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Survive?
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Despite over a decade and a half of research and several
successes, technologies to use parallei computers to speed up
the execution of discrete event simulation programs have not
had a significant impact in the general simulation community.
Unless new inroads are made in reducing the effort and exper-
tise required to develop efficient parallel simulation modeis,
the field will continue to have limited application, and will
remain a specialized technique used by only a handful of
researchers. The future success, or failure, of the parallel
discrete event simulation field hinges on the extent to which
this problem can be addressed. Moreover, failure to meet this
challenge will ultimately limit the effectiveness of discrete event
simulation, in general, as a tool for analyzing and understand-
ing large-scale systems. Basic underlying principles and tech-
niques that are used in parallel discrete event simulation are
briefly reviewed. Taking a retrospective look at the field, sev-
eral successes and failures in utilizing this technology are
discussed. It is noted that past research has not paid adequate
attention to the problem of developing simulation models for
efficient parallel execution, highlighting the need for future
research to pay more attention to this problem. A variety of
approaches to make parallel discrete event simulation an effec-
tive tool are discussed.

As long as computers have been used to model large,
complex systems, simulationists have been devising mod-
els that require far more computing power than could be
provided by the fastest machines of the day. Indeed, every
simulationist is well aware just how easy it is to construct a
program that will take an inordinate amount of time to
execute. Today, simulation applications abound that re-
quire days or weeks of CPU time on the fastest available
uniprocessor machines.

While the speed of sequential computers continues to
increase every year, these increments have been far out-
stripped by our ability to find new applications that utilize
all of the CPU cycles that are available, and then some. This
can partly be attributed to the increasing complexity of the
world in which we live. The systems we envision, and

desire to simulate, are always one step bigger, grander, and
more sophisticated than the systems that are currently in
place. New simulation models become increasingly more
complex, and experiments with existing models become
more elaborate. Just as demands for memory continue to
grow at a seemingly unending rate, I believe the same will
remain true with respect to computing power for the fore-
seeable future.

For example, simulation is considered a vital tool in the
computer design community to validate and optimize com-
puter hardware designs. But, it is also extremely time
consuming. Soulél®) reports that final verification of a
supercomputer developed by the Ardent Computer Com-
pany required two weeks using two workstations. As tech-
nology advances, the problem becomes only worse. The
number of logic circuits that can be placed on a single chip
approximately doubles every two years.** Today, simula-
tions of massively parallel multiprocessors are required
that contain hundreds or thousands of CPUs, and even
larger systems are just around the corner. The computa-
tional requirements for such large-scale simulations are
staggering.

Over the last decade, improvements in computing speed
have taken on a new twist: the most significant improve-
ments in performance now come from widespread ex-
ploitation of parallelism, and only secondarily from faster
circuit technologies. Increasingly, the ““fastest machines of
the day” are highly parallel multiprocessor systems con-
taining thousands of high performance microprocessors.
Machines such as Thinking Machine’s CM-5 and Kendall
Square Research’s KSR-1 are recent examples of this trend.
This phenomenon has a broad impact on all areas utilizing
high performance computing, e.g., optimization, expert sys-
tems, and simulation, among others, highlighting the grow-
ing importance of parallel algorithms and software design.

The emergence of parallel computation has an especially
important impact in the simulation community. Execution

Subject classifications:  Simulation: efficiency, languages. Computers software.
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of discrete event simulation programs on a parallel com-
puter (referred to as parallel discrete event simulation or
PDES) is no trivial task. Even though the system being
simulated often contains much intrinsic parallelism, trans-
lating this into concurrent execution of the simulator has
proven to be challenging.

Of course, parallel discrete event simulation is not a new
field, with seminal work dating back nearly 15 years. Hun-
dreds of papers have since been published, the majority
appearing in the last five years. Substantial speedups have
been reported across a wide variety of applications: 1900
for molecular spin models*”! 57 for queueing network
simulations,”®*! and 24 for combat models,”% to mention a
few. For digital logic circuits, Briner!'?! reports speedups as
high as 25 using 32 processors of a BBN Butterfly. Now that
a substantial body of knowledge has developed, it is appro-
priate to step back and examine what has been learned,
and more importantly, where future research in the field
should be directed. This is the question that I wish to
pursue here. In particular, I would argue that it is time to
shift some of the emphases in parallel discrete event simu-
lation research to new directions.

