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Performance Evaluation of Switch-Based
Wormhole Networks
Lionel M. Ni, Fellow, IEEE, Yadong Gui, Sherry Moore
Abstract—Multistage interconnection networks (MINs) are a popular class of switch-based network architectures for constructing
j

scalable parallel computers. Four wormhole MINs built from k ¥ k switches, where k = 2 for some j, are considered in this paper:
traditional MINs (TMINs), dilated MINs (DMINs), MINs with virtual channels (VMINs), and bidirectional MINs (BMINs). The first three
MINs are unidirectional networks, and we show that the cube interconnection pattern can provide contention-free and channelbalanced partitioning of binary cube clusters. BMINs based on butterfly interconnection are essentially a fat tree, and their routing
properties are described. Performance comparison among these four networks using simulation experiments is presented with
respect to different network traffic patterns. Both DMINs (dilation two) and BMINs have a similar hardware complexity. We conclude
that a two-dilated MIN outperforms the corresponding BMIN (or fat tree) for most of the traffic conditions and is a better choice for
the design of scalable parallel computers.
Index Terms—Dilated networks, turnaround routing, multistage interconnection networks, wormhole switching, fat tree, scalable
parallel computers.

—————————— ✦ ——————————

1 INTRODUCTION

S

WITCH-BASED

networks, or indirect networks, have
emerged or resurged as another promising network architecture for constructing scalable parallel computers (SPCs).
Most of the switch-based networks are based on some variations of multistage interconnection networks (MINs). Such networks can provide bandwidth linear in the number of nodes
and latency logarithmic in the number of nodes.
An important metric used to evaluate a network is its
communication latency. The communication latency equals the
elapsed time after the head of a packet has entered the network at the source until the tail of the packet emerges from
the network at the destination. The communication latency
includes all possible delays encountered during the lifetime
of a packet. There are three contentions causing such delays.
One is the queuing delay in the source due to many packets
to be transmitted by the source, another is link (or buffer)
contention due to a busy channel (or buffer full) being using
by other packets, and the other is output contention due to
the delivery of multiple packets to the same output. These
delays reflect the dynamic behavior of the network due to the
passing of multiple packets, and may be high if the network
traffic is heavy or unevenly distributed.
In addition to the above contentions, the communication
latency is highly dependent on the switching technique
used [1]. Circuit switching, which has been used in telephone networks, has been adopted in some parallel com¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥
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puters, such as the BBN GP-1000 [2] and TC-2000 [3].
Packet switching, or store-and-forward switching, has been
extensively studied for parallel computers (e.g., [4], [5], [6]).
In order to offer low communication latency and reduce
buffer requirements, wormhole switching [7] has been used
in almost all new generation parallel computers. In worm1
hole switching, each packet is serialized into a sequence of
flits (flow control digits). The flit at the head of a packet
governs the route. As the header flit is routed, the remaining flits follow it in a pipeline fashion. If the header flit(s)
encounters a busy channel, the following flits will hold and
wait. This property makes wormhole switching susceptible
to deadlock. As a result, deadlock avoidance is a critical
issue in wormhole-switched networks. An important feature of wormhole switching is that the communication latency is distance-insensitive when there is no channel contention. Because of its low communication latency and the
small amount of dedicated buffer space required at each
router/switch, wormhole switching has become the most
implemented switching technology and will be the only
switching method considered in this paper. Interested
readers may refer to [1] for a detailed survey of wormhole
switching techniques for direct network architectures.
The basic component of those switch-based networks is
the small-scale crossbar switches. A k ¥ k switch has k ports
at one side and k ports at the other side of the switch as
shown in Fig. 1 with k = 4. The value of k is usually 2, 4, 8,
or 16, with 4 and 8 as the most popular choices in practical
switch-based networks. This paper studies four different
designs of switches, and thus four different switch-based
networks. Fig. 1a is a traditional unidirectional switch with
k input ports and k output ports, where each port has a single unidirectional communication channel. Depending on
1. In this paper, the issue of packetization is not considered, and packets
and messages are used interchangeably.
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the routing control tag, a packet coming from an input port
may be forwarded to any of the k output ports. Fig. 1b is a ddilated (d = 2) unidirectional switch, where each port is associated with d unidirectional channels. Depending on the
routing algorithm, an outgoing packet may use one of the d
channels on a selected output port. With d channels, up to d
different packets can be simultaneously transmitted over a
port without blocking. Another approach to share the use of
a port among multiple packets is to implement virtual channels. As shown in Fig. 1c, two virtual channels share a physical channel in a time multiplexed manner. Each virtual channel has its own flit buffer, control, and data path within the
switch. The concept of virtual channels is not new and has
been extensively studied for direct networks [8].
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Fig. 2. Possible connection patterns within a 4 × 4 bidirectional switch.

(a) A unidirectional 4 × 4 switch

(b) A two-dilated 4 × 4 switch

(c) A 4 × 4 switch with two
virtual channels

(d) A bidirectional 4 × 4 switch

Fig. 1. Four different types of 4 × 4 switches.

