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Abstract

Synthesizing architectural requirements from an application view-
point can help in making important architectural design decisions
towards building large scale parallel machines. In this paper, we
quantify the link bandwidth requirement on a binary hypercube
topology for aset of fiveparallel applications. We usean execution-
driven simulator called SPASM to collect data points for system
sizes that are feasible to be simulated. These data points are then
used in aregression analysis for projecting the link bandwidth re-
quirements for larger systems. The requirements are projected as
afunction of the following system parameters: number of proces-
sors, CPU clock speed, and problem size. These results are also
used to project the link bandwidths for other network topologies.
Our study quantifiesthe link bandwidth that has to be made avail-
able to limit the network overhead in an application to a specified
tolerancelevel. Theresults show that typical link bandwidths (200-
300 MBytes/sec) foundin current commercial parallel architectures
(such as Intel Paragon and Cray T3D) would have fairly low net-
work overheadfor the applicationsconsideredinthis study. For two
of the applications, this overhead is negligible. For the other appli-
cations, this overhead can be limited to about 30% of the execution
time provided the problem sizes are increased commensurate with
the processor clock speed. The technique presented can be useful
to a system architect to synthesize the bandwidth requirements for
realizing well-balanced parallel architectures.

1 Introduction

Parallel machines promiseto solve computationally intensive prob-
lemsthat may not be feasibly computed due to resource limitations
on sequential machines. Despite this promise, the delivered per-
formance of these machines often falls short of the projected peak
performance. The disparity between the expected and observed
performance may be due to application deficiencies such as serial
fraction and work-imbalance, software slow-down dueto schedul-
ing and runtime overheads, and hardware slow-down stemming
from the synchronization and communication requirements in the
application. For building a general-purpose parallel machine, it
is essential to identify and quantify the architectural requirements
necessary to assure good performance over a wide range of ap-
plications. Such a synthesis of requirements from an application
view-point can help us make cost vs. performance trade-offs in
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important architectural design decisions. The network is an im-
portant artifact in a parallel machine limiting the performance of
many applications, and isthe focus of our study. Using five parallel
applications, we quantify bandwidth requirements needed to limit
the overheads arising from the network to an acceptable level for
these applications.

Latency and contention are two defining characteristics of a net-
work from the application viewpoint. Latency is the sum of the
time spent in transmitting a message over the network links and the
switching time assuming that the message did not have to contend
for any network links. Contention is the time spent by a message
in the network waiting for links to become free. Both latency and
contention depend on a number of factors including the connectiv-
ity, the bandwidth of the links in the network, the switching delays,
and the length of the message. Of the architectural factors, link
bandwidth and connectivity are the most crucial network parame-
ters impacting latency and contention. Hence, in order to quantify
requirementsthat limit network overheads (latency and contention)
to an acceptable level, it is necessary to study the impact of link
bandwidth and network connectivity on these overheads.

Dally [8] and Agarwal [2] present analytical modelsto study the
impact of network connectivity and link bandwidth for k-ary n-cube
networks. The results suggest that low-dimensional networks are
preferred (based on physical and technological constraints) when
the network contention is ignored or when the workload (the ap-
plication) exhibits sufficient network locality; and that higher di-
mensional networks may be needed otherwise. Adve and Vernon
[1] show using analytical models that network locality has an im-
portant role to play in the performance of the mesh. Since network
requirements are sensitive to the workload, it is necessary to study
them in the context of real applications.

The RISC ideology clearly illustrates the importance of using
real applications in synthesizing architectural requirements. Sev-
eral researchers have used this approach for parallel architectural
studies[20, 7, 13]. Cypher et al. [7] use arange of scientific appli-
cationsin quantifying the processing, memory, communication and
1/0 requirements. They present the communication requirements
in terms of the number of messages exchanged between processors
and the volume (size) of these messages. As identified in [22],
communication in parallel applications may be categorized by the
following attributes: communication volume, the communication
pattern, the communication frequency and the ability to overlap
communication with computation. A static analysisof the commu-
nication as conducted in [7] fails to capture the last two attributes,
making it very difficult to quantify the contention in the system.

The importance of simulation in capturing the dynamics of par-
allel system (an application-architecture combination) behavior has
been clearly illustrated in [12, 22, 25]. In particular, using an
execution-driven simulator, one can faithfully capture all the at-
tributes of communication that are important to network require-
ments synthesis. For example, in [12] the authors use an execution-



driven simulator to study k-ary n-cube networksin the context of
applicationsdrawn from image understanding, and show theimpact
of application characteristics on the choice of the network topology.
We takeasimilar approachto deriving the network requirementsin
this study.

