — I AR A AE
fR 37 3K 58 IR BE DR 25> R SR AR TR AT L X
HRE AT LA AT X 3081 J32 ) ) 5K e 9 32 A ) A R I
] N —ASIFBRAE Sy p A I B () iy 4% A - 9 &
i Z AL AR B ST B AT DA PR A S R A A R R ik
A B 3 /R T 3PBS 19— L AE R B,

AR ¢
0121314

ol
(o2}
-
(e}

\ 4

T O
TR
TIHE2 < >

A
Y
A4
A

<
<

A
\ 4
A

<
L)

\4
A

3 3PBS ) — i LAE R

— MRk A SE TR 3 T MW M (i KA DT
e ) AR DR DG C ) 8] 38 B0 32 0 T AR FH it /K 2 T 352
IR [F) I RE ORI A S50 A A ik B S5 U7 T PERE L 40
DRRM (Dual Round-Robin Matching)™! ,iSLIP?1 |
OCF (Oldest Cell First)ts-1 24 g

ENX 6. % K AN (K-serial Scheduling).
TE . Crossbar ", £ K J#] B J2 48 4 B2 2% W — > IT
Bl 2 K IOA BT E T — 1 ILhd.

EMN 7. K IFTIEEY (K-parallel Matching).

1E K Do B —AN B B 2 il — 4 38 4 00
F18 81 B2 4% 50 R JRE R S, IR A 21 B DL C B BT A
K >384 3G,

EX 8. PRERE I AH Y. [RIRE R AL 55 8 i
AR FAS [R]85k 1 5 46 0 2%, i SRAE 4 — A4S I
Bl — SR M 48 B R S ST B R A D T 5 — 8
8 15 28 B T 1) £ 0 B8 IS 4 B PR X A 52 46 I 45 7Y
JEREJIAHE T 55 — A>3 4 M 45

I 1. XA FLBDA I RRaP A & ¥
CGrynar) MR T PIH R — A4 n X n B9 H Corssbar
S 2%, WA = 2 Clos W25 Hp ] 9 4% A4~ 38 4 H 7T
F1EA Crossbar 5% F R ZS A8 55 15, 8 Corssbar &
BT UK nPBS, Iy n YR n 8B IR 25 Fh =
2 Clos % 45 HiI P69 1) 94 £ 58 J1 A 24 T 5 Crossbar

SEE. R aPBS iy 8 Crossbar ¥ &1~ VOQ
fR i 3R R 46 3 J7 X0 TE B & A 7 0 B . B R
VOQ w84~ HE BA B 45 I8 % W — A3 5K Jr DA AT DA
SEM LA AR VOQ #E— 28 00 S n AT BRI A
IR i AR A0 A L BA A B HE A 0 i AT EE L
PVOQGi.j . p) 3 VOQ G, j) Xt B T BE2E p 1

FBF LD CVIOQ™ (paivj) X PVOQij
r=1

)[R Corssbar BAG n AR R FH 9245 n
PERE BT AZERT B ¢ SR ICEL & PVOQG s 5, p) s
W PVOQG,j. p) P IIME LN ECH LIS AN &4
min{L,n} MEITCMPVOQij . p) NI &% Kt 25

TE =% Clos W% w1, thidfEie 1. 0] 41> CVIOQ™ (p.

570 WAR JC 3 &) oy B & A CVIOQ™ (paisj)
(r=1,2,,m)H ; XA}y RRnP 155 VCFL (1) 5532 A1
B Crossbar BYAHR] . fiF LLZERTBR ¢, RRnP B W6
B CVIOQ™ (pyiyj) BNI AR 2 AR 1 48 P A 58 He
Do 2% (%) I £ B AR 2. UE5E.

HE R 1 AT LUR ), H 20 B Crossbar H 4 fi
Fo B G 1Y A R B R AT AT S 0 48 el wT LA L 3
RRnP 1, [5] Bf 0] DL AR 45 J A 351k 78 5 Crossbar H1
RAFHPEH b, 72 SCBRC10 ], B R AR 2 52 T
Crossbar [ B 5875, 28 5 17 5048 0, gk w] LA R
Tk FEAT IR B b [ B T K 2 B0 B SRk T DL
ik g KB AT LR BRI AR 2L T
RR»P 8 B2 5855 . B2 5 s B R A i 4k R k.
4.3 RRnP EEREFEFH