Unlike the above three unidirectional switches, Fig. 1d
illustrates a bidirectional switch in which each port is associated with a pair of opposite unidirectional channels. This
implies that two packets can be transmitted simultaneously
in opposite directions between neighboring switches. For
ease of explanation, it is assumed that processor nodes are on
the left-hand side of the network, as shown in Fig. 6. In a
k ¥ k bidirectional switch, a left-hand side port is labeled ,i
and a right-hand side port is labeled ri (0 £ i £ k - 1) as
shown in Fig. 2. A bidirectional switch supports three types
of connections: forward, backward, and turnaround (see Fig. 2).
For simplicity, the input device on port ,i (rj) is denoted as
input port ,i (rj), and the output device on port ,i (rj) is denoted as output port ,i (rj). In forward connection, input port
,i is connected to output port rj, where 0 £ i, j £ k - 1. In
backward connection, input port ri is connected to output
port ,j, where 0 £ i, j £ k - 1. In turnaround connection, input
port ,i is connected to output port ,j, where 0 £ i π j £ k - 1.
No connection is allowed from input port ri to output rj,
where 0 £ i π j £ k - 1. This property prevents the shortestpath routing from deadlock.
Note that in this paper a channel refers to a unidirectional
communication channel. Strictly speaking, the switches in
Fig. 1b and Fig. 1d should be considered as 2k ¥ 2k switches.
However, in order to make our explanation easier, we will

refer all those four types of switches in Fig. 1 as 4 ¥ 4 switches
with the understanding that some ports may have multiple
communication channels.
Scalable parallel computers, typically based on distributed-memory architecture, are composed of a number of
nodes, where each node has its own processor(s), local
memory, and other supporting devices. The primary function of the network in an SPC is to route packets among
those interconnected nodes. In this paper, four different
switch-based networks based on those four different types
of switches are considered as the network architecture for
SPCs. A generic SPC based on those unidirectional switches
is shown in Fig. 3a, whereas Fig. 3b shows a generic SPC
based on bidirectional switches. Processor nodes represented by circles are interconnected through the switchbased network. 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 “oneport communication architecture.” This assumption, which
is consistent with many existing parallel computers, implies
that the local processor must transmit (receive) packets in
sequence. In order to make a fair comparison, we also assume that the input and output channel bandwidths are the
same for all nodes in all network architectures.
The main objective of this paper is to evaluate and compare
the performance of those four different MINs based on wormhole switching. Our main performance metric is communication latency. There are some other issues or metrics, such as
packaging and scalability, related to interconnection networks
[9]. However, these issues don’t make any significant difference among these MINs studied in this paper and will not be
considered. Section 2 describes those unidirectional MINs using the three different unidirectional switches. Two known MIN
topologies, butterfly MIN and cube MIN, will be considered.
Section 3 discusses bidirectional MINs. Properties and routing
algorithms of the butterfly bidirectional MIN will be detailed.
Section 4 will address the network partitionability and traffic
localization issues. Performance evaluation and comparison
based on simulation experiments is reported in Section 5.
Section 6 concludes the paper and indicates future work.
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k
DEFINITION 1. The ith k-ary butterfly permutation b i , for 0 £ i
£ n - 1, is defined by
k

bi (xn - 1 º xi + 1xixi - 1 º x1x0) = xn - 1 º xi + 1x0xi - 1 º x1xi
where 0 £ xi £ k - 1.
DEFINITION 2. The perfect k-shuffle connection s is defined by
s (xn - 1xn - 2 º x1x0) = xn - 2 º x1x0xn - 1

(a) unidirectional network

where 0 £ xi £ k - 1.
Two topologically equivalent MINs are considered below.
Both MINs are a class of Delta networks. The self-routing
property of these two MINs allows the routing decision to be
determined by the destination address. For a k ¥ k switch,
there are k output ports. If the value of the corresponding
routing tag is i (0 £ i £ k - 1), the corresponding packet will be
forwarded via port i. For an n-stage MIN, the routing tag is
T = t0t1 º tn - 1, where ti controls the switch at stage Gi.
Butterfly MINs. In a butterfly MIN, connection pattern Ci is
described by the ith butterfly permutation b ik . As indicated
in Definition 1, the ith butterfly permutation interchanges the
0th digit and the ith digit of the index. b 0k is selected to be
connection pattern Cn. For a given destination dn - 1dn - 2 º d0,
the routing tag is formed by having ti = di + 1 for 0 £ i £ n - 2
and tn - 1 = d0.

(b) bidirectional network

Cube MINs. In a cube MIN (also known as indirect cube or
multistage cube [13]), connection pattern Ci is described by

0 5

Fig. 3. Two generic switch-based scalable parallel computer architectures.