Using an execution-driven simulation platform called SPASM
[27, 25], we simulate the execution of five parallel applications on
an architectural platform with a binary hypercube network topol-
ogy. We vary the link bandwidth on the hypercube and quantify its
impact on application performance. From these results, we derive
link bandwidths that are needed to limit network overheads to an
acceptable level. We also study the impact of the number of pro-
cessors, the CPU clock speed and the application problem size on
bandwidth requirements. Using regression analysisand application
knowledge, we extrapolate requirementsfor larger systemsof 1024
processors and other network topologies. The results suggest that
existing link bandwidth of 200-300 MBytes/sec available on ma-
chineslike Intel Paragon [14] and Cray T3D [17] can easily sustain
the requirements of two applications (EP and FFT) even on high-
speed processors of the future. For the other three, one may be able
to maintain network overheadsat an acceptablelevel if the problem
sizeis increased commensurate with the processing speed.

The technique outlined in this paper may be used to derive the
bandwidth requirements of an application asafunction of thesystem
parameters (such as processor clock speed, number of processors,
and expected problem size of applications). This information can
then be used by an architect to deducethe network requirementsfor
a specific set of system parameters. When cost and technological
factors prohibit supporting the required bandwidth, the information
may be useful to find out the efficiency that would result from a
lower bandwidth or the factor by which the problem size needs to
be scaled up to maintain reasonable efficiency.

Section 2 gives an overview of our approach and details of the
simulation platform; section 3 briefly describes the hardware plat-
form and applications used in this study; section 4 presents results
from our experiments along with an analysis of bandwidth require-
ments as a function of system parameters; section 5 summarizes
the implication of these results; and section 6 presents concluding
remarks.

2 Approach

Asobservedin [22], communication in an application may be char-
acterized by four attributes. Volume refers to the number and size
of messages. The communication pattern in the application deter-
mines the source-destination pairs for the messages, and reflects
on the application’s ability to exploit network locality. Frequency
pertains to the temporal aspectsof communication, i.e., theinterval
between successive network accesses by each processor as well as
the interleaving in time of accessesfrom different processors. This
temporal aspect of communication would play an important role
in determining network contention. Toleranceis the ability of an
application to hide network overheadsby overlapping computation
with communication. Modeling all these attributes of communica-
tion in a parallel application is extremely difficult by simple static
analysis. Further, the dynamic access patterns exhibited by many
applications makes modeling more complex. Several researchers
[22, 25, 12] have observed the importance of simulation for captur-
ing the communication behavior of applications.

Inthisstudy, we use an execution-driven simulator called SPASM
(Simulator for Parallel Architectural Scalability Measurements)
[27, 25] that enables us to accurately model the behavior of appli-
cations on a number of simulated hardware platforms. SPASM has
been written using CSIM [16], a process oriented sequential simu-
lation package, and currently runs on SPARCstations. Theinput to
the simulator are parallel applicationswritten in C. These programs

are preprocessed (to label shared memory accesses), the compiled
assembly code is augmented with cycle counting instructions, and
the assembled binary is linked with the simulator code. As with
other recent simulators [5, 9, 6, 19], bulk of the instructions is exe-
cuted at the speed of the native processor (the SPARC in this case)
and only instructions (such as LOADs and STORES on a shared
memory platform or SENDs and RECEIV Es on a message-passing
platform) that may potentially involve a network access are simu-
lated. The input parameters that may be specified to SPASM are
the number of processors, the CPU clock speed, the network topol-
ogy, the link bandwidth and switching delays. We can thus vary a
range of system parameters and study their impact on application
performance. The main problem with the execution-driven simu-
lation approach is the tremendous resource (both space and time)
requirement in simulating large parallel systems. Related studies
[28, 24] addressthis problem and show how it may be alleviated by
augmenting simulation with other evaluation techniques.

SPASM gives a wide range of statistical information about the
execution of the program. The novel feature of SPASM isits ability
to provide acomplete isolation and quantification of different over-
headsin aparallel system that limit its scalability. The algorithmic
overhead (arising from factors such as the serial part and work-
imbalance in the algorithm) and the network overheads (latency
and contention) are the important overheadsthat are of relevanceto
thisstudy. SPASM givesthetotal time (simulated time) whichisthe
maximum of the running times of theindividual parallel processors.
Thisis the time that would be taken by an execution of the parallel
program onthe target parallel machine. SPASM also givestheideal
time, which is the time taken by the parallel program to execute on
an ideal machine such asthe PRAM [31]. This metric includesthe
algorithmic overheads but does not include any overheads arising
from architectural limitations. Of the network overheads, the time
that a message would have taken in a contention free environment
is charged to the latency overhead, while the rest of the time is
accounted for in the contention overhead.

