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Abstract

Multistage interconnection networks are a popular
class of interconnection architecture for constructing
scalable parallel computers (SPCs). The focus of this
paper is on wormhole routed multistage networks sup-
porting turnaround routing. Existing machines char-
acterized by such a system model include the IBM
SP-1, TMC CM-5, and Meiko CS-2.

Efficient collective communication among proces-
sor nodes is critical to the performance of SPCs. A
system-level multicast service, in which the same mes-
sage is delivered from a source node to an arbitrary
number of destination nodes, is fundamental in sup-
porting collective communication primitives including
the application-level broadcast, reduction, and bar-
rier synchronization. This paper addresses how to
efficiently implement multicast services in wormhole-
routed multistage networks, in the absence of hard-
ware multicast support, by exploiting the properties
of the switching technology. An optimal multicast al-
gorithm is proposed. The results of implementations
on a 64-node SP-1 show that the proposed algorithm
significantly outperforms the application-level broad-
cast primitives provided by currently existing collec-
tive communication libraries including the public do-
main MPIL.

1 Introduction

Multistage interconnection networks are a popular
class of interconnection architecture for constructing
scalable parallel computers (SPCs), such as the BBN
TC-2000, IBM SP-1, and NEC Cenju-3. In such sys-
tems, processor nodes are interconnected through mul-
tistage interconnection networks. Each processor node
has its own processor, local memory, and other sup-
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porting devices. As the number of nodes in the system
increases, the total communication bandwidth, mem-
ory bandwidth, and processing capability of the sys-
tem scales up as well.

Efficient data communication among processor
nodes is critical to the performance of message-based
SPCs. Generally data communication can be classified
into point-to-point communication and collective com-
munication [1]. While point-to-point communication
deals with the basic send and receive operations be-
tween two nodes, collective communication deals with
communication that involves a group of nodes. Multi-
ple collective communication groups may space-share
a SPC in a way that processor nodes in the system
can be partitioned into several disjoint subsets each of
which is dedicated to a distinct group. As a result, a
system-level multicast service, in which the same mes-
sage is delivered from a source node to an arbitrary
number of destination nodes, is fundamental in sup-
porting collective communication primitives including
the application-level broadcast, reduction, and barrier
synchronization [2, 3].

However, most existing message-based SPCs sup-
port only unicast communication, single-destination
message passing, in hardware. In these environments,
multicast must be implemented in software by send-
ing unicast messages. One way to implement multi-
cast in such systems is separate addressing in which a
separate copy of the message is sent from the source
to every destination. As the number of destinations
increases, separate addressing may require excessive
time because many systems allow a local processor to
send only one or few messages at a time. An alter-
native approach is multicast tree in which the source
sends the message to only a subset of the destinations.
Each recipient of the message forwards it to some sub-
set of the destinations that have not yet received it.
The focus of this paper is on multicast tree implemen-
tation, also known as unicast-based or software multi-
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cast implementation.

Issues of software multicast implementation in di-
rect (point-to-point) networks have been addressed in
[4. In [4], an optimal unicast-based multicast al-
gorithm is developed for direct networks character-
ized by multi-dimensional mesh topology and one-
port communication architecture. Recently, several
algorithms [5, 6, 7] are proposed for efficient unicast-
based implementation of collective communication ser-
vices in direct networks which support all-port com-
munication. Among them, an optimal unicast-based
broadcast algorithm {7] is achieved for hypercube net-
works. Unlike previous work, this paper addresses
more efficient software implementation of multicast
services in wormhole-routed multistage networks with
turnaround routing. By exploiting recent advances in
switching technology, an optimal software multicast
algorithm is proposed for multistage interconnection
networks which support one-port communication. Sig-
nificant performance improvement has been attained
by the proposed algorithm against the currently ex-
isting collective communication libraries including the
public domain MPI [8].

The remainder of the paper is organized as follows.
Section 2 describes the system model under considera-
tion which includes switch architecture, network topol-
ogy, switching techniques, and the number of com-
munication ports. Section 3 presents a deadlock-free
routing algorithm for unicast communication. Section
4 defines the problem addressed in terms of the sys-
tem model and the unicast routing algorithm. Section
5 presents an optimal software multicast algorithm for
multistage networks with turnaround routing. The re-
sults of performance comparison with other collective
communication libraries on a 64-node IBM SP-1 are
given in Section 6. Section 7 concludes the paper and
mentions several areas of future research.