the n - i th butterfly permutation b nk - i for 1 £ i £ n. C0 is

2 UNIDIRECTIONAL MINS

selected to be s. For a given destination dn - 1dn - 2 º d0, the

An N-node MIN built with k ¥ k switches can be represented as

routing tag is formed by having ti = dn - i - 1 for 0 £ i £ n - 1.
Fig. 4 illustrates two such eight-node MINs. We shall refer to these traditional MINs as TMINs. Such TMINs have
been extensively studied in the past and have been adopted
in many research prototype parallel computers, such as the
Illinois Cedar [14], the Purdue PASM [15], the IBM RP3
[16], and the NYU Ultracomputer [17]. Some commercial
parallel computers have also adopted such networks, such
as the BBN GP-1000 (k = 4) [2], TC-2000 (k = 8) [3], Monarch
(k = 8) [18], and the NEC Cenju-3 (k = 4) [19]. Note that the
perfect shuffle connection before stage Gsub0 makes the
main difference between butterfly MINs and cube MINs.
As will be shown later, this perfect shuffle connection plays
an important role to the network partitionability. Both the
BBN butterfly (GP-1000 and TC-2000) and the NEC Cenju-3
only support straight connection on input and output sides.
2
The GP-1000 and TC-2000 use circuit switching. The NEC
Cenju-3 adopts wormhole switching.
An important characteristic which distinguishs between
these two TMINs is their ability to be partitioned into different clusters without contention. This issue will be discussed in Section 4. It is known that both cube TMINs and
butterfly TMINs are topologically and functionally equivalent [12]. However, we will show in Section 4 that the cube

C0(N)G0(N/k)C1(N) º Cn - 1(N)Gn - 1(N/k)Cn(N)
where Gi refers to the ith stage, Ci refers to the ith connecn
tion, and N = k . There are n stages. Each stage Gi consists of
N/k identical k ¥ k switches and thus is denoted as Gi(N/k).
Each connection Ci connects N right-hand side ports at
stage Gi - 1 to N left-hand side ports at stage Gi and thus is
denoted as Ci(N). A connection pattern Ci defines the topology of the one-to-one correspondence between two adjacent stages, Gi - 1 and Gi, also known as a permutation.
There are many ways to interconnect adjacent stages.
Banyan networks are a class of MINs with the property that
there is a unique path between any pair of source and destin
nation [10]. An N-node (N = k ) Delta network is a subclass of
banyan networks, which is constructed from identical k ¥ k
switches in n stages, where each stage contains (N/k)
switches. A unique property of Delta networks is their selfrouting property [11]. Many of the known MINs, such as
Omega, flip, cube, butterfly, and baseline, belong to the
class of Delta networks [11] and have been shown to be
topologically and functionally equivalent [12]. A good survey of those MINs can be found in [13].
This paper considers two popular interconnection patterns between adjacent stages: butterfly and perfect shuffle,
which are formally defined below.

2. With circuit switching, reply messages, such as acknowledgment, can
be sent back via the same path.
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(a) a cube DMIN (dilation two)
(a) an eight-node cube TMIN

(b) a butterfly DMIN (dilation two)
Fig. 5. Two two-dilated MINs using two-dilated 2 ¥ 2 switches.
(b) an eight-node butterfly TMIN
Fig. 4. Two eight-node TMINs built with 2 ¥ 2 switches.

TMIN can more evenly utilize the communication channels
than the butterfly TMIN when the network is partitioned
and the network is unidirectional.

2.1 Dilated MINs (DMINs)
One of the nice features of the above TMINs is that there is
a simple algorithm for finding a path of length logkN between any input and output pair. However, if a link becomes congested or fails, the unique path property can easily disrupt the communication between some input and
output pairs. The congestion of packets over some channels
causes the known hot spot problem [20]. Many solutions
have been proposed to resolve the hot spot problem. A
popular approach is to provide multiple routing paths between any source and destination pair so as to reduce network congestion as well as to achieve fault tolerance. These
methods usually require additional hardware, such as extra
stages or additional channels.
For ease of comparison purpose, the dilated MINs are
considered in this paper [5]. In a d-dilated MIN (DMIN), each
switch is replaced by a d-dilated switch (see Fig. 1b). By using
replicated channels, DMINs offer substantial network
throughput improvement [5]. Design of dilated networks has
received much attention recently (e.g., [21]). Fig. 5 shows a
two-dilated cube MIN and a two-dilated butterfly MIN with
eight nodes. Note that half of the input channels and half of
the output channels to/from the network are not used in
order to maintain the one-port communication architecture
and to make a fair comparison with bidirectional MINs.
The routing tag of a DMIN can be determined by the destination address as mentioned for TMINs. Within the network switches, packets destined for a particular output port
are randomly distributed to one of the free channels of that
port. If all channels are busy, the packet is blocked. The in-

crease of throughput in dilated networks is obtained by adding redundancy to the network. Note that the bottleneck of a
dilated network may be caused due to output contention.

2.2 MINs with Virtual Channels (VMINs)
It is quite expensive to replicate each channel in a wormhole-switched network with its own unique set of physical
wires. Furthermore, in most applications, the channel utilization is not high. A virtual channel is a logical channel
with its own flit buffer, control, and data path [8]. A virtual
channel may share a physical communication channel with
other virtual channels. An important issue concerning virtual channels is the multiplexing of a physical channel
among many virtual channels. The multiplexing technique
should be designed to maximize the channel utilization.
Specifically, if m virtual channels share a physical channel
with bandwidth W, and k virtual channels are active, where
1 £ k £ m, then each active virtual channel should have an
effective bandwidth of W/k. Since the number of active
virtual channels is a function of time, the switch should be
able to dynamically allocate channel bandwidth to the active virtual channels. To guarantee fairness, channel multiplexing is usually accomplished at the flit level.
The virtual channel concept does have a drawback. Consider the following scenario in which a communication
path traverses multiple physical channels, each of which
supports many virtual channels. If the bandwidth of each
physical channel is W and there is no sharing with other
virtual channels, the effective bandwidth of the communication path is W. On the other hand, if one of the physical
channels is shared with three other packets, then the effective bandwidth of the entire path is reduced to W/4, even
though the available bandwidth of the other channels in the
path is W. Another drawback is the increased flit processing
delay within each switch, and thus long cycles [22]. Although the concept of virtual channels has been imple-
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mented in some direct networks, such as the Cray T3D [23]
and the MIT Reliable Router [24], to the best of our knowledge, this concept has not yet being implemented in any
switch-based wormhole networks. Performance comparison between virtual channel MINs (VMINs) and other
MINs will be studied in Section 5.

