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Abstract-For massively parallel computing mechanism,

broadcasting is widely used in a variety of applications.

When the computation is distributed among the powerful

processors, communication overhead always limits the

speedup. To reduce the influence of communication la-

tency, a variety of routing methods have been discussed. In

this paper, we propose an efficient routing method of

broadcasting on all-port worrnhole-routed hybercubes. By

exploiting the distance-insensitivity of wormhole switch-

ing, this efficient broadcasting algorithm reduce communi-

cation latency to l_rzl_logz(n+l )11steps in an n-dimensional

hypercube, which is much better than previous results and

very close to the theoretical optimum, [rz/log2(n+l )1.Fur-

ther, by adopting the Hamming code, a well-known alge-

braic approach in coding theory, this proposed algorithm is

contention-free in each broadcasting step.

Keywords: all-port communication, broadcasting, Ham-

ming code, hypercube, wormhole-routing.

1. Introduction

Massively Parallel Computing (MPC) has been a

widely-discussed topic on computation-intensive applica-

tion. Characterized by distributing memory among an en-

semble of processors, MPC nodes communicate with each

other by sending messages through the network. Because

the communication time might significantly affect the exe-

cution time of an application, minimizing network latency

is critical to the performance of MPC. Among all kinds of

the communication traffic, one of the most fundamental

communication routines is broadcasting, in which the same

message is delivered from a source node to all nodes in the

network. Not only useful in message-passing application,

but this kind of communication routine is also necessary in

several other operations, such as replication and barrier

synchronization [9], which are supported in data parallel

languages.
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Among all MPC architectures, hypercube remains

popular for its symmetry, regularity, and ernbedbility of

many other topologies[6]. In an n-dimensional hypercube

there are 2“ processors with addresses ranged from O to 2“-

1. Any two processors, u and v, are directly connected (i.e.

neighbors) if and only if these two binary numbers, u and v,

differ in exactly one bit. By using Gray code coding, to-

pologies like ring, mesh, etc., could be embedded into the

hypercube space. As now several parallel machines are

built in this topology [7] and are scalable with hardware up-

grade. With better routing algorithms and hardware im-

provement, the potential of hypercube in the future is still

encouraging.

Previous works on deterministic routing methods, in-

cluding the Spanning Binomial Tree (SBT) by Johnson and

Ho[3] and the Double-Tree (DT) algorithm by Mckinley et

a/[4], require O(n) steps to complete broadcasting in an n-

dimensional hypercube. The standard spanning binomial

tree method requires n message-passing steps to reach the

farthest node from the source in an n-dimensional hyper-

cube by using the nearest neighbor communication. After-

ward the predominant switching technique, wormhole

routirzg[ 1], is proposed. Here each message i:; divided into

numbers of flits. The header flit governs the route while the

following flits of the message are pipelined through the

network by way of routers at each node. The communica-
tion latency of wormhole routing is (L/B)D+-LIB where D

is the number of nodes on the path, L~ is the length of each

flit, and L/B is the time required for message of length L to

pass through the channels of bandwidth B[5]. Hence, the

effect of path length on communication latency can be ig-

nored if the length of the message is relatively large. By

exploiting the property of distance insensitivity and relax-

ing the assumption that all messages must be sent between

neighboring nodes, the Double-Tree algorithm reduces the

broadcasting steps to FM/21[41.

The characteristic of distance insensitivity of wormhole

routing was introduced in another survey by Tsai et al[8]. It

proposed a dominating-set model for broadcasting in all-

port wormhole-routed 2D mesh networks. The all-port

model possesses several pairs of internal and external

channels as shown in Fig. 1, thus it can send and receive
messages to and from all its neighbors at tlhe same time.

Their algorithm arranges broadcasting nodes by levels in
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Fig. 1. All-port node architecture

the 2D mesh and thereby reduced broadcasting steps to

rlogsnl, which is minimal for the 2D mesh topology.

