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We study a Navier-Stokes application code on a network of workstations to investigate the computational,
communication, and scalability characteristics. This code uses a high-order finite difference scheme to solve for
the time-accurate flowfield of a jet using the compressible Navier-Stokes equations. The network of workstations
that is used in this study is the Lewis Advanced Cluster Environment (LACE). LACE has 32 nodes connected
through various networks—Ethernet, IBM's ALLNODE switch, FDDI, ATM, etc. Each node of LACE has an
RS6000 processor as its CPU. On the LACE test bed, we study the communication characteristics of different
networks and the overheads induced by the PVM message-passing library used for parallelizing the application.
We demonstrate that clustering of workstations is effective and has the potential to be computationally competitive
with supercomputers at a fraction of the cost. To illustrate this last point, we compare the performance of LACE
with the Cray Y-MP.

I. Introduction

T HE advent of massively parallel processors gives the opportu-
nity for scientists to parallelize their computationally intensive

codes and reduce turnaround time. Recognizing this, a number of
researchers1"4 have studied many CFD applications on variety of
parallel computers. In recent years, scientific workstations have be-
come considerably faster, with sustained performance in the range
of 30-80 Mflops. It is now possible to create a cost-effective paral-
lel computing environment by clustering workstations. In this study
we examine one such workstation cluster. This network of worksta-
tions is located at NASA Lewis Research Center and is known as the
Lewis Advanced Cluster Environment (LACE).5 The experimental
test bed, composed of RS6000 processors, is connected through a
number of different networks such as Ethernet, FDDI, ATM, IBM's
ALLNODE switches, etc. Cluster of workstations like the LACE
are becoming increasingly popular because they show promise as
a low-cost alternative to expensive supercomputers and massively
parallel processors.

Our goal is to study specific CFD application code on this network
of workstations to understand the computational, communication,
and scalability characteristics. Since the computation and commu-
nication requirements of this application are typical of many numer-
ical applications and since the LACE test bed is representative of
emerging workstation clusters, we expect that some general results
can be drawn from this study. The code solves the full Navier-
Stokes equations to compute the flowfield of an axisymmetric jet.
Numerical simulations with this model are done to predict the jet
noise associated with the flowfield of an axisymmetric jet. This
problem is motivated by the need to suppress the jet exhaust noise
of aircraft. The success of the High Speed Civil Transport (HSCT)
plane partially depends on the reduction of radiated noise level. One
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can compute the sound emanating from the jet by solving the full
(time-dependent) compressible Navier-Stokes equations. The com-
putation can, however, be very expensive and time-consuming. The
difficulty can be partially overcome by limiting the solution domain
to the near field, where the jet is nonlinear, and then using acoustic
analogy to relate the far-field noise to the near-field sources. The
technique requires obtaining the time-dependent flowfield. Our nu-
merical model in this study is designed to calculate such flowfields
near the nozzle exit.

In this study, we have followed a pragmatic approach by paral-
lelizing only those segments of the algorithm that are computation-
ally intensive. Such an approach can reduce the time for parallelizing
sequential codes that are already in use. Using a profiler, we found
four computationally intensive routines that could be fully paral-
lelized. We also found that only approximately 0.025% of the total
operation count arises from the serial portion of the code.

Our distributed-memory implementation on LACE uses PVM,6
a portable message-passing library developed at the Oak Ridge
National Laboratory. Some of our earlier results are discussed in
Hayder et al.7 A discussion of the parallelization of this application
for different architectural platforms is found in Jayasimha et al.8

In the next section we briefly discuss the governing equations
and the numerical model of the physical problem. Section III has
a discussion of the application characteristics, a more detailed de-
scription of LACE, and the experimental methodology. Results are
presented in Sec. IV, and the conclusions from this study in Sec. V.

II. Problem
A. Governing Equations

We solve the Navier-Stokes (NS) equations to compute flowfields
of an axisymmetric jet. The NS equations for such flows in polar
coordinates can be written as

. LQ = S

where
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F and G are the fluxes in the x and r directions, respectively, 5 is
the source term that arises in the cylindrical polar coordinates, and
tij are the shear stresses. One obtains the Euler equations from the
above equations by setting K and all r^ equal to zero.