3 BIDIRECTIONAL MINS
To allow for bidirectional communication, each port of the
switch has dual channels as shown in Fig. 1d. For ease of
explanation, it is assumed that processor nodes are on the
left-hand side of the network. The system architecture of an
eight-node butterfly bidirectional MIN (BMIN) is illustrated
in Fig. 6. Note that due to turnaround connection, the cube
interconnection is apparently not a good choice, which will
become more clear in Section 3.3. Available ports on the
right-hand side of the network are used to configure larger
networks, which are not shown in the figure.

Fig. 6. An eight-node bidirectional butterfly MIN.

The concept of bidirectional switches was studied in [25].
There are many commercial SPCs using BMINs with wormhole switching and turnaround routing including the TMC
CM-5 [26], Meiko CS-2 (k = 4) [27], and IBM SP-1/2 (k = 4)
[28], [29]. In the CM-5, the first two level stages use 4 ¥ 2
switches, yielding a dual-port communication architecture.
Although BMINs have been used in many commercial machines, to the best of our knowledge, the routing property of
BMINs has not been formally described.

3.1 The Turnaround Routing
In a butterfly BMIN built with k ¥ k switches, source address S and destination address D are represented by k-ary
numbers sn-1K s1s0 and dn-1K d1d0 , respectively. The function FirstDifference(S, D) returns i, the position where the
first (leftmost) different digit appears between sn-1K s1s0
and dn-1K d1d0 . More formally, it can be defined as follows.
DEFINITION 3. FirstDifference(S, D) = t if and only if st π dt and
sj = dj for t < j < n.

A turnaround routing path between any source and
destination pair is formally defined below.
DEFINITION 4. A turnaround path is a route from a source node
to a destination node. The path must meet the following
conditions:
• the path consists of some forward channel(s), some
backward channel(s), and exactly one turnaround
connection;
• the number of forward channels is equal to the number
of backward channels; and
• no forward and backward channels along the path are
the channel pair of the same port.
Note that the last condition is to prevent redundant communication from occurring. Also if shortest-path routing is
required, this condition is not necessary.
To route a message from source to destination, the message is first sent forward to stage Gt. It does not matter
which switch (at stage Gt) the message reaches. Then, the
message is turned around and sent backward to the destination. As it moves forward to stage Gt, a message may
have multiple choices as to which forward output channel
to take. The decision can be resolved by randomly selecting
from among those forward output channels which are not
blocked by other messages. After the message has attained
a switch at stage Gt, it takes the unique path from that
switch backward to its destination. The backward routing
path can be determined by the “destination tag” routing:
the message takes output channel ,dj on a switch at stage Gj.
The turnaround routing algorithm is shown in Fig. 7. Note
that this is a distributed routing algorithm, in which each
switch determines the output channel based on the address
information carried in the message.
Algorithm: Turnaround routing in each switch at stage j
Input: Source address S: sn -1K s1s0
Destination address D: dn -1K d1d0
Procedure:
1. t: = FirstDifference(S, D) (* j £ t is always true. * )
2. If j = t, then take a turnaround connection to port l d .
j

3. If j < t and the message comes from an input port
lm , then take a forward connection to any avail-

2

7

able port ri 0 £ m, i £ k - 1 .
4. If j < t and the message comes from an input port
rm , then take a backward connection to port

1

6

ld 0 £ m £ k - 1 .
j

Fig. 7. The turnaround routing algorithm executed in each switch at
stage j.

Fig. 8 shows an eight-port butterfly BMIN built with 2 ¥ 2
switches. In Fig. 8, the function FirstDifference(001, 101) returns 2. The message is first sent from S to any switch at
stage G2, say F. Note that path A Æ B Æ F is randomly selected. An alternative could be A Æ C Æ E. Then, the message is turned around in F and sent backward to D. Path
F Æ G Æ H Æ D is the unique path from F to D. This
path is determined by taking output channel , 1 on F,
output channel ,0 on G, and output channel ,1 on H.
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(a) FirstDifference(S, D) = 2 and four shortest paths
FirstDifference(S, D) = 2
Fig. 8. An example of turnaround routing.

3.2 Properties of the Turnaround Routing
Some properties of the turnaround routing in butterfly
BMINs are described in this section.

3.2.1 Deadlock-Free Routing
A critical issue in the design of routing algorithms based on
wormhole switching is to avoid deadlock [1]. Since a message
only turns around once from a forward 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.

(b) FirstDifference(S, D) = 1 and two shortest paths
Fig. 9. Multiple shortest paths with 2 ¥ 2 switches.