To be specific, it is my contention that despite several
successes, parallel discrete event simulation has not signifi-
cantly affected the general simulation community, and will
not do so until new inroads are made in making the
technology more accessible to simulation practitioners. In
particular, much research is required to aid in the develop-
ment of simulation models that are suitable for efficient
concurrent execution. Until this problem is addressed, par-
allel simulation will continue to have little impact in solv-
ing real-world problems.

Throughout this article, I am concerned with the prob-
lem of speeding up the execution of a single discrete event
simulation program by decomposing the model into units
of computation that can be executed concurrently. I am
especially concerned with event-driven simulations where
the simulation model changes state at discrete, usually
irregular, points in simulated time, as opposed to continu-
ous time simulations. To be sure, there are other ap-
proaches to using multiprocessors to speed up execution,
e.g., replicating independent simulation runs on different
processors to explore various parameter settings or reduce
variance, and parallel timestepped simulators that advance
simulated time one clock tick at a time. These methods
have their place, and should be used if the situation war-
rants it. However, my concern is with large simulation
problems that cannot satisfactorily be solved using these
techniques alone. Throughout the remainder of this article,
I use the term parallel simulation to refer to techniques that
execute a single discrete event simulation program on a
parallel or distributed computer.

1. Is Parallel Simulation a Viable Technology?

There is ample evidence, both empirical and analytic, that
suggests that parallel simulation is indeed a viable technol-
ogy. Later, I will provide a survey of results produced by
the field. In this section, I will focus attention on one
specific application area: telecommunication networks.

For many years, simulation has been heavily used in the
telecommunication industry for network design and man-
agement. It is often the tool of choice when the complexity
of the network makes mathematical analysis intractable, or
when studying transient conditions that are difficult to
express mathematically. The computational requirements
of network simulators increase linearly with the number of
events that must be processed which, in turn, increases
with traffic density, network size, and complexity. It comes
as no surprise that the computation requirements of net-
work simulators continue to increase each year.

Telecommunication network technology has undergone
substantial changes in recent years because of two trends:
(1) the availability of high bandwidth connections, due to
advances in electrical and optical technologies, and (2) the
increased need for users to transmit a variety of different
types of traffic, e.g., voice, data, video, and fax images.
So-called broadband integrated services digital networks (B-
ISDN) are being developed to support these changes, with
asynchronous transfer mode ( ATM) switches leading the way.

Components used in such a telecommunication system
include statistical multiplexers that combine multiple incom-
ing streams of traffic (e.g., phone connections from individ-
ual subscribers) into a single output stream, and switches
that route traffic to selected destinations (see Figure 1a).
Each multiplexer includes one or more finite capacity
buffers to hold traffic that cannot be immediately transmit-
ted. The switches may logically be viewed as being config-
ured in a fully connected interconnection (the physical
topology is usually different, however), as shown in Figure
1b, and are connected via trunk lines. A typical routing
strategy might first attempt to utilize a direct connection to
the destination switch. If that fails (because the trunk line
cannot accept any additional connections), the switches will
utilize some routing policy in an attempt to form a connec-
tion through an intermediate via switch. Should that fail,
the network may try to build a more complex path using
two or more intermediate switches, or it may simply return
a busy signal to the caller, depending on the strategy that is
in place.

Simulations of these networks are often extremely time
consuming. For example, target data loss rates in modern
telecommunication networks may be on the order of 10~°
or lower, meaning one in every 10° cells (the unit of data
transmitted in these networks) is lost.®> 7 Cell losses
typically occur because of overflows in finite capacity
buffers such as those depicted in Figure la. Approximately
10™ cell arrivals must be simulated to achieve adequate
confidence intervals for cell loss statistics, so a simulator
for only a single multiplexer may require 10! or more
events. Such a computation will require more than a day of
CPU time on existing machines, even if each event compu-
tation requires only a microsecond. Simulations of practical
interest may include dozens of multiplexers and switches,
further increasing computational requirements. Such simu-
lations are often driven by traces of actual measured net-
work traffic loads.

A number of issues must be addressed before parallel
computation can be applied to this problem. The model

Copvright ©.2001-All-Rights-Resenied
Ll At~ 4 A L J



Downloaded from informs.org by [216.73.216.187] on 14 July 2026, at 13:32 . For personal use only, all rights reserved.