To synthesize the communication requirements of parallel ap-
plications, the separation of the overheads provided by SPASM is
crucial. For instance, an application may have an algorithmic de-
ficiency due to either alarge serial part or due to work-imbalance,
in which case 100% efficiency® is impossible regardless of other
architectural parameters. The separation of overheads, provided by
SPASM, enables us to quantify the bandwidth requirements as a
function of acceptable network overheads (latency and contention).
We thus quantify the bandwidth needed to limit the network over-
heads to 10%, 30% and 50% of the overall execution time. This
also amounts to quantifying the bandwidth needed to attain an effi-
ciency which is 90%, 70% and 50% of the ideal efficiency (on an
ideal machine with zero network overhead).

3 Experimental Setup

We have chosen a CC-NUMA (Cache Coherent Non-Uniform
Memory Access) shared memory multiprocessor asthearchitectural
platform for this study. Since uniprocessor architecture is getting
standardized with the advent of RISC technology, we fix most of
the processor characteristics by using a SPARC chip asthe baseline
for each processor in a parallel system. But to study the impact of
processor speed on network requirements we allow the clock speed
of a processor to be varied. Each node in the system has a piece
of the globally shared memory and a 2-way set-associative private
cache (64K Bytes with 32 byte blocks). The cache is maintained
sequentially consistent using an invalidation-based fully-mapped
directory-based cache coherence scheme. Rothberg et al. [20]

!Efficiency is defined as speedup(p)/p where p is the number of processors.
Speedup(p) is the ratio of the time taken to execute the parallel application on 1
processor to the time taken to execute the same on p processors.



Figure 1: Link Bandwidth vs. Efficiency
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Figure 3: IS (n=64K, s=33 MHz)
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Figure 5: CG (r=1400* 1400, s=33 MHz)
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Figure 6: CHOLESKY (»=1806* 1806, s=33 MHz)

Figures2, 3,4, 5and 6 show theimpact of varyinglink bandwidth
ontheefficiency of EPR, IS, FFT, CG and CHOLESKY respectively,
across different number of processors (p). The knees for EP and
FFT, which display a high computation to communication ratio,
occur at low bandwidths and are hardly noticeable in these figures.
The algorithmic overheadsin these applicationsis negligible yield-
ing efficiencies that are close to 100%. For the other applications,
the knee occurs at a higher bandwidth. Further, the curves tend
to flatten at different efficiencies suggesting the presence of algo-
rithmic overheads. For all the applications, the knee shifts to the
right as the number of processorsis increased indicating the need
for higher bandwidth. As the number of processors is increased,
the network accesses incurred by a processor in the system may
increase or decrease depending on the application, but each such
accesswould incur alarger overhead from contending for network
resources (due to the larger number of messages in the network

as a whole for the chosen applications). Further, the computa-
tion performed by a processor is expected to decrease, lowering

the computation to communication ratio, thus making the network
requirements more stringent.

Impact of CPU clock speed
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Figure 10: CG (p=64, n=1400* 1400)
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Figure 11: CHOLESKY (p=64, n=1806* 1806)

Figures 7, 8, 9, 10 and 11 show the impact of link bandwidth on
the efficiency of EPR, IS, FFT, CG and CHOLESKY respectively,
across different CPU clock speeds (s). Asthe CPU clock speed is
increased, the computation to communication ratio decreases. In
order to sustain the same efficiency, communication has to be sped
up to keep pace with the CPU speed thus shifting the knee to the
right uniformly acrossall applications.

Figures 12, 13, 14, and 15 show the impact of link bandwidth on
the efficiency of ER, IS, FFT, and CG respectively, across different
problem sizes. Anincreasein problem sizeislikely to increasethe
amount of computation performed by aprocessor. At the sametime,
alarger problem may also increasethe network accessesincurred by
aprocessor. In EP, FFT and CG, the former effect is more dominant
thereby increasing the computationto communicationratio, making
the knee moveto the left asthe problem sizeisincreased. Thetwo
counteracting effects nearly compensate each other in IS showing
negligible shift in the knee.