In this paper, we will focus the routing method on the

model of n-dimensional all-port worrnhole-routed hyper-

cubes. Our method is intrigued from the idea of construct-

ing an optimal broadcasting tree by regarding the hyper-

cube as an (n+ 1)-ary tree in which each branch or leave

node actually represents a subcube. As broadcasting goes

down the broadcasting tree, it makes more and more

branches receive the messages, In order to prevent message

competing for the same resources (channels), Hamming

code is adopted in specifying destinations. Hamming code,

used as an error detecting and correcting scheme, secures

any codewords by keeping them in a distance larger than or

equal to three. This property adopted in specifying destina-

tions’ addresses will ensure the used pathslchannels of each

step are arc-disjoint. With a proper arrangement of destina-

tions by levels in the optimal broadcasting tree, the broad-

casting operation with rn~log2(n+ 1)-Hsteps is free from

contention.

This paper is organized as follows. Section 2 presents

the notations, definitions and theories that state the frame-

work of our routing method. Next in section 3, we will de-

scribe the basic concept of the minimal-step broadcasting

tree and then propose an algorithm to prevent channel

contention. Section 4 gives the conclusions of this paper.

2. Preliminaries

An n-dimensional hypercube is consisted of 2“ nodes

constructed as follows: all 2“ nodes are addressed distinctly

by n-bit binary numbers, b..lbfl.z.. blbo, from O to 2“-1 and

links are directly connected in between if and only if their

addresses differ exactly one bit. The Hamming distance of

nodes u and v, denoted as Y(u,v), is equal to the distance
(number of links) between them. Nodes u and v are said to

be neighbors if Y(u,v)=l.

For any two neighboring nodes. u and v. addressed by

binary digits b..,... b,.. b,bO and bn.l... %,. blbo, respectively,

traverse from u to v through the direct link is denoted as:
—

bn.l,.. b,... blbo b b and the di-
bn.,,,b,+rb,-,bib[] > bfl-l. b/ I 0,

rect link is perceived as of the ith-dimensional channel in

the hypercube space. Here & is the complement of b,.

DeJnition 2: For any given k-bit binary number P, { p / all

k-bit binary number, p, satisfy Y(P,p) = 1} is called the

neighboring set of P and denoted as !?.

Since we partition addressing bits into blocks to ease

the description of our routing algorithm, we will use italic

capitals (e.g. A, P, and R) to stand for each partition of ad-

dressing bits. For any nodes in an n-dimensional hyper-

cube, addressed as APR, and any of its neighboring nodes

addressed as Al?R, traverse from APR to AL’R through the

direct link within dimensions of partition P is denoted as:
A-R

APR ~AZR, where A,P and R (i.e. partitions of the

n-bit address) stand for (bH.l b~.z... bJ, (b,,.a-i... b,,.J, and

(b,,.~.P.,...b,bJ, respectively. In general, for message routed
from APR to AP’R through channels within dimensions of

[A–R}
partition P, itcan be denoted as APR +AP’R, here

{A-R} denotes the path from APR to AP’R, which is com-

posed of channels within dimensions of partition P.

Among all routing algorithms, it is an important issue to

deliver messages without contention. We adopt Hamming

code in specifying routes and destinations to prevent chan-

nel contention in any broadcasting steps. The following

will introduce related concept and definitions about Ham-

ming code[2].

Hamming code is an encoding scheme for single-error

correction. The underlying theory of the Hamming code is

to use m-bit parity checks, called syndrome, to give the ex-

actly position of the error. Generally the first parity check

covers positions 1, 3, 5, 7, 9,... of the codewords (which

has ‘1’ in the last position of their binary representation);

the second one covers 2, 2, 6, 7, 10,... (which has ‘1’ in the

second lowest position); the next covers 4, 5, 6, 7, 12,...;

and so on. All the parity checks which cover their corre-

sponding positions can represent at most 2’” states. They

need to represent the state of all positions being correct,

plus the location of a single error in the digits. Thus we

have the following lemma.

Lemma 1: (Hamming inequality) Given a syndrome with p

parity checks, it can encode s binary source digits, ifs and

p satisfy inequality, 2ks+p+l.

Fig.2(a) demonstrates the standard Hamming encoding

for 4-bit binary digits 1101 using 3-bit syndrome. We can

see 23>4+3+ 1, thus 3-bit syndrome could be worked out by

encoding all digits of number 1011. We arrange parity

checks to positions 1, 2 and 4, and have the source digits

positioned at 3, 5, 6 and 7. Let this encoding digits be
1 lo_l ; those spaces are where the parity checks will go.

