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Abstract 
In this paper, we study on m u h p o d  wormhole- 

routed multicomputers where nodes are able to send 
multiple messages into the network at a time. More- 
over, we discuss the Hamiltonian-path routing an 
wormhole-rouled mesh/torus networks We propose 
eficrent unzcast-based multrcast algorzthms zn multz- 
p o d  wormhole-routed multicomputers whrch are chara- 
tertred b y  2D mesh/lorus topology and Hamiltonaan- 
path routtng. The proposed multiport multicast al- 
gorithms exploit the dastance-insensative properly of 
wormhole routing technology. The two-port multicast 
algorithm can deltver a multicast message to  m destt- 
natcons in at most [log3(m + 1)1 + 1 message-passing 
steps, avoiding contentron among the constituent uni- 
cast messages. This paper analyzes the performance of 
the proposed multicast algorathm an wormhole-routed 
mesh networks wrth two-port communication architec- 
ture. It also shows that ats performance is enhanced 
b y  log 3 over one-pod multicast algorithm In terms 
of multicast latency. The proposed multicast algo- 
rithms are easily applicable to wormhole-routed torus 
networks. 

1 Introduction 
MultiComputers[l], called distributed-memory s y s  

tems, are chacacterized by the' distribution of mem- 
ory among an ensemble of processin$, nodes, nodes 
communicate by passing messages through a network. 
Each processing node consists of its own processor, 
local memory, and communication devices In imple- 
menting a multicomputer, the communication method 
among nodes is critical to its overall performance. So, 
in order to enhance its performance, it is desirable 
to design a efficient communication method. There 
are three patterns that processing nodes communi- 

ers a single message to an arbitrary number of desti- 
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nation nodes. Finally, a broadcast(one-to-all) is that 
a source node delivers a same message to  all nodes 
in the network Most of recent multicomputers sup- 
port unicast comm~ni~cation as well as multicast and 
broadcast communications in order to maximize their 
performances. 

From use of multicwt communication, parallel ap- 
plications which includie parallel search algorithms and 
parallel graph algorithms can be get much benefits[4]. 
In the computation mode where the same program IS 
executed on different processors with different data, 
multicast is fundamental to  several operations such as 
replication and barrier synchronization 131. Also in a 
distributed shared-meimory system, mu I ticast may be 
used to efficiently support invalidation and updating 
for cache coherence protocol of shared-data[5]. 

Efficient implementation of multicast communica- 
tions depends on the particular multicomputer ar- 
chitecture, which includes the network topology and 
underlying switching mechanism. 2D mesh networks 
have become a popular interconnection topology for 
constructing large-scalie multicomputers. Formally, an 
m x n 2D mesh has N = m x n nodes; each node has 
integer coordinate (I, y), 0 5 I < m and 0 5 y < n. 
Two nodes with coorclinates (zi,y,) and (zl,y,) are 
connected if and only if channel 11, -I 1 + lyi- y, I = 1 .  
The 2D qqsh topology is used in the dymult 2010 and 

Whrmhole routing has been widely accepted as the 
predominant switching mechanism in current multi- 
computer systems[3]. In wormhole routing, each mes- 
sage is serialized into a sequence of flzts(flow control 
units) for transmission The header flit of a message 
governs the route, and the remainin flits follow it in 
a pipeline fashion through the networl. If all the chan- 
nels which the header is routed are busy, the header is 
blocked until one of those channels is freed; the flow 
control within the network blocks the trailing flits 
Wormhole routing avoids using storage bandwidth in 
the nudes through which messages are routed. I t  also 
makes the message latency quite insensitive to  the des- 
tination in the network. 