B. Numerical Model
The numerical model uses a high-order MacCormack scheme due

to Gottlieb and Turkel9 to solve the NS equations. For the present
computations, the operator L in the equation LQ = S or equiv-
alently Qt + Fx + Gr = S is split into two one-dimensional op-
erators, and the scheme is applied to these split operators. For the
one-dimensional split equation Qt + Fx = 5, we express the pre-
dictor step with forward differences as

. = Q1 -

and the corrector step with backward differences as

At
G?+ =o 2/ + G? - 6A;c

This scheme becomes fourth-order accurate in the spatial derivatives
when alternated with symmetric variants.9 We define LI as a one-
dimensional operator with a forward difference in the predictor and
a backward difference in the corrector. Its symmetric variant L2 uses
a backward difference in the predictor and a forward difference in
the corrector. For our computations, the one-dimensional sweeps
are arranged as

•G" + 1 = LlxLlrQn

This scheme is used for the interior points. To advance the scheme
near boundaries, the fluxes are extrapolated outside the domain to
artificial points, using a cubic extrapolation to compute the solution
on the boundary. At the outflow boundary, we then solve the fol-
lowing set of equations to get the solution at the new time for all
boundary points:

pt - pcut = 0, pt + pcut = R2

vt = R4pt -c2pt =

where '/?/ is determined by which variables are specified and which
are not. Whenever the combination is not specified, Rt is just those
spatial derivatives that come from the NS equations. Thus, Rt con-
tains viscous contributions even though the basic format is based
on inviscid characteristic theory. This framework of outflow bound-
ary condition implementation is discussed by Hayder and Turkel.10

Further discussions of our numerical model and its use for the noise
computations are given in Hayder et al.11 and Mankbadi et al.12

In this study, we consider a supersonic axisymmetric jet. Details
of typical computations can be found in Refs. 11 and 12. Here we
consider a jet with the mean inflow profile

Ur = MO

fr = Tc - Tc)gr- + [(y - D/2]M2(1 - gr)gr

where 9 is the momentum thickness. The subscripts c and oo refer
to the centerline and freestream values, respectively. At inflow, we
assume the radial velocity is zero and the static pressure is constant.
The size of our computational domain is 50 radii in the axial direction
and 5 radii in the radial direction. We excite the inflow profile at
location r and time t as

u(r, t) — u(r) -f 6 Re[w

p(r, t) = p(r)

p(r, t) = p(r) + € Re[/5 exp(z7rSr/)]

v(r, t) = 6 Re[i)exp(/7rSrO]

Herew, v, p, and pare the eigenfunctions of the linearized equations
with the same mean flow profile, € is the excitation level, and Sr is the
Strouhal number. We consider a case with u^luc — | , T^/ Tc = \ ,
momentum thickness 0 = |, and Strouhal number Sr = |. Unless
otherwise mentioned, the nozzle radius is used as the length scale.
The jet-center Mach number is 1 .5, and the Reynolds number based
on the jet diameter is about 0. 13 million. This is an ideally expanded
hot jet, and the physical parameters are similar to those used by
Hayder and Turkel13 to study the boundary conditions of jet flow
computations. The fluctuating sound source in the near field12 can
be calculated from the flowfield given by the numerical simulations
in this study. One can then use these results to obtain the far-field
sound level by either using the acoustic analogy or patching the near
field to linearized Euler equations describing the far field.

III. Parallel Implementations
A. Application Characteristics

The factors that affect parallel performance are:
1) Single-processor performance. We have examined the single-

processor performance in Refs. 7 and 8. We give a summary of those
efforts in Sec. III.C.

2) Communication cost. This cost depends on both the number
of communication startups and the volume of data communicated.
Usually, the startup cost is 2-3 orders of magnitude higher than the
per- word transfer cost. One method to reduce the effect of startup
cost is to group data to be communicated into long vectors.

3) Overlapped communication and computation. It is desirable
that communication be overlapped with computation as far as pos-
sible. Increasing the amount of overlapping, however, could lead
to finer granularity of communication, which then leads to a larger
number of startups.

4) Bursty communication. Communication may not be evenly
spaced throughout the computation. Instead, it may occur in spurts
at certain intervals. Such communication could overwhelm the net-
work's throughput capacity temporarily, leading to increased com-
munication cost and process waiting time. Some amount of bursti-
ness is inevitable, since parallel programs are usually written in the
SPMD (single-program multiple-data) style. There is also usually
an inverse relationship between bursty data and the number of com-
munication startups.

It is clear from the factors cited above that there is a subtle rela-
tionship among communication startup cost, overlapping commu-
nication with computation, and bursty communication. After some
experimentation, we choose to decompose the domain by blocks
along the axial direction only.