The first parity check, which go in position 1, is computed

over positions 1. 3. 5, and 7. Looking at the digits, we can

see that position 1 gets a O. After computing all the posi-

tions of the parity checks, we get the final encoded mes-

sage is 1100110.

In this paper, the Hamming code function is adopted

with proper re-arrangement in the bit positions. The syn-

drome is placed by the right-hand side to construct the
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equivalent code. Previous encoded digits 1100110 has its

parity checks, O, 1, and O, placed at positions 4, 2, and 1,

respectively. Now we re-arrange the encoded digits by ap-

pending the parity checks 010 to the right-hand side of the

original digits 1101. Thus the Hamming code here becomes

1101010.
Dejirzition 2: The Hamming code of A using p-bit syn-

drome, -q(,4,p), is the concatenation of A and its p-bit syn-

drome P, i.e. AP.

Note that p-bit syndrome can encode only s digits ac-

cording to Lemma 1. If bit number of A, a, is greater thans,

the leftmost (a-s) binary digits of A will not be used in cal-

culating the syndrome P. Otherwise, (s-a) binary zeros are

temperately concatenated by the left-hand side of A first

before calculating syndrome P. Also note that, by defini-

tion, q(A,l)=A O.

Fig.2(b) is an example to encode 101 with 2-bit syn-

drome. Since the maximal number of s in inequality,

222s+2+1, is 1, only a source digit is used in calculating the

2-bit syndrome. The syndrome for digit 1 is 11. We have

encode {1101 lxxx}

3-bit syndrome, xxx, can encode 4-bit d!g!ts

7654321 Position

‘—-– ‘—–~odiFZJi7iisKagiiiiIlox lxx

1100110 Encoded message

___o_lo Syndrome

=> syndrome 010
=> Hamming code 11011010

(a) encode 1 I 01 with 3-bit syndrome

recursively encode {lOllxxxlyyy}

3-bit syndrome, xxx, can encode 4-bit dlgts. A bi O IS attached
to the left-hand side of 101

7654321 Position

Olox lxx ‘- TiiEolJing message

0101101 Encoded message

l_ol IW16vel synirome—-—
=>syndrome 101
=> Hamming code 1011101 Iyyy

3-bit syndrome, yyy, can encode 4-bit d!gks The leftmost 2 bits,
10, are Ignored

7654321 Position

Iloylyy “Tnio@~ “message

1100110 Encoded message

___o_lo 2nd-level syndro-me

=>syndrome 010
=> Hamming code 101[101[010

(c) recumve[y encode 101 with two-level syndromes which has three
bits each

the Hamming code of 101 with 2-bit syndrome, i.e.

rl(101,2), equal to 10111.

Definition 3: The recursive Hamming code of A with

multi-level syndromes each of which contain PI, P2,...,P,

bits, denoted as q(A, p], pa, pj, .. .. p,), is definecl as

rl(A, pi, p2, .. .. P/) = TI(M4>P1, P2,... P,. J> P,);

From the equality, we have

TIL4>P17P2> ..o P/ ) = n(v(..n(A~I>PJ, )P,)
—— ... . .

= ~(AP,Pz...P,,,, P,)

= APIPIPZ P,;

Here P, is the syndrome of AP1P2 .P,.t, 1SiSj. Also

PiP2P~.. P, is called recursive Hamming syndrome.

Next are two examples of recursive Hamming code. In

Fig.2(c), we encode 101 with two-level syndromes which

has three bits each. Therefore we can calculate q(l 01,3,3)

encode {l Ollxx}

2-bit syndrome, xx, can only encode I-b!t dlgd The leftmost 2
bts, 10, are ignored

321 Position

lxx -” Eincoding-message

111 Encoded message

_ll Syndrome
=> syndrome 11
=> Hamming code 101111

(b) encode 101 w]th 2-bit syndrome

recursively encode {0001101 Ixxxlyy}

3-bK syndrome, xxx, can encode 4-bit dlglts The leftmost 2bds,
00, are truncated

7654321 Position

Olox lxx” Eincoling-”message”

0101101 Encoded message

“l_o-1 @AJevel syndrome———
=>syndrome 101
=> Hamming code OOOllOlllOllyy

2-bit syndrome, yy, can only encode I-bt digks 0001101110 are
ignored.