3.2.2 Number of Shortest Paths
By the butterfly connection, any path connecting source S and
destination D must pass through a switch at stage Gt where t =
FirstDifference(S, D). Therefore, the turnaround routing is the
shortest-path routing. On the other hand, however, when it
moves forward, a message can choose an arbitrary forward
channel at a switch (there is no redundancy for backward
channels). There are multiple 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-node butterfly BMIN built with k ¥ k
n
t
switches (N = k ), there are k shortest paths between
source S and destination D, each of which can be generated
by the turnaround routing, where t = First Difference(S, D).
Fig. 9 shows two examples in an eight-node butterfly
BMIN with 2 ¥ 2 switches. Fig. 10 shows two other examples
in a 16-node butterfly BMIN with 4 ¥ 4 switches.
Although there may exist multiple paths for a given source
and destination pair, the butterfly BMIN with turnaround routing is a blocking network like unidirectional MINs. In a blocking
network, any source node may not be connected to any destination node without affecting the existing connections. For example, in Fig. 11, the message sent from node 011 to node 111 and
the message sent from node 001 to node 110 contend for a common channel, output channel ,1 at the bottom switch in stage G2.
It is assumed that a source node has no knowledge of the traffic
in the network. Under the circumstance that some (backward)
channels are obstructed by other traffic, a message cannot predict a “correct” routing path to avoid channel collision. As a
result, a “wrong” one might be chosen such that the message
contends for backward channels with other messages.

(a) one path

(b) four paths
Fig. 10. Multiple shortest paths with 4 ¥ 4 switches.
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backward direction) to the destination. Such a tree routing
also explains the turnaround routing.
A subtree rooted at an interior vertex represents a subnetwork partition in a multistage network. For example,
subnetworks “A,” “B,” and “C” in Fig. 13a corresponds to
subtrees rooted at interior vertices “A,” “B,” and “C” in
Fig. 13b, respectively. The communication locality in a
subnetwork can be easily explained by that in a subtree.
Furthermore, in the corresponding fat tree (Fig. 13b), the
number of outgoing parent connections from an interior
vertex is equal to the number of leaves in the subtree
rooted at that interior vertex. When it is sent up, a message can take any available outgoing channel connecting
to the parent vertex. However, each incoming (backward)
channel constituting the path from an interior vertex to a
leaf is unique.

Fig. 11. Blocking network.

3.2.3 Path Length
The path length is defined as the number of channels that a
packet has to traverse in the network. For unidirectional
MINs, the path length is a constant n + 1. For BMINs, the
path length is dependent on the location where the packet
makes a turn, which is 2(t + 1), where t = FirstDifference(S, D).
By taking a closer look, the right-most stage is redundant
and can be eliminated when k = 2, as shown in Fig. 12. For
larger switches, the right-most stage can also be removed at
the expense of reduced number of routing paths. For ease of
discussion, we assume the existence of the right-most stage.

(a) a 16-node butterfly BMIN built with 2 ¥ 2 switches

(a)

(b) a 16-node fat tree
Fig. 13. Fat tree and butterfly BMIN.

(b)
Fig. 12. Topological equivalence by removing the right-most stage.

3.3 Analogy to Fat Tree
As shown in Fig. 13, a butterfly BMIN with turnaround
routing can be viewed as a fat tree [30]. In a fat tree, processors are located at leaves, and internal vertices are switches.
When a message is routed from one processor to another, it
is sent up (in forward direction) the tree to the least common ancestor of the two processors, and then sent down (in

4 NETWORK PARTITIONABILITY AND TRAFFIC
LOCALIZATION
In a typical scalable parallel computer, the processors are
allocated to different jobs, where each job (or application)
usually has an exclusive subset of processors, called a processor cluster. If the system does not support contention-free
processor allocation, network communication interference
among processor clusters will affect the application performance. This section discusses the network partitionability and traffic localization issues. In this paper, we consider
those processor clusters forming a cube defined below.

NI ET AL: PERFORMANCE EVALUATION OF SWITCH-BASED WORMHOLE NETWORKS

n

DEFINITION 5. In a MIN with N = k nodes, a k-ary m-cube
m
(cube) consists of k nodes which have the same n - m
radix-k digits (fixed variables) in their node addresses,
where these same digits can be in any n - m locations of the
n possible locations. Two cubes are disjoint if they have
different fixed variables and one is not a subset of the other.
DEFINITION 6. A k-ary m-cube is referred to as a base k-ary mcube (base cube) if these n - m digits are in the most significant n - m locations (or the remaining m digits are in
the least significant m locations) of their node addresses.
A base cube is a special case of a cube. Consider a system
4
with N = 4 nodes. The cluster (21**) has 16 nodes ranging
from (2100) to (2133) and is a base four-ary two-cube. The
cluster (3*1*) has 16 nodes ranging from (3010) to (3313)
and is a four-ary two-cube.
3
In addition to guaranteeing contention-free network
partitioning, it is important that the number of communication channels between two adjacent stages is the same as
the number of nodes in the corresponding cluster. Thus, if a
cluster has c nodes, the number of channels (or channel
pairs) allocated to the cluster should be c between any two
adjacent stages, and this is referred to as channel-balanced
allocation. If the number of channels allocated is less than c,
it implies the possibility of channel congestion within that
cluster. If the number of channels allocated is greater than c,
it implies that other clusters may be allocated with less
number of channels or the channels have to be shared with
other clusters.
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ables m is unchanged for a given k-ary m-cube clusters. Thus, the number of channels between any two
m
adjacent stages of an m-cube cluster remains k .
Now we will show that the channels from different
clusters (k-ary cubes) are always distinct. Suppose
that a channel is shared by two different clusters. The
channel address is thus the same from both clusters.
This implies that two different clusters have the same
fixed variables, a contradiction.