Kl 4 & RRaP 7 B 28R B B — > B e



472 o

Bl

Eilg 2008 4

L
&

I — A v 18] 5 58 48 B 0 AH X 5 DA JE AR SE SC 3 AT
PAAS S 7R RS B B B 2 b e B b i) T R
8 (PR 8 B 2) 58 B UE e 5 JF 6 i3 46 R E
R EASATRER, X T rlog. r R
A R WSR2 G 3 MU (b A Bl —
A F I AR O 1 & A VOQ H iy BA S L 1
o A B BRI LSS 1 A L RER R — A FBA
Pz A2 i 2 T B N A A e n A
Bt F) =5 8 3 A i 28 VE e 25 SR T 45 e Y R
LT rlogon FUEREL BT LEEAS RRaP 8 B 88 16 —
ASBT BRI T BB AE I N+rlog.r+rlog.n L
R WERIU N=64, r=n=38, 34 M % {5 5 I K &
N 64 A FAT R BE R N 10Gh/s I8 A5 T4 N
2.1875Gb/s, R H 2. 5Gb/s %4 B 2k vl LA 2
BR R AE HATEAR T 58 4 n] LS.
U 28 >

TR B

| UL L T2

A

Kl 4 RRaP %R &R

5 WHEAERZX

TEH G, 45 A 28 BT R R SR A A VOQ
(14 % A HE BN B — A~ A T HEBA SR A FBAS
XTIV A BT I m At o 1. 10COO 8 BE 5k 02 %
Ji & 3 IOCF 3 B 5k R 47 fa7 208 el 45 20 1.
Fl 1OCF —# ,10CO0 18 i B 1 LUF J01E 38 e 5T
rhHE BA S5 1 1 B ] K 0k R 4 15 e B k. 7E S M
BTG A IR B K 1A JC R Ol B & {5 JT (Oldest
Cell) . 76 i 3 3w 11 & 26 55 4 I AR SG e ¥ i 2 15
JeH . 10COO % 8 F iOCF 5 8 — K 4y Ky i 5K
(request) \FZY (grant) .J2 52 (accept) F1 L2 K %40 Y
#.10CO0 &1 iOCF 2 8 — 1y X 3 46 T4 2
AL 2 — A g R 2 A R AR DT Y i
KB, IOCF 5303k J& e 56 1) 19 o7 =Xk ilF 47 3% B, i
10COO B33k 25 7T 21 38 28 e X 45 19 56 )5 )7 >k
HEATHERE L X 2 B 10COO F53% R ik 19 N H % & Bt
R . AR B4R 10COO B2 & — b il K D e o B2
Bk T OCOO B M OCF &kt Mg M A
FF LA OCOO & 32 B F1 OCF 8B ¥ A #E 1 75 1 1k

fE. 73 4h 10COO B3k ALAE — > 38 e 5 7T Hh 55 it »
1717 2 46 9 28 Ffr — > 22 4 B 50 119 i 11 0 L 3 A 22 5 )
28 (1 i BB DA 2 3K RE AR T RS N 23 R A8
DO £ 47 B 1) L 550 o T LA EL AT B G 1) R R

T GE B 10COO 2 3k 45 & FLBDA & 3 Al
RRnP 5k 0] DR AIE#E A = %% Clos M % 1) {5 7T LA
E TN R N T

EE 2. R LDVSA B MM =% Clos
P £ F6 4% DR TIE B A 21 38 46 I 2% 19 45 G LA ) A 1 I
IASE e 9 45 B

iE#. RA LDVSA ¥ =4 Clos (4% j& 18
B AGCRH FLBDA, a1 9k H RRaP., i i 9%
1 i0OCOO Bk, 46 1 F1 RRaP & 345 T M
VF1) £ B 4y 3 20 A s o B D0 AT A R — A B L A 2R
ZINBIAAES VIQY (i j) (p=1,2,,n) Bk
OMG)—A itk g ETT R r HSU<r<<n),iX
r MEICHE E R TR — B BRI OM G 1 - 4>
A 3 8 10CO0 Bk BATE & &1 )7 8 IJIF 58
e 0 28 19 5 BT LADA SE 48 0 4% 4 3 11 AF g s M G
FosiE it LDVSA S35 B 5, w] DL Rl g A [\ FF
P4 5T B A

