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Abstract

Multicast communication is a significant opera-
tion tn multicomputer systems and can be used to
support several other collective communication opera-
tions. Hardware implementation is a viable solution to
develop a low latency multicast algorithm. In this pa-
per, we present a new multicast routing algorithm for
two-dimensional meshes. The algorithm uses worm-
hole routing mechanism and can send messages to
any number of destinations within two start-up com-
munication phases; hence the name, two-phase multi-
cast (TPM) algorithm. The algorithm uses the base
routing scheme used for unicast communication, thus
minimizing the additional hardware support. The al-
gorithm allows some intermediate nodes that are not
in the destination set to perform multicast functions.
This feature allows flexibility in multicast path selec-
tion and therefore improves the performance. A simu-
lation study has been conducted to investigate the per-
formance of the purposed TPM algorithm. The simu-
lation results show that the proposed TPM algorithm
performs significantly better for both contention-free
and mized-traffic conditions, when compared with the
previously proposed multicast algorithms.

1 Introduction

In high performance parallel computers, processors
communicate between each other by passing messages
via the communication network. Thus a low latency
communication mechanism is required to keep up with
the processing speed. In most contemporary paral-
lel systems, low dimensional wormhole-routed k-ary
n-cube networks are adopted due to its low communi-
cation latency and high bandwidth [1]. The wormhole
routing scheme used in most of these systems supports
only unicast (one to one) communication.

Collective communication which involves a group
of intercommunicating nodes is useful in several ap-
plications [2]. Some parallel programming languages
provide efficient support for these applications. The
importance of collective communication is further
demonstrated by their inclusion in the message pass-
ing interface (MPI) standards [3]. Examples of collec-
tive operations include broadcast, multicast, gather,
scatter, all-gather, barrier synchronization, and global
reduction. Several of these operations can be sup-
ported through an efficient implementation of the mul-
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ticast communication. Multicast communication is
concerned with the delivery of a message from one
source node to multiple destinations. The multicast
services can be considered as basic services for other
collective operations. It is also used for distributing
data to processes. In shared memory systems, multi-
casting is used for cache invalidations.

The performance of multicast communications is
measured in terms of its latency in delivering a mes-
sage to all destinations. In wormhole routed networks,
the communication latency consists of two parts, start-
up latency and network latency. The start-up latency
is the time required to start a message which involves
operating system overheads. The network latency is
a combination of propagation delay, router delay, and
contention delay. The communication latency is dom-
inated by the start-up latency which is in order of 1
15 to 20 ps in the current generation systems [4]. For
example, consider a 16 X 16 mesh network having the
following parameters: 3.2 Gbit/sec link bandwidth,
64 bits/flit, 1024 bits messages. Assume the aver-
age number of hops is equal to 14 using the uniform
traffic pattern. The average network latency will be

((T2§<41T9)) x(14+15) = 580ns. If we assume 1us start-

up time, the start-up latency accounts for 63.29% of
total communication latency. In multicast communi-
cations, where an operation might consist of several
communication phases, the start-up latency has a sig-
nificant impact on the performance.

Multicast communication can be carried out by
sending one message to each destination. This method
performs poorly not only because it requires a large
amount of network resources but also involves too
many communication steps. An efficient software
multicasting technique called Umesh is proposed for
meshes that do not require any hardware modifica-
tion [5]. The Umesh scheme reduces the number of
communication steps by allowing some destinations to
act like source nodes after they receive the message.
However, this technique still involves a large number of
communication start-up steps and software overheads.

To further reduce the communication latency, the
multicast operations need to be supported by the
hardware. The importance of hardware supported
multicasting was reported by Ni [6]. In [7], the Hamil-
tonian path based algorithms were proposed to reduce
the amount of traffic created from the multicast opera-
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tions. However, in this algorithm, the path length be-
comes a dominant factor, leading to high latency. Fur-
thermore, the Hamiltonian path-based scheme does
not conform to any base routing scheme proposed for
unicast communications.

