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Network effectiveness
differs considerably
across applications and
operating environments,
but even if these
variables were fixed,
cost and performance
metrics must be chosen.
Scientifically
determining the best
network is as difficult as
saying with certainty
that one animal is better
than another.
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esigning a parallel machine would be much easier if one
interconnection network were “best” for all applications
and all operating environments (including hardware, software, and financial factors). Unfortunately, no such network exists. Furthermore, even for a fixed application
domain and a fixed operating environment, selecting the best network may
be difficult because many cost and performance metrics could be used.
Suppose someone asked you to select the best animal. What features
would you use to compare, say, an alligator and an armadillo? In some
ways, the two are very similar: both have four legs, a rugged exterior, and
sharp claws. However, in other ways the two are very different: one prefers
a marshy environment, the other dry land; one has a long tail, the other
a short tail; one is a reptile, the other a mammal. Which of the two, then,
is a better animal and what makes it better? Is it which one could win a
fight? Alligators are generally bigger, but how do you incorporate their
need for more food because they are bigger? Moreover, what is a fair comparison of their ability to fight? Must you consider two armadillos against
one alligator? If so, should their combined weight equal that of the alligator? Or should they be end-to-end the same length?
1063-6552/97/$10.00 © 1997 IEEE
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Network parameters: characteristics that
define and shape interconnection networks
As we describe in the main text, the
task of fairly comparing two networks
is complicated by the many parameters that characterize them. The list
below is only representative, not
exhaustive; the same is true of the supporting references. Both are meant to
give some idea of the many factors that
can vary across networks.

NETWORK USE
The way in which a network is used
is critical to consider when measuring network performance. A network
could be used such that only a fraction
of the network’s peak performance is
achieved. Experienced programmers
attempt to design parallel code so that
their application programs use the network in ways that are well-suited for
the target system.

Method of task decomposition
and mapping
Both the method used to decompose
a task and the method used to map
subtasks onto the processors can affect
network loading characteristics.1 Consider the problem of how to best map
eight subtasks, say S0, ..., S7, onto eight
processors, P0, ..., P7. Assume the
required communications occur at
approximately the same time and that
the communication pattern among
subtasks is that shown in Figure A1.
Also assume the processors are interconnected as the three-dimensional
hypercube in Figure A2. If subtask Si is
mapped to processor Pi, some paths
for the required communications will
use multiple links of the hypercube, as
Figure A3 shows. An alternative mapping, such as that in Figure A4, where
each required path contains only one
link, can use the available communication resources more effectively.

Processor and memory speed
The speed of a processor or a memory
can affect the rate at which data can be
moved into the network. If the speed
is too low, the network’s peak performance may not be realized.

Modes of parallelism supported
The amount of overhead processing
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(such as that associated with message
protocols) for interprocessor communications depends on the mode of
parallelism used. In SIMD mode,
during a typical transfer each enabled
processor sends a message to a distinct processor, implicitly synchronizing the send and receive commands and implicitly identifying the
message. In contrast, MIMD mode
requires overhead to identify which
processor sent the message, to specify
what the data item is, and to signal
when a message has been sent and
received.

S0
S7

S1

S6

S2

S5

S3
S4

(1)

P6
P2

P7
P3

Frequency of communications
This parameter quantifies the rate at
which messages are generated for
transmission through the network.
For theoretical analyses and simulation studies, the frequency of communications is often assumed to be a
random quantity with a known probability distribution. For real applications, the frequency of communications can vary during execution and
depend on the input data in a very
complicated way, making it difficult
to model accurately.

Message-size range and
distribution
In general, network performance depends on the distribution and range of
message sizes to be transmitted, which
is often difficult to predict for a given
application because it may be data
dependent. For simplicity, researchers
often assume a uniform distribution of
message sizes to conduct simulation
studies. However, this assumption may
not always be accurate.

