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Abstract A multistage interconnection network is a suitable class of interconnection architecture
for constructing large-scale multicomputers. Broadcast and multicast communication are fundamental
in supporting collective communication operations such as reduction and barrier synchronization. In
this paper, we propose a new multicast technique in wormhole-switched bidirectional multistage
banyan networks for constructing large-scale multicomputers. To efficiently support broadcast and
multicast with simple additional hardware without deadlock, we propose a two-phase multicast
algorithm which takes only two transmissions to perform a broadcast and a multicast to an arbitrary
number of desired destinations. We encode a header as a cube and adopt the most upper input link
first scheme with periodic priority rotation as arbitration mechanism on contented output links. We
coalesce the desired destination addresses into multiple number of cubes. And then, we evaluate the
performance of the proposed algorithm by simulation.

The proposed two-phase multicast algorithm makes a significant improvement in terms of latency.
It is noticeable that the two-phase algorithm keeps broadcast latency as efficient as the multicast
latency of fanout 2~ where = is the minimum integer satisfying 27>VN(~ is a network size).

1.

= ARARIIGUTANS ool Bergue) AU BE
& @A) B4 2ATRA "RAdolE B4 A2 HE A FEl(multicomputer) Al2H& =

255

AR ==

AL g 7E A AU Egke (processing node)®} A% HA o(mtercormection

tu 3 9 BEReee A4ANt AuRT

wnkwon@camars.kaist.ac.kr

network) .2 FARCE tiebA A& 94" (multistage

A E 9 Asdgn ARETGRSY @ interconnection network; MIN)-S thEZ<el A% 47
bxkwon@andong.ac.kr o zo o) ] 7 3 AP Hie T i o

tt w3 @ FRHAFAGTY JHAEATR A7 g FEoI AERFH A2delE 2 =7

jachyung@ectri.re.kr Uﬂ}\];q(message) 7INke g B3] uﬂ’?‘oﬂ g 49

T ZAsY 0 dEAeyied AxpAdsS dastad as ZZAAN =2 JHAE HEASE A2HS 31237

hyoon@camars . kaist.ac.kr

=24 19989 99 109 AME EE&3F BAYE T3 Zo] WaHoin
AxbghE ;19999 129 39 {1]. TMC CM-5[2], IBM SP-1/2[31¢} Meiko CS-2



256 RN =g A2 9 o] A 27 B A 3 Z(20003)

[4] 8} 22 48 JEAFE A2 SAYLE Pt
gebAl 4% 92D (bidirectional-MIN) 2.8 T35
Aok P oA dE 9d%e iE udA A
A vl £ 5SS d F e FHo] e
Holl 28 7PHE sk ol ool slth

oo gesld dud 43 dFYe 9% 29
#(wormhole switching)7|Ho2 #Hz1& A43ch ¢
294 7L AR & ] ESd(header flit)F Bie]
E3(data flit)o.2 ek o] 7Y 3y F3lo)
#AR2 eHe-HS Agstn dHolgt E3lo] o E39
£ we} o]z e}l(pipeline) FeN2 HAEH7] W&o
2l A AzHlatency)o] #ebra deol Foh ubddd,
HEF) A E(multicast) Aol 223l (deadlock) 7} 24
g 4 ok wEAFeE s G BAYY Adeol 34
& A3tdch wekA, HEHNEE 7Y nAAHE F
A3t S AAE ok fri[5].

e 2E(multicast)& & Z2AA k=71 9%
AL e TN ksd Agss BN 7Y
olcy. gek wlY(banyan) LellA &2t FEA
2E ¢32Ee A

AZE0]H HZ YA F=dold A ez
vdd &ZEAE HZ Pyds U-min(l]#
C-min[6]°] itk o] 7IWEL FUl9 F=9ojr} &
gosty aAFEE DAYATA = dhEe), § e
HEMN2EE A8 HEAM [ lgd) (a5 WOk
(fanout) YAI9] A$E 3l7] W&ol F4l AA A)Tto
At st=ddd H2 W [7]0] Ak (719 V)
He 2 £9% &l $9 wmrl 3z, 95 £94
(buffered wormhole switching) 7|¥& 7|¥te g E&
H(blocked) ERL W] APstn BEEHA ¥ F
2o BA3ly H]E7] EA|(asynchronous
replication) Wao g2 F3gt) o) 7|HL 3 wAl
Aoz TEPPN2EE 45317 fiEe] A Ao

2 i), el g 2] HsiM 4 293 a2
ot 231 AFBAES TEE Y WY 5L 949
E 77 WZdd =] BRI Eobx W&F dE
AFE Az"e FEde de JgsA &oh(8].