Column-path [8] and leader-based [9] multicast al-
gorithms are two similar algorithms developed inde-
pendently and conforms to the base routing algorithm.
In [9], it was reported that the number of communi-
cation steps for single-source multicast for a destina-
tion set DS in a k X k mesh is less than or equal to
[log,(2k)] +2ift > 1 and [log,(k)] +2if t < 1, where
kt < |D| < k(t + 1) and ¢ 1s an integer. We have
attempted to further reduce the number of start-up
steps and lower the latency. In this paper, we pro-
pose a new hardware multicast algorithm that con-
forms to the base routing scheme as well as uses at
the most two communication start-up phases to reach
any number of destinations in a two-dimensional (2-D)
Mesh. The methodology is called two-phase multicast
(TPM) algorithm. To fully utilize the multicast paths
supplied by the base routing algorithm, some interme-
diate nodes that are not destinations are allowed to
perform multicast operations. This feature increases
flexibility in distributing messages to the destinations
thereby improving performance. The performance of
the multicast algorithm is evaluated through simula-
tions. The simulation results show that the proposed
algorithm performs better than the dualpath [7] and
column-path [8] algorithms.

This paper is organized as follows. Section 2
presents preliminaries for the multicast models. The
proposed algorithm is described in Section 3. A de-
terministic TPM algorithm based on the dimension
order routing is reported in Section 4. The simulation
results are presented in Section 5. Finally, concluding
remarks are given in Section 6.

2 Preliminaries

The basic node architecture of a two-dimensional
(2D) mesh is illustrated in Figure 1. The router pro-
vides communication services to the host processor.
The incoming/outgoing internal channels to/from the
router are usually referred as injection/consumption
channels. The number of injection/consumption chan-
nels implies the number of messages that can be
sent/received concurrently by the processor. The
number of internal channels is sometimes used to clas-
sify the communication system architecture [2]. The
one-port model refers to the system that has one pair
of internal channels at each node such that a node
can receive or send only one message at any instant
of time. In an all-port model, the number of injection
channels and consumption channels are equal to the
number of input and output channels, respectively.

Hardware multicasting requires some additional
functionality implemented in the router along with
the abilities associated with unicast communication.
Some basic communication services required in worm-
hole routed networks for multicasting are defined as
follows.

e Forward (FWD): When the router accepts a
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Figure 1: Router architecture.

message from a neighboring node and the current
node is not one of the destination(s), the message
is forwarded to the next node toward its destina-
tion(s).

e Absorb (ABS): If the current node is the desti-
nation, the message is absorbed and passed on to
the local processor.

e Retransmit (RT'M): For deadlock avoidance pur-
pose, in some cases, the multicast message must
be temporarily stored and retransmitted to elim-
inate the cyclic dependencies. The message is
stored in the local memory. Thus the probability
of deadlock from the depletion of storage space is
negligible. The overhead of retransmission opera-
tion is very high because it involves both software
(operating system) and hardware resources.

The absorb and forward capability introduces -ad-
ditional resource dependencies that can lead to dead-
lock situations. Since multiple consumption channels
may be occupied by one message along the multicast
path, the deadlock configuration can stem from the
cyclic waiting for consumption channels. An example
of consumption channel deadlock in a linear-array is
shown in Figure 2. Node 1 generates message A des-
tined to nodes 2 and 3. At the same time, message B is
generated by node 4 destined to the same set of desti-
nations. Assuming an one-port model, after two steps,
message A occupies consumption channel ¢2 at node
2 and requests for consumption channel ¢3 at node 3.
The consumption channel ¢3 is occupied by the mes-
sage B which also requests for ¢2. This cyclic wait
creates a deadlock. The deadlock due to consumption
channel contention can involve several nodes. The up-
per bound of the number of consumption channels re-
quired to avoid such deadlocks is equal to nv where
n is the network dimension and v is the number of
virtual channels per direction [8]. The detailed treat-
ments of the consumption channels deadlock can be
found in [8, 10].

Figure 2: Deadlock due to consumption channels.