6 LDVSA FEE LRSS
6.1 IBiLHH
TESCHERL7 e B W) 1 7843 A1 2 2 =4 Clos %
25 rh R ST 0 B R O — G B A B0k Y M e
LDVSA B 0& 5 — 2 FLBDA i 2/ B 5375 56
9% RRaP )8 B2 A1 55 =9 10COO0 551k 25
SIS = =i L W | e T 7R TR T D S T
RR#»P i) I J5 & 5 F 10COO0 B3 & 75 B Cross-
bar A B I8 BE 5k W LAl BB SOk R E R A
LY RATPERR LR AR OR UE 1Y 32 AT 4R 2 BEOR AR
— 2R ) B 3R 0 e B0k T DR IE 23K B AT 45 2 A
VPR, F T8 FLBDA i 2543 it 20 5k i 1 fig

FE AL, (11, 2 =< IN) 2w DA SE $e I 2% i A o
H o Bk R o 5 B E R R, 7,0 (1=
k=) Ao N CM () 5 J B 93 LS B CM (&)
XF A 5 2B A DAE s HEL

EH 3. 7ESM R Clos W% o % Fl FLBDA
TR TC R o A0 2R S8 40 I 45 1) i Al 55 2 SRR Y
T2 I 2% 11 v R RN 55— 25 A 3 4 BT I A Al 5
& V.

. ASCHRL7 JRE , 23 A 2 JH B2 Clos 19 %%



3 BN . —Fh BAF 0T RE IR Clos W 46 43 A 20 2 38 1% 473

55— G A 2 A B R R S (D T DAARIE X 28 4
R 24 1 0 Al 95 2 72V 06 %I 4 ) o 61 9 056 =
ST M A 55t SR A0 V)

SO Sa =t S Sav.<lH

x=n(j—D+1 i=1 i=n(l—D+1 x=1

D V=1, =<r,1<i, 2= N, 1<k=n) (1)
k=1

gl BE 1 Al LAFIIE . X T Vp.q=1.2. 0. 1E
fEAr] B BRFR A | Lyvoso® ¢i.p.jy — Lvose® ¢i.q.p> [ <2, X
IVp=1.2.n A Lvosq® Goppp <<, 75 W 40
RIEFTE—D p A Lvosq® Gopp = o2 A X BT A 1Y
p=1,2, s n, A Lvosa® . = o0 I8 24 2 IR
FLBDA B SCHHE BN R G A Fa o 92 . A Bk
IM(D 5 @ i A3 1 5% 52 8] OM () B9 {5 T6A> BUAE 5
A B R T 1L X A TR B k0 55 S
LR R 2 A AT RE Y. [A] B i T FLBDA 53
Xt VOSQP (i psj) (p=1,2,++,n) BAFI ) i HH 2 4%
B vf Jy =T 55 8 155 19 5 BT LA 4% A~ BA 371 45 21 45 T
A L2 & AR Y. X RETE FLBDA 5532 7 /) 25 M)
55 BB AR VFRYIE BL R A 2 (2) 8T

J 1 Jn
A iver = — Aie
Lmnﬂ ' n .4:”;1>+1
In In (2)
1
D1 A Tiw=m— D) A
i =n(l—1)+1 n i=n(l—1)+1
[ IR o ey 0 2880l 55 2 Fe VF B9 A
N N
D=1, DAL=l (3)
i=1 r=1

BROMKOBEAMRAR D SR,
STLXRESE P 3 A ARIE. HEYE.
6.2 {HESH

T HE— Ui B LDVSA Sk it ge X iz 5
7€ OPNET fjj 5 & F 8 57 fh B R, X H i 4
PEREIEAT 34T, 9K H A CRRD FkH DL K& SLBSA
SR HEAT AL O T B O LA AT AE L R A X
BRLLS Tl 55 BT o 3 A T 281 5543 A < AE 98 K 1Y
o BE R 500 55 AR 58 R B EE #4500l 55 AR 5 R I AIG
BEASI Sl 55 R ZE K1 w8 BE B 500l 55 5 R AR B
P50 55 58 R AR BE AN B 5000 55 6 il 55 257 L f
FLEE R E 5 FE 6 TR,

ML S FE 6 7] LLE H, TEie e 58 Kl 5 i 2
JER K55 T . LDVSA B 3 4k 7k 1 43 A3 20
BRI s A iy CRRD 55 3k A L L 78 AT ]
W 2% FeiF 48 T . AR & e iy s i CRRD 53 B 4%
FEAIG G 2R IS AT AR UE R 17 X 2% 1k i, (R 2 31 7 o
B (FUERAE 0. 6~0.7 DL F) W28 1k fig ik & 2l

