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Abstract – This paper outlines some of the problems and the
solutionsdeveloped to support geographically distributed com-
puting via ATM. In particular, applications developed with the
Parallel Virtual Machine (PVM) [1] message passing library,
communicating via ATM at OC3c speeds (155 Mbps) through
the NASA ACTS satellite are considered. A primary goal of
this work is to assess the suitability of an ATM-based network
to support interprocess communication and remote file I/O sys-
tems for distributed computing. This paper restricts itself to
the behavior of PVM in a large propagation delay environment.
Refer to [2–4] for additional detail and performance results.

1 Introduction

There is interest in developing a capability of supporting ge-
ographically distributed computing. This would allow more
effective resource sharing and improved utilization of comput-
ing resources. However, the propagation delay between two
computer systems can severely hamper the achievable perfor-
mance. In this paper we consider this problem, define three
possible solutions to it and then illustrate the results of the
solutions as implemented.

We are primarily concerned with geographically dis-
tributed computing, and use the NASA ACTS satellite to inves-
tigate this problem. This poses a particularly extreme situation
since the propagation delay is on the order of hundreds of mil-
liseconds. The experimental scenario is illustrated in Figure 1,
where the end points are a CRAY YMP supercomputer that is
used for CFD computation, and an SGI Onyx which is used for
visualization.

A major issue to be examined is the use of ATM-based
local-area and wide-area networks in distributed computing. In
particular, a primary goal of this work is to assess the suitability
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Figure 1: Experimental Scenario

of an ATM-based network to support the interprocess commu-
nication and remote file I/O system requirement of distributed
computing.

ATM and cluster-based computing provide a possible so-
lution to the need for supercomputing power without the eco-
nomic implications. A very valuable resource can be created
if only a fraction of the idle CPU cycles of workstations within
an organization could be harnessed together. Many organiza-
tions already have a large quantity of high end workstations,
which more than likely sit idle for a large amount of time.
Cluster-computing is becoming increasingly important as evi-
denced by the number of large corporations who have recently
de-commissioned their supercomputers to be replaced by clus-
ters.

Organizations may also have supercomputers and work-
stations geographically dispersed, perhaps in different cities.
ATM offers scalable performance and is attractive in that it
enables a stronger degree of integration between high and low
end processors. ATM, combined with support for locality-



exploiting load balancing and process placement, offers the
potential to support this objective. In this paper we will begin
to examine some of the basic issues necessary for implementa-
tion as a large scale computing resource. This paper describes
an effort to merge supercomputers and workstation clusters in
an integrated environment, cooperating in both the local area
and the wide area.

A geographically distributed application will be parti-
tioned into localities based on communication patterns. There
may be significant latency between localities, particularly when
they are mapped to clusters of processors residing in different
cities, so the applications need to be suitably partitionable. A
goal of this paper is to examine the overhead incurred in sup-
porting both levels and assess the improvements possible with
ATM.

The objective of this paper is to determine the perfor-
mance characteristics and associated overhead, particularly in
the context of a high speed network in a large propagation-delay
environment. PVM [1] is used in this paper as the message
passing library, while other possible choices of message pass-
ing libraries include APPL [5], MPI [6, 7], Express [8]. Mes-
sage passing library overhead, operating system issues such as
buffer moves, and protocol overhead are important issues but
are dwarfed by the potentially devastating performance impact
of the large propagation delay. Refer to [9,2] for additional de-
tail. This paper quantifies the performance impact and develops
ways to circumvent the limitations.

2 Experimental Setup

Figure 1 illustrates the basic scenario of the investigation. The
objective is to support high-performance computing across the
ACTS satellite, using a supercomputer on one side of the coun-
try to execute the application and an other machine thousands
of miles away for visualization in real-time.

A primary objective of this effort was to assess the impact
of the propagation delay on the performance of distributed
computing applications. A major impact to performance is
the software structure that must be supported. In particular,
PVM is used as the message passing library in this experiment,
primarily since the main applications are written to PVM.