3 A Two-Phase Multicast Algorithm

In this section, we present a new hardware multi-
cast routing algorithm that uses at most two start-up
phases to communicate with any number of destina-
tions; hence the name two phase multicast (TPM) al-
gorithm. :

3.1 Basic Characteristics

There are two essential characteristics of the pro-
posed algorithm. First, the TPM algorithm uses the
same routing algorithm as that employed for unicast
communication and thereby does not introduces any
deadlock (assuming that the base routing algorithm
is deadlock-free). The second characteristic of the
TPM algorithm differentiates it from all the previ-
ously proposed algorithms. In the previously pro-
posed multicast algorithms, only the multicast desti-
nation nodes participate in the multicast operations.
This restriction increases the number of communica-
tion phases, therefore degrades the performance. In
the TPM scheme, we allow some additional nodes that
are not in the destination set to perform multicast op-
erations. This mechanism can be supported by intro-
ducing some additional communication primitives as
itemnized later in this section.

Because of the involvement of nodes that are not
destinations, it may appear that the performance of
these nodes will degrade. However, the reduction of
multicast latency overcomes this degradation. Fur-
thermore, as we involve nodes that are in the multicast
zone {defined and discussed later), and as the tasks are
allocated in forms of submeshes, the additional nodes
that are forced to be involved in a multicast operation
always belong to the same task. So the inclusion of
these additional nodes for multicasting does not affect
any other tasks. Above all, the TPM algorithm al-
ways tries to minimize the involvement of nodes that
are not destinations. The performance improvement
obtained using TPM algorithm justifies the temporary
involvement of nodes that are not destinations.

3.2 Hardware Support

The multicast communication services used by the
TPM algorithm are extended from the basic commu-
nication services (listed in the previous section) and
are summarized as follows:

e Permanent absorb and forward (PAF): If an in-
termediate node is one of the multicast destina-
tions, the message is absorbed in the node while
being forwarded to the next node.

e Permanent absorb and retransmit (PAR): The
intermediate node performs a PAR operation if
it is the last node in the first phase of communica-
tion and is also one of the multicast destinations.

Permanent absorb, forward, and retransmit
(PAFR): For a two-phase multicast operation,
some intermediate nodes need to absorb and re-
transmit a message to another set of destinations.
If the intermediate node that performs such oper-
ation is also a multicast destination, the PAFR
operation is executed.

200

e Temporary absorb and retransmit (T'AR): In
some cases, we might need to retransmit at an
intermediate node that is not one of the destina-
tions. Such intermediate nodes will temporarily
store a message and retransmit later in the next
phase.

Temporary absorb, forward, and retransmit
(TAFR): TAFR is similar to TAR except that
the message is also forwarded to the next node
while it is being temporarily stored at the cur-
rent node.

3.3 Destination Preprocessing and Multi-
cast Zone

The destination addresses along with the nodes that
will perform multicast operations are sorted in order
and encapsulated in the message header. Along with
the addresses, the required multicast services are also
stored in the header in term of flags. An example of a
message structure showing ten destinations is shown
in Figure 3. The required multicast operations are
also tagged along with the intermediate destination
addresses. For example, the node (0, 4), which is not
a destination, need to perform the TAFR operation
to retransmit the multicast message to the node (2,4)
and (5,5). The node (2,4) flag is tagged as PAF to
perform absorb while forwarding to node (5,5). Since
the node (5,5) is the last destination in the branch,
the ABS operation is assigned.

Des Addr  Flag

2,5 TAFR|
2,7 ABS
0,5 PAF
0,4 TAFR
2,4 PAF
5.5 ABS
0,2 TAFR|
7.5 ABS
0,0 TAR
2,0 ABS

. Destination node DATA

X Intermediate multicast node TAIL

Figure 3: Encapsulation of destination addresses in
the header.

Multicast zone is defined as the smallest two-
dimension array that includes the source node and all
the destinations. The purpose of zoning is to confine
a boundary of network resources that can be utilized
for the multicast operations. Let the coordinates of
the lower left corner be denoted by (I;,1,) and the up-
per right corner be denoted by (ug, u,), as depicted in
Figure 4.

We logically divide the multicast zone into four
quadrants. The quadrants are labeled as @, @,
s, and @4 as shown in Figure 4. The source quad-
rant is determined such that the farthest corner node
with respect to the source node can be specified. The
source quadrant can be obtained using the algorithm
shown in Figure 5. To determine the source quadrant,
the source coordinates are compared to the center of
the multicast zone. The TPM algorithm uses differ-
ent destination ordering functions based on the source
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Figure 4: Quadrants in the multicasting zone.

