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Abstract

The Parallel Virtual Machine (PVM) message
passing system developed at Oak Ridge National Lab-
oratories has gained widespread acceptance and usage
in the parallel programming community. This paper
describes the results of performance tests of PVM in
a switched FDDI heterogeneous distributed computing
environment. We aim to provide insight into how par-
allel programs, particularly those employing PVM for
intertask communication, will perform in distributed
systems of the future.1 2

1 Introduction
The past several years have seen an intense e�ort

to harness the power of networked workstations as
an alternative to a single costly high-speed computer.
However, the e�cacy of parallel programming in a dis-
tributed system is limited by several factors. These
include 1) the nature of the problem being attacked,
2) the design of the application program, 3) the speeds
of the various components of the network, and 4) the
communication between nodes in the system. This
work investigates the latter two. Our results will pro-
vide insight into the communication performance of
parallel applications running on distributed systems
which re
ect today's latest network and workstation
technology.

For distributed systems to successfully compete
with high performance computers, we believe that
memory to memory throughput must exceed 500
megabits per second (Mbps) and communication la-
tencies must be kept below 100 microseconds. We
base this on our analysis of numerous representative
distributed applications including regular 3D �nite el-
ement and 3D molecular dynamics using a space cell
decomposition. This communication performance is
required to make local computation time the limiting
factor even in the most communication intensive por-
tions of the applications. More details can be found in
[4]. To meet these goals, performance enhancements
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Figure 1: HEAT network con�guration

must be made in the following areas: 1) physical net-
works, 2) communication protocols, and 3) message
passing libraries. For each of these, we plan to char-
acterize existing technology and investigate alternate
directions. This work describes preliminary results as
we begin this process. In particular, we present the
results of real experiments in a state of the art dis-
tributed computing environment.

1.1 The HEAT network
Our test environment, called HEAT (Heteroge-

neous Environment and Testbed), is a network of 50
workstations consisting of 10 of each of the follow-
ing: IBM/RS6000's, HP-9000 PA-RISC's, SGI IRIS
Indigos, DEC Alphas, and Sun SPARCstation 10's.
These workstations are networked via a 100 Mbps
DEC FDDI Gigaswitch and several DEC Concentra-
tor 500's. Preliminary performance testing shows that
two Indigo workstations can use TCP to push up to
93 Mbps through the switch[1]. We used a subset of
HEAT for the performance tests in this paper. This
subset (depicted in �gure 1) contained 16 worksta-
tions: 10 SGI's, 2 IBM's, 2 HP's, and 2 Suns. (At
the time the tests were run, the network was being
upgraded to include the DEC's.)

1.2 PVM
Performance measurements were taken using a sim-

ulation program written with the Parallel Virtual
Machine[2][3] (PVM) message passing library. PVM
is designed to facilitate the design and implementation
of applications which wish to exploit a heterogeneous
set of networked machines. The PVM library available
to the C or Fortran application programmer includes



routines to spawn and kill processes, pack and un-
pack message bu�ers, send and receive messages, and
synchronize processes through group communication.
Users can con�gure their own pool of processors and
may either assign machines to tasks or allow PVM to
do so. Task to task communication is realized in one
of two ways. By default, messages are sent through a
local TCP socket to the PVM daemon process (pvmd)
on the node where the message originates. From there,
they are forwarded to the remote pvmd via a UDP net-
work socket, and then passed on to the remote task
through another local TCP socket. As an alternative,
the user can cause the pvmds to be bypassed by having
PVM set up direct TCP connections between tasks.

2 Performance tests
This work is not an attempt to accurately model

real distributed programs. Instead, we have identi�ed
the major characteristics of a PVM application which
a�ect its communication performance. We model a
system of tasks communicating with extemely �ne
grained parallelism; no time is spent on computa-
tion at the nodes. Our simulation program, pvmtime,
spawns a system of processes which interact with one
another based on a set of program parameters. Those
which were varied for this paper are described below.

� test type: pvmtime can run either of two types
of tests, Ping Pong or Blast.

{ The Ping Pong test starts one or more mas-
ter tasks which receive and echo packets
from slave tasks; the slaves wait for the echo
before sending subsequent packets.

{ The Blast test starts masters which receive
the slaves' packets without echoing them.

� PVM routing style: Either of PVM's two rout-
ing styles (TCP direct or pvmd) may be selected.

� system con�guration: The number and loca-
tion of the tasks (masters and slaves) are set by
a con�guration �le which is read at runtime.

� message packing: pvmtime allows 16 di�erent
\pack levels" characterized by whether masters
and slaves pack and unpack messages. We report
the results for two pack levels: 1) no packing or
unpacking of messages is done, and 2) each mes-
sage is packed by its sender and unpacked by its
receiver.