Al1,hough multicast communication may be im- 
plemented in either h>ardware or software, most ex- 
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isting wormhole-routed multicomputers support only 
unicast communication in hardware In these envl- 
ronment, multicast communication should be imple- 
mented in software such as a communication library 
by sending unicast messages. Such implementation is 
called untcasi-based multicast communication(7]. One 
method to implement multicast communication IS sep- 
arate addresszng where the source delivers separate 
copies of a message to every destinations. Separate 
addressing may take an excesslve time as the number 
of destinations increases, because a local processor is 
able to  send only one or few messages at  a time. An 
alternative is multicast tree where the source delivers 
the message to only a subset of destinations Some 
destination nodes receiving the message send it to an- 
other subset of destinations that have not yet received 
it 

Issues of software implementation of multicast com- 
munication in wormhole-routed multicomputer net- 
works have been addressed in [7] Optimal unicast- 
based multicast algorithms are presented for various 
networks with one-port communication architecture[i', 
121. Recently, several algorithms for broadcast com- 
munication are proposed for efficient unicast-based im- 
plementation in wormhole-routed multicomputer net- 
works which support all-port cominuniqation[2, 111. 
Unlike previous works, this paper considers multicast 
communication in the wormhole-routed networks for 
supporting multiport communication where a local 
processor sends one or more messages at  a time. This 
paper also proposes efficient multicast algorithms by 
software implementation in wormhole-routed 2D mesh 
networks which are characterized by Hamiltonian- 
path routing and multiport communication architec- 
ture The proposed d-port multicast algorithms can 
deliver a multicast message in a t  most ( [logd+,(m + 
1)1 +. 1) message-passing steps, by not only exploit- 
ing distance-insensitive property of wormhole routing 
but also avoiding channel contention for messages in- 
volved in one communication. significant performance 
improvement has been attained by the proposed al- 
gorithms against the one-port multicast algorithm in 
terms of multicast latency The proposed multicast 
algorithms are easily applicable to wormhole-routed 
torus networks. 

2 Background 
2.1 System Model 

The communication latency, used to  measure the 
performance of a wormhole-routed multicomputer s y s  
tem, is the time elapsed after the source forwards the 
mesaage to its own communication device until the 
destination has received it from its communication de- 
vice through the network[9] A metric used to  evalu- 
ate multicast performance is multicast latency, which 
is the time interval from when the source node begins 
to send the first copy of the message until the last des- 
tination node has received the message[ll]. In design 
of unicast-based multicast communication, its perfor- 
mance measured by multicast latency is quite depen- 
dent on the particular system architecture. A class of 
architectures considered in this paper is characterized 

by the following important properties. 
First, communication among nodes in wormhole- 

routed 2D mesh/torus networks is handled by means 
of a separate rovler.  As shown in Figure 1, four 
pairs of external channels(east. west, south, and north 
channels) connect its own router to the neighboring 
routers; the pattern in which the external channels 
are connected defines the 2D network topology. The 
router can transmit multiple incoming messages si- 
multaneously, provided that each message requires a 
unique and different outgoing channel. A router is also 
connected to $he local processor and memory In addi- 
tion, two messages may be relayed simultaneously in 
opposite directions between neighboring routers. by 
one or more pairs of internal channels; one channel of 
each pairs is for input, the other is for output. 

M M 

Figure 1: A 2D Mesh Router Architecture[8] 

The second distinguishing characteristic is that 
each node controls one or more pairs of internal 
channels, called as multzport communrcataon archzlec- 
ture[2, 81. A major consequence of a multiport com- 
munication architecture is that the local processor can 
send/receive multiple messages simultaneously. As the 
result, of this feature, since additional pairs of internal 
channeIs wiIl increase communication capacity, most 
existing multicomputers trend toward using the d-port 
architecture. As each node controls exactly one pairs 
of internal channels(i.e. d = 1)  in an one-port architec- 
ture, the local processor must send/receive messages 
sequentially. 

2.2 Hamiltonian-Path Routing 
In multiport wormhole-routed networks, all router 

use a hardware routing algorithm which determines a 
path in order to transmit a message to  its own des- 
tination. The routing algorithm assumed in this pa- 
per is the Hamzltontan-path rouitng[6]. In this rout- 
ing algorithm, at first, a Hamiltonian path is embed- 
ded onto target 2D mesh/torus network topology, then 
messages are routed on the basis of the damiltonian 
path. 