Algorithm 1: Algorithm for determination of the source
quadrant.

Input: Multicast zone (Iz, ly, us, uy), source node
(82, 8y)-

Output: The source quadrant SQ, relative positions of
periphery lines ( Ny, Fi, Ny, F).

Procedure:

Let midz = uz — I:/2; midy = uy — 1l /2
begin
if(Sz > midz) and (Sy > midy)
SQ= 1>Nh = “nyh = Iy,Nv =uzva =l
if(S: < midz) and (Sy > midy)
SQ=2,Nn=uy, Fo=1,,No =1, F, = ug
if(S: < midz) and (Sy < midy)
SQ=3,Nn=1y,Fro=uy, Ny =z, Fy = u,
if(Sz > midz) and (Sy < midy)
SQ=4,Nn=1,Fr =uy, Ny =1z, Fy =1l
end.

Figure 5: Multicast source quadrant algorithm.

quadrant. The relative positions N, Fi, Ny, and F,
are defined for the ease of writing the destination pre-
processing algorithm. The Ny, Fj, Ny, and F, stand
for near horizontal periphery line, far horizontal pe-
ripheral line, near vertical peripheral line, and far ver-
tical peripheral line, respectively. These parameters
are relative to the source coordinate and the multi-
cast zone.

3.4 Framework of the TPM algorithm

The formal description of the routing algorithm is
given in Figure 6. A message is forwarded to the next
node if the current node is not a destination node. If
the current node is a destination, the associated multi-
cast_flag is used to determine the multicast operation
to be performed. For the TPM algorithm, the imple-
mentation of three extra bits are adequate to represent
all multicast operations that we have listed in Section
3.2. Each bit in the multicast flag represents a unique
multicast service: absorb, forward, or retransmit. If
the absorb flag is set, the message is copied to the ap-

201

plication process. If the forward flag is set then the
message is sent to the neighboring node in the direc-
tion of the next destination node. For retransmission,
the destination list in the message header needs to be
modified. The destination addresses starting from the
next destination to first absorb-only destination are
removed from the message header. The destination
that performs only absorb operation implies the last
destination in its branch. The destination addresses
removed from the message header are passed on to
the retransmission routing phase along with the data
to be retransmitted.

Algorithm 2: Message routing operation.
Input: Current node (z1,z2), Message header(contain
the destination set DS and the multicast flags in order
of traversal).
Procedure:
begin
1. if the current node address is the head of
the destination in the header do
multicast_operation(multicast_flag, DS)
2. if the current node is not in the DS,
forward the message to the next node using
the underlying routing algorithm.
end.

Routine: Multicast_operation().
Input: multicast_flag, Message header(contain the des-
tination set DS and the multicast flags in order of tra-
versed).
Procedure:
begin

1. remove the current destination from the message

header.
2. if the multicast_flag includes absorb operation

-send copy of the received message to the application.

3. if the multicast_flag includes retransmit operation
-remove the destination addresses from the header
(starting from the next destination in DS to the
first destination with only absorb operation).
-pass the removed destination addresses and the
content of the message to the retransmission routine.

. if the multicast_flag includes forward operation
compute the next direction and forward the
message to the next node.

end.

Figure 6: The TPM algorithm.

The basic idea behind the proposed algorithm is
that, during the first step, the message is sent to a
set of nodes such that all the destinations can be
reached in the first or second phases of communica-
tion. First, the TPM algorithm defines the multicast
zone that contains the source node and all the destina-
tions. Next, it defines a path that is taken in the first



step to the farthest corner (from the source node) of
the multicast zone. This path is called the main path.
After the first phase is completed, some of the interme-
diate nodes along the main path retransmit messages
to rest of the multicast destinations. The main path
is selected such that it conforms to the base routing
algorithm and covers as many destinations as possi-
ble. This feature allows the multicast operations to
be completed in at most two communication steps in
2-D meshes. As mentioned earlier, the communica-
tion latency in multicomputers is dominated by the
start-up latency. Hence, minimization of the number
of start-up steps is an important design issue for mul-
ticast algorithms.