321 Position

1 y-y Encoding message

111 Encoded message

_-1 1- 2-rid-level syndrome

=> syndrome 11
=> Hamming code 0001101 [101111

(d) encode 00010 I with two-level syndromes wb)ch have thtee and two
b]ts, respectwely

Fig.2. Examples of Hamming function.
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= TI(T(101,3),3) = TI(101IO1,3) = 101101010. In Fig.2(d),

the Hamming code of 000101 with two-level syndromes

which contain 3 and 2 bits, respectively, can be calculated

by~(OO0101,3,2) =q(OO0101101,2) =OOO10110111.

Lemma 2: Given any binary number, u and its neighbor

V6U. If T-I(u,p)=uPU and q(v,p)=vf’,, where p is large enough

to encode full binary digits of u, it can be inferred that

V(PJ’,,)22 and YP,,,P,,)21.

ProoJ. According to the theory of Hamming code, Y(uP,,,

VP,,) 23. Since W(U, v)= 1, it can be derived that Y(PU,PV)22.

Also knowing that Y(PU, ~,,)=1, therefore we have ‘Y(

pz,,P,,)21 . e

In the following section we will present the methodol-

ogy of applying recursive Hamming code in speci&ing re-

cipient nodes during the broadcasting operations.

3. The proposed method

Previous research by Mckinley et al[4] depicted that his

algorithm can reduce communication latency by exploiting

the distance insensitivity of wormhole-routing and relaxing

the assumption that all messages must be send between

neighboring nodes. However their result is far from opti-

mal. In this paper, we propose a new broadcasting method

to achieve a nearly optimal solution. In an n-dimensional

all-port wormhole-routed hypercube, every processor has n

links directly connected to its neighbors. If every node

could send messages to as many as n nodes in each broad-

casting step, the broadcasting can be completed in only

[nhog,(n+l)l steps’, which is the theoretical optimal.

According to the above idea, our fundamental method

is to (1) view the original hypercube as a k-ary broadcast-

ing tree instead, where k is chosen as close to n+l as pos-

sible and (2) broadcast messages down this k-ary broadcast-

ing tree. Here we draw the concept of subcube that any n-

dimensional hypercube can be regarded as 2d (n-d)-

dimensional smaller hypercubes. Any node in the broad-

casting tree is a hypercube and its branch nodes are its cor-

responding subcubes. At each broadcasting step, the source

node in a hypercube sends a copy of the message to each of

its subcubes.

A larger breadth reduces the height of a broadcasting

tree, thus inclines reduction in the number of broadcasting

steps. Therefore, bounded by value n+ 1, k should be cho-

sen as large as possible. We properly choose k=2P, here

p<logz(n+l )J. The nodes in each level of the broadcasting

tree would represent n, n-p, n-2p, . . . . n-(fdpl- 1)*p and O-

dimensional subcubes, respectively, from top level O to

bottom level [rr/pl.

As to naming the subcubes as stated above, if all the

addresses of nodes in a subcube have leading binary digits

bM.jbH.2... bn.P in common, we say that those nodes belong to

bfl.lbfl.z.. b..P-subcube. For example, (n-p) -dimensional sub-

‘ Let it takes a steps to complete optimal broadcasting, thus a

should satisfy (n+] )a>2”. Hence we get a = [rr/log2(n+l )1.

level O
~)6-dim hypercube

Fig.3. A 4-ary broadcasting tree of 6-cube

cubes in the first level of the broadcasting tree are com-

posed of bB_lbH.2...P..P-subcubes, ranged from O to 2P- 1. So

are (n-2p) -dimensional bn.l bfl.z.. b..zp-subcubes in the sec-

ond level of broadcasting tree, ranged from O to 22P-1; and

so on. Note that addressing bits now are divided into [n/Pl
p-bit partitions from left to right, each of which represents

the index of each level’s subcubes. The lowest partition

would be possibly consisted of less than p bits, but we will

show later that this will not affect the generality of our

routing algorithm.

After constructing the k-ary broadcasting tree (k=2p),

we do the broadcasting as follows. By sending out 2P-1

messages, a source node could make totally 2P destination

nodes, including itself, get a copy of the message. Then,

each recipient will turn into the next-step’s source node in

each child subcube and be in charge of broadcasting to

other 2P destination nodes, After i steps of broadcasting, the

message would reach 2’*P nodes. At the last step (i.e. step

rnbl), all source nodes send out 2(’]-(’’’P)*P)*1)-1 messages to

complete the broadcasting.