Message destination assumptions
Will the number of received messages
be uniformly distributed among the
destination ports? Are the destinations
for messages from a given source uniformly distributed? Will the message
destinations favor a subset of locations, possibly causing a nonuniform
use of network links?2 To determine
the amount of interference in the network, designers must consider these
types of issues.
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Figure A. (1) Sample
communication pattern among
eight subtasks in (2) a threedimensional hypercube. (3) The
result of assigning subtask Si to
processor Pi. (4) The result of a
more efficient mapping of
subtasks to processor Pi.
(Continued on page 20)
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Hot-spot traffic
In this type of nonuniform traffic, messages from distinct sources are destined
for the same network output port at
approximately the same time.3 Applications that use barrier-type synchronizations may create hot spot traffic. Performance degradation caused by hot spot
traffic is due primarily to the contention
for common network resources among
the messages converging toward the
common destination port. A secondary
form of performance degradation occurs
because hot-spot traffic can affect background traffic—network traffic not destined for the hot destination port.4

tion or, if not, onto which output link
the message should be forwarded.

Centralized
A single control mechanism sets the connection patterns in all switches simultaneously. No local routing decisions are
made at any switch. Centralized routing
mechanisms are sometimes used for
SIMD environments. Centralized control can simplify the hardware design for
a SIMD machine, but it is less flexible
than distributed control. Compute time
tends to be higher because all the
switches must be set.

number and returns the output channel (number) required to establish the
next link in the path. A table-based
scheme provides great flexibility, but at
the cost of table storage and lookup
time at each switch.

SWITCHING METHODOLOGY
There are two basic switching mechanisms for transmitting messages in a
network: circuit switching and packet
switching. Combinations and variations of these two approaches have also
been proposed and used. In general,
approaches differ in how they treat the
I/O buffering required at the switches

Adaptive

ROUTING CONTROL
Routing-control schemes aid in establishing network connections for interprocessor communication. Approaches
vary in time and space requirements,
capability, and flexibility. In using any
of these schemes, designers must consider both deadlock avoidance and the
time required to compute the routing
control information.

Distributed
The routing decision is made locally at
each switch on the basis of a routing tag
in the header of the message. When a
message arrives at a switch, the switch
determines if it is the intended destina-

This scheme is suitable for networks
that have multiple paths between
source-destination pairs, such as a
hypercube or a multipath multistage
network.5 When local network congestion exists, a message may be dynamically rerouted through another, less
congested, part of the network.6 The
performance improvement provided by
adaptive routing typically comes at the
cost of more complex routing protocols
than nonadaptive routing.

In circuit switching, a dedicated path is
established from the source to the destination and maintained for the entire
message transmission. Because the path
is dedicated, the transmission encounters no contention once the path is
established. However, the establishment of the path may be delayed if
other paths are already using links common to that path.

Packet switching
Table-based
One approach is to store a lookup table
at each switch.7 A common implementation indexes each table by destination

These kinds of comparison questions apply to interconnection networks. Suppose you are comparing the
average message delay, for a given set of traffic conditions, for a hypercube network and a mesh network.
Hypercube networks may involve more links than
meshes. How do you incorporate that hypercube networks may require more complex hardware? Should the
total path width of all the links the networks employ be
the same? Or should the two networks require the same
number of transistors per switch?
In this article, we explore the problems of determining which metrics or weighted set of metrics designers
should use to compare networks and how they should
apply these metrics to yield meaningful information.
We also look at problems in conducting fair and scientific evaluations.

Choosing and applying metrics
In choosing and applying metrics, designers must
answer three questions:
20

Circuit switching

In packet switching, also called message
switching or store-and-forward switching, messages are split into packets,
which are sent through the network.

• What are the relevant metrics for my application
domain and operating environment?
• How should I weight each metric?
• How can I make two network designs of equal “cost”
so that I can compare them “fairly”?

METRICS AND WEIGHTING ISSUES
There are many ways to characterize and measure the
performance of interconnection networks. We provide
a representative subset of metrics and briefly list issues
to consider in weighting them.

Latency
When data is transferred among the interconnected processors and memories, delays through the interconnection
network can cause processor idle times, which can ultimately degrade overall system performance. Multitasking
can help limit this source of processor idle time, but it may
not improve the total execution time of any single task. The
way you choose to characterize latency—for example, maximum or average—depends on the application.
IEEE Concurrency
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Each packet has a header that contains
routing information. One common
packet-switching scheme is output
buffering. In this scheme, when a packet
arrives at an intermediate switch, its
header is stored in an input latch. The
output port of the switch is determined,
and the packet proceeds to the appropriate output buffer, which holds the
entire packet. Thus, a message does not
block an entire path through the network, as in circuit switching.

start transmitting to the next switch at
that point in time.