Each node U in a 2D mesh/torus mult 
assigned a label, ( (U).  In a network with 
nodes, the assignment of the label to a n 
on the position of that node in a Hamiltonian path, 
where the first node in the path is labeled 0 and the 
last node is labeled N - I .  
Definition 1 The label assignment functton 1 for an 
m x n mesh/torus can be expressed in terms of the I- 
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and y-coordinates of nodes as follows: 

uy * n + U,, 
uy * n + m - U ,  - 1, 

if uy is even, 
if zly IS odd. l ( u )  = Z(u=, uy) = 

Figure 2: The Labeling of a 6 x 6 Mesh. 

Figure 2 shows such a labeling in an 4 x 4 mesh, 
in which each node is represented by its integer coor- 
dinate ($,U). The labeling divides the network into 
two subnetwork; high-channel and low-channel sub- 
networks. Only high-channel subnetwork is shown in 
Figure 2. 
Definition 2 In 2D mesh/torus networks, assume 
that a source node is U and a destination node is v. 
Then, the Hamrltonran-path routtng functron[6 is rep- 
resented in Rd : V % V I-+ V where V is a set o 1 nodes. 
The routing function Rd(u, v) = w, where w is a neigh- 
boring node of U ,  is defined as follows: 

where z is a neighboring oode of U. 
As shown in Figure 2, a message is always routed 

along the shortest path. For example(Figure 2), the 
path from (1,2) to (3,4) by the Hamiltonian-path rout- 
ing algorithm is (( 1,2),( 1,3),( 1,4),(2,4),(3,4)). 
2.3 Channel Contentions 

Potential contentions among unicast messages has 
to be considered in a unicast-based multicast algo- 
rithm for a specific system, because it makes inter- 
mediate destinations send the copy to  another dcsti- 
nations for one multicast message. In systems using 
the dimension-ordered routing algorithm for unicast 
messages, channel contentions should be considered 
which result from a unicast-based multicast algorithm 
in wormhole-routed networks[7]. 

In operating one multicast communication, in- 
volved nodes can generate and transmit a number of 
constituent messages by a unicast-based multicast al- 
gorithm. The unicast messages involved may simulta- 
neously require the same channel; these are slepwrse 
contenlron and depth contention. 

Definition 3 Stepwise contention is that. a channel is 
simuitaneously required by messages which are trans- 
mitted within the same step in a schedule. 
Definition 4 Depth contention is that a channel is 
simultaneously required by messages which are trans- 
mitted in different steps. 

Stepwise contention-freeness guarantees that the 
minimum multicast latency can be achieved in terms 
of message-passing steps when the message size is large 
and the start-up latency is neglected. On the con- 
trary, depth contention-freeness guarantees the mini- 
mum multicast latency in case of small message size 
or large,start-up latency., ' 

3' Two-Port Multicast Algorithm 
We propose multiport multitast algorithms in 

wormhole-routed 2D m'esh networks using the 
Hamiltonian-path roiiting algorithm in Section 2.2. 
A millticast algorithm requires a different number of 
message-passing steps as the location of the source 
node, because 2D meshes are not symmetric. This 
section presents the scheme for partitioning destina- 
tion nodes and efficient two- and four-port multicast 
algorithms. 
Definition 5 A sequence of nodes {Do, D1,. . . , Dm} 
is a labeling-ordered chain if and only if all the ele- 
ments are distinct and the sequence is labeling-ordered, 
that is, if Di <A Dj for all i and j ,  1 5: i < j 5 n. 
Definition 6 Let a labeling-ordered chain 4 be 
{Do,Di,. . ., Dm}. Then, we define that 

41 = { D ~ , ~ i , . . . , ~ ~ r ~ ~ ~ ~ i - ~ } ,  

and 
4 u  ={Dm-r3(m-arc)l+l)...,Dm-l,Dm}r 

4'= { D ~ + l ~ . . . ~  Dm-r$(m-src)l)s 
where D,,,, DI,,,, and Dupper are the source node, 
and the center nodes of 41 and &,, respectively. 