For the solution of the NS equations, hereafter referred to as NS,
each internal subdomain exchanges its two flux values, velocity,
and temperature along the boundary with its appropriate (left or
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Table 1 Application characteristics Public Ethernet (IQMbps)

Communication

Application

NS
Euler

Total
computation,

Mflops

145,000
77,000

Startups per
processor

80,000
20,000

Volume per
processor

Mbyte

120
64

Mbit

960
512

Table 2 Computation-communication ratios

Number of
processors
2
4
8

16

Flops/bytes
NS

604
302
151
76

Euler

601
301
150
75

Flops/startup
NS

906 K
453 K
227 K
113K

Euler

1925 K
963 K
481 K
241 K

right) neighbor. To reduce the number of communication startups,
we group communication—first, all the velocity and temperature
values along a boundary are calculated and then packaged into a
single send. We use a similar scheme for the flux values that need
to be communicated.

With this decomposition, the computational and communication
requirements of the application for 5000 time steps on a 250 x 100
grid are shown in Tables 1 and 2 (communication for time-step
computations and initial broadcast of data is small and hence not
included). The solution of the Euler equations, hereafter referred to
as Euler, is also parallelized in a similar manner to NS. As Table 1
shows, it has roughly 50% of the computational requirements, 50%
of the communication volume, and 25% of the communication star-
tups of NS. Note that the communication requirements are shown on
a per-processor basis. Table 2 shows the average number of floating-
point operations performed by a processor on the average before it
needs to communicate a byte of data or before a communication
message is initiated.

To give some idea of the effects of communication, consider NS
to be executed on a network of 10 workstations connected via Eth-
ernet. Assume a reasonable throughput of 20 Mflops per proces-
sor and the maximum throughput of 10 Mbit/s for Ethernet. From
Table 1, the computation time will then be approximately 725 s
[145,000/(10 x 20)], whereas a lower bound on the communica-
tion time, ignoring the effect of startups and assuming the maximum
Ethernet throughput of 10 Mbit/s, is 960 s (960 x 10/10).

B. LACE Architecture
The LACE test bed is constantly being upgraded. The present con-

figuration, shown in Fig. 1, has 32 RS6000 processor nodes (nodes
1-32) and a node (node 0) that is the file server. These nodes or sub-
sets of them are connected through various networks with different
speed and connection characteristics. All the nodes are connected
through two Ethernet network (10 Mbit/s); one of them is for gen-
eral use, and the other is dedicated to parallel use. Nodes 9-24 are
interconnected through a FDDI interface with a peak bandwidth of
100 Mbit/s. It is convenient, for our purposes, to consider the nodes
to be partitioned into a lower half (nodes 1-16) and an upper half
(nodes 17-32). The lower half has RS6000 Model 590 CPUs capable
of 125 Mflops peak, with the following networks interconnecting
the nodes: an ATM network capable of a peak bandwidth of 155
Mbit/s, and IBM's ALLNODE switch capable of a peak throughout
of 64 Mbit/s per link. The upper half has the slower RS6000 Model
560 CPUs, capable of 100 Mflops peak, and is connected through
IBM's ALLNODE prototype switch capable of a peak throughput of
32 Mbit/s per link. The ALLNODE switch is a variant of the Omega
interconnection network and is capable of providing multiple con-
tentionless paths between the nodes of the cluster (a maximum of
eight paths can be configured between source and destination pro-
cessors). The present setup does not permit the use of more than
16 processors using the faster networks. The nodes have varying
main memory capacity (64, 128, 256, and 512 Mbyte). We have
used the popular parallel virtual machine (PVM) message-passing
library (version 3.2.2)6 to implement our parallel programs. We

- — - - —— - •

High Speed ALLNODE
(64 Mbps/link)

•

IODE

ATM Network (155 Mbps) FDDI and PCS networks are not shown
——' f? - F>6 RS6K/Model 590 CPUs

F?7 - P* RS6K/Model 560 CPUs
File server is not shown
Mbps: Megabits per second

Fig. 1 Lewis advanced cluster environment.

will refer to the LACE cluster with RS6000 Model 560 processors
as LACE/560, and to that with RS6000 Model 590 processors as
LACE/590.

We also used the Cray Y-MP/8, which has eight vector processors,
for this study. A single processor of the Cray Y-MP has a peak rating
of approximately 333 Mflops.