Wormhole

Like packet switching, virtual cutthrough uses an input latch to receive
and store a packet’s header. It then
checks the channel to the next switch
for availability. If the channel is free, the
packet bypasses, or “cuts through,” the
output buffer and proceeds to the next
switch; otherwise, the entire packet is
stored in the output buffer, as in normal packet switching.8

Wormhole is another variation of virtual cut-through. In one approach to
wormhole routing, a message is initially
divided into packets, as is done in packet
switching, and the packets are further
divided into flits (flow control digits).9
The first flit (the header, which contains the routing information) “cuts
through” by proceeding directly to the
next switch in the route if the channel is
free. The trailing flits flow through the
same path in the network, following the
header flit in a pipeline fashion. If an
output channel is not free when the
header arrives at a switch, the header is
blocked at the switch, as are the flits following the header. Once all channels
are acquired along the route, the path
is dedicated for the entire transmission
of all the flits in the packet.10

Partial cut-through

Conflict resolution

Partial cut-through is a variation of virtual cut-through. It operates on the
same principle of attempting to bypass
the output buffer if the channel is free
and otherwise storing the packet in the
buffer. However, with partial cutthrough, if the channel becomes available during buffering, the packet can

For all switching mechanisms, a given
switch output channel may be required
by two or more messages at the same
time. This is called a conflict. The conflictresolution scheme detects and resolves conflicts by determining which requests
should be deferred so that the remaining messages can proceed.

Virtual cut-through

Combining
This packet-switching enhancement
can lessen the performance degradation
caused by situations such as hot-spot
traffic (defined earlier). For example, the
combining process can merge two read
requests for the same physical memory
location into one that continues on to
the associated destination port, instead
of sending both the original requests.
Combined messages can also be combined. This feature increases the complexity of the network switch, but may
significantly affect performance when
shared variables are used for tasks that
require large numbers of processors to
access them at approximately the same
times—for example, a job queue or a
semaphore (synchronization primitive).11 Another form of combining
involves reduction operations.

HARDWARE IMPLEMENTATION
It is generally difficult to predict how
varying a single hardware implementation parameter will affect network performance. Also, it is very complicated
and costly to develop accurate simulations for (or actually manufacture) two
networks that differ in only one hardware implementation parameter. The
difficulty of comparing two such net(Continued on page 22)

Fault tolerance

Permuting ability

The network’s environment (an inaccessible satellite
versus a university laboratory, for example) influences
how important fault tolerance will be. To quantify
metrics such as the number of faults tolerated and any
degradation that results from a fault, you must establish a common fault model and a common fault-tolerance criterion.1 The fault model characterizes the types
of faults considered (such as permanent versus transient). The fault-tolerance criterion is the condition that
must be met for the network to tolerate the fault. For
example, in a multistage network, a fault may be considered tolerated if a blocked message can be sent to
an intermediate destination and then to the final destination in a second pass.

For a system of N processors, a permutation is a set of
source-destination pairs that may be mathematically
represented as a bijection from the set {0, 1, ..., N – 1}
onto itself. In this context, a permutation is the transferring of a data item from each processor to a unique
other processor, with all processors transmitting simultaneously. Different networks can require different
amounts of time to process various permutations.2 Permutations can occur in MIMD (multiple-instruction
stream, multiple-data stream) machines when a communication is preceded by a barrier synchronization,
and in SIMD (single-instruction stream, multiple-data
stream) machines.

Control complexity
Bisection width
This is the minimum number of wires that must be cut to
separate the network into two halves. Larger bisection
widths are better when data in one half of the system may
be needed by the other half to perform a calculation.
October–December 1997

A Benes network can be set to perform any permutation
in one pass;3 the multistage cube may require multiple
passes. However, a multistage cube network may be controlled in a distributed fashion by using the address of
the destination processor;2 a Benes network requires a
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works is compounded by the strong
interdependence among the various
hardware implementation parameters.
For example, changing the maximum
number of pins per chip may also affect
the physical chip size, which may affect
the number of chips that can be placed
on a fixed-size printed-circuit board,
which affects the number and physical
length of connections among the PCBs
and chips.