Impact of Problem Size
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Figure 12: EP (p=64, s=33 MHz)
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Figure 13: IS (p=64, s=33 MHz)
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Figure 14: FFT (p=64, s=33 MHz)
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Figure 15: CG (p=64, s=33 MHz)

4.2 Quantifying Link Bandwidth Requirements

We analyze bandwidth requirements using the above simulation
results in projecting requirements for large-scale parallel systems.
We track the changein the knee with system parameters by quan-
tifying the link bandwidth needed to limit the network overheads
to a certain fraction of the overall execution time. This fraction
would determine the closeness of the operating point to the knee.
For instance, if the network overhead islessthan 10% of the overall
execution time, then it amountsto saying that we are achieving an
efficiency that is within 90% of the ideal efficiency (on an ideal
machine with zero network overhead). Ideally, one would like to
operate as close to the knee as possible. But owing to either cost or
technological constraints, one may be forced to operate at a lower
bandwidth and it would be interesting to investigate if one may still
obtain reasonable efficiencies under these constraints. Figure 16
shows the trade-off between the tolerable network overhead and
the resulting bandwidth that needs to be sustained to maintain the
overhead within the specified level. With the ability to tolerate a
larger network overhead, the bandwidth requirements are expected
to decrease as shown by the curve labeled “Actua” in Figure 16.
To calculate the bandwidth requirement needed to limit the network
overhead (both the latency and contention component) to a certain
value, we simulate the applications and the network in their entirety
over arange of link bandwidths. We plot the bandwidths and the
resulting network overheads as shown by the curve labeled “ Simu-
lated” in Figure 16. We perform alinear interpolation betweenthese
data pointsto calculate the bandwidth (b..) required to limit the net-
work overhead to 2% of the total executiontime. This bandwidth
would represent agood upper bound on the corresponding “ Actual”
bandwidth (b,) required. Instead of presenting all the interpolated
graphs, we simply tabulate the requirements for = = 10%, 30% and
50%in thefollowing discussions. Theserequirementsare expected



Figure 16: Network Overhead vs. Bandwidth Requirements

Using this methodology, we now discussfor each application its
intrinsic characteristics that impact the communication and compu-
tation requirements; present the link bandwidth requirements as a
function of increasing number of processors, CPU clock speed, and
problem size; and project the requirements for a 1024-node system
with a problem size appropriate for such a system.

EP

EP has a high computation to communication ratio with the commu-
nication being restricted to afew logarithmic global sum operations.
The bulk of the time is spent in local computation and as a resullt,
even abandwidth of 1 MByte/secisadequateto limit network over-
headsto less than 10% of the execution time (see Table 1). Asthe
number of processorsis increased, the communication incurred by
a processor in the global sum operation grows logarithmically and
abandwidth of 10 MBytes/sec can probably sustain even a system
with 1024 processors. As the clock speed is increased, the time
spent by a processor in the local computation is expected to de-
crease linearly and the bandwidth requirement for the global sum
operation needsto increase at the samerate in order to maintain the
same efficiency. Table 2 reflects this behavior. Asthe problem size
(n) isincreased for this application, the local computation incurred
by a processor is expected to grow as O(rn) while the communi-
cation (both the number of global sum operations as well as the
number of messagesfor a single operation) remainsthe same. Asa
result, the bandwidth requirements are expected to decreaselinearly
with problem size. Given that real world problem sizesfor this ap-
plication are of the order of n = 2% [4], avery low link bandwidth
(less than 1 MByte/sec) would suffice to yield an efficiency close
to 100%.

50%ovhd. | 30%ovhd. | 10% ovhd.

p=4 <10 <10 <10

p=8 <10 <10 <10

p=16 <10 <10 <10

p=32 <10 <10 <10

p=64 <10 <10 117
B/w Fns. - - -
p=1024

n=128K, s=33 MHz
Table 1: EP: Impact of Processors on Link Bandwidth (in MBytes/sec)

50%ovhd. | 30%ovhd. | 10% ovhd.
5=33MHz 0.54 0.90 117
5=100MHz 169 281 3.67
5=300MHz 468 7.80 10.41
p=64, n=128K

Table 2: EP: Impact of CPU speed on Link Bandwidth (in MBytes/sec)

IS

IS is more communication intensive than EP and its bandwidth re-
quirements are expected to be considerably higher. There are two
dominant phasesin the execution that account for the bulk of the
communication [26]. In the first, a processor accesses a part of
the local buckets of every other processor in making updates to
the global buckets allotted to it. In the second phase, a processor
locks each of the global buckets (that is partitioned by consecutive
chunks across processors) in ranking thelist of elementsallotted to
it. With anincreasein the number of processors, a processor needs
to access data from more processors in the former phase. In the
latter, the amount of global bucketsthat is allocated to a processor
decreases linearly with increase in processors due to the partition-
ing scheme. Hence, in both these phases, the communication is
expected to grow as O(p) with increasein processors. Further, the
computation performed by a processor decreases with an increase
in processors, but the rate is less than linear owing to algorith-
mic deficiencies in the problem [25]. These factors combine to
yield a considerable bandwidth requirement for larger systems (see
Table 3), if we are willing to tolerate less than 10% network over-
heads. The bandwidth function has been obtained by performing a
non-linear regression analysis of the simulation data points for the
given system parameter, and the resulting function has been used
to calculate the requirements for the 1024 node system. As the
CPU clock speed is increased, the computation to communication
ratio decreases, making the requirements more stringent as shown
in Table 4. Asthe problem size (n) is increased, the communica-
tion in the above mentioned phases increases linearly. The local
computation also increases, but the former effect is more prominent
as is shown in Table 5, where the bandwidth requirements grow
moderately with problem size.