B =ge 57 BA 2A(synchronous replication
logio)® &8 3= 9 3 3 =719 Egd¥wNE 7}
A3 &P (pure) 9F 29Fd= FEE WU BE
e 2 de T dA T HE2ESE 7IHE Al
otgtt), AetEte Z1He 9A-1F gAY F dA=
TR dA-IAE ZEAZE HA & shte] s
=Z(source node)ollA w©E] Aldd 3 EFH =

ook

E}Ol‘_Q,

18

P

£ 0 oo

ofm Ad

Agste

(intermediate destination node)2 M%3ch BA-1Id
My F7 53 xSt A4 22 gEPIAE fiFg
Q8 B34 xS(desired destination node)Z A4gch
&3 dt(header)E FE(cube)Z 1FZH(encoding)3}
3, w@ s 2] fEiA A4 dY 332 $4 )
H(the most upper input link first scheme)& A%
o 294 &axe] TRVF 9Edta HEFIAE g1
Zo] HEFAEY B2 = AE(broadcast) & A&
2 AFs7]) Wi, ALY VYL d&Fe] HeAgF
B Al&"E 7EF3719] AHgsich

E =8 U ol A Uk o AHolA
Az p2E Mdysln 3 ddMe Adse F @A
HEPFIAE 7S 8380 4 2 AEYolHe T3
A ARbelE 7MY s B4 A%E dwdta 53

2. A|lAa” X

B =RoME, wx2e A7)0 A9A AAE 7HES
2 7488 vy P YA 9E Hgsth dEs
a3 3h7] g 398 13 Zo] BAYe] AFo] B
€ Z2AA ==r A=Y Qlvkx At

‘Lo Dickeactionst pert &
Y e
eV o w
— 3
=]
=]
P wav—— | o
fLon ticectionsi port b1 o e
. ol g
S - el
1| @. bk e )

3% 1 2x2k FTF 293 2R

I 1 2ex2k 293 AAE BHAET. o] &Ae
2kx2k A2 HHcrossbar)® 24709 e FEZ T
A=o] ot wirg FAES) P stRe 744 o
W PAdink)et L PI2E FAGCE PG XE
= 99 YAlinput link)E 7} I ¥XE9 &9
YA (output link)E 711 @ek FEZ FHE &£ 9]
I, E3E AN Buln #g F Qi 4 &Y g3z
e g ¥ =719 &3 Hurt A 91 Wy F
% HH7 qick

EARe 7] BA WAy &4 9E 293 ES



HE LA ste PEF WA HelAied T dA DEHAE 257

N
2
lo
b
B3

2% 2

ofr
ol

giot | wizle] Exle} Mo "e
g Aol ARe H=w 22| (feedback logic)ol] 23l
AHE F DHstage)d 293 257 HEHD o]
AR ot PulolAMY AR Afe] FiF ) B
7] BA adMe BAE g Z3o] B @
ZAeogt 1 miFl S ENYolA 29y g ¥
EA2EY Mol(fanout)el AR 5 BEE FEo)
AR

ERE &2 =N HA FR/ Dleast common
LCA®I7ZHA) A& AW H4(adaptive
forward transmission)¥]3, E&X] ®]Z(destination
tag routing)l 29l3td LCANA 33 FA4(turnaround
transmission) ® ¥, LCAIA 273 x4 21 A4
{backward transmission)gt}. A7 AL FUAN2E
(unicast)o]l B]H AFH TN A$L YEN=E)
Y Z30] LCA ©23 AR AHFold 293 44
= Hlosle LEE /MY A9 29 39 29 wy
=2 FAFstzm, AH g5 P A T2 T HAFF
ol EAA wue] N AAHE 4% &Y Ha9
28 WHZ A$dd [7]9 HEAN2E AL, o
A9 F5loz Wrod HRE FYATAM Aejsr)
el FAHHAE 2 A 97 YeZ FHsln =
oz Agslol 3] ol =g BREr woh
By B =8 JMdte 293 7RE FYuH) gl
I TErTE 8 E3 =) HHAT 7] WS Ao
7b 7rdEa Sy PelE A3 s=gov) Bus
atr},