Figuie 3 shows an example of Definition 6. 

Figure 3: An 13xample of Definition 6 

The two-port multicast algorithm is described in 
Figure 4. The source and destination addresses are 
sorted into a labeling-ordered chain(4), which is ini- 
tiated by calling the multicast algorithm. 4, which 
is sorted in the labeling order by Definition 5, can 
be classified into two sides on the basis of the posi- 
tion of the source; called the upper and lower sides. 
The source node successively divides each side into the 
third. Then -#I is dividied into three partitions, which 
are the upper(&), lovuer(#l), and remaining(#) par- 
titions. The source node sends a copy of the message 
to both Dlower and Dupper simultaneously. Two nodes 
both D,a,,,er and Dupper will be responsible for deliver- 
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ing the message to the other nodes in 81 and bU using 
the same multicast algorithm in Figure 4.  respectively 

In addition to the-data. each message carries the 

At each step, the source deletes 
addresses of the destinations for which the receiving step I 
node is responsible 
from # the two thirds of the destinations which are 
elements of 4, and 4,. Until 4 contains only its own 
address, the source continues this procedure 

Algorithm: D,,, multicasts a message to m destinations. 
Inputs : #: labeling-ordered chain 

Output Send a message to  m destinations at  most 2D mesh, the source (3,3) has the messa e des- 
tined for the 5 nodes {(0,1),(3,1),(2,2),(5,27,(2,5)} 

Procedure: and begins with a labelin -ordered chain # = 

Figure 5,  the source (3,3) first sends t o  nodes (3 , l )  
and (2,5) with additional addresses; the first is DioWer 

= {D,+I, Du+2,. . D2}; /* upper partition */  and the last is Dupper. The lower and upper parti- tions are deleted from 4, and therefore the remaining 

Figure 5. An Example of Multicast 
LDo, Di, . . . , Dm} for source and destinations. 

8rc: the address of source node. 

[log, 2(m + 1)1 messages passing steps. 

while m > 0 do ~ ( 0 , 1 ) , ( 3 , 1 ) , ( 2 , 2 ) , ( 5 , 2 ) , ( ~ , 3 ~ , ( 2 , 5 ) } .  As shown in 
I = rgsrcl; u = m - [$ (m - src) 
&, = {Do ,  D I , .  , . , Dl-l}; /* lower partition */ 

4 = ID?,  ~ 1 + 1 ,  . . , D U ~ ;  / remaining */ 
parbegin 

if 1 > 0 then 
/* send a message through a low channel */ 

lower = 1 - j-61; 
Send a message to node D I ~ ~ ~ ~  of q5 
with the address field 4,; 

endif 
if ( m  - ti) > 0 then 
/* send a message through a high channel */ 

upper = U +  [TI; 
Send a message to  node Dupper of 4 
with the address field 4,,; 

endif 
parend 
m = u -  I;  

endwhile 

Figure 4: The Two-Port Multicast Algorithm 

If the source happens to  lie a t  the beginning or 
end of #, then the multicast algorithm requires more 
message-passing steps than the others. The reason 
is why the source node always sends only one copy 
of the message destined to  lower or upper. Without 
loss of generality, the source is assumed to lie a t  the 
beginning of 4 .  At the first step, the source sends 
a copy to D,, e,. In the following steps, the source 
is responsible for delivering the mesisage to the other 
nodes in 4'. On the other hand, Dupper is responsi- 
ble for delivering the message to the other nodes in 
4". The source delivers the message to  all nodes in 
4' in [log, q] steps using the multicast algorithm. 
On the other hand, Dupper delivers the message to 
all nodes in &, in [log, w1 steps. Therefore, the 
algorithm requires a t  most [log, 2(m + 1)1 message- 
passing steps. 