In a more general case, when k is a power of 2, the restriction
of k-ary cubes can be relaxed to binary cubes. From the proof of
Lemma 1, we can immediately obtain the following result.
n

THEOREM 2. A cube unidirectional MIN with N = k nodes,
j
where k = 2 for some j, can be partitioned into contentionfree and channel-balanced disjoint “binary” cubes.
Fig. 14 shows the partitioning of an eight-node cube
MIN into three contention-free and channel-balanced binary cube clusters: 0XX, 1X0, and 1X1.

n

LEMMA 1. A cube unidirectional MIN with N = k nodes can be
partitioned into contention-free and channel-balanced disjoint k-ary cubes.
PROOF. We shall prove that the number of channels used by
m
an m-cube cluster is always k between any two adjacent stages and the channels from different clusters (kary cubes) are always distinct.
Consider a source and destination pair: sn-1 L s0
and dn-1 L d0. The channels before entering and after
exiting stage 0 (G0) are sn-2 L s0 sn -1 and sn-2 L s0 dn - 1 ,
respectively. The former is due to perfect k-shuffle
connection and the latter is due to destination tag
routing with t0 = dn - 1 . For stage i Gi , 1 £ i £ n - 1 ,
the channels entering and exiting Gi are dn-1K
dn - i sn - i - 2K s1s0 sn - i - 1 and dn -1K dn - i sn - i - 2K s1s0 dn - i -1 ,
respectively. The former is due to butterfly connection
b nk - i , and the latter is due to destination tag routing
with ti = dn - i -1 . As the address pattern is changed

2

7

from sn-1K s0 to dn-1K d0 , sj is always replaced by dj
for all 0 £ j £ n - 1. Note that for a k-ary m-cube cluster, there are (n - m) fixed variables and m free variables in the definition of the cluster. For communication within each cluster, it implies that si = di for all
those i of fixed variables and the number of free vari3. Here we assume that there is no shared flit buffer in each switch; otherwise, the traffic in each cluster may affect other clusters.

Fig. 14. An eight-node cube MINs is partitioned into three contentionfree and channel-balanced binary cube clusters.

For the case of butterfly MINs, we have the following
theorem.
n

THEOREM 3. A butterfly unidirectional MIN with N = k nodes
may not be partitioned into contention-free k-ary cubes.
PROOF. Consider a source and destination pair: sn-1K s0 and
dn-1K d0 . As the address pattern is changed from
sn-1K s0 to dn-1K d0 , sj is always replaced by d j+1 for
0 £ j £ n - 2 and sn-1 is replaced by d0. Thus, a free
variable may be replaced by a fixed variable, implying the number of channels is reduced at that stage. If
a fixed variable is replaced by a free variable, this implies that more channels are used by that cluster and
the channels may be shared with other clusters.

Fig. 15 demonstrates the partitioning of an eight-node butterfly MIN into different binary cube clusters. In Fig. 15a, there
are three contention-free clusters: 0XX, 10X, and 11X. In all
three clusters, the number of channels is reduced to half in
some stages. In Fig. 15b, there are two four-node clusters: XX0
and XX1. Both clusters share the use of eight channels.
Due to the nature of butterfly interconnection in BMINs
and the analogy to fat tree, we have the following theorem
for the partitionability of BMINs. The proof is quite trivial
and is ignored here.
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The performance of the network under a given workload
and routing algorithm is measured in terms of two main
quantities: average communication latency and average sustainable network throughput. The latency of a message is the
time that elapses between the source node making the message available for transmission and the destination node
having the message available for use. The throughput of a network is the number of flits delivered per unit of time. It is
measured as a percent of the maximum theoretical throughput, which would be achieved if every channel continuously
transmitted flits. The throughput is considered sustainable
when the number of messages queued at their source nodes
does not exceed some small limit, 100 in the simulations.

(a) reduced channels

5.1 Network Traffic Patterns

(b) shared channels
Fig. 15. An eight-node butterfly MIN is partitioned into different binary
clusters.
n

THEOREM 4. A butterfly BMIN with N = k nodes can be partitioned into contention-free and channel-balanced disjoint
“base” k-ary cubes.
Note that in BMINs, there are many routing paths between some source and destination pairs. Furthermore, if the
maximum value of FirstDifference between any two nodes in
a cluster is t, the maximum number of channels that can be
t
used for a given cluster is k at some adjacent stages. Thus,
channels are likely to be shared by different clusters. However, due to the existence of multiple routing paths, the performance degradation due to channel contention is not as
serious as traditional unidirectional MINs.