Implementation technology
The implementation technology relates to the physical materials and production methodology used to manufacture the chips and boards. Although
implementation using a relatively
expensive material or technology may
enable certain chips to run faster, designers must consider the power requirements of the chips and their interaction with the other components.
Several chip-attachment methods are
also possible, which affect packaging
costs, circuit use, circuit delay times,
and overall system cost.

Design details
The design of a network includes the
logic-level description for the switches,
interfaces, and controllers. Factors to
consider in logic circuit design are clock
frequency, communication delay, par-

titioning for multichip configurations,
and fault tolerance.

NUMBER OF PINS PER CHIP
Number and width of
communication links
For a given interconnection scheme
(such as a hypercube), increasing the
width of the channels increases the fraction of a message that can be transmitted in one network cycle. This increase
comes at the “expense” of increasing the
number of wires and the overall wiring
complexity.12 Suppose you have a fixed
network width, defined here as the product of the number of links and the width
per link. In some application domains,
throughput may be better if you use a
four-nearest-neighbor mesh with relatively wide communication links instead
of a hypercube with relatively narrow
communication links. In other application domains, the reverse may be true.

Packaging constraints
Packaging constraints include the
physical size of the chips, required
power consumption, circuit delay, reliability, heat dissipation, interconnection density, chip configuration, interboard distances, and production
costs.13 For example, if you use the system in an environment that has little
extra space for cooling fans, required
power consumption and heat dissipa-

centralized control scheme (see sidebar, “Network parameters: characteristics that define and shape interconnection networks”) and O(N log N) time to compute the
network switch settings (for N processors).

Partitionability
Some networks may be partitioned into independent
subnetworks, each with the same properties as the original network.4 Partitionable systems include multipleSIMD machines (such as the TMC CM-25), MIMD
machines (such as the IBM SP26), and reconfigurable
mixed-mode machines (such as PASM, a partitionable
SIMD/MIMD machine7). Partitionability allows multiple users, aids fault tolerance, supports subtask parallelism, and provides the optimal size subset of processors
for a given task.8

Graph theoretic definitions
You can use graph theory parameters, such as degree
and diameter, to quantify network attributes. The
graph nodes represent multistage network switches or
22

tion can become critical constraints.

Increasing the number of pins on a chip
increases the space needed on the board
to fan out the signals to and from the
chip. However, using too few pins on a
chip may necessitate multiple-chip configurations that can, in turn, create
more complex (and less reliable) chipinterconnection schemes. One study
compared a variety of multidimensional
meshes (including the hypercube)
under a particular set of pin-out constraints.12 This involved examining the
balance between the number of channels associated with a processor and the
width of each channel.

Number of chips per board
Depending on the design choices, a
particular network implementation may
have multiple switches on a single chip,
have one switch per chip, or require
several chips for a single switch. When
multiple chips are used, the designer
must consider the physical sizes of the
chips, the available area of each board,
the connection complexity among the
chips, mounting configurations for the
boards, and so on.

Number of layers per board
To accommodate the required connec-

single-stage (point-to-point) network processors; the
arcs represent communication links. Degree is the number of communication links connected to a processor
or switch. Diameter is the maximum value, across all
node pairs, for the shortest distance (number of links)
between any two nodes. Designers must carefully consider the significance and implications of a given performance metric such as diameter. The diameter of
the twisted cube is approximately half that of the
hypercube, yet in some cases the hypercube can have
a smaller message delay.9

Unique path vs. multipath
Some networks, such as a multistage cube, have only
one path between a given source and a given destination. Others, such as the hypercube and extra stage
cube,1 have multiple paths between source-destination pairs. Multipath networks may be more costly
and difficult to control than unique-path networks,
but they offer fault tolerance and enable routing
around busy links. This demonstrates how improving
IEEE Concurrency
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tions among multiple chips on a PCB,
designers can use multiple layers to
implement nonplanar connection patterns. To determine the number of layers to use, designers must consider the
trade-offs among design complexity,
wire lengths, and required area. Using
more than two layers generally requires
sophisticated wiring schemes or layout
heuristics, which can increase design
time and cost.