3. 5 O HEINAE JIH

3.1 HEIHAE @R ZW¥(format)

18 2v HEAZE @R XS RAFET WA
-13p @A-119) AL st T ERHH A8y ul
olg} Eglo 2 T4tk F WA dePPi2E Jpde o
AT &2 kE=7F F3F 59 =22 fFE A$S
3, DA-LHAAN 2A-19 F3F 23 x=Fo] g 2
A =2 gRS AsTozn HENLES S

WA dA-IY Y E3e 44 70 25 ko
Zo g9 9 24 =x=9 g8 Ttk dA-I
o diolel ERo FRoj= Y £33 xx9) g 3
H7t Aol QoM F7F B3 wzvl 48 23 =
=9 BRE & vk QA BF =29 g9 A5
st WZe)  Polsb shWolEE  EOD(Endo-Of-
Destination) Z3 3 EQP(End-Of-Packet) Z8& 2zt
Zhel o) #3 £& EANFTL

ancestor,

-

data flits

Eoo| [ ... ]
Serles of data

EOP : End Of Packet
£00 ' Ervd 01 Dastinetion

header Hit

P N
The tag of The tags of
Intermediate desired

[eor]

(a) The multicast packet format in phasel

header flit data flite
P T Fop] | ... T [eor]
Cmoped
The tag of The tugs of Series of data

Irm»mediam ﬁ“‘_!’dn EOP : End OF Packet

EOP : End Of Destinstion

(a) The multicast packet format in phasell
% 2 AT SA-1e) 3 ¥

3.2 8 p13E

Agtste ML TS Fu Q:YsEd 2wk
2709 293 248 AHSEtER ol M FYshes 2
-3 Frg d3gdn Aoy -3 FrRE RE BH
HEZ Fde) Fstglel dgog wWixEHE 3¢ gl
ok ol H49 99 32 ¥ sMez zAddE
A7) 9 Aotk pd FEE ofW FHE 7
o] A9 BAS} geeo ALgB)

R R Al ol FB
(&, 50,1012 2= 27 BA HE), X=x,0 xS
3 BA HEZT §HW, Ny Z7]9] wolA ol
AN rd A FBEL, doaDX X,
(&, 7= log N.0<c<sn—1,dick— 52 Aot

ANE B9, 4x4 2903 22 TP saxe4 27)9)
T2 w0} 30m, 7} 4otk o] Alashe) 220%-¥
23374A)9) T AA =EE 4-7 FB X2 =Y
Ha, o] 101exE EHHT

3.3 HEPlAE dn2iE

£ =Fo] Agtsle WEANAE YuyEFS GA-ITH
AR 7" QEARES F357) H8A, @
A-TA &2E 8 Z3 =s9 gagd 7 23
=29 g AT HEANLE #izlg 7Y

Y= b rogk-1" X w1t %y

2 99 23 w=To gaE AE Le HRM o
o] ReA2e BRe AN g BH w=
A5 e 23 =ort YEAXE HRe BE A
HolN PeFjaes} Eadn).
A1 s
44
D={Dy...D,,}: AE"

A2 kT 5o HEFIAE

A 83 wEo Fi



258 AR 3=

o R Bt

p 2 B9 dole}
begin
a=1{G.. _1}) « Encode(D);

22t 2l %I*«l A4 & Ak
A7)7F 2'9) A FB HE delz XM,
JEIANAE A3 A=HI|CIEOD|p1EOP)E T4
PE 7} B3 o yz AL
end