C. Experimental Methodology
The performance indicator is the total execution time. Single-

processor experiments were done on an IBM RS6000 Model 560
workstation. All experiments were conducted in single-user mode.
In almost all the experiments, NS and Euler show similar trends;
hence, unless otherwise mentioned, quantitative comments refer to
NS. We found initially that most parts of our application were lim-
ited by the poor performance of the memory hierarchy involving the
cache and the main memory. Improved cache performance was the
key, and this was achieved by accessing arrays in stride 1 fashion
wherever possible (achieved through loop interchanging). [Stride
is the distance (in words) that separates two logically adjacent ele-
ments of a data structure (a matrix, for example), stored in memory.
Fortran stores matrix elements in column-major order. Consider the
storage of an n x n matrix A in Fortran. Adjacent (row) elements
A(i, j) and A(i, j + 1) have a stride of n, also referred to as stride
n, while adjacent (column) elements A(i, j) and A(i + 1, j) have
a stride of 1.] To utilize the cache memory efficiently, it is impor-
tant that we access elements with stride 1. We experimented with
a number of other modifications, the following of which yielded
some improvement: better register usage by collapsing multiple
COMMON blocks into a single one, strength reduction (replacing
exponentiations by multiplications wherever feasible, for example),
and replacement of division operations by multiplications wherever
feasible, since the former are relatively expensive. All these opti-
mizations yielded an overall improvement of roughly 80% (from
9.3 to 16.0 Mflops on an RS6K/560). We have used this optimized
version of the code for parallelization.

In all the experiments we have separated the execution time into
two additive components: processor busy time, and the communi-
cation time that is not overlapped with computation. The processor
busy time is itself composed of the actual computation time and
the software overheads associated with sending and receiving mes-
sages. An accurate separation of these components is not possible,
however, unless we have hardware performance monitoring tools.
The nonoverlapped communication time could also include the idle
time of a processor waiting for a message. The next section presents
a detailed discussion of the results of our experiments on LACE.

IV. Results
Figure 2 shows the pressure contours from the solution of the NS

equations. A 250 x 100 grid was used in this computation. These
results were obtained after about 17,000 time steps and are presented
here to give an idea of the physical problem. To keep execution
times small, all other simulations are for 5000 time steps. Even with
5000 time steps, computational requirements are not insignificant,
as shown in Table 1. All our timing results were obtained in single-
user mode, and hence there were only minor discrepancies in the
execution times. To illustrate this point we show timings for NS on
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r 3

Level Pres.
C 0.362475
B 0.354746
A 0.347017
d 0.330287
8 0.331558
7 0.323829
6 O.3161
5 0.308371
4 0.3O0642
3 0.202912
2 0.285183
1 0.277454

-1O 1O 2O 3O

X

40 50 6O

Fig. 2 Snapshot of pressure in an excited jet.

o Execution time (entire code)
• Execution time (parallel portion)
A T_comp

10*

O 4 8 12 16 2O
Number of Processors

Fig. 3 Uncertainties in time measurements.

LACE/590 with ALLNODE switch for 4, 8, and 16 processors, in
Fig. 3. Computations were repeated thrice for 8 and 16 processors
and twice for 4 processors. We observe that the deviation from the
mean is about 1% or less.

Figures 4a and 4b show the performance of NS and Euler, re-
spectively, on different networks of LACE—the lower- and upper-
half Ethernets, the lower- and upper-half ALLNODE switches, and
the lower-half ATM network. A log-log graph has been chosen
to facilitate presentation. With this plot, the ideal execution time
falls linearly with increasing number of processors. A graph of the
ideal execution time, with the single processor 590 as the base, is
shown for comparison. The figures also show the execution time
on a single-processor Cray Y-MP. For ease of visual comparison,'
we draw a horizontal line through the execution time on a single
processor Y-MP.

In an earlier study,7 we have found that the performance of the
FDDI network is almost identical with the upper-half ALLNODE
switch, and hence the performance of the former is not shown in the
figures to reduce clutter. We found that the superior speed of FDDI
is balanced by the availability of slower but multiple paths in the
ALLNODE switch.