Using these results, the bandwidth requirements for IS are pro-
jected in Table 6 for a 1024 node system and a problem size of
22 that is representative of a real world problem [4]. This table
shows that bandwidth requirements of IS are considerably high.
We may at best be able to operate currently at around 50% network
overhead range with 33 MHz processorsgiven that link bandwidth
of state-of-the-art networks is around 200-300 MBytes/sec. With
faster processorslike the DEC Alpha, the network becomesan even
bigger bottleneck for this application.

In projecting the above bandwidth requirements for this applica-
tion with 1024 processors, both the number of bucketsaswell asthe
number of list elements have beenincreased for the larger problem.
But bucket sort is frequently used in cases where the number of
bucketsis relatively independent of the number of elementsin the
list to be sorted. A scaling strategy where the size of the list is
increased and the number of bucketsis maintained constant would



cause no changein communication in the above mentioned phases
of IS, while the computation is expected to grow as O(n). Hence,
if we employ such a scaling strategy and increase the problem size
linearly with the CPU clock speed, we may be ableto limit the net-
work overheadsto within 30-50% for this application with existing
technology.

agree with theoretical results presented in [10] where the authors
show that FFT is scalable on the cube topology and the achievable
efficiency is only limited by the ratio of the CPU clock speed and
the link bandwidth.

50% ovhd. 30% ovhd. 10% ovhd.

p=4 7.75 12.91 68.69

p=8 13.38 30.75 92.87

p=16 22.00 66.44 168.71

p=32 38.65 78.61 211.45

p=64 47.03 84.61 293.44
Biw Fns. | 23.60p%% — 28.79 | 74.41p%% — 91.21 | 88.68p%** — 82.12
p=1024 143.25 251.91 907.80

n=128K, s=33 MHz

Table3: IS: Impact of Processorson Link Bandwidth (in MBytes/sec)

50% ovhd. 30% ovhd. 10% ovhd.

p=4 <10 6.40 16.35

p=8 <10 6.52 16.40

p=16 <10 752 16.75

p=32 <10 7.83 16.87

p=64 <10 8.65 17.19
B/w Fns. - 0.75p%%® + 511 | 0.01p%%® 4 16.37
p=1024 - 14.85 29.93

n=64K, s=33 MHz
Table 7: FFT: Impact of Processors on Link Bandwidth (in MBytes/sec)

50%ovhd. | 30%ovhd. | 10% ovhd.
$=33MHz 47.03 84.61 293.44
$=100MHz 102.49 224.69 770.16
5=300MHz | 356.14 649.95 1344.72
=64, n=64K

50%ovhd. | 30%ovhd. | 10% ovhd.
$=33MHz <10 8.65 17.19
$=100MHz 8.65 13.81 29.86
$=300MHz 17.19 29.20 88.81
p=64, n=64K

Table8: FFT: Impact of CPU speed on Link Bandwidth (in MBytes/sec)

Table4: 1S: Impact of CPU speed on Link Bandwidth (in MBytes/sec)

50% ovhd. 30% ovhd. 10% ovhd.
n=16K <10 9.42 17.63
n=32K <10 9.03 17.45
n=64K <10 8.65 17.19
n=128K <10 8.38 17.03
n=256K <10 7.97 16.84
B/w Fns. - 11.02 — 0.4logn 18.43 — 0.2logn
n=2% - 3.02 14.43
p=64, s=33 MHz

Table9: FFT: Impact of Problem Size on Link Bandwidth (in MBytes/sec)

50%ovhd. | 30%ovhd. | 10% ovhd.
5=33MHz - 5.15 21.64
s=100MHz - 8.22 48.58
5=300MHz - 17.38 144.50

p = 1024,n = 2%°
Table 10: FFT: Link Bandwidth Projections (in MBytes/sec)