5 SIMULATION EXPERIMENTS
To study the performance of four variations of switch-based
MINs under different network workloads, we simulate 64node multistage networks consisting of 4 ¥ 4 switches. Thus,
each network consists of three stages with 16 switches per
stage. For all four types of MINs, each node is connected to
the network by a pair of unidirectional channels. All channels
have the same bandwidth: 20 flits/msec. Each input channel
in a switch has a buffer the size of a single flit. The switches
operate asynchronously, but synchronize to simultaneously
transmit all of the flits in a worm, the portion of a packet in the
network. Each node generates packets at time intervals chosen
from a negative exponential distribution. Each message has an
equal probability of being one packet between eight to 1,024
flits. Messages generated are queued at the source node and
enter the network according to the FCFS policy. Messages
arriving at a destination node are immediately consumed.

The pattern of message traffic, i.e., the destinations to which
messages are sent, has a great impact on the performance of
the network. Four message traffic patterns are considered in
the simulation: uniform, x% nonuniform, perfect k-shuffle, and
ith butterfly. In our simulation experiments, we consider two
different clustering of nodes: global (one cluster with 64
nodes) and cluster-16 (four binary four-cube clusters). For the
case of cube networks, four clusters are 0XX, 1XX, 2XX, and
3XX to guarantee channel-balanced partitioning. For the case
of butterfly networks, a channel-reduced clustering has four
clusters: 0XX, 1XX, 2XX, and 3XX; and a channel-shared clustering has four clusters: XX0, XX1, XX2, and XX3. Note that in
the channel-reduced clustering, the number of channels is
reduced from 16 to four, and in the channel-shared clustering, the number of channels is increased from 16 to 64.
In the uniform traffic pattern, a message generated by
each node is sent to any of the other nodes within the same
cluster with the same probability. For nonuniform traffic,
we consider the first node in each cluster as a hot node,
which receive x% more packets than other nodes. Precisely,
let y = Nx. The probability that the hot node will be selected
as a destination is (1 + y)/(N + y) and the probability for
each other node is 1/(N + y), where N is the total number of
nodes in the cluster. The purpose of having such a nonuniform traffic pattern is to observe the effects due to hot
spots [20]. Two permutation patterns, perfect k-shuffle and
butterfly, are used to observe the network contention due to
these special traffic patterns.

5.2 Cube MIN vs. Butterfly MIN
First, we compare the performance between cube unidirectional MINs and butterfly unidirectional MINs with the same
workload. Fig. 16 shows the performance between the 64node cube TMIN and the 64-node butterfly TMIN under
global uniform and cluster-16 uniform workloads. For the
global uniform traffic, there is no difference between their performance as expected because the whole system is one partition. For the cluster-16 uniform traffic, the communication
interference between four clusters in the butterfly TMIN degrades the system performance as shown in Fig. 16b. As expected, the channel-reduced clustering in the butterfly TMIN
provides the worst performance. Simulation experiments for
the cluster-32 uniform traffic and for DMINs and for VMINs
were also conducted. The cube interconnection also showed
performance improvement over the butterfly interconnection.

NI ET AL: PERFORMANCE EVALUATION OF SWITCH-BASED WORMHOLE NETWORKS

471

(a)

(a)

(b)

(b)

Fig. 16. The performance of cube and butterfly TMINs under (a) global
uniform and (b) cluster-16 uniform workloads.

Fig. 17. The performance of cube and butterfly TMINs with four 16node clusters: (a) ratio 4:1:1:1 and (b) ratios 1:0:0:0 and 4:1:1:1.

We then try to understand the impact of channel-shared
partitioning on butterfly networks. Intuitively, the channelshared partitioning will be beneficial if some clusters generate more traffic than other clusters. Let a:b:c:d be the relative ratio of average network traffic generated from four 16node clusters. Within each cluster, the network traffic still
follows uniform distribution. Fig. 17a shows the results of
4:1:1:1 ratio among four 16-node clusters. In this case, the
channel-shared partitioning of the butterfly TMIN provides
the best performance. The channel-reduced partitioning of
the butterfly TMIN has the worst performance, as expected.
Fig. 17b further compares the channel-balanced partitioning
of the cube TMIN with the channel-shared partitioning of
the butterfly TMIN for two different ratios: 1:0:0:0 and
4:1:1:1. The channel-shared partitioning of the butterfly TMIN
always has a better performance. The ratio 1:0:0:0 provides
a smaller maximum network throughput because only one
cluster of 16 nodes is able to generate network traffic.
The channel-shared partitioning of the butterfly TMIN
will provide a better performance than the cube TMIN
when the network traffic within each cluster is quite different. However, the channel-shared partitioning in butterfly
MINs limits the partitionability of nodes than that of cube
MINs. Furthermore, the channel interference among differ-

ent clusters make the performance of applications in each
cluster more difficult to predict. Thus, in the following discussions, we only consider cube interconnection for TMINs,
DMINs, and VMINs.

5.3 Comparison of Different Networks
We then compare the performance of three unidirectional
cube MINs: TMINs, DMINs, and VMINs, and the butterfly
BMINs under different network workloads.