7k

2 o

SA-1 g Es 9A-I ¢uyEe ==
ANEE HAe T HP L& 2oFo deix
a2 =EE A A, 99 24 k=9

E(0)& Encode ¥1285E o843l Aadich § A,
A A B4 =9 egl29 Fle( oy HiY
29 9208 ARs A A, 250 29 3 F
BH(mE Y92 MYt 1 34, 42 ==& 09
2(a)% 2ol 27 B3 wx9o Bl HE v Eyo),
A Z3 k=9 "g2E c9 diolg »5 dolet EH
o ZIEgezn HEM2E HA( )L FAATY wiA
Bog At oyl TS DEPIRE H3E BN

of Mgstu FgIh

™
=
Al
2

o

HA-II ¢xgE - F
2E
49 :
P=HI|CI|EODIp|EOP) :
begin
if 7} 9A-19) HEPFIZE @2 pE wed
then
d — Zb mhelA 2 A == AAE A
if &>c-1 then PE &2A;
else if c,=i then PE &5

24 xe A9 HElHR

@A -19] FEAAE iR

/xi7t Qe BA ke x/
else
/e REE QY 234 w=2 e
g 58 v/

PllA 9k pE FF;
BEMNEE 7 p(=C,lpIEOPE ATA
PE 99 58 == 2 A
endif
endif

end

0 BH xz=rt 9A-12 REIFNAE HH] pE W

ol& Al 27 # A 3 Z(20003)

Aupal GA-LZE AlRbE H2le we F7 EF
e dA-IE A HEPl2E 3 p
d HAZ FA47F AL 271 B3 REx poji| 3R
A B kxo g 9 J4T A3 pE YolA
24zt HZ Pl FY ER AE ER] FHz;, EOP
E38 B 3 BYezA a7 2.(b)st 2ol PE A

gett. AFAE 9L BAYE il 97 =23
A2 A3t

3.4 Encode 7ig

Encode® A#HOZ no-operation E-& B v
2EAE TL JEAEoE HYIEE 4AY
ad, 7 BA wae ALgste FRAA
FH2Y 7t FNAEFE Wolxo] AAM B

gEol AR A7, BEARESL AE A7H
AT 28 4.(c)9 F4Hol BAFE nlg o]
o] A2EUY T2y =29 Fg(o)s} AlxE
712t e Wb oldeld AAAZko] FHF) =}
2 =FMe Hotg A= ZA7Y i otz
FRAF 17] 3 Coalesce €1eEE Encode 719

b
(]

o ¥o
i

E

fr

;1%

2 o B o duorr 4 ¥
(i)

-ﬂm

Coalesce ?:l'_TlEl Y B3 ==
N - FE=Z tﬂi}tﬂ-t} olzfje] &
A719] 3 FEE 9y 24 == %‘Ji} pe} ®E 3
gog FAT £ de HY 3279 A FBE 9y
gk}

Coalesce ¥1e]lE @ -2 Fu2 BF
99 :

D=1{Dy...Dy}: k-R9] A%
begin

C— @;

do

0o REHFOZ FAY & U AUy
A FB Cl=d, (D) Z T

C—=CcuU{ Gt
D—D-—{C;}
until D=
CE &9,

dZ E£9o] Coalesce ¢re|&og FHHA Encode
€ 4-F%e J7} {00, 02, 03, 12, 22, 23, 30, 31, 32,
33 32 {00, 0(1%), 12, 2(1 »), 3x }E HF3Th

3.5 BEEIHAE



4 2935k PIP AU FAAY T WA WeAsE 259

BECyjrEe A2 Coalesced X4 94
-118] Hokgo] Al2®l =7o)r] Wi WREAIT ¢l
o @A-19) Holg AL e FAIFY WA-IY
Wol g Zo|7] YA Encodes N/R9 Y E
A k= FAE ol#fe] Partition Y EL o]&a)A
g2 AY - FEI 2L
Partition €aglE : 2"/ =77} 2/ R F
Bz 2%
48 - M=29
begin
=59 Ho A & AL
m25 Q] Had AF me A
0l nN-174A19) 22 27Ale] A7Ivh 29 &
- Fe8 B3,
A" A FEHE &9,

end

o8 E9|, wno| 2560l Partition ¥x2|EH-L 256
Mol Y B4 == F2E [6709 =)0} 1691 R
FEZ Bgg