4 Dimension-order TPM algorithm

In this section, we explain the detailed mechanism
of the algorithm using a deterministic (dimension-
order) routing scheme.
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Figure 7: Deterministic TPM patterns (a) Source
quadrant 1, (b) Source quadrant 2, (¢) Source quad-
rant 3, (d) Source quadrant 4.

In the first step. of multicast, the multicast mes-
sage is sent to the farthest corner from the source
node. The dimension order XY routing scheme [11]
supplies a unique minimal path to the corner node of
the diagonally opposite quadrant, hence there is no
routing freedom to select the main path. The last
destination node of the first multicast phase can be
(Iz,1y), (ue,ly), (Ug,uy), or (Iz,uy) corresponding to
the source quadrant ¢y, @2, @3, or Q4, respectively.
In the second phase, some of the intermediate nodes
along the main path retransmit messages to other mul-
ticast destinations that are not covered in the first
phase. Figure 7 shows the TPM dimension order mul-
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ticast patterns for XY routing on an (8 x 8) mesh
network. The solid lines and dashed lines represent
communication in the first and second steps, respec-
tively. In the first step, the source node uses XY rout-
ing to travel to the farthest corner node, ie., to the
corner node of the diagonally opposite quadrant. In
the second step, some of the nodes that received the
message during the first step send the message to the
remaining destinations.

After the farthest corner node has been reached
using the main path, all other destination nodes are
guaranteed to be covered by the intermediate nodes
during the second phase. However, some shape restric-
tions need to be applied for the deterministic routing.
With XY routing, the TPM algorithm cannot cover
all destinations if the X dimension is larger than the
Y dimension. To avoid such problem, the multicast
is extended zone such that |S, — Fr| > |Sz — Nyl.
Thus, for rectangular meshes, XY routing is used if
X <Y, else YX routing is employed for both unicast
and multicast communications.

In the TPM destination preprocessing algorithm,
the nodes in the main path are assigned all the multi-
cast destinations to be covered in the second phase.
The formal description of this operation is shown
in Figure 8. The multicast destinations are divided
into four subzones with respect to the source node,
as shown in Figure 7. The algorithm in Figure 9
outlines the subzone labeling scheme with respect to
the source node. To explain the algorithm, we use
quadrant 1 as an example. For destination nodes
in subzone A, [(I; < Dy < 5;),(Sy £ Dy < uy)],
the corresponding main path nodes have coordinate:
(Dg,Sy). Similarly, for destination nodes in subzone
B, [(lz £ Dy < S2),(ly < Dy < Sy)], the correspond-
ing main path nodes have coordinate (F,, Dy), where
F, is equal to I;. The main path nodes for destina-
tions in subzone D can be obtained by mapping the
addresses to the F, column. Some subzone C destina-
tions also need mapping if it overlaps with the subzone
D routing paths.

Lemma 1: The deterministic TPM algorithm re-
quires only two communication start-up steps for 2-D
mesh networks.

Proof: The message is sent to the opposite diagonal
corner of the multicast zone in the first phase. If the
multicast zone is defined such that |Sy —F—h| > |S, —
N,i, all other destinations in the multicast zone can
be reached using the XY paths in the second phase.
Lemma 2: The deadlock-free TPM requires four con-
sumption channels in 2-D mesh networks.

Proof: The TPM algorithm allows the absorb and
forward operations to be perform in only X dimension,
only Y dimension, and both XY dimension. In this
configuration, at most four consumption channels are
required at each node. The detail proof is discussed

in [9].

5 Performance Evaluation

_ To investigate the effect of multicast routing algo-
rithm, we have developed a flit level wormhole routing
simulator. The simulation environment and the per-



Algorithm 3: TPM destinations ordering and header en-
capsulation.

Input: Destination set: DS[(doz,doy),. .., (dne,dny)];
Multicast periphery: (I, ly, #z, uy), source node: (Sz,Sy),
relative position: (Np, Fr, Ny, Fy).