WAk, Ao A 20 SBLSA B AH L LDVSA 5525 i}
JERE R 33X 2 PR R 78 A () R D R AT 8 BE 53 1
AH 24 TAE B Crossbar 3R I3t 7k 2k 07 X 55 290 B2
R TS B HR S B — 1 B AR A
LDVSA B LA T SLBSA HIL 4 T M 2% A

—eo— CRRD(burst uniform)
—a— SLBSA (burst uniform)

—v— LDVSA (burst low unbalance)
—4— CRRD(burst low unbalance )
—»— SLBSA(burst low unbalance)
—— LDVSA (burst low balance)
—a— CRRD(burst low balance)
—e— SLLBSA(burst low balance)

£ 1000F

SR E /ce

—_
(=)
(=)

10 I I I I I I I I
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
JL VRS

Bl 5 Gk Ml 55 T 3 Ff A A Bk 1 RE X L 1A

—e— CRRD(unburst uniform)
—a— SLBSA (unburst uniform)

—v— LDVSA (unburst low unbalance)
—<4— CRRD(unburst low unbalance )
—»— SLBSA (unburst low unbalance )
—e— LDVSA (unburst low balance )
—e— CRRD(unburst low balance)
—e— SLBSA (unburst low balanc

—
o
<
o

ST S /cells

—
<
(=)

10 N I I I I I I I
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
T

Bl 6 JR A A ML T 3 B R Ak REXT HE

MR ) 3 38 1T BLA . LDVSA 5703k J& — Ff
HESLAE 3 A 3 Clos 19 2% 45 44 1 17 48 34 47 ) J22 R A8
Feifh  EROUR BRI T ARG A SR
W BA AT A G o R R G 1 S B A A W] LA R A
o 2k K BUAT B Crossbar 524 [ 4% 98 J& 57 i 180 25
DU s XS T SCHRLT T 42 9 SLBSA 55 3% . A 47
M i R 1A TT LR IR A 7 EEAE I 4% S S
AR A7 R A AT RO E HE L FEAR T M 2% S B
AR

1E = 2% Clos 4 R Fl o3 Ais 20 BE  wl RLSE 5
FEAR I 25 R R TR A DI 3 980 JRE B 0 S By



474 it "

S

Eilg 2008 4

BHAT R gkt AR I8 176 @ ol KA = R B8 T N
FH. BRI B TR A 20 Clos 2248 ) 2% 25 44 v, v ]
BAFEZA T =0 R T 6 — 3 1 A5 Tk A FLF
[ R L [ B A7 AE 452 T Clos 45 43 A 2
P EE B A SCER I T — ] AR 47 58 IR 15 T L ¥
5] B 1) = 2% Clos P 4% 43 4 =X 98 B B 3k ——LDVSA
FVE B AR T A o3 A O B SR LA A
AT DAAR St it 1 {5 5 LY [0 880 [w) i PR oA 3 5 ik
S AEAS M v 1 EAT BB A B RS B A0 AT B
SAEA R B TT I 38 B B S0 BN 75 2 I 4% Jin sk
DATS 23 (0 24 J0 AR O 8 3 » LA AR B 1 28 5
R S 325 e — P B R APk b i 8 R B 1k

2 % x #

[1] Clos C. A study of nonblocking switching fabric networks.
Bell Systems Technical Journal, 1953, 32(5); 406-424

[2] Chao H J, Jing Zhi-Gang, Liew S Y. Matching algorithms
for three-stage bufferless Clos network switches. IEEE
Communication Magazine, 2003, 41(10) . 46-54

[3] Chao H]J, Liew S Y. Jing Zhi-Gang. A dual-level matching
algorithm for 3-stage Clos-network packet switches//Pro-
ceedings of the 11th Symposium on High Performance Inter-
connects, Stanford University. Palo Alto, California, 2003;
38-43

[4] Chao H J. Saturn: A terabit switch using dual round robin.
IEEE Communication Magazine, 2000, 38(12) . 78-84

[5] OkiE, Jing Z, Rojas-Cessa R, Chao H J. Concurrent round-
robin-based dispatching schemes for Clos-network switches.
IEEE/ACM Transactions on Networking, 2002, 10(6):
830-844

[6] Pun K, Hamdi M. Distro: A distributed static round-robin

scheduling algorithm for bufferless Clos-network switches//

YANG Jun-Gang, born in 1973,
Ph. D. candidate. His current research
interests include switching fabric in large
capacity routers, key technologies of

next generation optical networks, etc.