3.6 WwEALE] WX}

5 oA deii2E 2nFES g dENcE
shle] ol FAl AFEHW wALHE AL
F Aok WU FelME 293 2A7 MR 5YE
22 FFE] dige] oyt Eitse] oA, EAd
EHEL OE ZHEY EF A%E ¢ + itk we
A, &9 #=o] ZHAo] HAT H$ Y¥ dlVicircular
waiting) “FEio) WRAA WAFE S AT & Ak

2 =7oMe ZAAe] UL wol s 49 dF
P3z Eoles EH 4 £YE FoEX(the
most upper input link first scheme) €% W71& A
Aste] WAL E WA Pt o] WAl Ok
FAAIIE Ao E FNgeEs ¢ ¢4 &98
71z 48 Hzmz Eoles #izle] rlokstarvation) A
ol WA= Ag BAY ¢ AUk Ag e L

S
o H
t

D

o
714 @3 #HZE& AEAI7I)
3.7 & B gna|gel o
Y 12, 8x8 &9 2R 7P 15x16 FLF
7 & xE 100 7 wA duEEs 0%
A ARE Y 54 == { 00, 02, 03, 12, 22, 23,
30, 31, 32, 33 }o2 AFsie A HAFETh

HA, 22y GA-IAM o2 47 23 =28 |

00, 0(1x), 12, 2(1x), 3x 12 <dxm33} Azdd o
H B4 oo g§art s5Ael=28 =771 89 4-3
H (1x) X5 do2 Y3 42 ==e HE|x
RS AT 2 BH == (10 x2 dAedoh &
A-TAMe FF 828 =x5dA] { 20, 21, 22, 23, 31
J& BEFIEE S8 AFAste 2z gdd ¥
27 == { 00, 0(lx), 12, 2(1x), 3Xx }E A$Tt
UeA 23 53 x=e e 7S Weu a3t
RE 98 B3 xov 95E o Ag gow e
2E7} F89oh

Source: 10

Oesired destinations : 00,02,03,12.20.21,30,31,32.33
Coalesced destinations : 00, 8{tx), 12, 240), 3X
Transimission from 16 to (10X

(52 & Torad] 17 {zmm]

Transmission from 201000 [y £0P.
Transmission trom 21 to 0(3x) [l [Ece]
Transmission from 221012 [ 1 [fgel
Transmission from 23 to 2{0x)
[€P] T fom31t0 3% [§T Tecs)

60
ot
02
03

16—
14—
124
13

2 3 % oA 2EFi2E 719 o

4. ¥5 B4

T A SEA2E 7S Aed #Us] fEA
AlgeoldE Fa u-min[1]3 ®lw 7ok [7]&
g = HE HYA77]

9 Alxg FRICME A
wZol vl oigel A AleA AT

4.1 Al28I0lH QIXiet &

HEFIAE EfHE Hristy] gt EXAE AEY
olduitt tt2r}, A A, HEHN2E AA AL wlF
o Hzlo] BA koo Tgd Az 2L 7 gFle] &
93 At Haez A" = Qo uAE #Ro)
23 =xd 2% Azte] #¥H  F(collective
communication)2] A% o 23 dxe|n(10], F
F wime] Alx"oA A4l 2hl(cache line)& FE3}
(invalidation) A1 wje] © FQ23}7] W&ol B =
N oRE AQ Aoz ANZY E oA, QEARX
E AR N "ol sEiAe Rae dE w8
(injected load)®} AA HHeffective load)z A=



260 ARAEH=EA Aj2F F o)E A 27 ¥ Al 3 Z(20003)

F e, & =RAdMT A4 Fad vz ¢ o
H7) & #e] F31E Y4y Rz o oA
Hog fUMEEE AFANstartup) L= F
AE g Ag ARE F3L i PEIAZEY AFA
Zt 2udl=s HEIAE HRlE 7AstEE =2 A
Zbol Z27) W A€ + Utk

£ =RAME ABAZ LHIEE 20Nl E 71
FO{1]. B =8 A2do] kxox A7 29A &
A2 748 wxN YD TE IR Ad AR
g EYo] & 29F oM tg 293 A B
fHgle] AEHE o des AR 1 AL @92 3
331, X9 @& HHo| A2 ko =AF
CREH 9 53 == =232 98¢ €A
17k Au|@dt. E89] A7) 2 Hlo|Ee]x, 32 Hiol