Figure 2 shows the software environment of the experi-
ment. The application uses the PVM libraries which commu-
nicate through a transport-level protocol, through the operating
system and then to the network device driver.

PVM can use both TCP and UDP as its transport level
protocols. Figure 3 illustrates the relationship between the
application processes and the PVM routing daemon (pvmd).
Normally, TCP is used for communication within a host and the
routing daemon while UDP is UDP is used for communication
between the routing daemons located in different machines.
An alternative technique is PvmRouteDirect which establishes
a TCP connection directly between the communicating PVM
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Figure 2: Experimental software environment.

processes and eliminates the intermediate step performed by
the routing daemon.

The layers of software incur a significant latency due to
the buffer moves and the context switches and other overhead.
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Figure 3: Relationship of transport-level protocol with application
processes and PVM routing daemon.

3 The problem: protocol overhead and
propagation delays

This section illustrates the major problems faced in accom-
plishing the objectives of this project. The primary concern



is software overhead caused by system calls and buffer moves
between the layers, and propagation delay between remotely
connected nodes.

Propagation delay is particularly severe in a satellite-
based environment. Figures 4- 5 illustrate some of the per-
formance results measured during this experiment.

3.1 Performance Metric

The graphs presented within this document use an aggregated
latency, defined as follows:

1. Let X be the number of messages to be sent and P be the
message size in bytes.

2. Let T denote the time required to send (and receive ac-
knowledgment for) the X messages.

3. The aggregate latency is then defined to be t = T=X.

The graphs presented in this paper all use a repetition rate
of X = 100, and P is varied.

This metric was devised to give an indication of the
amount of latency overlapping that takes place. Conceptu-
ally, the path between the satellite receivers can be viewed as a
very long bit pipe where each 100 milliseconds of propagation
delay can hold almost 2 MB of data at OC3 speeds. The overall
performance is highly dependent on the transport protocol and
the amount of packet concurrency that can be supported. For
example, consider the case if the transport protocol support an
stop-and-wait type of protocols where a packet is transmitted
and then the transmitter waits for an acknowledgment from the
receiver before it sends another packet. If the packet was 1024
bytes and the round trip propagation delay (RTT) is 540 ms,
then the maximum throughput on an OC3 link would be about
15 kb/s or a utilization of 3 orders of magnitude less than op-
timal. This is particularly important in the large propagation
delay environment of a satellite.

3.2 Performance Impact

Figure 4 illustrates the performance devastation that takes place
in using PVM via ATM and the ACTS satellite. This graph plots
average repetition latency (of the metric defined in Section 3)
in milliseconds to the message size in bytes.

We see that there is essentially a two order magnitude
increase in latency. The local link is a measurement of ATM
between the CRAY YMP and SGI Onyx which are located with
a physical distance on the order of 10’s of meters.

The impact to throughput is illustrated in Figure 5 for this
situation. The performance is severely impacted.

One cause of this performance degradation is the proto-
col implemented within PVM to provide reliability. UDP is
connectionless, so guaranteed delivery is not provided. The
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Figure 4: Latency (ms) versus message size (bytes) in a local ATM
and satellite ATM environment.

reliability is provided by PVM. PVM essentially uses a stop-
and-wait protocol, where a UDP datagram is sent, and fur-
ther transmission by the source PVM application is deferred
until an ACKNOWLEDGMENT (generated by the receiver
PVM application) is received by the source PVM application.
Therefore, one UDP datagram could be transmitted per round
trip time (RTT). For example, if the RTT propagation delay is
540ms, then the throughput of that application would be limited
to P=0:540 bytes/second.
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Figure 5: Latency (ms) versus throughput (Mbits/s) in a local ATM
and satellite ATM environment.



4 Latency Overlap Strategy

This section describes below the plan for addressing the current
limitation in PVM and TCP for the ACTS Satellite project.

The concern is that PVM uses TCP to communicate be-
tween processes within the same processor and uses UDP, via a
communications daemon, to communicate between processors.