BAO Min-Quan, born in 1959, associate professor. His
current research interests include accessing and switching
technologies of broad band networks, etc.

LIU Zeng-Ji, born in 1937, professor, Ph. D. supervi-
sor. His current research interests include key technologies

of broad band networks, etc.

Proceedings of the IEEE Globecom. Taipei, China, 2002
2298-2302

[7] Yang Jun-Gang, Qiu Zhi-Liang, Liu Zeng-Ji et al. Study on
distributed scheduling algorithm in three-stage Clos net-
works. Acta Electronica Sinica, 2006, 34(4). 590-595 (in
Chinese)
BRI, 5% 5% XU 36 % . = 2% Clos W45 v 40 7 =X 1
HEBEIE. BF AR, 2006, 34(4): 590-595)

[8] Isaac Keslassy, Chuang S T et al. Scaling Internet routers
using optics. Computer Communication Review, 2003, 33
(4): 189-200

[9] Dai] G, Prabhakar B. The throughput of data switches with
and without speedup//Proceedings of the IEEE INFOCOM.
Tel Aviv, Israel, 2000.: 556-564

[10] Mneimneh S, Sharma V, Siu Kai-Yeung. Switching using
parallel input-output queued switches with no speedup.
IEEE/ACM Transactions on Networking, 2002, 10(5):
653-665

[11] Oki Ejji, Roberto Rojas-Cessa, Chao H J. A pinpline-based
approach for maximal-sized matching scheduling in input-
buffered switches. IEEE Communication Letters, 2001, 5
(6): 263-265

[12] McKeown N. iSLIP: A scheduling algorithm for input-
queued switches. IEEE Transactions on Networking, 1999,
7(2): 188-201

[13] Mckeown N. Scheduling algorithms for input-queued cell
switches [ Ph. D. dissertation ]. University of California,
Berkeley, USA, 1995

[14] Charmy A. Providing QoS guarantees in input buffered
crossbar switches with speedup[ Ph. D. dissertation]. Massa-
chusettes Institute of Technology (MIT), Massachusettes
USA, 1998

[15] Goudreau M W et al. Scheduling algorithms for input-queued
switches: Randomized techniques and experimental evalua-
tion//Proceedings of the IEEE INFOCOM. Tel Aviv, Israel,
2000, 1624-1643

QIU Zhi-Liang, born in 1965, professor, Ph. D. super-
visor. His current research interests include integrated serv-
ice digital networks, ATM accessing and switching technolo-
gies, high performance router switching technologies, etc.

ZHAO Rui-Qin, born in 1981, Ph. D. candidate. Her
current research interests include mobile Ad hoc and sensor
networks, application of directional antennas in wireless net-
works, etc.

SHI Zeng-Zeng, born in 1982, M. S. candidate. His
current research interests include scheduling and protecting
technologies of switching fabric in optical transmission equip-

ment, etc.



3 AR RIS . — R BAT 5 LR IF RE 1 Y Clos [ 25 73 A5 38 JiE 33k 475

Background

This work is supported in part by the National High
Technology Research and Development Program (863 Pro-
gram) of China under grant No. 2002AA103062, the Open
Subject Program of National Key Laboratory of Integrated
Service Network under grant No. ISN8-03, the Research
Funding Subject of Zhong-Xing Corporation under grant
No. ZX]JS200609120159.

Switching fabric is the key element of a Router or
Switch. It functioned as forwarding the cells from input port
to correctly output port according their address. The per-
formance of the switching fabric plays a very important role
in the performance of Router or Switch.

The scheduling scheme is critical in a switching fabric, it
is used to avoid competition for one output port. Clos net-
work is a famous switching fabric, it possesses many merits
such as good scalability, favorable network performance,

etc. So the scheduling scheme in Clos network is a research

hotspot. However, the scheduling schemes used in current
Clos networks are of high complexity and can’t guarantee the
networks performance. A distributed scheduling scheme is
proposed to solve the above problems. Because the buffer is
allocated at the central stage, the cells belong to the same
packet through different central stages may suffer diverse
queued delay, which cause the out-of-sequence of the cells.
The mis-sequence is a serious problem faced by the distribu-
ted scheduling scheme. The main objective of this paper is to
solve the out-of-sequence problem.

In this paper, a distributed scheduling algorithm that
could maintain cells order is proposed. Theoretical analysis
proves that the algorithm is capable of maintaining the cells
order correctly. The good performance and economy of this
algorithm are also shown by theoretical and simulation

analysis in this paper.