Fig.3 illustrates broadcasting occurred within a 6-

dimensional hypercube. The number of messages sent per

step is 2P-1=3 for p~log,(6+ 1)]=2. Hence broadcasting

will be undertaken within a three-step broadcasting tree. At

the first step, source node 000000 sends out three messages

into subcubes (with leading bits 01, 10, and 11) and hence

makes four nodes (000000 and three recipients within 01,

10, and 11 -subcubes, respectively) get a copy of the mes-

sage. These four nodes would become next-step’s source

nodes of the four 4-dim subcubes. Next, each source node

in the four subcubes (with leading bits 00, 01, 10, and 11)

will send three messages again. It would make totally six-

teen nodes within the subcubes (with leading bits 0000,

0001, .... 1111 ) get the message. At last, these sixteen

nodes within each subcube will send three messages again

and make every node get a copy of the message.

From the above example, the framework of broadcast-

ing has been drafted. However, channel contention within

each broadcasting step is happened to be resolved. Let us

back to the above example again. At the third step of the

broadcasting, source node 000000 send messages to three

nodes within its 2-dim subcube (with ieading bits 0000),

i.e. 000001, 000010, and 000011. Fig.4(a) shows that mes-

sage directed towards 000011 will compete channels with
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message directed towards 000001 or 000010, unless it is

emitted from another source node in other subcube, as

shown in Fig,4(b). Actually this situation would happen at

any level of the broadcasting tree. To avoid any contention

like this, we contribute an alternative broadcasting tree that

could adroitly deploy channels in the hypercube space.

A systematic approach using Hamming code is depicted

to prevent possible channel contention. Now we illustrate

the broadcasting of step i as an example without lost of

generality. When the broadcasting undertaken within A-

subcube of level i-1, all its child subcubes(say AP~ll-

subcubes, here P.,, is the set of all numbers ranged from O

to 2P-1) will get a copy of the message after the broadcast-

ing. First, every source node of level i-1, which will initiate

the step-i broadcasting, always conforms the format of AZ,

where

~=(h b,,.’l b,,.(,.l)*,,):
Z=(b,,.(,.l).P.l ...bibJ is recursive Hamming syndrome of A, com-
puted by q(~, p], ... , P ,, P, ) with p,= ....=.=p~log.(~+l)ll)l and

a,isequalto~-l)*p~-

p,=rr-a-p*(j- 1) herej (rz-a)/pl and the bit number of partition A,

Second, the broadcasting utilizes three types of routes

to deliver 2P-1 messages to the destinations. The routes will

also ensure the specified destinations always conform the

format as stated above to fit for next step’s broadcasting.

We regard AZ as APR instead by letting P be the leftmost p

bits of partition Z and R be the trailing bits. Now APal/-

subcubes’ broadcasting are completed by the routes as fol-

lows:

APR
A–R {A~–}

}AER >AER, ......................................O

~PzR ‘
-PR {AP2-}

+AP2R’ >APzR2.., ...........................~
AP- (A–R} [AP3-}

APR } AP@ >AP3& )AP~R3 ........ @

Here P, P2 are p-bit syndromes of A and A, respec-

tively. Pq are p-bit binary digits chosen such that it satisfies

P~n({P}upuPJ=O. The trailing bit blocks, R. R], Rz, Ry

and R’ are recurswe .Hammmg syndromes of AP, All AP2,

4P3, and AP2. respectively. Terms in italic bold are source

and destination nodes, while others in italic are routers of

some intermediate nodes which play a key role in the proof

of contention-free. The following details how three differ-

ent types of routes play their roles in the broadcasting.

These rules are classified in the basis of the dimension

of the first used link. (Type 1) Crossing direct links within

dimensions P, messages from APR are routed to its child

subcubes with leading bits equal to AP. Then they will

head to destination A~Rl through links in dimensional or-

der. (Type 2) This type of routing M to cooperate with

source nodes in other subcubes. For ihose AP2-subcubes.

the copies of the message are coming from A-subcubes.

Messages emit~ed from AP21T in neighboring A-sttbcubes

cross direct links (within dimensions of A) into AP~-

subcubes. Then the messages head to destinations APZRZ

through links in dimensional order. Similarly, source node

APR also help broadcasting to its neighboring ~-subcubes.