Manufacturability
When designing for a commercial
product, being able to manufacture the
network economically and in a reasonable time are important issues. Some
possible considerations include component availability, use of custom versus
off-the-shelf chips, time to assemble
and test parts, wiring rules, and wire
lengths.

Scalability
This parameter refers to the range of
sizes (as measured, for example, by the
number of the network’s external I/O
ports) that are appropriate for a given
set of implementation parameters. In
commercial markets, in which a wide
range of network sizes may be required,
implementation choices may improve
scalability. In general, however, implementations designed for a wide range

of network sizes may be achieving scalability at the expense of degraded performance for a given size in the range.

7. C.B. Stunkel et al., “The SP2 HighPerformance Switch,” IBM Systems J.,
Vol. 34, No. 2, 1995, pp. 185−204.
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one network characteristic (fault tolerance) can
degrade another (cost). If you use a weighted set of
metrics, different weightings for fault tolerance and
cost may result in a different decision about which network is best. A general methodology10 has been developed to quantify the evaluation of network performance by constructing a weighted polynomial.
However, fundamental to using this type of approach
is deciding how to choose the weights.

Cost-effectiveness
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lar component to meet an end-of-year sales quota.
However, measuring hardware cost without converting to dollars is awkward. What units should be used to
add, say, the cost of optical links to the cost of memory
for message buffers? A related problem is how exactly
to determine if two network designs are indeed of equal
cost. We address this later.

Other metrics
These include throughput (number of messages that
arrive at their destinations during a given time interval),
multicasting time (how long one processor takes to send
the same message to multiple processors), scalability
(range of machine sizes for which a network design is
appropriate), and what the network will add to the host
machine’s volume, weight, and power consumption.
Some network metrics are difficult to define quantitatively, but should be considered nonetheless. For example, ease of use is important from a practical viewpoint.
Can the user easily understand and effectively use the
network’s important features? Can the user or compiler
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readily determine ways to use the network to obtain the
best possible performance?

MAKING FAIR COMPARISONS

totally realistic. When mathematically analyzing packetswitched networks, for example, analysts sometimes
assume that the buffers for holding packets at each
switch are of infinite length. The analytical results must
be reasonable approximations of behavior when buffer
sizes are fixed and realistic.