50% ovhd. 30% ovhd. 10% ovhd.
n=16K 46.60 83.80 270.08
n=32K 47.16 84.52 286.98
n=64K 47.03 84.61 293.44
n=128K 47.48 85.09 303.41
n=256K 48.67 85.53 307.75
BiwFns. | 0.007nY% 4 46.61 | 0.006n*% + 84.10 | 19.577%2 4 230.19
n=8192K 110.75 133.19 441.66
p=64, s=33 MHz
Table5: |IS: Impact of Problem Size on Link Bandwidth (in MBytes/sec)
50%ovhd. | 30%ovhd. | 10% ovhd.
5=33MHz 337.34 396.55 1366.34
$=100MHz 735.15 1053.08 3586.08
5=300MHz > 5000 > 5000 > 5000
p = 1024,n = 2%
Table 6: |S: Link Bandwidth Projections (in MBytes/sec)
FFT

The implementation of FFT has been optimized so that all the
communication takes place in one phase where every processor
communicates with every other processor, and the communication
in this phaseis skewed in order to reduce contention. The compu-
tation performed by a processor in FFT grows as O((nlogn)/p)
while the communication grows as O(n(p — 1)/p?). Thus, these
components decrease at comparable rates with an increase in the
number of processors. Asthe number of processorsisincreased, the
contention encountered by each messagein the network is expected
to grow. However, due to the implementation strategy the band-
width requirements of the network grow slowly with the number
of processorsasis shown in Table 4.2. These requirements can be
satisfied even for faster processors (see Table 8). Aswe mentioned
earlier, the computation to communication ratio is proportional to
O(logn), and the network requirements are expected to become
even less stringent as the problem size is increased. Table 9 con-
firms this observation. Hence, in projecting the requirements for a
1024-node system, link bandwidths of around 100-150 M Bytes/sec
would sufficeto limit the network overheadsto lessthan 10% of the
executiontime (see Table 10). Theresultsshownin theabovetables

CG

The main communication in CG occurs in the multiplication of a
sparse matrix with a dense vector [26]. Each processor performs
this operation for a contiguous set of rows allocated to it. The
elements of the vector that are needed by a processor to perform
this operation depend on the distribution of non-zero elementsin
the matrix and may involve external accesses. Once an element is
fetched, a processor may reuse it for anon-zero element in another
row at the same column position. As the number of processorsis
increased, the number of rows allocated to a processor decreases
thus decreasing the computation that it performs. Increasing the
number of processors has a dual impact on communication. Since
the number of rows that need to be computed decreases, the prob-
ability of external accesses decreases. There is also a decreased
probability of reusing a fetched data item for computing another
row. Thesecomplicated interactions are to alarge extent dependent
on the input data and are difficult to analyze statically. We use
the data sets supplied with the NAS benchmarks [4]. The results
from our simulation are given in Table 11. We observe that the
effect of lower local computation, and lesser data reuse has a more
significant impact in increasing the communication requirements
for larger systems. Increasing the clock speed has an almost linear
impact on increasing bandwidth requirements as givenin Table 12.
As the problem size is increased, the local computation increases,



and the probability of datare-use also increases. The rate at which
thesefactorsimpact the requirements dependson the sparsity factor
of the matrix. Table 13 shows the requirements for two different
problem sizes. For the 1400 x 1400 problem, the sparsity factor
is 0.04, while the sparsity factor for the 5600 x 5600 problem is
0.02. The corresponding factor for the 14000 x 14000 problem
suggested in [4] is 0.1 and we scale down the bandwidth require-
ments accordingly in Table 14 for a 1024 node system. The results
suggest that we may be able to limit the overheadsto within 50% of
the execution time with existing technology. As the processors get
faster than 100 MHz, it would need a considerable amount of band-
width to limit overheadsto within 30%. But with faster processors,
and larger system configurations, one may expect to solve larger
problems aswell. If we increase the problem size (number of rows
of the matrix) linearly with the clock speed of the processor, one
may expect the bandwidth requirementsto remain constant, and we
may be ableto limit network overheadsto within 30% of execution
time even with existing technology.