� packing style: PVM supports two di�erent
styles of packing messages. PvmDataRaw can be
used to send unencoded data between common
machine types. PvmDataDefault will cause PVM
to use XDR encoding to allow communication in a
heterogeneous system. (PvmDataInPlacewas not
implemented at the time these tests were run.)
Both packing styles were tested and are compared
in secton 3.2.

� networkMTU size: PVM fragments large mes-
sages into smaller ones before transmitting the

data on the network. We altered the PVM source
code and tested performance for 8K and 12K frag-
ment sizes in addition to the default 4K frag-
ments.

3 Results
For the tests reported here, each slave sent 1024

messages to its master. The message size ranged from
4 bytes to 16K bytes and varied in intervals of 1K
bytes. In the Blast test, the slaves �nish sending all
the messages before they are delivered to the master
at the destination. Thus, throughput would appear
higher in measurements taken at the slaves. To rep-
resent the true end-to-end performance, we report the
throughput measured at the master process, including
in the calculation both incoming and outgoing mes-
sages. In the case of multiple masters, the average of
their measured throughputs is reported.

For the results included below, unless otherwise
speci�ed, the following are assumed: a single mas-
ter/slave pair, no two tasks on the same machine, a
network MTU of 4K bytes (PVM's default), no pack-
ing or unpacking of messages, and PvmDataDefault
(XDR encoded) packing when it is done. Note that
each of these is altered in at least one set of graphs.
The test type and routing style is explicitly noted in
the caption of each graph. The y-axis scale is roughly
the same for all graphs, allowing direct comparisons
between curves in separate �gures.

3.1 SGI tests
The results presented in this section refer to tests

which sent data between SGI IRIS Indigo machines
directly connected to the FDDI switch.

3.1.1 Routing style

We tested the relative performance of PVM's two dif-
ferent routing styles by running Blast and Ping Pong
for both pvmd and TCP direct routing. During the
tests it was noted that the pvmd daemon often died
when attempting to forward a large number of sizeable
messages. We did not investigate this situation in de-
tail, but it seems to be a 
ow control problem within
PVM. Therefore, throughout the paper, we omit all re-
sults of the Blast test through pvmds. We investigated
the scalability of each routing style by replicating tests
using one and four slaves. The results of these tests
are shown in �gures 2 and 3.

In �gure 2, the two TCP curves have a slightly pos-
itive slope whereas the pvmd curves are relatively 
at.
A smooth curve �t to TCP 4 Slaves would seem to
be three to four times higher than one �t to TCP 1
Slave. Going from one to four slaves with pvmd rout-
ing only results in a 25% to 40% increase in through-
put. These observations indicate that applications us-
ing TCP routing will scale with network usage better
than those which employ pvmd routing.

The Blast test (�gure 3) achieves signi�cantly
higher throughput than Ping Pong. Similar to �g-
ure 2, throughput with TCP routing and four slaves
is nearly four times greater than with a single slave.
However, the TCP 1 Slave curve has a negative slope
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Figure 2: Ping Pong test, TCP and pvmd routing.
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Figure 3: Blast test, TCP routing.
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Figure 4: Ping Pong test, TCP and pvmd routing.

which appears to contradict the notion that applica-
tions using TCP direct routing will scale well with
network usage. As will be seen in later tests, this
negatively sloped curve is particular to a single mas-
ter/slave pair running on SGI machines, and is possi-
bly attributable to SGI's unique TCP/IP implemen-
tation.

The appearance of multiple spikes in the TCP
curves in �gure 2 is something which is repeated in
several subsequent graphs. We attribute these to the
machines' internal memory management bu�ers and
how their sizes relate to pvmtime's message size. The
spikes are more common in the results of the Ping
Pong test, perhaps due to the fact that memory man-
agement bu�ers must be shared between incoming and
outgoing messages.

3.1.2 Message packing

To test the e�ects of the PVM message packing rou-
tines, we ran the two test types for a single mas-
ter/slave pair. Figures 4 and 5 compare the results
of packing and unpacking all messages as opposed to
doing neither. All packing is done on integer data and
uses XDR encoding.

Figures 4 and 5 indicate that message packing
causes an average performance degradation of nearly
50% with pvmd routing, and that throughput of the
TCP Ping Pong and Blast tests are limited to about
0.6 Mbps and 1.0 Mbps respectively. More observa-
tions about the e�ects of message packing are included
in section 3.2.

3.1.3 Cross tra�c

We also tested for performance degradation due to
cross tra�c. This was done by starting multiple mas-
ters, each with its own set of slaves. Figures 6, 7, and 8
depict the results of these tests. In the notation used
to label the graphs, 4.4-4.4 means that four mas-
ters on four di�erent machines communicated with a
total of four slaves (one per master) on four other ma-
chines. 4.1-4.1 indicates that four masters shared a
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Figure 5: Blast test, TCP routing.
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Figure 6: Ping Pong test, pvmd routing.

single machine and communicated with a total of four
slaves sharing a di�erent machine. The single mas-
ter/slave pair (no cross tra�c) is included for compar-
ison purposes. We report the average throughput of
all masters in each particular test.