Let us consider the performance of the Ethernets first. The ex-
ecution time falls for both the lower- and upper-half Ethernets
with increasing number of processors, but the performance de-
grades drastically beyond 8 processors. Below 8 processors, the
Ethernet connecting LACE/590 performs better than LACE/560
because of superior CPU performance of the former. Even with

io3

102

-O LACE/590 Allnodo
EJ LACE/590 Ethernet
^7 LACE/59O ATM
A.LACE/S9O Ideal
-• LACE/560 Allnodo
m LACE/560 Ethernet
*• Single Processor Cray YMP

Number of Processors

Fig. 4a NS execution time.

io3

O- - -O LACE/B90 Allnod*
C3~ —C3 LACE/S90 Eth*rn»t
V - -N7 L.ACE/S9O ATM
A——i^UACE/000 ld*.l
•>- - -• UACE/S6O Allnod*
m- —m LACE/BOO Ethernet

*• Single Prooe»«or Crey YMR

10
Number of Processors

Fig. 4b Euler execution time.

2 processors, one can see the deviation from the ideal speedup be-
cause of the network. Network congestion progressively gets worse
with the increase in number of processors, and beyond 8 proces-
sors the execution time actually increases. The inability of Ethernet
to handle traffic beyond eight processors of NS is shown by the
following argument: Let each processor have a reasonable through-
put of 20 Mflops; consider a 1-s interval. Table 2 shows that dur-
ing this interval, each processor produces 1.06 Mbit for communi-
cation, on the average. This translates to approximately 8.5 Mbit
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for 8 processors. Ethernet is capable of supporting 10 Mbit peak
and normally supports only a fraction of this bandwidth. Thus, it
is not surprising that Ethernet's performance gets steadily worse
beyond 8 processors. With 16 processors, Ethernet is not capable
of supporting the communication demands of the application. As
a result, the execution time increases with increasing number of
processors—clearly anomalous behavior. It is also interesting to
see the convergence of the performance of the lower- and upper-
half Ethernets at and beyond 8 processors of NS. The superior
speed of the CPU no longer matters, since the application becomes
communication-bound. This is not the case, however, for Euler,
where, even with performance degradation, the lower-half Ether-
net outperforms the upper-half Ethernet because of superior CPU
performance. We expect this trend in Ethernet behavior for other
applications also, though the breakpoint when the performance de-
grades could change.

The execution time falls almost linearly for the ALLNODE
switches and the ATM network, with some sublinearity effects be-
ginning to show at 16 processors—the deviation from the ideal case
increases as the number of processors increases, however. One sees
a sustained performance difference between the faster LACE/590
and LACE/560. This improvement can be attributed to faster CPUs
and a faster network. The applications are still not communication-
bound. It is interesting to note that the ATM network and the lower-
half ALLNODE switch are very similar in performance. The peak
rate of 155 Mbit/s provided by ATM is equaled by the multiple paths
provided by ALLNODE switch at 64 Mbit/s per link.

It is also seen that 12-16 processors of LACE/590 with the faster
network give the same performance as a single processor of the
Y-MP. We will comment more on this aspect in the Conclusion
section.

Figures 5a and 5b aid in a more in-depth analysis of the perfor-
mance of LACE. The execution time is separated into two additive
components as explained in the previous section. In these figures
we plot the ratio of the nonoverlapped communication time (rnoc)
to the processor busy time (rcomp) against the number of processors.
This yields some insight into the behavior of the networks and the
communication demands of the application. With the Ethernets, the
nonoverlapped communication time increases superlinearly with the
number of processors. Relative communication times for the ALLN-
ODE switches and the ATM network increase almost linearly with
the number of processors. For NS with ALLNODE, the nonover-
lapped communication time is about 10% of the processor busy
times with 2 processors. With 16 processors, it increases to about
80% on the LACE/590 and 90% on the LACE/560. For 16 proces-
sors with Ethernet the increase is about 800% on the LACE/590
and 550% on the LACE/560. As shown in Fig. 5b, relative commu-
nications for Euler are somewhat less. Breit et al.14 used the ratio
of communication and computation times in their study of archi-
tectural balance for the BBN TC2000. In a balanced configuration
communication times should be in the same order as computation
times. This is difficult to achieve with Ethernet on a large number
of processors.

An important measure of scalability is the speedup. The speedup
with p processors is the ratio of the execution time of the applica-
tion with a single processor to the execution time with p proces-
sors. Figure 6 shows the speedups for NS with different networks.
All networks show sublinear speedups with increase in the num-
ber of processors. This is not surprising, since the application has
formidable communication requirements (with a large percentage
of it nonoverlapped with computation), as shown in Tables 1 and
2. On the LACE/590 with the ALLNODE switches and with the
ATM network, we obtained speedups of about 8 for 16 processors.
For Ethernet they were about 1.3.3. The maximum speedup for Eth-
ernet was about 2.5 for 8 processors. On the LACE/560, speedups
with Ethernet were slightly higher, though the actual performance
of LACE/560 was worse than LACE/590.