50% ovhd. 30% ovhd. 10% ovhd.

p=4 1.74 2.90 8.71

p=8 3.25 5.41 16.23

p=16 5.81 9.68 52.03

p=32 9.73 16.22 82.39

p=64 15.63 46.10 124.19
B/w Fns. | 1.25p%% — 128 | 0.04p*% 4+ 3.61 | 18.80p%> — 33.07
p=1024 94.79 393.32 618.28

n=1400%* 1400, s=33 MHz
Table 11: CG: Impact of Processors on Link Bandwidth (in MBytes/sec)

50%ovhd. | 30%ovhd. | 10% ovhd.
5=33MHz 15.63 46.10 124.19
s=100MHz 43.50 96.75 386.12
5=300MHz 120.89 262.84 1022.14

p=64, n=1400* 1400
Table 12: CG: Impact of CPU speed on Link Bandwidth (in MBytes/sec)

50% ovhd. | 30%ovhd. | 10% ovhd.
n=1400* 1400 15.63 46.10 124.19
n=5600*5600 9.48 25.47 78.55
p=64, 5=33 MHz
Table 13: CG: Impact of Problem Size on Link Bandwidth (in MBytes/sec)
50%ovhd. | 30%ovhd. | 10% ovhd.
s=33MHz 34.87 120.04 247.33
5=100MHz 97.05 251.93 1200.49
5=300MHz 269.7 684.41 2035.64

p=1024, n=14000* 14000
Table 14: CG: Link Bandwidth Projections (in MBytes/sec)

CHOLESKY

This application performs a Cholesky factorization of asparseposi-
tive definitematrix [26]. Each processor whileworking onacolumn
will need to accessthe non-zero elements in the same row position
of other columns. Once a non-local element is fetched, the pro-
cessor can reuse it for the next column that it has to process. The
communication pattern in processing a column is similar to that of
CG. The difference is that the allocation of columnsto processors
in CHOLESKY is done dynamically. Aswith CG, an increase in
the number of processorsis expected to decrease the computation
to communicationratio aswell asthe probability of datareuse. Fur-
ther, the network overheadsfor implementing dynamic scheduling
are also expected to increase for larger systems. Table 15 reflects
this trend, showing that bandwidth requirements for CHOLESKY
grow modestly with increasein processors. Still, the requirements

may be easily satisfied with existing technology for 1024 proces-
sors. Evenwith a300 MHz clock, one may be ableto limit network
overheadsto around 30% as shown in Table 16. Owing to resource
constraints, we have not been able to simulate other problem sizes
for CHOLESKY in this study. But an increase in problem sizeis
expected to increase the the computation to communication ratio
and hasbeen experimentally verified on the KSR-1, which suggests
that bandwidth requirements are expected to decreasewith problem
size. Hence, as the processors get faster, one may still be able to
maintain network overheads at an acceptable level with existing
technology if the problem size isincreased correspondingly.

50% ovhd. 30% ovhd. 10% ovhd.

p=4 5.62 11.98 76.56

p=8 6.86 13.11 78.32

p=16 7.77 14.48 80.83

p=32 8.91 16.02 84.12

p=64 10.49 17.48 87.35
BiwFns. | 1.47p%% 4343 | 2.14p>* 1+ 882 | 6.77p>% + 66.60
p=1024 23.44 31.26 110.70

n=1806* 1806, s=33 MHz
Table 15: CHOLESKY: Impact of Processors on Link Bandwidth (in MBytes/sec)

50%ovhd. | 30%ovhd. | 10% ovhd.
5=33MHz 10.49 17.48 87.35
s=100MHz 16.56 60.13 278.92
5=300MHz 2951 171.29 712.60

p=64, n=1806* 1806
Table 16: CHOLESKY: Impact of CPU speed on Link Bandwidth (in MBytes/sec)

5 Discussion

In the previous section, we quantified the link bandwidth require-
ments of five applications for the binary hypercube topology as a
function of the number of processors, CPU clock speed and prob-
lem size. Based on theseresults we also projected the requirements
of large systems built with 1024 processorsand CPU clock speeds
upto 300 MHz. We observed that EP has negligible bandwidth
requirementsand FFT has moderaterequirementsthat can be easily
sustained. Thenetwork overheadsfor CG and CHOLESKY may be
maintained at an acceptablelevel for current day processors, and as
the processor speed increases, onemay still be able to tolerate these
overheads provided the problem size isincreased commensurately.
The network overheads of IS are tolerable for slow processors,
but the requirements become unmanageable as the clock speed in-
creases. As we observed, the deficiency in this problemis in the
way the problem is scaled (the number of bucketsis scaled linearly
with the size of the input list to be sorted). On the other hand, if
the number of buckets is maintained constant, it may be possible
to sustain bandwidth requirements by increasing the problem size
linearly with the processing speed.

In [18], the authors show that the applications EP, IS, and CG
scale well on a 32-node KSR-1. Although our results suggest that
these applications may incur overheads affecting their scalability,
this does not contradict the results presented in [18] since the im-
plications of our study are for larger systemsbuilt with much faster
Processors.