Zole Ag7t BF =FE0] 1 AFEEE W

AT JdYEna AFEg. HEASE HAe
& FE 3PN A3 FF =9 EXE F
g WEQT PPt Alxdo] A" o F9
ANE 47l At ML 50,0008 SAHXNE AL

£

>

e

Mo
Ho

5
2
&

B =RdAMe N= 256, K= 4, 16°]1, F=16, 64,
128, 192, 240, 256¢ wj¢}, N= 64, K= 4°]il F=
16, 32, 48, 64 WE AlEHO|HA Y}t o] AlEH|A
QAEL gdtzoz de M= RAEEA HuHE
T8 A7 AEH)E B3 & WE Aotk

4.2 AlEd0|M Al

5 oA HEIAXE 7YY AlEdEelA 2t 1Y
40 itk 19 4(a)9 (e F & ZEA2E 7)Y
& u-min 7193 ¥iag Aoty T gA daeFEol
u-mine] WA @e AA AL AR AAAZE
Z7HE o =¥9E & F Aok 1™ 4be F 7
o] Holgo] T2 AW A ¥E BAET. F/NO
Z7V8e) e} A Azte] B} Srlstn § o9A &
3#Eo] u-mine] Wt HiF 2w AeE doe
A& & 4 Sloh

38 4dee F 9A dnEFAN AHEHE
Coalesce®] HEAHRE WAFETL Coalesced AME-3}
2l e F A ¢naEe N2 oY Holg 71X
T A% AA Aol A AR 84S HolAw
CoalesceE A3l F$E HWopko] neXRu adE
= XgAIZte]  ox FA oL FIIEHA et o
© Mopxo] NzoldRl AT W= dY BF »=
o] FA7F HEE wjiZe] Wokro] N2olFR fAIH
o] Bg7 BFo] o= FAlojdew FrEA @7 o

O

#olty. =&, mavt ofR F3x oo m Fulstd W
Y Eoto] oM molgo] 23]y Fo1E7] WEd) A
A Alzte] o AF)

a8 4(d=e BEMLE #HAY eHIHEE BRAFE
o W= %g BElA AUzt Y &3 £ A
F, 4 B3 xzo gaE ARY FHY F F
EOD £3l9 % /&, 183z EOP E39 % g9
oz ottt F oA guglEe HEAZE 3
2HEEE y-minkEtt 21, u-mind Molo] E7s)
W w3 =t Fkste o weEl 5 9A fadEe
Holxo] o= FF oo r Fyistd TAdFY] A
g ol 9 B3 k& o WS S8
o Folc}.

a¥ 4(e)e 293 229 Arizt sxsed AE
2x32¢ Aol Molre] WE ANAANLE HAFEG
293 228 Z7vr 245 93] #2 Ad S
713L & 5 9o

O 4D BAY Z7I7 A4 Az b 9%
£ HYED BA%Y Pt dEle AQAIE 2=
9] mope HlsE A, SA%Y 2rrt AR =2 AH
of = T F7} Eojur] Wi B 8o A
Ax A Algke} Aot w3l FA%e =z A
A £ ol ol WmE AFAZY wIFe Aate
AE & F Utk

F w4 fuEEe BREEF2E AE AR
u-min®] BIs)A WS35 w3, Partition &nelEe &
A2 Wolgo] omme 2"=VRNE UESE Hio A
¢ EEA2E Ad ARG fAEch 28 Alhe
N= 256(64)2 w] BECSIHAE A A7t a@Tol
o} o] ZFPEE MokRo] 16(8)%) HEIALE AA A
7 FARE BAET F oA g¢aelE Baoy
2EE u-mind] H3) 45 45& doh

71&9 2ZEH A 7ol BRES ¥ 3=
E 7o R g F HE AE AX= BESI2EE
Fysle S0 e Wi, 7IEY FH=doiy ge
ERx=s B =go]E 7mtoz o Y AL o
AS AXe EAo] Utk £ 7 AZEYIF
7148 7zt dAle) EdeA oE 748ty wiel
Z gAY Bl AdATEe] 7 §Fo] T, 7|E
9] stugold e AL Axe 293 2z U
Hol £ HAHAA gi7|ste Alzte] 1 53] Utk
a9d, Aste 7L 2T EY0E 7H st=g o
o BA 2AW F713 1193 zolg sRtes 2
A = Ag GANS Aoz HANXES S35}

rlo
o

i



4

Mot

29)