Figure 5 shows how to deliver the message 
by using the multicast algorithm In a 6 x 6 

partition in # are {(5,2),(3,3)}. Finally, the source 
(3.3) sends to only node (5,2) which is D I ~ ~ ~ , . ,  since 
m - u )  = 0 3 0 Each of the recipients is likewise re- 

sponsible for delivering the message to the nodes in its 
subtree using the same multicast algorithm As shown 
in Figure 5, this algorithm requires 2 messagepassing 
steps 

As described in Section 2.3, potential contentions 
among messages should be considered to design an 
efficient unicast-based multicast algorithm. The fol- 
lowing properties show that channel contentions can 
be avoided in the two-port multicast algorithm 
Theorem 1 Assume that x , y ,  and z be process- 
ing node addresses tn 2 0  mesh networks wath the 
Hamtltonaan-path roulzng If 3: < h  y < h  z ,  then 
there as no same channel used all together b y  between 
the message iransmgtled f rom y t o  x and the message 

Proof : Let x = c ~ ~ - ~ ( z ) a , ~ ~ ( r ) ~ ~ ~ a ~ ( e ) ,  y = 
url - 1 (Y)% - 2 (Y) ' . . a0 ( Y) , and 
z = u,-~(z)un-~(z)~~~a~(z) on the basis of the mesh 
representation. Let k for 3: < h  y be the value that 
~ ( 3 : )  < u k ( y )  and ak z) = ~ ( y )  for all i, 0 5 i 5 E-1 
by Definition 5 .  And et 1 for y < h  z be the value that 
q ( y )  < U,(%) and q(y )  = u,(z) for all i ,  0 5 i 5 1 - 1 

Then, we consider only the message transmitted 
from 11 to x without loss of generality To arrive at the 
node with uk(z) in 6 dimension, the message transmit- 
ted from y to  1: is routed as the value u k ( y )  is decreased 
to ~ ( 2 ) .  After the message arrives a t  the node with 
ub(x) in k dimension, it is routed in k + 1 dimension 

If z < h  y < h  z ,  then k: 5 I holds. In case that 
k = I ,  the message transmitted from y to z is routed 
as the value ok(y) is decreased to ul;(t and then it 
is routed in k + 1 dimension. On the ot h e~ hand, the 
message transmitted from to z is routed as the value 
uk(y) is increased to uk($ and then it is routed in 
k + 1 dimension Hence, t ere is no same intermediate 
channel used all together by the message transmitted 
from y to x and the message transmitted from y to z 

-transinrtted f rom y t o  z .  
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In the other case that IC < I ,  61- 1 ( y )  of the tnessage 
transmitted from y to 2 is unchanged in n - 1 , n  - 
2, . . . , I  dimensions. a~-l(y) of t.he message transmit- 
ted from y to t is unchanged in n - 1, n - 2, , . . , P 
dimensions. Hence, there are no same intermediate 
channels used all together by the message transmitted 
from y to z and the message transmitted from y to z 
until they are routed in n - 1, n - 2 , .  . . 1 dimensions, 
that is, k is equal to I .  

Therefore, if 2 < h  y < h  z ,  then the message trans- 
mitted from y to z and the message transmitted from 
y to  z do not use any same channel all together. 
Theorem 2 Assume that U ,  U, I, and y be process- 
ing node addresses in 2D mesh networks with the 
Hamiltonian-path routing. If U <h w <h z < h  a / ,  then 
there is no same channel used all together by  befween 
the message transmitted from U to v and the message 
transmitted from x to y. 
Theorem 3 Assume that u , v , z ,  and y be process- 
mg node addresses in 2 0  mesh networks with the 
Hamiltonian-path rouiing. If U <h v <h x <h y, then 
there is no same channel used all together b y  between 
the message transmitted from v to U and the message 
transmitted from y to  x., 
Theorems 2 and 3 are proven in similar way to The- 
orem 1[10]. In the rnulticast algorithm, 4 is divided 
into three partitions. A source node may send a mes- 
sage through two ports simultaneously without chan- 
nel contentions. Any message sent by a source node 
through a low channel will pass through only the nodes 
in the lower partition. Similarly, any message sent by 
a source node through a high channel will pass through 
only the nodes in the upper partition. Thus, Theorem 
1 shows that the multicast algorithm can efficiently 
deliver a multicast message in terms of the message- 
passing steps without stepwise contention from any in- 
termediate source node. Theorems 2 and 3 also show 
that the multicast algorithm delivers a multicast mes- 
sage without both stepwise contention and depth con- 
tention. 