A difficulty in comparing two network designs is determining if they are of equal cost so that the comparison
is “fair.” For example, for more than 16 processors, the
number of links and switch complexity for a hypercube Statistically-based simulations
is greater than that for a four-nearest-neighbor mesh. Such simulations characterize behavior on the basis
To fairly compare the performance of these two net- of probabilistic models for network traffic. The comworks, how should the mesh be augmented to make it of plexity of network simulators varies depending on how
equal cost?
closely they account for the implementation details of
The problem of making fair comparisons is com- the networks they are simulating. Some simulators
pounded by the numerous design and use parameters
may account for the finite size of buffers for packet that may be varied. Network designers and imple- switched networks, and thereby let analysts vary the
menters must understand how these parameters affect “buffer size” parameter for different simulation
network performance. Major categories of parameters studies. In contrast, other simulators may assume
include network use, routing control,
infinite buffer capacities, which simswitching methodology, and hardplifies the complexity of the simuware implementation. Designers
lator because it is no longer necesmust select values for one or more Varying only one
sary to model the exception
parameters within each category network feature to
handling that occurs when data
before they can effectively evaluate isolate its impact can
arrives at a full buffer.
metrics. The sidebar, “Network result in an unfair
parameters: characteristics that de- comparison due to
Program tracing
fine and shape interconnection netThis approach captures the applicathe interdependency
works,” gives specific examples in the
tion program’s traffic pattern, such as
of the network
four categories.
the message source or destination and
features.
number of processor cycles elapsed
between sending messages. Analysts
Evaluating networks
can use trace information to determine (either through
Having selected from numerous metrics and parame- analysis or simulation) the effectiveness of executing the
ters, analysts must now find ways to apply them sys- same program on a different machine. There is a potentematically. This consists of collecting additional tial problem, however. Using program tracing when
insights through proven measurement tools and apply- communication patterns have been optimized for a neting evaluation strategies.
work on a given machine may not allow a fair comparison when used to generate traffic patterns for another
MEASUREMENT TOOLS
network.11
Measurement tools provide additional information
about how the network can be expected to perform in its
Benchmarking
intended environment. Although these tools are valu- This strategy involves executing a given task on several
able, analysts must apply them judiciously. The list of different machines and measuring and comparing the pertools below is by no means exhaustive.
formance among systems. When using benchmarks to
compare networks, analysts must remember that benchMathematical models
mark results are affected by many software layers and
These models provide important insight into basic net- many implementation details of the whole parallel
work features and allow some degree of performance machine.12 First, many algorithmic approaches may be
prediction. However, those modeling and analyzing net- used to implement a benchmark task. The mapping of
works for parallel processing systems often make the benchmark algorithm onto the processors of the sysassumptions for the sake of tractability that may not be tem affects the communication patterns, which may affect
24
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or compiler used to express or interpret
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the algorithm and interprocessor data
M/ N
pixels
transfers can significantly affect network
N PEs
performance. The measured perfor(a)
(b)
mance is also a function of the operating
system (for example, interprocessor
communication protocols) that executes Figure 1. (a) Mapping an (M / N ) × (M / N ) subimage onto each PE of a
mesh and (b) pixels that must be received by PE i from neighboring PEs.
the algorithm.
The machines being benchmarked
may vary considerably in hardware
(such as technology used) and architecture (such as num- the mesh with table lookup, you invalidate the classical
ber of processors), which could also affect comparative experimental method because two parameters are varnetwork performance. Isolating the influence of the ied. Yet, without the classical experimental method, how
chosen network in the system becomes problematic, can you isolate the effect of one network design or
so interpreting benchmarking results must be done implementation parameter on performance?
This is an important dilemma that the interconneccarefully.
tion network research community must begin to
address.
EVALUATION STRATEGIES
Given these measurement tools, how can designers fairly
evaluate network features or application performance? Fixed mapping
Even after they have decided on which weighted set of Suppose two SIMD distributed-memory, parallelmetrics to use and have selected values for the various processing systems differed only in the topology of their
design and use parameters, they must still consider if it interconnection networks: one is a mesh, the other a