So far, results have been presented with a problem of size
250 x 100. As the number of processors increases, each proces-
sor gets a smaller portion of the grid. Overheads with loop setups
and other sequential computations (initialization, for example) be-
come relatively important in those cases, which translates to poor

s
O- - -O LACE/590 Allnode
C3- — E3 LACE/590 Ethernet
V ^7 LACE/S9O ATM
•- - —• LACE/560 Allnode
•H- — m LACE/560 Ethernet

/ x-

Number of Processors

Fig. 5a NS computations on the LACE.

O- - -O LACE/590 Allnode
S~ — ED LACE/59O Ethernet
.̂.......̂  LACE/590 ATM

•- - -• LACE/560 Allnode
m- — •• LACE/560 Ethernet

Fig. 5b Euler computations on the LACE.

Ideal
O- - -O LACE/590 Allnode
C3- — o LACE/59O Ethernet
ry........*7 LACE/590 ATM
•- - —» LACE/56O Allnode
•- — -• LACE/560 Ethernet

6 11
Number of Processors

Fig. 6 Speedups for NS computations with different networks.

speedups. For the 250 x 100 grid the speedup on the 16-processor
LACE/590 with the ALLNODE switch is about 8. What is the effect
on the speedup for larger problem sizes? We see from Fig. 7 that as
the problem size is increased, there is an increase in the speedup, and
the sublinearity effects at 16 processors become less pronounced.
For 500 x 100 and 1000 x 100 grids on 16-processor LACE/590,
the speedups are about 10 and 12, respectively. This results from
the fact that sequential overheads remain nearly constant with the
increase in the problem size—consequently, the fraction of "parallel
time" as a fraction of the total time increases, resulting in a higher
speedup for the larger grid. Another reason for this improvement is
the enhanced cache performance with large vectors.
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———— Ideal
&--—0 25O x 1 OO
C3- —• « 500 X 1 6O
A - - A 1 OOO x 10O
^ - - -»=> 5OO x 2OO

6 11
Number of Processors

Fig. 7 Speedups for NS computations for different grid sizes.

An interesting property is exhibited in Fig. 7: the 500 x 200
grid exhibits better speedup than the 1000 x 100 grid, though the
computational requirements of the two grids are the same. Note that
with the 500 x 200 grid, the columns are twice as long as with the
other grid. The elements in the column are accessed in nonunit stride
for obtaining the solution vectors. Consequently, the sequential ex-
ecution for the 500 x 200 grid is worse than for the 1000 x 100 grid
by about 30%. With increasing number of processors, the amount
of nonunit stride computations per processor decreases. Hence the
500 x 200 grid begins to exhibit better speedup behavior than the
1000 x 100 grid, which did not have that many nonunit stride ac-
cesses to begin with.

V. Conclusion
Our study with a particular CFD application shows that a work-

station cluster with a fast network and with about 12-16 processors
performs as well as a single vector processor of the Cray Y-MP.
The application has formidable computation and communication
characteristics. We expect this kind of behavior for many numerical
applications also. The message-passing library that we have used
has not been customized for the workstation cluster. Consequently,
it introduces heavy setup overheads, since a message has to traverse
several layers of the protocol stack before it is actually transmitted
or received. A number of vendors and third-party companies are
now providing efficient support for message-passing libraries. With
such efficient libraries, we can expect much better performance from
workstation clusters. The results that we have obtained with noncus-
tom PVM show that it is cost-effective to use a workstation cluster
for the application as opposed to single node of the Y-MP, since
the former costs only a fraction of the latter. Since the computation
and communication requirements of the application that we have
studied are typical of many numerical applications, and since the
LACE test bed is representative of emerging workstation clusters,

we expect that our conclusion holds for other scenarios that involve
developing scientific computations on workstation clusters.

It has to be noted, however, that we have not included the soft-
ware development cost—parallelizing or vectorizing an application
on the Cray Y-MP is simple compared to parallelizing the same on
a workstation cluster. Parallelizing the already vectorized applica-
tion took 4-5 days on the Y-MP; the same task took approximately
2 months on the cluster. We expect, however, that with the avail-
ability of sophisticated software tools, this development cost will
significantly reduce. With improvement in network technology and
with the current emphasis on cost-effectiveness, a workstation cms-,
ter will be a strong candidate as a parallel processor and, in many
cases, an alternative to traditional supercomputers.
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