All of the above link bandwidth results have been presented
for the binary hypercube network topology. The cube represents
a highly scalable network where the bisection bandwidth grows
linearly with the number of processors. Even though cubesof 1024
nodes have been built [11], cost and technology factors often play
animportant role in its physical realization. Agarwal [2] and Dally
[8] show that wire delays (due to increased wire lengths associated
with planar layouts) of higher dimensional networks make low



dimensional networks more viable. The 2-dimensional [15] and 3-
dimensional [17, 3] toroids are common topologies used in current
day networks, and it would be interesting to project link bandwidth
requirements for these topologies.

A metric that is often used to compare different networks is the
bisection bandwidth available per processor. On a k-ary n-cube,
the bisection bandwidth available per processor is inversely pro-
portional to the radix & of the network. One may use asimplerule
of thumb of maintaining per processor bisection bandwidth con-
stant in projecting requirements for lower connectivity networks.
For example, considering a 1024-node system, the link bandwidth
requirement for a 32-ary 2-cube would be 16 times the 2-ary 10-
cubebandwidth; similarly the requirement for a3-D network would
be around 5 times the 10-D network. Such a projection assumes
that the communication in an application is devoid of any net-
work locality and that each message crosses the bisection. But we
know that applications normally tend to exploit network locality
and the projection can thus become very pessimistic [1]. With a
little knowledge about the communication behavior of applications,
one may be able to reduce the degree of pessimism. In both FFT
and IS, every processor communicates with every other processor,
and thus only 50% of the messages cross the bisection. Similarly,
instrumentation in our simulation showed that around 50% of the
messages in CG and CHOLESKY traverse the bisection. To re-
duce the degree of pessimism in these projections, one may thus
introduce a correction factor of 0.5 that can be multiplied with the
above-mentioned factors of 16 and 5 in projecting the bandwidths
for 2-D and 3-D networks respectively. EP would still need negli-
gible bandwidth and we can still limit network overheads of FFT
to around 30% on these networkswith existing technology. But the
problem sizesfor IS, CG and CHOLESKY would haveto grow by
afactor of 8 compared to their hypercube counterparts if we are to
sustain the corresponding efficiency on a 2-D network with current
technology. Despite the correction factor, these projections are still
expected to be pessimistic since the method ignores the temporal
aspect of communication. The projection assumes that every mes-
sage in the system traverses the bisection at the sametime. If the
message pattern istemporally skewed, then alower link bandwidth
may suffice for a given network overhead. It is almost impossible
to determine these skews statically, especially for applicationslike
CG and CHOLESKY wherethe communication patternisdynamic.
It would be interesting to conduct a detailed simulation for these
network topologiesto confirm these projections.

6 Concluding Remarks

In this study, we undertook the task of synthesizing the bandwidth
requirements of five parallel applications. Such a study can helpin
making cost-performance trade-offsin designing and implementing
networks for large scale multiprocessors. One way of conducting
such a study would be to examine the applications statically, and
develop simple analytical models to capture their communication
requirements. But as we mentioned in Section 2, it is difficult to
faithfully model all the attributes of communication by a simple
static analysis for all applications. On the other hand, simulation
can faithfully capture all the attributes of communication. We used
an execution-driven simulator called SPASM for simulating the
applications on an architectural platform with a binary hypercube
topology. Thelink bandwidth of the simulated platform was varied
and its impact on application performance was quantified. From
these results, the link bandwidth requirements for limiting the net-
work overheadsto a specified tolerance level were identified. We
also studied theimpact of system parameters (number of processors,
processing speed, problem size) on link bandwidth requirements.
Using regression analysis and analytical techniques, we projected

requirements for large scale parallel systemswith 1024 processors
and other network topologies. The results show that existing link
bandwidth of 200-300 M Bytes/sec available on machineslike Intel
Paragon [14] and Cray T3D [17] can sustain high speed applica-
tions with fairly low network overhead. For applications like EP
and FFT, this overhead is negligible. For the other applications,
this overhead can be limited to about 30% of the execution time
provided the problem sizes are increased commensurate with the
processor clock speed.

Using the technique outlined in this paper, it would be possible
for an architect to synthesize the bandwidth requirements of an ap-
plication as a function of system parameters. For instance, given
a set of applications, the system size (number of processors) and
the CPU speed, an architect may usethis techniqueto calculatethe
bandwidth that he needs to support in hardware. In cases where
cost/technol ogical problems prohibit supporting thisbandwidth, the
architect may use the results to find out the efficiency that would
result from alower hardware bandwidth or the factor by which the
problem size needs to be scaled to maintain good efficiency. The
results may also be used to quantify the rate at which the network
(which is often custom-built) capabilities have to be enhanced in
order to accommodate the rapidly improving off-the-shelf compo-
nents used in realizing the processing nodes.
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