2 System Model

Switches are the basic building blocks of multistage
cube networks. In a k x k switch with turnaround con-
nection (Figure 1), a left-hand side port is labeled 4;
and a right-hand side port is labeled r; (0 < i < k—1).
It is assumed that each port is bidirectional and inci-
dent with two unidirectional channels (in opposite di-
rections) between neighboring switches. This implies
that two messages can be transmitted simultaneously
in opposite directions between neighboring switches.
In addition, multiple messages can be relayed simulta-
neously within a switch, provided that each incoming
message Tequires a unique outgoing channel. For ease
of explanation, it is assumed that processor nodes are
on the left side of the network, as shown in Figure 2.
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Figure 1. Examples of switches with turnaround con-
nection

A switch supports three types of connections: for-
ward, backward, and turnaround. For simplicity, the
input device on port ¢; (r;) is denoted as input port
¢4; (r;), and the output device on port £; (r;) is de-
noted as output port £; (r;). In forward connection,
input port #; is connected to output port r;, where
0 <1i,j <k-1. In backward connection, input port r;
is connected to output port £;, where 0 < ¢,j <k—1.
In turnaround connection, input port £; is connected
to output port ¢;, where 0 < i # j < k—1. No connec-
tion is allowed from input port r; to output r;, where
0 <t # j < k—1. This property prevents the shortest-
path unicast routing from deadlock. Note that mul-
tiple arcs in Figure 1 mean the possible connections,
not hardware broadcast.

For simplicity, in this paper a channel refers to a
unidirectional communication channel. A channel con-
necting an output port at switch G to an input port
at switch G4y is called forward channel. A channel
connecting an output port at switch Gy to an input
port at switch G, is called backward channel.

An N-port multistage cube network built with & x k
switches can be represented as

Co(N)Go(N/E)C1(N)...Crne1(N)Gn_1(N/E)Cr(N)

where G; refers to the it? stage, C; refers to the it
connection, and N = k™. There are n stages. Each
stage G; consists of N/k identical k x k switches and
thus is denoted as G;(N/k). Each connection C; con-
nects N right-hand side ports at stage G;_; to N left-
hand side ports at stage G; and thus is denoted as
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Ci(N). A connection pattern C; defines the topology
of the one-to-one correspondence between G;_; ports
and G; ports, also known as permutation. In a multi-
stage cube network, connection pattern C; is described
by the i* butterfly permutation 8¥ which can be for-
malized as follows:

Definition 1 The i*® k-ary butterfly permutation ¥,
for 0 <i<n—1, is defined by

BE(Tn=1...Tip12i%im1 ... 21Z0)

=ZTn—-1...-T541T0T5-1 ... 0125
where 0 <z; <k-1.

For simplicity, % is selected to be connection pat-
tern Cy,. Figure 2 shows the system architecture which
consists of an 8-port multistage cube network built
with 2 x 2 switches.
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Figure 2. System architecture

In Figure 2, processor nodes represented by circles
are interconnected through a multistage cube network.
All nodes are attached to the same side of the net-
work. Available ports on the other side of the network
are used to configure large networks. Each node has
local processor and local memory. Remote memory
access can only be achieved by message-passing. Mes-
sages are relayed using the wormhole routing switching
technique [9]. In this paper, it is assumed that there is
exactly one pair of input channel and output channel
connecting a node to the network, resulting in so-called
“one-port communication architecture”. This assump-
tion, which is consistent with many existing multistage
network systems, implies that the local processor must
transmit (receive) message in sequential. Commercial

705

SPCs using multistage cube networks with turnaround
routing include the TMC CM-5 [10], Meiko CS-2 [11],
and IBM SP-1 [12]. In the CM-5, the first two level
stages use 4 x 2 switches, yielding a dual-port commu-
nication architecture.

Communication latency latency consists of three
component values: start-up latency, network latency,
and blocking time [13]. The start-up latency refers
to the time required for message framing/unframing,
memory/buffer copying, validation, and so on, at both
source and destination nodes. Start-up latency can be
further classified into sending latency, the software la-
tency at source node, and receiving latency, the soft-
ware latency at destination node. The network latency
equals the elapsed time after the head of a message has
entered the network at the source until the tail of the
packet emerges from the network at the destination.
The blocking time includes all possible delays encoun-
tered during the lifetime of a message. These delays
are mainly due to conflicts over the use of shared re-
sources, for example, a message encountering a busy
channel or a full buffer. In this paper, multicast la-
tency is used to measure multicast performance. The
multicast latency refers to the time interval from when
the source processor begins to send the first copy of
the message until the last destination processor has
received the message.