PVM has made UDP reliable by adding a stop-and-wait
type of protocol to ensure packet delivery. In a satellite based
environment, this would allow one packet per RTT period of
540ms. The result of this situation is discussed in the previous
section.

The following sections define the three scenarios consid-
ered during this experiment and then illustrates the resulting
performance variations.

4.1 Case 1

Two different modifications are considered to support this case.
This case restricts the modification to PVM and does not try to
improve TCP or UDP performance.

(a) Using the ’nopax’ field within the pvmd daemon, it may be
possible to increase the window size and use a go-back-n
strategy rather than the current stop-and-wait approach.

This is not supported or encouraged by the PVM develop-
ers since it requires a modification to the pvmd daemon.

(b) Another aspect of this solution is a direct modification of
PVM. There are three major timers that needed to be ad-
justed to deal with the widely varying propagation delay.
We found, through testing, that PVM was timing-out early
and transmitted as many as 14 packets for each success-
fully transmitted and acknowledged packet.

4.2 Case 2

The next case exploits PvmRouteDirect which provides TCP
connections between communicating processes. PvmRouteDi-
rect is not used very often since it is unstable and has buffer
race conditions that frequently causes a process to lock up.

This approach will also require extensive testing. We
would need to do three things to the TCP versions located on
the CRAY and SGI machines:

. increase the maximum window size through the window
scale capability of TCP

. disable delayed ACKs

. disable cold-start so the system does not self-modulate

However, in this case it may be suitable since it is a direct
point-to-point connection.

4.3 Case 3

This case would require us to make major modifications to the
PVM communication daemon, replacing the UDP connections
with TCP sockets. We would also need to include the TCP
changes described in Case 2.

This modified version of PVM would be of only limited
interest since it will require a large number of open sockets and
will not offer any significant latency improvement over UDP
since all external communication will still be routed via the
intermediary routing daemon. However, the number of open
sockets is not a problem for the ACTS experiment since it will
be a point-to-point link and so we do not expect a large number
of connections.
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Figure 6: Delay (ms) versus message size (bytes), includes the baseline
with the three cases.

5 Performance Results

This section describes the improvements to performance result-
ing from the change and modifications described in the previous
section.

Figure 6 plots the delay metric (ms), defined in Section 3,
with the message size (bytes). This graph includes the base-
line, using PVM in a standard way: PVM Application(TCP)!
PVMD(UDP)! PVMD(TCP)!PVM Application. and also
includes the performance with the first 3 cases. Case 3 is not
listed since it did not perform as well as Case 2 in all cases.

Figure 6 indicates a “reduction” in latency of 2 orders of
magnitude. Actually, this is not true since the RTT has not
decreased but the amount of overlap has increased. In partic-
ular, this case enables the entire 100 packets to be transmitted
without waiting for the acknowledgment.

Figure 7 plots delay (ms) versus throughput (Mbits/s), in-
cludes the baseline with the three cases. This graph shows how
the usable throughput is significantly increased and the “aggre-
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gate” latency is reduced. This illustrates the significant amount
of overlapping that is taking place, enabling the propagation
delay to be de-emphasized.

Figure 8 plots the throughput as it varies with message
size. This graph illustrates that a significant fraction of the
capacity that was wasted due to protocol inefficiencies is re-
covered.

6 Conclusions

This paper has reported on the performance improvements
achieved through a series of developments to both PVM and its
associated transport-level protocol. The main problems with
PVM was the stop-and-wait ARQ type protocol that was used
to ensure reliability. A second issue was with protocol timers,
which actually had a surprisingly large performance impact and
caused PVM to repeat many transmissions per successful at-
tempt. We have reduced some of the performance degradation
of PVM, but have not completely eliminated it since there are
buffer copies between the layers. PVM was not written for a
high-speed environment and so the authors did not focus on
minimizing the latency. The main concern with the transport
protocol was the small receive buffers, delayed acknowledg-
ments and slow start. These problems can be alleviated to
reduce the performance degradation somewhat through an in-
crease in the receive buffers, but the problem is not solved.
This problem is just postponed, and will soon return as data
rates continue to increase.
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