is possible to isolate the effect of changing a single fea- ring. Both systems have N processing elements (procesture. They must also select application implementations sor-memory pairs), or PEs, labeled 0 to N – 1. Assume
that will make the comparison fair.
in the mesh topology that PE i is directly connected to
PEs i – 1, i + 1, i + N , and i – N In the ring topolClassical experimental method
ogy, PE i has direct connections only to PEs i – 1 and i
The classical experimental method assumes that a given +1. To simplify the presentation, we assume the numsystem is characterized by a set of parameters. To under- ber of data words sent and the number of links traversed
stand the effect a given parameter, say x, has on the sys- determine the time for each data transfer between PEs
tem, all parameters except x are fixed and measurements
(we could derive similar examples that consider network
and comparisons are made on the system. For example, setup time, wormhole routing, and so on).
suppose the goal is to determine the effect of network
To apply benchmarking or the classical experimental
topology on performance, comparing a multidimen- method to compare the effects of the network topolosional mesh with a hypercube. Assume that the hyper- gies, suppose you decide to execute the same SIMD
cube performs fastest using a distributed routing tag as image-smoothing algorithm on both systems. The
a control scheme, and that the mesh performs fastest smoothing algorithm involves performing a smoothing
using a routing-table lookup as a control scheme at each
operation for each pixel in an M × M image. Each
switch node. Should you compare the networks with
smoothed pixel is the average value of the pixels in a 3
both using routing tags, both using table lookup, or each × 3 window centered around that pixel. Figure 1a depicts
using what is best? If you use the same routing scheme how pixel values from an M × M image are mapped onto
for both, does this result in a fair comparison? What con- N PEs interconnected as a N × N mesh, assuming
clusions can you draw about the topological difference square subimages. Each subimage is (M/ N ) × (M/ N )
pixels. As the figure shows, the pixels are mapped onto
independent of the routing scheme? Furthermore, as we
have shown, you must consider many other parameters the PEs so that adjacent subimages are mapped to adjain addition to the routing scheme if you want to fairly cent PEs in the mesh.
During phase 1 of the algorithm, each PE executes
compare topologies.
If you compare the hypercube with routing tags and the smoothing operation for those pixels within the inteOctober–December 1997
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rior (not along the edge) of its subimage. For this phase,
each PE has all the pixel values required for all the
smoothing operations in its local memory; thus no data
transfers between PEs are required.
During phase 2, the M / N pixel values along each
side of each square subimage are transferred to neighboring PEs, as Figure 1b shows. The four corner pixels
from the diagonal neighbors are sent through intermediate PEs. The two pixel values needed by PE i from PE
i − N + 1 and PE i + N + 1 will already have been
transferred into PE i + 1, so only one transfer each is
needed to move them from PE i + 1 to PE i. The situation for the two pixel values from the other diagonal
neighbors is similar. Therefore, four transfers are
needed for the diagonal pixels.
In phase 3 of the algorithm, the smoothing operation
is applied to pixels on the boundary of each subimage.
Thus, during phases 1 and 3 combined, each PE performs M2/N smoothing operations and all N PEs do this
concurrently. For phase 2, 4(M / N ) + 4 data transfers
between PEs are required on the N PE mesh, where
for each transfer up to all N PEs may send data simultaneously.8
For 16 PEs, Figure 2 illustrates the required data
transfers to PE 6 for both the mesh and ring topologies.
We assume that the image is distributed among the PEs
for the ring network in the same way described earlier
for the mesh (Figure 1).
Consider the number of inter-PE data transfers
needed to smooth an M × M image using N PEs with a
ring network. The M / N pixels along the right vertical boundary of each subimage must be transferred from
each PE i – 1 to PE i. Likewise, with each left vertical
boundary from PE i + 1 to PE i. To transfer the M / N
pixels along the upper horizontal subimage boundary
of each PE i + N to PE i requires N (M / N ) = M data
transfers, because PE i +√N and PE i are separated by
N links. Likewise, to transfer the M / N pixels along
the lower horizontal subimage boundary from each PE
i – N to PE i. As with the mesh network, pixels from
the diagonal neighbors can be sent through intermediate PEs. The total for the ring is 2M / N + 2M + 4 interPE data transfers. For 1 < N ≤ M, this is greater than
the required number of inter-PE data transfers for the
mesh, given by 4(M / N ) + 4. For example, if M = 4,096
and N = 256, then 8,708 inter-PE data transfers are
required by the ring as compared to 1,028 for the mesh
topology.
Is it fair to conclude that the ring topology is inferior
to the mesh, even just for this application, as the above
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Figure 2. The source PEs for pixels needed by PE 6 for
(a) the mesh and (b) the ring topologies for N = 16.
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Figure 3. Mapping (M /N) × M subimages onto the PEs
of the ring.