3 The Turnaround Routing

Algorithm: Turnaround routing in each switch
at stage j
Input: Source address S : s,_1...5150
Destination address D : dy,,1...d1dg
Procedure:

t =FirstDifference(S, D) (j <t is always true)

If j = ¢, then take a turnaround connection to
output port £g4;

If j < t and the message comes from an input
port £;, then take a forward connection to
any available output port r, (0 <h <k -—1)

If j < t and the message comes from an input
port r;, then take a backward connection to
the ouput port £4;

Figure 3. The turnaround routing algorithm exe-
cuted in each switch

The turnaround routing algorithm (Figure 3) is
used for unicast communication in multistage cube
networks. In a multistage cube network built
with & x k switches, source address S and desti-
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nation address D) are represented by k-ary num-
bers s,_1...818¢ and d,,_1 ...d1dg, respectively. The
function FirstDifference(S, D) returns ¢, the position
where the first (leftmost) different digit appears be-
tween S,_1...8180 and d,_1...d1dg. More formally,
it can be defined as follows:

Definition 2 FirstDifference(S, D)=t if and only if
s¢ #dy and s; = d; fort <i<n.

To route a message from source to destination, the
message 1s first sent forward to stage G;. It does not
matter which switch at stage G; the message reaches.
Then, the message is turned around and sent back-
ward to destination. As it moves forward to stage
G:, a message always takes forward channels. There
may be multiple choices as to which forward chan-
nel to take in each stage G; where 0 < j < t. The
decision can be resolved by randomly selecting from
among those forward channels which are not blocked
by other messages. After the message has attained
a switch at stage Gy, it takes the unique path from
that switch backward to its destination. The back-
ward routing path only consists of backward channels
and can be determined by the “destination tag” rout-
ing: the message takes backward channel ejecting from
output port £4; in a switch at stage G;. Note that the
number of forward channels and the number of back-
ward channels traversed by a turnaround routing path
are always same. The turnaround routing is essen-
tially the fat tree routing [14]. The detailed study and
performance evaluation of turnaround routing can be
found in [15)].
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Figure 4. An example of turnaround routing

Figure 4 gives an example of turnaround rout-
ing in an 8-port multistage cube network built with
2 x 2 switches. In Figure 4, the function FirstDif-
ference(001,101) returns 2. The message is first sent
from S to any switch at stage Ga, say F. Note that
path A — B — F is randomly selected. An alter-
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native could be A — C — E. Then, the message is
turned around in F and sent backward to D. Path
F — G — H — D is the unique path from F to D.
This path is determined by taking output port £; on
F, output port £ on G, and output port £y on H.

Since a message only turns around once from a for-
ward channel to a backward channel, the dependency
graph for the routing paths selected in this way is
free from cycles. Therefore, the turnaround routing
is deadlock free.

By the butterfly connection, stage G; where
t =FirstDifference(S, D) is the least common ances-
tor of processors S and D. Therefore, the turnaround
routing is the shortest-path routing. On the other
hand, when it moves forward, a message can choose
an arbitrary forward channel at a switch (there is no
redundancy for backward channels). There are multi-
ple choices of the shortest path which the turnaround
routing may select between a source and a destination.
This property can be formalized as follows:

Theorem 1 In an N-port multistage cube network
built with k x k switches (N = k™), there are k* number
of the shoriest paths between source S and destination
D, each of which can be generated by the turnaround
routing, where t =FirstDifference(S,D).

V—_—L——“\'—_—

S1 001

010

s2om

100

D —
S —

101

D1 110;:;

D2 111 ~r—————]

blocking
Figure 5. Blocking network

Since the forward channel selection is random, it
is possible for two messages transmitted simultane-
ously to compete for the same backward channel, even
though these two messages have the distinct sources
and the distinct destinations. As a result, the multi-
stage cube network with turnaround routing is a block-
ing network. In Figure 5, the message sent from node
011 to node 111 and the message sent from node 001
to node 110 contend for a common channel, backward
channel ejecting from port #; at the bottom switch in
stage G1.
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Figure 6. Unicast-based software multicast trees

4 The Problem

Although hardware implementations of multicast com-
munication would intuitively offer better performance
than software implementations, many such implemen-
tations are restricted in their use. For example, the
TMC CM-5 can only support hardware broadcast by
using a separate control network. The NEC Cenju-3
claims to provide restricted multicast in hardware with
the limitation that all destination addresses must be
consecutive.