5.3.1 Uniform Traffic Pattern
Fig. 18 shows the performance of four different networks
with respect to two uniform workloads: global uniform and
cluster-16 uniform.
The TMIN performs the worst in both cases because it has
only one path between each pair of source and destination.
The DMIN performs consistently the best because the DMIN
always has two choices at each outgoing port. The physical
channel bandwidth available between stages in the DMIN
always doubles than that of the TMIN and VMIN. Surprisingly, the performance of the VMIN is always slightly better
than that of the BMIN. This can be explained that the channel
blocking probability in the VMIN is reduced, while in the
BMIN, there is only one path from the turnaround point to
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(a)

(a)

(b)

(b)

Fig. 18. The performance of four networks under (a) global uniform and
(b) cluster-16 uniform workloads.

Fig. 19. The performance of four networks under the global hot spot
workload: (a) 5% more traffic (b) 10% more traffic.

the destination. A similar relative performance difference
was also observed for the cluster-32 uniform workload.

5.3.3 Permutation Traffic Patterns

5.3.2 Hot Spot Traffic Pattern
Fig. 19 shows the performance when there are hot spots in
the network for the case of a global cluster. As shown in the
figure, all four networks are congested as indicated by their
reduced network throughput comparing with Fig. 18a. The
DMIN always has the best performance due to the same reason as in the uniform traffic case. The performance degradation for the DMIN is quite small (from 78% to 70%) as demonstrated in Fig. 18a and Fig. 19a when the hot node traffic is
5% more. When the hot node traffic is increased to 10% more,
the maximum network throughput is reduced to 45% (DMIN
in Fig. 19b). Since the TMIN does not provide any alternate
routing path, it has the worst performance. Note that the performance difference between the TMIN and BMIN is quite
small because the path down the tree is unique in the BMIN,
while both the DMIN and VMIN have alternate paths all the
way. The performance of the VMIN is expected to be better if
there are additional virtual channels. The above relative performance difference among four different networks is the
same for cluster-16 and cluster-32 partitionings.

Fig. 20 shows the performance under two special permutation traffic patterns. For both permutation patterns,
channel contention may occur in all four networks. Both the
TMIN and the VMIN have a poor performance, because
some channels have to be shared by four source and destinations pairs. The VMIN has worse performance than that
of the TMIN because the flit-level sharing of channels is
based on round-robin scheduling, where the objective is to
maintain fairness. Thus, all contending packets have similar
long delays. Note that the physical channel bandwidth is
the same for both the TMIN and VMIN.
Both the DMIN and the BMIN demonstrate a better performance due to the existence of multiple routing paths.
When the workload is heavy, the BMIN provides the best
performance. In the DMIN (dilation two), the channel contention is still possible due to the competition of four packets over some channels. In the BMIN, theoretically, all
source and destination pairs can be transmitted simultaneously without contention if the forward channel is properly
chosen. Even if not, the probability of contention is quite
small due to the existence of multiple routing paths.
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(a)

(b)
Fig. 20. The performance of four networks under (a) shuffle permutation and (b) 2-th butterfly permutation traffic patterns.

6 CONCLUSIONS AND FUTURE WORK
This paper has described four switch-based wormhole networks. Some of these networks, such as TMINs and BMINs,
have been adopted in many commercial parallel computers.
This paper provides a comprehensive performance comparison among them. Among these four MINs, both
DMINs (dilation two) and BMINs have a similar hardware
and packaging complexity. In terms of individual switch
design, VMINs, DMINs, and BMINs have a similar hard4
ware complexity. From our simulation results, we conclude that a DMIN (dilation two) is the most cost effective
design comparing with the corresponding popular BMIN
(or fat tree) for most of the network traffic patterns. Note
that our conclusion is based on the following conditions.
• Each node has one input port and one output port—
the so-called one-port communication architecture.
• The network cycle time is the same for all network architectures.
• There is only one flit buffer for each channel.
The BMIN does have some advantages. It has flexible density of interconnect, supports communication locality well,
4. The hardware design complexity of switches in BMINs may be higher
due to more choices of outgoing ports for a given input packet.
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does not require wraparound connections, and can provide a
good performance if the application specific routing paths
can be carefully scheduled. We have shown that although
those Delta-class MINs are topologically and functionally
equivalent, they are not equivalent in terms of network partitionability. Our additional work has shown that the Omega
network and the cube network have the same network partitionability; while the baseline network and the butterfly network have a similar network partitionability.
There are many directions for future research. Some may
argue that our performance comparison among four different networks is unfair. However, it is difficult to make a
truly fair comparison. We can double the channel bandwidth for both the TMIN and the VMIN, which becomes
the same as the DMIN and the BMIN. Clearly, the performance of the TMIN and the VMIN will be significantly improved. However, this may not be fair to the other two
networks because doubling the channel bandwidth implies
that the input and output bandwidth to each node is also
doubled. More simulation experiments need to be conducted to study the impact due to long, short, and bimodal
message sizes, hot spot contention in different clusters, other
nonuniform traffic patterns, other network and switch sizes,
and other partitioning of clusters. Some other variations of
multiple-path MINs, such as multibutterflies [31], extra-stage
MINs, BMINs with virtual channels, and VMINs with more
than two virtual channels, deserve further comparison. More
detailed cost and hardware design study of these networks is
another interesting area for further research. We have studied software support of multicast communication in BMINs
[32]. Both hardware and software multicast support for these
networks is another interesting research area.
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