4 Performance Evaluation 
In wormhole-routed multicomputers with d-port 

communication architecture, a source node is assumed 
to send a multicast message to n destinations. In 
these systems, without being any restriction of the 
unicast routing algorithm considered, the message- 
passing step of the optimal d-port multicast algorithm 
is proportional to logd+l(m + I ) ,  which is a logarith- 
mic function to  the number of destinations m like 
as the one-port algorithm in Section 2.3. We con- 
sider the d-port multicast routing algorithm based on 
the dimension-ordered routing algorithm having the 
restriction in the mesh/torm wormhole-routed multi- 
computers. It is cost-effective for the systems to sup- 
port a two-port communication since most of destina- 
tions are in two sides of a source. 

The proposed two-port multicast a1 orithm can de- 
liver a message to m destinations in bog, 2(m + 1)1 
mesaage-passing steps a t  worse cases. In terms of the 
number of message-passing steps, the proposed algo- 
rithm is near optimal. 

In order to consider dynamic situation in several 
multicast messages in  the mesh networks. we also cval- 
uate the performancme of the two-port multicast algo- 
rit,hni in terms of multicast latency by simulation ex- 
periments. It, is assumed that multicomputer networks 
are 16 x 16 2D meshes. In this network, any node 
generates a multicast message which is destined to  an 
arbitrary number of destinations and has an arbitrary 
length. 

In Figure 6, the average multicast latency is shown 
against the numSer of destinations. The multicast 

, 

0 10 .20 M 40 54 60 70 

Number of Deaunahon Nodes 

Figure 6: Number of Destinations vs. Average La- 
tency 

latency logarithmically increases as the number of 
destinations, similarly to the logarithmic function 
logd+, (m + 1). Furthlermore, the proposed two-port 
multicast algorithm is enhanced by log, 3 over the one- 
port algorithm 

The average multicast latencies of one-port and 
two-port multicast algorithms against the message 
generation ratio a t  the nodes are shown in Figure 7 
The multicast latency of the two-port algorithm lin- 
early increases as the generation ratio while that of 
the one-port algorithm does dramatically, where the 
generation ratio is 0.2 to 0.6. Since the number of 
messages waiting to be delivered in the node's mem- 
ory depends mainly on the number of ports provided in 
the wormhole-routed multicomputer system, the sys- 
tem providing a large number of ports is insensitive to 
the generation ratio. 

Figure 8 shows thle average multicast latency 
against the length of a messge. Since communica- 
tion latency in wormh3ole-routed multicomputer sys- 
tems are dependent on the length of the message, av- 
erage latencies of both one-port and two-port multi- 
cast algorithms linearly increase as the length of the 
message. 

5 Conclusion 
In this paper, we propose efficient unicast-based 

multicast algorithms in wormhole-routed 2-D mesh 
multicomputers with inultiport communication ar- 
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chitecture which a processing node can send mes- 
sages through multiple output channels simultane- 
ously. The proposed multicast algorithms are based 
on the Hamiltonian-path routing that a unicast mes- 
sage is provided with partially minimal paths and only 
one virtual channel per physical channel is needed for 
deadlock prevention. The proposed two-port multi- 
cast algorithm can deliver a message to m destination 
nodes in a t  most ([log,(m -k 1)1 + 1) message passing 
steps, avoiding contention among the constituent uni- 
cast messages. It is also shown that its performance is 
enhanced by logz 3 over one-port multicast algorithm. 
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