In fact, many existing wormhole-routed SPCs sup-
port only unicast communication in hardware. In
these environments, the multicast tree must be imple-
mented in software by sending multiple unicast mes-
sages. However, unlike separate addressing, in a multi-
cast tree, the source node actually sends the message
to only a subset of the destinations. Each recipient
of the message forwards it to some subset of the des-
tinations that have not yet received it. The process
continues until all destinations have received the mes-
sage.
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Which types of multicast trees to use depends
on the switching strategy and unicast routing algo-
rithm. An efficient multicast tree involves no local
processors other than the source and destination pro-
cessors, exploits the distance-insensitivity of worm-
hole routing, and is of minimum height, specifically,
height [log,(m)] for m — 1 destination nodes. An-
other key requirement is that there be no channel con-
tention among the constituent messages of the multi-
cast. That is, the unicast messages involved should
not simultaneously require the same channel. Ad-
dressing the practical consideration of channel con-
tention among the constituent messages of multicast
operations, and the theory behind the resultant algo-
rithms, distinguishes the approach presented in this
paper from previous investigations. The following
(small-scale) example is used to illustrate issues and
difficulties involved in implementing efficient multi-
cast communication in wormhole-routed multistage
cube networks with turnaround routing. As shown
in Figure 6, consider the 16-port multistage cube net-
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Figure 7. Unicast-based software multicast trees (cont’d)

work built with 2 x 2 switches. Suppose a multicast
message is sent from source 0011 to six destinations
{0001,0110,0111,1010,1100,1101}.

Figure 6(a) shows a binary multicast tree. At step
1, the source sends the message to node 0111. At step
2, nodes 0011 and 0111 inform nodes 0001 and 1100,
respectively. Continuing in this fashion, this imple-
mentation requires 4 steps to reach all destinations.
Taking the advantage of the distance insensitivity of
wormhole routing, the duration of each step must be
approximately equal to the duration of a single uni-
cast transmission of the message. In other words, it
should be correct to assume that each step requires
unit time as long as there exists no channel contention
among the messages transmitted during each step. For
this reason, the multicast latency in Figure 6(a) is 4
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time steps. In Figure 6(b), the shape of the tree is
rearranged in a way that the number of steps to com-
plete the tree can be reduced to 3. However, closer
inspection reveals that the message sent from node
0001 to node 0111 and the message sent from node
0011 to node 0110 in step 2 use a common channel.
The contention for that channel would force one of
the messages to block while the other is using the
channel. Consequently, these two unicasts cannot take
place during a single time step. The channel collision
which occurs between two messages transmitted simul-
taneously within the same step in a multicast tree is
known as stepwise contention [4]. Similarly, there is
another stepwise contention between the message sent
from node 0111 to node 1100 and the message sent
from node 0011 to node 1101. As a result, the mul-
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ticast latency in Figure 6(b) is actually larger than 3
time steps.

This situation is rectified in Figure 7(c), where the
messages sent within a particular time step do not con-
tend for common channels. Contention among mes-
sages sent in different steps may arise, however, if
the message length is small and the sending latency is
large. In the IBM SP-1, the sending latency is about
20pusec, the receiving latency is about Yusec, and the
network latency is about 0.16usec per byte. For ease of
explanation, we model the sending latency 2¢ and the
receiving latency t. The length of the multicast mes-
sage is chosen in a way that its network latency is t. As
shown in Figure 7(c), the message transmission from
node 0001 to node 0111 and the message transmission
from node 0011 to node 0110 take place concurrently
during the time period between 6f and 7¢, and con-
tention occurs for the shadowed channel. The channel
collision which occurs among concurrently transmitted
messages due to small message size or large start-up
latency is known as depth contention.

The multicast tree in Figure 7(d), which is based on
the methods to be presented in the following section,
is both stepwise contention-free and depth contention-
free. Generally speaking, with no channel collision,
given (m—1) destination nodes, [log, m] is the great-
est lower bound of the number of time steps a multicast
algorithm can attain.

5 The U-min Algorithm

This section describes U-min, an optimal multicast al-
gorithm (Figure 8) which achieves the greatest lower
bound of the number of time steps. The name “U-
min” is chosen for the unicast-based multicast for mul-
tistage interconnection networks.