The 1-1 and 4.4-4.4 curves in �gure 6 are quite
similar; so too (although less noticably so because of
the spikes) are the 1-1 and 4.4-4.4 curves of �gure 7.
This indicates that performance of the Ping Pong test
is una�ected by external tra�c in the system. Each
4.1-4.1 curve is lower than the others in the same
graph, with the decrease in pvmd routing being much
more pronounced. This shows that the pvmd (and to
a lesser extent the CPU) becomes a bottleneck in the
Ping Pong test when multiple tasks reside on the same
machine.

The gap between the 1-1 and 4.4-4.4 curves in
�gure 8 indicates that the network itself can limit the
performance of the Blast test even at throughputs sig-
ni�cantly lower than the network's capability. The
gap is larger for small messages and narrows with in-
creased message size. This seems attributable to the
fact that the Gigaswitch is asked to set up and tear
down virtual connections at a faster rate when small

0

1

2

3

4

5

6

0 1K 4K 8K 12K 16K

T
hr

ou
gh

pu
t (

M
bp

s)

Message size (bytes)

Cross traffic

’1-1’
’4.4-4.4’
’4.1-4.1’

Figure 7: Ping Pong test, TCP routing.

0

1

2

3

4

5

6

7

0 1K 4K 8K 12K 16K

T
hr

ou
gh

pu
t (

M
bp

s)

Message size (bytes)

Cross traffic

’1-1’
’4.4-4.4’
’4.1-4.1’

Figure 8: Blast test, TCP routing.



0

1

2

3

0 1K 4K 8K 12K 16K

T
hr

ou
gh

pu
t (

M
bp

s)

Message size (bytes)

MTU size

’4K’
’8K’

’12K’

Figure 9: Ping Pong test, pvmd routing.

messages are being transmitted.

3.1.4 MTU size

PVM source code was altered to change the size of
the packets into which large messages are fragmented.
The legends of �gures 9 and 10 indicate the three dif-
ferent MTU sizes we tested. We report the results of
the Ping Pong test through pvmds, and the Blast test
using TCP routing.

Figures 9 and 10 indicate that throughput increases
with MTU size for both routing styles. The ap-
pearance of spikes in �gure 10 supports the notion
that they are caused by the relationship between mes-
sage size and the memorymanagement system's bu�er
sizes; smaller fragments (4K) are more likely to com-
pletely �t in the machines' bu�ers at the various mem-
ory management levels, whereas 8K and 12K chunks
may need to be split across multiple bu�ers.

3.2 HP, IBM, and Sun tests
To test PVM's performance on the various ma-

chines, we repeated the Blast test with TCP routing
and Ping Pong with pvmd routing for each of the four
workstation types in our network. Tests were run for a
single master/slave pair with each of the three packing
styles described in section 2. A comparison between
the performance of PVM on the di�erent architectures
is displayed in �gures 11 through 16.

These results indicate that, among the four work-
station types which were tested, PVM performs best
on the HP's. Five of the six tests ran slowest on
Sun machines. The IBM's and SGI's performed about
equally on our tests.

There is a noticable performance degradation in-
curred as a result of XDR encoding as opposed to raw
data packing. On the HP's, we notice a decrease in
throughput of roughly 30% for each test, and on the
SGI's we approximate a 50% to 60% decrease.

4 Improvements and future work
The data included here represents our initial re-

sults as we begin the process of characterizing the per-
formance of parallel programs in distributed systems.
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Figure 10: Blast test, TCP routing.
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Figure 11: Ping Pong test, pvmd routing.
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Figure 12: Ping Pong test, pvmd routing.
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Figure 13: Ping Pong test, pvmd routing.
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Figure 14: Blast test, TCP routing.
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Figure 15: Blast test, TCP routing.
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Figure 16: Blast test, TCP routing.



In future work, we plan to 1) investigate the e�ects
of PVM's PvmDataInPlace packing, 2) run tests for
a wider range and �ner granularity of message sizes,
particularly messages smaller than 1K, 3) utilize the
full extent of the HEAT network, 4) repeat the tests
on alternate network hardware platforms including
a ForeSystems ATM switch, and 5) more accurately
simulate the performance of real parallel applications
by encorporating local computation time and a wider
range of task con�gurations into pvmtime. Many of
these results will be reported in [5].

5 Conclusions
We observed that the pvmd can become a bottle-

neck in communication intensive applications, espe-
cially those in which multiple tasks reside on the same
machine. Packing and unpacking messages also signif-
icantly limits throughput. Simple alterations to PVM
applications, such as the use of TCP direct routing
and a larger PVM MTU size show promising perfor-
mance improvements, resulting in a throughput of up
to 13 Mbps. However, it seems clear that PVM's ef-
�ciency must be further improved in order to better
exploit the speed of the network hardware.
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