We can ensure that APl is disjoint with A~ appeared in type

1 according to Lemma 2. Therefore the destination sub-

cubes will not be duplicate in both types. (Type 3) If the

broadcasting in both types 1 and 2 could not cover all the

child subcubes, the rest subcubes, say APq-sulbcubes, will

be handled by broadcasting through lower dimensional

channels within dimensions of R. For every P~, we choose

a unique value E. Thus message emitted from APR will be

forced through lower dimensional channel to router APR

and then heading to AP~R~ in dimensional order. Obviously

the routes by our routing methods could be handled by e-

cube routing except the first links. This significantly sim-

plifies the implementation of the routing algorithm in the

router and make it feasible in practical machines.

Let us take rule 1 as an example, Message emitted from

source node APR are specified to traverses neighboring

router A&R via the direct link first. Next, it traverses the

path, which consists of links and routers, between AIJR and

A~R} in dimensional order and arrives at destination A~RJ.

Every time the destination node, e.g. A~R1, receives the

message, it will turn into the source node of A~!-subcube at

the next step to continue the broadcasting.

Theorem I: The broadcasting algorithm would correctly

make all child subcubes at every step get one copy of the

message.

Proof Suppose that the broadcasting is taking place at any

source node APR within A-subcube. It is known that parti-

tions A, P and R are a, p, r bits, respectively, where

a+p+r=n. According to Lemma 1, a p-bit syndrome can

encode at mosts bits that satisfies 2p=s+p+ 1. Now we want

to send out 2i’- 1 messages at this step. if a>s, rules 1 and 2

would have p and s messages emitted, respectively. Since

2P- 1=s+p, the broadcasting’ could be handled by only these

two rules. Otherwise, i.e. a<s, (s-a) messages should be

emitted through lower dimensional channels by rule 3. We

can show that r dimensions of partition R are enough for

routing since (s-a) =2P- 1-p-a<2L10~2’”+{” - 1-,9-a<n-p-a=r.

Therefore, we complete the proof of this theorem. ~

Theorem .2: The proposed broadcasting algorlthm n con-

tention-free in each step.

000000 000010 000000r )
000010

0000-subcube

?

—*. ,)

00001
(

, . ‘000011

~

/ 0001 ,000011
f

\. ( .: ~, -( ;
&,,

0000. subcube 0001 -subcube ‘$ 00010;, ~ool 10

Fig 4 (a) contentloo 10 a 2-dnn subcube when data routed to 000011 IS
blocked b~ message muted to 000010 (b) an alternative route without
contention
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Proof To ensure the above routing algorithm is conten-

tion-free, we should prove that channels among the routes

zre different. For message sent from node bfl.l bH_z..,bflr,. blbo

to neighbor bM.lbm.2... ~.,. b, b(j via the direct link, it means

the channel used is of the m-th dimensional channel. Those

channels/paths used by the above three rules can be classi-

fied by the dimensions they fall into. Consequently, we di-

vide all paths into three disjoint groups, {A-R, {A-B} },

{A~-, {AF’Z-}, AP-, {AP~-} } and {-P,R’}. Paths/channels in

t-ie first set must be arc-disjoint for Hamming(R, @ = 1. In

tle second set, since P2 is the syndrome of A, {P}, 1?and F’z

must be disjoint according to Lemma 2. Since Pj is chosen

such that it satisfies P3n({P}utuP2)=0, all channels in

this group are mutually disjoint. In the third set, channel -

P2R’ between ~P2R’ and AP2R’ is uniquely used because

there is unique corresponding ~P2 using the channel, where

F’2 is the syndrome of ~. Consequently, we can conclude

the routing algorithm is contention-free at each broadcast-

ing step within the hypercube. +

i’%eorem 3: The near-oplimal broadcasting algorithm re-

quires [n~log2(n+ 1)]1 steps to complete the broadcasting.