Output: Encapsulated destination message header.
Procedure: Let MS[(moz, moy),-- ., (Mnz, Mny)] be the
set of main path nodes associated with the DS. DM
array contains destinations associated with the main

path nodes, DM < (doz,doy), (Mmoz, moy) >,...,<
(dnz) dny), (mnl’ mﬂy) >]‘
begin

1. for all elements in the DS
if Destination_subzone(d;s, d;y) = subzone A
Miz = diz, Miy = Sy
if Destination_subzone(d:z, diy) = subzone B
Mz = Fu, My = Diy
if Destination_subzone(diz, diy) = subzone C
miz = Fy
if | diy — Sy |<| No =S5 |)
if No > Sy, miy = diy — maz(] Sz — diz |,
| Sy —diy )
else miy = diy + maz(| Se —diz |,| Sy — diy |)
else miy = diy
if Destination_subzone(d;z, diy) = subzone D
miz = Fy
if Ny > Sy, miy = D.'g— | Diz — Sz l
else miy = Diy+ | Diz — S |
2. Sort DM = [< DS, M'S >] according to main path

in each quadrant using M S and DS as the sorting keys.

3. Encapsulate the destination addresses along with

the associated main path nodes that are not in

the destination set into the header in order.

4. Assign multicast_flags to the destination addresses.
end.

Figure 8: Header encapsulation process in determin-
istic TPM algorithm.

formance results are described in this section.

5.1 Simulation Model

A simulation model was developed for a 16 x 16
mesh. Fixed size packets of 20 flits per packet was as-
sumed. To improve the traffic flow, we have considered
two virtual channels per physical channel with one flit
buffer per virtual channel. The time required to trans-
fer one flit from a node to its neighbor is assumed to
be equal to 30ns which is directly mapped to one time
unit. The start-up latency is set to 1us (33 time units).
In multicast operation, multiple messages can be gen-
erated in the same communication phase. To model
such situation, the succeeding message start-up time
is set to 240ns (8 time units) because the generation
of succeeding messages should take less time than the
generation of the first message. If the multicast algo-
rithm requires absorb and retransmit operation, the
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Algorithm 4: Subzone labeling for each destinations.
Input: Destination: (diz,diy), Multicast periphery:
(lz, ly,uz, uy), source node: (Sz,Sy), relative position:
(Nn, Fr, Ny, Fy).
Output: Subzone label of the destination.
Procedure:
begin
if( Sy < diz < Fyor Sz >diz > Fy)
if(Sy < diy < Np or Sy > diy > Ni) return A
if(Sy < diy < Fr or Sy > diy > Fp) return B
if( Sz < diz < Ny or Sz > diz > N,)
if(Sy < diy < Fp or Sy > diy > Fy) return C
if(Sy < diy < Fp or Sy > diy > Fp) return D
end.

Figure 9: Labeling subzones with respect to the source
node.

start-up latency is used to penalize the retransmission
overhead for fair comparison.

Some multicast operations require header process-
ing in the intermediate nodes where an additional
overhead needs to be taken into account. The routing
decision usually take 1.5 to 2 times more than the time
required for transferring the data flit [12]. Using this
data, the routing decision is assumed to take 60ns (2
time units) without header modification. None of the
earlier reported works have considered the overhead
associated with header modification in multicast com-
munications. We assumed 90ns (3 time units) routing
delay for the routing decision and header modification.

5.2 Performance of Contention-Free
Communication

We first present the performance results under the
contention-free condition. The source node is ran-
domly chosen for each operation. The multicast desti-
nations are assumed to be uniformly distributed over
the network. The average performance metrics are
calculated from 1000 multicast operations. The num-
ber of destinations is varied from 20 to 250 nodes. We
have considered multicast latency and average addi-
tional traffic. as multicast performance metrics. The
multicast latency is defined as the time between the
initiation of multicast operation and the time when
the tail of the multicast message reaches all the desti-
nations. The additional traffic reflects the amount of
network resources that are used to complete the mul-
ticast operation. A physical channel occupied for one
time unit is counted as one traffic unit.