)

N=256, K=4, Ps16, two-pbase and u-min algorithm

2000 7 T - v v +
’ two-phage Po 16 —
: two-phase Pz 6§
. ! two-phase F= 128 ——
1500 + ¢ . . two-phage Fa 192 -o—
: ; ; . two-phase Pz 240 —~—
3
g
§ 1000 1
]
K
500
° :
80 160 240 320 400
b4
(@) A AL o B3 =& A 3E5W2)
Bn256, Ko4, P=1§, two-phase and u-min algorithm
10 — T T T v
T I= 240 ~—
I= 320 ——
é - I 400 o—
\ 8 " )
§
~
d 6t p
7
2
3 4
»
I
»
2
] 1
&
k v _
0 L H . N
0.0625 0.25 0.5 0.75 0.9373

/N
(b) (F 24 BEHA2ES AdA AZH/(u-min9]
A4 AlZH A (Wet)/ (A% A

N=256, Ke=4, and P=16, two-phase algoritho

1000

not Coal,I= 160 - 2
not Coal,Is 240 -
not Coal,I= 320 +
800 [ not Coal,I= 400 o- 1
- not Coal,I= 480 x .-
F] Coal, s 160 —
- | Coal,I= 240 —»— »
& 600 Coal, 2z 320 ~— .
- Coal,T= 400 -o— .
b .
g 400 }
i
200
0 Lt " . . N
0.0625 0.25 0.5 0.75 0.9372

]
() & @A "Hep2E FnglEdA Coalesced
FE : A HAIZE vs. (Ho}2)/(FAT =7))

she g Hy

Fol e F @A HEFAE 261

K = 256
1400 v v r v .
two-phase, coalescence -+
g 1300} - two-phase,no coalescence ~—
u-min ~o—
4
[
E 1000
4 soef
A
[
']
] 600 +
a8
]
[} 400
-
o
i
g 200¢p
0
16 64 128 192 2456
r

(d) Wotol w2 FEAZE 3319 o=

N=256, P=16, two-phase algorithnm
1000 - r v v

K= 4,P= 16 o
R 4,P= 64 -~
Rz 4,F=128 -0
Re 4,P2192 -+
K=l6,Pa 16 o

4

H K=16,Fz 64 ——
o R=16,P=128 -0—
% Kol6,Pol92 ~w—
g .
3
0 . . . N R
80 160 240 20 400
b4

(@ F GA LEH2ES 294 249 v o
& A A AR/ O Wokx

150 1

100 +

Latency(cycles)

50 +

]
0.0625 0.25 0.5 0.75 0.%373
F/N

) ¥ @4 delsiLEY A% 27)d g2 [d
A AR A (Helkx)(F4A A7)

a9 4 AlEEeld An



0, rir
i
oX,
o
30
lo
=
—_
ayt
A
)

oy
-ld
2
o
1o
2
in}
B
-

oX

A °J‘6h: 7]
71E4

I%W}Xl«l ARz RE, xﬂom 71ye

Aol FESN AHHA YEPJAEY RITAsE
542 AFH7) GRo] tleDe] WEPRE AN2de

FEE710) APsie AL ¢ 5 AT

W U Yol H ks
AXY. FL T
PLY TEG 7] BA 24

D Qn Prg Tt 99 93 @ 29
279 8 WAE 7R 29 a2 PP,

=RE ARG YE ABAlES o g B
gAZE Ad A7 A3 2w 15—1 ARANN A5
& WE BT AP T

HAZES $Y57] g2 AP mo] gk w1l
e S =27 5 B2 = =
A - M 27 22 557} %eﬂ %&} 22 H3
& Agdch A dA 5 |
dzgHn 4 4 === 01317}?4 3
F=7) o] Wolo] F A= FEHO
ot w3 29 3o g ARo) FAsE s A
¢ 944 %‘ —é°1£~ EoA FHEHNE FoB
Aot