In Figure 8, source and destination addresses are
first sorted in the lexicographic order, known as a
lexicography-ordered chain. A lexicography-ordered
chain is denoted as ®, at the time when multicast is
initiated by calling the U-min algorithm. The source
successively divides @ in half. If the source is in the
lower half, then it sends a copy of the message to the
smallest destination (with respect to the lexicographic
order) in the upper half. That destination will be re-
sponsible for delivering the message to the other desti-
nations in the upper half, using the same U-min algo-
rithm. If the source is in the upper half, then it sends
a copy of the message to the largest destination in the
lower half. The source continues this procedure until
® contains only its own address.

Figure 9 shows how to obtain the optimal multicast
implementation (Figure 7(d)) by using the U-min algo-
rithm. The source begins with a lexicography-ordered
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Algorithm: U-min Algorithm

Inputs: ®: lexicography-ordered chain
{de,d141, ..., d,} for source
and destination addresses

ds: the address of source nodes
Procedure:
while £ < r do
if s < 4~ then /* send right */

c=L+[54);
D= {dc;dc+1) .. ',dr};
r=c—1;

else if s > "—'%‘l then /* send left */
c=L+ 5
D= {d,...,dc-1,d.};
L=c+1;

else /* send left */
c=s5—1;
D= {d[, .. ';dc—-ly dc};
£=s;

endif

Send a message to node d, with the address
field D;

endwhile

Figure 8. The U-min algorithm

chain ® = {0001,0011,0110,0111,1010,1100, 1101}.
As shown in Figure 9, the source 0011 first sends
to node 0111, the node with the lowest address in
the upper half of ® The upper half is deleted
from @, and therefore the nodes remaining in & are
{0001,0011,0110}. Since it locates in the middle of
the lower half chain, source 0011 next sends to node
0001, the nearest node on the left-hand side. Finally,
0011 sends to 0110. Each of the receiving nodes is
likewise responsible for delivering the message to the
nodes in its subtree using the same algorithm. As
shown in Figure 9, this multicast implementation re-
quires 3 time steps.

Developing an optimal software multicast algorithm
for a specific system such as a multistage cube network
with turnaround routing requires a detailed under-
standing of potential conflicts among messages. The
following properties are critical to the development of
the U-min algorithm because they indicate how chan-
nel contention may be avoided. The formal proof of
these theorems are omitted here and can be found
in [16].

Theorem 2 In a multistage cube network with
turnaround routing, u, v, , end y are processor node
addresses. Ifu<v<z<yorv<u<y<uz, then
there is no channel shared by the message transmitied
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Figure 9. An example of using the U-min algorithm

from u to v and the message transmitted from x to y.

Theorem 3 In a multistage cube network with
turnaround routing, u, v, , and y are processor node
addresses. If u < v < z <y, then there is no channel
shared by the message transmitted from x to y and the
message transmitted from v to u.

In the U-min algorithm, & can be partitioned into
two halves. The lower half and the upper half are de-
fined on either side (with respect to the lexicographic
order) of the source address. By the construction of
the U-min algorithm, any message sent by a node d;
in the lower half will be destined for another node d;,
d; < d;, in the lower half. Similarly, any message sent
by a node d; in the upper half will be destined for an-
other node dj, d; < d;, in the upper half. Thus, Theo-
rem 2 can be used to prove both stepwise contention-
free and depth contention-free message transmission
within the lower half and the upper half, respectively.
Furthermore, Theorem 3 proves that no channel con-
tention can exist in the constituent unicast messages
between the two halves. As a result, the proposed al-
gorithm achieves the minimum multicast latency in a
turnaround-routed multistage cube network built with
any k x k switches.

6 Experimental Results

Our experimental study was conducted on a 64-node
IBM SP-1 at Argonne National Laboratory. In the
IBM SP-1, each processor node is an IBM RS6000.
Each frame consists of 16 processor nodes intercon-
nected through eight 4 x 4 switches in two stages, as
shown in Figure 10. Note that the rightmost stage
in our system model (Figure 2) only performs the
turnaround routing. This redundant stage can be re-
moved by the proper wiring which connects two frames
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directly. The interconnection network architecture of
a 32-port IBM SP-1 is topologically equivalent to the
model shown in Figure 10 with no need of the right-
most stage. The unused links can be used to construct
larger networks.