The performance of the proposed TPM algorithm is
compared with the dualpath [7], column-path [8], and
unicast-based multicast algorithms. In the unicast-
based multicast algorithm, the source node sends one
message to each destination in the multicast destina-
tion set.

We obtained simulation results for a one-port model
where there is one consumption channel and one in-
jection channel. Figure 10 (a) shows the multicast



latency versus the number of destinations. The TPM
algorithm has the lowest latency and is nearly con-
stant with the increase in the number of destinations.
The multicast latency for dualpath algorithm consid-
erably increase when the number of destinations in-
crease from 20 to 100 and thereafter flattens out. The
column-path and the unicast based multicast perform
poorly because they involve more number of communi-
cation steps when the number of destinations increase.
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Figure 10: Performance comparison of multicast al-
gorithms for an one-port model (a) Communication
latency, (b) Additional traffic.

The results of additional traffic are shown in Fig-
ure 10 (b). The TPM algorithm requires a little less
network resources than the dualpath algorithm. More
network resources are required to complete the same
multicast operation using unicast-based multicast or
the column-path algorithms. This difference is at-
tributed to the fact that, with the same number of
destinations, the dualpath and TPM send the mul-
ticast messages in paths that cover more number of
destinations.

In an all-port model, the number of consumption
channels and the number of injection channels are
equal to the total number of virtual channels in the
router. The performance comparisons for an all-port
model are shown in Figure 11. The trends are ob-
served to be the same as that of the one-port model.
However, the performance of the column path and
unicast-based multicast performance are improved due
to more number of messages being sent concurrently.
The column-path algorithm performs as good as the
dualpath algorithm. These results also show that the
number of injection channels have a strong impact on
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the performance for the class of multicast algorithms
that generate several messages at the same time.
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Figure 11: Performance comparison of multicast algo-
rithms for an all-port model (a) Communication la-
tency, (b) Additional traffic.

5.3 Performance of Unicast and Multi-
cast Traffic with Contention

In real applications, the multicast message might
compete for network resources with the unicast mes-
sages or other multicast messages in the network. To
examine the performance of the TPM algorithms in
such situations, we have simulated the multicast traffic
together with the unicast traffic. We consider 90 per-
cent unicast messages and 10 percent multicast mes-
sages. The destinations are assumed to be uniformly
distributed. The average number of destinations (D)
in the multicast operation is set to 32 with standard
deviation of 15. The minimum and maximum number
of destinations is 2 and 250, respectively. As described
in (8], the unicast inter-arrival time for each node is
equal to f%g where N is the number of nodes in the
system and X is the system throughput. The multi-
(}J(v:(fl). Our model
assumed one injection channel and eight consumption
channels implemented in the router.

The performance results under mixed traf-
fic(unicast and multicast) are given in Figure 12. The
unicast communication latency are shown in Figure 12
(a). Among all algorithms, the TPM algorithm give
the best performance followed by the column-path,
unicast-based multicast, and dualpath algorithms, re-
spectively. The multicast latency curves are shown

cast inter-arrival time is defined as
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Figure 12: Performance results for mixed uniform and
multicast traffic a) Unicast communication latency, b)
Multicast communication latency.

in Figure 12 (b). The TPM algorithm has the low-
est latency. The dualpath algorithm performs well in
the low throughput but the latency increases rapidly
in higher throughput. The communication latency in-
crease slowly for column-path but it is severely de-
graded by the start-up latency and queuing delay at
the source node.

6 Concluding Remarks

We have developed a new algorithm called two-
phase multicast (TPM) algorithm for multicasting in
two-dimensional mesh networks. The algorithm is
very simple and requires at most two communication
start-up steps to multicast to any member of destina-
tions. During the first step, the message is sent to a
node using a path such that the nodes covered during
the first step can send the message to the remaining
destinations in the second step, if required. The path
taken in the first step guarantees that all the nodes
will be reached within two start-up steps. The perfor-
mance of the proposed algorithm is evaluated through
simulations. We have considered realistic parameters
and have included the associated overheads in our ex-
periments. The results demonstrate that the TPM al-
gorithm performs better than the previously proposed
multicast routing algorithms. Our future work is fo-
cused on extending the TPM algorithm for higher di-
mensional meshes.
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