89 83 wc9 17} 34T 43 % oA
2o @ AT A eHIEs FAAAE AR
Coalesce €1E]Z9] ¥ gajuio] o] gSo] ol

ol AFE T HopLo] & FH 7€ WA
l H)3) R AA| ko] #oldth ARMEE HIREIAE
71¥o] € Walo] HisiA A Algto]l #-& B ol
Mool 27(me 2"2VNE WHIe HA9 A
HEALE B4 A4 AIH fARE 458
Wtk 2o g Atet 7Y ded stedo] &
stolla] EHY HEFI2ES HIRENAE BEANS A
F38t7] 2ol & BEPFE A2"dE 7T5317)
ol A gsict.

gxe]

=0
Aese

g1 Ed

o

[1] H Xu and Y.-D. Gui and L. M. Ni, "Optimal
Software Multicast in Wormhole-Routed Multistage

HEAFHEEA ALY R o] A 27 W A 3 F(2A003)

Networks,” Proc. of Supercomputing, pg. 1252-1265,

Dec. 1994

[2] C. E. Leiserson and et al, “The Network Architecture

{71

{101

of the Connection Machine CM-5," Proc. of the
ACM Symposium on Parallel Algorithms and
Architectures, pg. 272-285, 1992

C. B. Stunkel and et al, “Architecture and
implementation of Vulcan,” Proc. of the Int’l Parallel
Processing Symposium, pg. 268-274, June 1995
Meiko Limited, Waltham, MA, "Computing Surface:
CS-2,” Communications Networks, June 1993

L. M. Ni and P. K. McKinley, "A survey of
wormhole routing technigues in direct networks,”
IEEE Computer, Vol.26, pg. 62~76, Feb. 1993

C. -M. Chiang, "Multicasting in Multistage Inter-
connection Networks,” Dept. of Comp. Sci., Michigan
State Univ., East Lansing, MI, 1995

C. B. Stunkel, R. Sivaram and D. K. Panda,
"Implementing Multidestination
Switch~-Based Parallel Systems: Architectural
Alternatives and their Impact,” Proc. of the 24th
ACM Annual Symposium on Computer Architecture,
pg. 50-61, june 1997

D. K. Panda and R. Sivaram, "Fast Broadcast and
Multicast in Wormhole Multistage Networks with
Multidestination Worms,” OSU-CISRC-4/95-TR21,
Dept. of Comp. and Info. Sci., Ohio State Univ., 1995
I D. Scherson and D. -H. Chien, "Least Common
Ancestor Networks,” Proc. of the 7th Int. Parallel
Processing Symposium., pg. 507-513, 1993

N. Nupairoj and L. M. Ni, "Issues in Designing
Efficient and Practical Algorithms for Collective
Communication in Wormhole-Routed Systems,” Ist
International Workshop on Communication and
Architectural Support for Network-Based Parallel
Computing, pg. 212-226, Feb. 1997

Worms in

A

1995 @=strled HAAEs AL
119979 =il ANEE 4AL
1997d 84 d=xHsried A
HRARY AEE #AEoRE  Internet,
IP @98, QoS, Multicast,

, A&
5 Message-Passing Multicomputer



4T 29yske PIY AU oINS T

AR 4

1983 ZBENgm  HAFsta 8L
1990 FdEdigtE  HAFEI AL
19979 @=Aepr|ed WA uhAL
11983 ~ 19859 LGAA 479 198
W o~ 1998¢ PRAAFAATE Y
A7, 1998 ~ A SFUEm FH
Aiolke 4594 VESNZ, B8 AFY 7

RS o
oy

19919 dAwgta AinEka £
19939 #=AE7led HAEE AAL
19979 SR AEIed AAgE uAl
1998'd Perdue Univ. CS Dept. X,
19989 ~ A FFAAFAETY o

v F4. FAEol=  Parallel Computer
Architecture, Message-Passing Multicomputer and
Routing Algorithm, ATM Switch Architecture, Intemnet

Rl e
19793 MEuigtm  [AFeat AL
1981d sHEHstried Aty AAL
1981 ~ 19849 AR A7
1988'd e3tole FHuls Hakst dhal
19883 ~ 1989w AT&T Bell Labs.
& a7 19899 ~ A @=HrEed
g wg FAEole A3dE WEYAE, ATM
switch, M8 ZHFE 724

Al

263