analysis seems to indicate? Consider the following variation in the mapping scheme for the previously described
image-smoothing algorithm. Instead of dividing the M
× M image into N square (M/ N ) × (M/ N ) subimages,
divide it into N rectangular (M/N) × M subimages.
Figure 3 shows a mapping of pixel values from these
N rectangular (M /N) × M subimages onto the ring
topology. Phase 1 still smooths the interior pixels of
each subimage. In phase 2, pixel values along the horizontal boundaries (top row and bottom row) of the rectangular subimages are transferred to neighboring PEs,
requiring 2M inter-PE data transfers with the ring
topology. Phase 3 still smoothes the subimage boundary pixels.
Consider if the N rectangular (M/N) × M subimages
approach is used on a system with a mesh network without edge “wraparound” connections (for example, no
direct connections from PE 3 to PE 0 in Figure 2a). Phases
1 and 3 are unchanged. In phase 2, the M pixels along each
of the horizontal boundaries (top row and bottom row) of
the rectangular subimages are transferred from PE i + 1 to
IEEE Concurrency
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Figure 4. Mapping (M /N) × M subimages onto the PEs
of the mesh with the directions of transfers shown: (a)
2M transfers; (b) 2( N M) transfers.

PE i and from PE i – 1 to PE i. Figure 4 shows the mapping of the (M /N) × M rectangular subimages onto a
mesh. If PE i is directly connected to PEs i – 1 and i + 1,
then 2M transfers are needed. However, PE 3 and PE 4,
for example, need to exchange their boundary pixels, but
have no direct connection. Thus, M pixels are transferred
from PE i N − 1 (for example, 3) south to PE (i +1) N
− 1 (for example, 7) and then west across the row of PEs
to PE i N (for example, 4). This requires M N transfers.
Another M N inter-PE data transfers are required to
move the M horizontal boundary pixel values from PE i
N to i N − 1. Therefore, the total communications
required are 2M + 2M N inter-PE data transfers for the
mesh. This is much greater than the ring for this mapping. For example, if M = 4,096 and N = 256, the ring
requires 8,192 data transfers, while the mesh with no wraparound connections requires 139,264 inter-PE data transfers. For this mapping strategy, the ring outperforms the
mesh. Thus, if square subimages are used, the mesh is better; if rectangular (block of rows) subimages are used, the
ring is better. The data allocation used determines which
network is better.
The effect of the data allocation can have even more
effect on system performance than just the number of
data transfers. Consider image correlation, another window-based task, using a window of size 21 × 21. With
rectangular subimages, PE i will need 10 rows of pixels
from each of PEs i + 1 and i – 1. The ring will need 10 •
2M transfers. With square subimages, PE i will need a
10-pixel-wide perimeter from each of its eight neighboring PEs. The mesh will need 10 (4M / N ) +102 • 4
transfers. For M = 4,096 and N = 256, the ring will
require 81,920 transfers and the mesh will require 10,640
transfers, a difference of 71,280.
When considering the entire image, using a rectangular layout on the ring, there are 10 leftmost and 10
rightmost columns of pixels in all PEs that will not be
processed (because they do not have the 21 × 21 window of pixels around them that is needed for the imagecorrelation process). Therefore, 10 • 2(M/N), or 320,
October–December 1997

pixels will not require processing. (Using square subimages, there is no such savings, because a subset of the
PEs will not contain edge pixels of the entire image.) If
the time to process these 320 pixels is greater than the
time to perform 71,280 inter-PE transfers, the ring network will result in a smaller total execution time than
the mesh. For the example image-correlation task with
a 21 × 21 window, calculations involving 440 neighbors
are needed for each of the 320 pixels, so it is possible
that the ring network will indeed be a better choice even
when each network uses its best data layout.
Therefore, not only does the mapping of a task onto
a parallel machine affect the number of transfer steps
needed for different networks, but considerations such
as the effect of avoiding processing edge pixels may
affect overall performance and, hence, network choice.

W

e have shown that several fundamental questions remain open in
evaluating and comparing interconnection networks:

• Which weighted collection of metrics should be used
to evaluate network performance?
• How can the relative cost-effectiveness of different
networks be determined using units other than dollars?
• Can analytically tractable theoretical models demonstrate sufficiently realistic behavior?
• How can benchmarks across different machines be
devised to evaluate a particular network feature?
• With the strong interdependence among application,
system, and network parameters, how can the classical experimental method be fairly applied to evaluate the effect of changing one parameter while holding all others constant?
• What parameters should be held constant (and with
what values) when comparing and evaluating networks?
• In what sense can the implementation of two different networks be made “equal” for a meaningful comparison?
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To establish a weighted set of metrics for a realistic
environment, designers must formally incorporate quality of service. Trade-offs, such as fault tolerance versus
network cost or number of processors supported versus
physical volume, will affect how metrics are weighted.
These quality of service factors also apply to the design
of other subsystems of parallel machines.
While partial approaches to exploring network performance have been proposed,9–11 no complete methodology exists. Research must be done to answer the above
questions before we can quantify the relative importance
of various network features. Only then may we be able
to say which network is best for a given situation.
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