Fig.5 illustrates broadcasting in a 4-dimensional hyper-

cube started from node 0000. In our method, the hypercube

can be regarded as a two-step broadcasting tree. Fig.5(b)

show the first-step broadcasting; By rule 1, copies of the

message are forced to cross single link to neighboring

nodes 01100 and 10100 which belong to 01 -subcube and 10-

subcube, respectively. Then they are forwarded to the des-

tinations 01111 and 10100 by ways within their own sub-

cubes. Rule 2 is not applicable at current level, Rule 3

forces a copy of message crossing lower dimensional link

to get another destination, i.e. 11111. After completing the

first step, the recipient nodes start the next-step’s broadcast-

ing as shown in Fig.5(c). Say, in 00-scube, source node

00100 sends messages to 00101, and 00110 by rule 1. Mean-

while source node 01111 would help sending message to

00111 according to rule 2. Rule 3 is not used at this mo-

ment, By now broadcasting within 00-scube is completed.

Fig. 6 compares the performance of our NOB(Near-

C)ptimal Broadcasting) algorithm, two other methods -- the

sl:andard SBT algorithm and DT algorithm, and the theo-

retical optimal value. From Fig. 6, it can be observed that

NOB is superior to DT in terms of steps as the dimension

of hypercubes is more than six. Also note that the NOB al-

gorithm is optimal in most cases. This makes it be a prom-

ising approach for broadcasting.

DT 1222334455667 788

NOB 1222333334445 544

0ptimal1222233333 444444

Table I. Comparison in terms of steps.

(b) Step ] (.) Sbw 2 I type 3 +

Fig.5 The proposed routes in a 4-dim cube.

Appendix gives the routing program in each node.

Since the destination and step index iare carried in the

header of the message, nodes received the message could

know how to follow up the broadcasting. Besides, the

Hamming encoding and the destination nodes could be

statically computed and stored in the ncldes, thus the time

complexity takes less effect on the whole operation.

4. Conclusions

In this paper, we adroitly explored a near-optimal

method to broadcast messages in an aII-port wormhole-

routed hypercube. By taking the advantage of the distance

insensitivity of wormhole routing and relaxing the assump-

tion that all messages must be sent between neighboring

nodes, we have stridden in reducing the lnumber of steps in

broadcasting operations nearly to optimal. We have also

proved that this routing algorithm is contention-free in each

broadcasting step. The exhibited advantage of this method

would make it a promising approach to overcome the bot-

tleneck in broadcasting.
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Appendix

Algorithm: Node Routing Program

Input: step index z and node address.

Output: /’ 2P-1 copies of messages emitted “/

Procedure

/* variables a, p and r stand for bit number of partitions

A, P and R, respectively. */
begi~

letp = Llog2(n+~ )]; /* dimension in each ~eve] */

if (ztin/pl) return;
p set values of u, p, and r *(

a=p*(i- 1),

p = (Ffn/pl)’? p:n-a;

r = n-a-p;

/“ set parameters of recursive Hamming syndrome “/

j~(n-a-p)l-log,(n+ 1)11;

pl=...=pl+logz( n+l+l )1: p,=r-(j- I ) * Liogz(n+ I j:

Partition binary digits address into A, F’, and R.

Call Rule 1(address, a, p, r, i);

Call Rule 2(address, a. p, r, i);

Call Rule 3(address, a, p, r, i);

end

Function: Rule I /“ routing path: APR-->AER==>AERI ‘/

Parameters: (address, a, p, r, i)

begin

for every t is neighbor(P) do

begin

R] = TI(A~>PI>Pw..>P,);
Construct the message flits with destination

address APR1 and step index i+]

Send the message out through the channel between

APR and AER.

end

end

Function: Rule 2/“ routing path: APR-->4PR==>4P R; “/

Parameters: (address, a, p, I-, i)

begin

if (a = O IIp < 2) then return; I* not applicable */

S=2P-P- 1;

k=l; s=min(s,a); /“ s is bounded by a “/

for A differ from A at bit k-l and KS do

begin

R; = rl(~P>p, >py..>p,);

Construct the message flits with destination

address ~P R; and step index 1-+1.

Send the message out through the channel between

APR and ~P R;

k=k+l ;

end

end

Function: Rule 3 /“ path. APR-->APE-->AP3R==sA P3Rs“1

Parameters: (address, a, p, r, i)

begin

end

if ( r < 1) then return; P not applicable */

for every P3 satisfy P? m ( {1’} u EU P2 ) = @ do

begin

Choose an unique ~ that is neighbor;

R, = rl(Ap,, P,. Pzv... P,);

Construct the message flits with destination

address AP3R3 and step index i-+1.

Send the message out through the channel between
APR and AP&.

end
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