Only wormhole-routed unicast communication is
supported in hardware on the SP-1. Broadcast, mul-
ticast, and other collective communication primitives
are resorted to the software implementations. A uni-
cast message is transmitted using the turnaround rout-
ing when the source processor and the destination pro-
cessor are allocated to the same frame, such as the
message transmitted from node 023 to node 030 and
the message transmitted from node 122 to node 131
in Figure 10. If the source processor and the desti-
nation processor are allocated to different frames, a
unicast message will be sent by taking a shortest path
across two frames, such as the message transmitted
from node 000 to node 101 in Figure 10. As a re-
sult, the unicast routing across two frames can also be
characterized by the turnaround routing.

The EUI-H, a high-performance external user in-
terface, is provided as the low-overhead implementa-
tion of the message-passing library in the IBM SP-1
[17]). In the SP-1 available at Argonne National Lab-
oratory, two message-passing interface softwares are
implemented upon the EUI-H: Chameleon and MPI-F.
Chameleon [18] is a collection of routines that support
parallel programming on various distributed-memory
parallel platforms. MPI-F {19] is an experimental im-
plementations of the emerging Message Passing Inter-
face (MPI) standard for the IBM SP-1. The MPL-F
collective communication library, however, has not yet
been optimized and uses the same routines available in
the public domain MPI [8]. Both Chameleon and MPI-
F provide collective communication routines including
the application-level broadcast. In both environments,
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any subset of processors can form an application group
in which a broadcast operation can be invoked. Such
an application-level broadcast operation is essentially
a system-level multicast.

Frame 1

| 000 ————> N 1
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:003 i :
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:010_—_ﬁ——- FY 7

‘011—.__:_‘

|012__-—_: |

,013 1 ;

;020 AL

,021

I022 |

03— > }

030 AR

Figure 10. A 32-port multistage network topologically
equivalent to a 32-port IBM SP-1

Figure 11 compares four multicast implementa-
tions on a 64-node IBM SP-1: separate address-
ing, Chameleon application-level broadcast, MPI-F
application-level broadcast, and software U-min algo-
rithm. The separate addressing and U-min algorithm
are implemented upon the EUI-H through Chameleon.
As shown in Figure 11, the U-min algorithm outper-
forms the other three approaches in all cases.

Based on the authors’ experience in programming
the SP-1 at Argonne National Laboratory, the map-
ping between the virtual processor identifier and the
physical processor identifier is completely random. As
a result, the U-min algorithm first sorts source and
destinations in the lexicographic order with regard
to their physical processor addresses. This ordering
property makes the performance of the U-min algo-
rithm superior over Chameleon broadcast and MPI-F
broadcast operations. The performance of the U-min
algorithm is consistently about 30% better than the
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Figure 11. Comparison of multicast algorithms on a

64-node IBM SP-1

Chameleon application-level broadcast. The perfor-
mance improvement is expected to be greater for a
multicast message with a larger size or for a larger
system. Using the bit vector representation, the over-
head of sorting source and destination addresses into
the lexicographic order becomes insignificant and thus
can be neglected. In a 64-node system, the elapsed
time for executing the sorting routine is less than 9
psec which is only 4% of the latency of a single uni-
cast transmission for a 400-byte message.

7 Conclusions

This paper has proposed an optimal multicast algo-
rithm for wormhole routed multistage networks that
offer the turnaround unicast routing and provide a sin-
gle bidirectional port at each node connecting the local
processor to the interconnection network. The pro-
posed multicast algorithm attains both stepwise con-
tention freedom and depth contention freedom. This
property guarantees that the minimum multicast la-
tency can always be achieved regardless of the message
size or startup latency. The algorithm has been imple-
mented on a 64-node IBM SP-1 and has demonstrated
its superiority over other application-level broadcast
services provided by currently existing collective com-
munication libraries. The proposed algorithm can be
readily applied to the Meiko CS-2 which uses the sim-
ilar interconnection network as the IBM SP-1.
Though the one-port communication architecture
model used in this paper is consistent with most com-
mercial SPCs, the research of efficient data communi-
cation on multiple-port communication architecture is
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becoming popular. One area of the authors’ current re-
search concerns construction of an efficient algorithm
specifically for wormhole-routed multistage networks
which support multiple-port communication, such as
the TMC CM-5. In addition, the concern of channel
collision avoidance can be applied to other collective
communication primitive design in order to explore the
maximum system performance.
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