215

Parallel Discrete Event Simulation

finite capacity
buffer

source

traffic
multiplexer switch

(@

\o '
trunk line
; /N T 1+
° °
e I~
P Lo
° .
e A\
switch

(b)
Agure 1. Telecommunication networks. (a) Components in-
clude multiplexers that combine traffic from multiple
sources into a single stream, and switches that route traffic
to appropriate destinations. (b) Simplified diagram indicat-
ing the logical connections of a switching system.

must be decomposed into suitable components, and the
component simulators must be distributed across the paral-
lel computer to balance the workload. Interactions among
programs executing on different processors must not be too
frequent, or too much time will be spent passing informa-
tion rather than executing simulator computations. A suit-
able approach to synchronizing the parallel simulator must
be devised (more will be said about this later). These tasks
are not straightforward, and a significant amount of time
must usually be devoted to tune the model to achieve
acceptable performance.

Despite these obstacles, a handful of researchers have
obtained significant speedups using parallel simulation
techniques. Earnshaw and Hind report that up to an order
of magnitude speedup was obtained in simulating B-ISDN
network.2 Gaujal, Greenberg, and Nicol®!! also report an
order of magnitude speedup on their parallel simulator,
and indicate that simulator performance exceeds 3,000,000
calls per minute. Lin describes an algorithm for simulating
a finite capacity queue (a central component of the afore-
mentioned switches) that yields speedup which is linear in

the number of processors.*¥! Mouftah and Sturgeon®*! re-
port that a parallel simulation executing on two worksta-
tions provides a modest speedup (up to 20%) for certain
test cases over a single processor simulation. Turner and
Xul7? also report success in speeding up telephone switch-
ing network simulations, though specific speedup figures
are not provided (performance relative to an alternative
parallel simulation algorithm is reported).

I report these results to provide evidence that parallel
simulation merits serious consideration by researchers and
practitioners. This is not to say that there are no serious
hurdles to be overcome. Indeed, in much of the remainder
of this article, I argue that the field has a long way to go
before parallel simulation is widely accepted as a useful
technology. Before arguing this point, however, I will briefly
review the basic synchronization problem that has drawn
much of the attention of the parallel simulation community
in recent years, and survey results spanning the last 15
years.

2. Review of the Synchronization Problem

Synchronization is nontrivial, and is one aspect of PDES
that distinguishes it from other forms of parallel computa-
tion. T will use the simulation of the closed queueing
network depicted in Figure 2a to illustrate the key con-
cepts. This “central-server”” network contains three queues
and some fixed number of jobs circulating indefinitely
among them. Assume that the jobs are processed in each
queue using a first-come-first-serve discipline, and com-
pleted jobs are routed along the outgoing links according to
the probabilities assigned to each arc (if no such value is
indicated, it is assumed to be 1.0). Thus, a job leaving the
“central server” in this network (queue A) is routed to
queue B with probability 0.7, or to queue C with probabil-
ity 0.3.

The simulator of this network can be defined as a collec-
tion of sequential simulators, one for each queue. Each of
the sequential simulators is referred to as as a logical process
(LP). Let LP,, LPg, and LP. denote the logical processes
that simulate queues A, B, and C, respectively. The com-
putation performed by each logical process is a sequence of
event computations. Each event denotes some “’interesting’
activity in the simulated system, and contains a time-
stamp that indicates when that event occurs. In this exam-
ple, there are two types of events in the simulation of each
queue: a job arrival event denoting the arrival of a new job
at the queue, and a job departure event denoting the fact
that a job has completed service, and is being forwarded to
another queue. There will be one arrival and one departure
event for each job as it passes through a queue.

As shown in Figure 2b, the computation associated with
an arrival event at (say) LPg is to perform one of two
actions: (1) if the server is busy, the job is added to the
queue of waiting jobs, or (2) if the server is idle, it is
marked as busy (by setting the QBusy variable in Figure 2b
to TRUE), and LPg schedules a departure event for itself to
denote the job’s subsequent departure. Later, when the
departure event at LPy is processed, a new arrival event
will be scheduled at LP,. While LP; and LP- always

Copyright © 2001 All Rights Reserved
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( State Variables for LP. \
QBusy' BOOLEAN, /* TRUE if server 1s busy, else FALSE */
QLength: INTEGER; /* number of jobs waiting for service ¥/

/* QBusy is imtialized to FALSE, QLength s mtialized to 0 */

Amval Event @ time T
if (QBusy) then
QLength = QLength + I, /* add job to queue */
else /* serverisdie */
QBusy := TRUE; /* server becomes busy */
schedule departure event for self @ T+ServiceTime
end-f

Departure Event @ tume T
schedule ammval event for LPA @ T,
if (QLength > 0) then
QLength = QLength - I, /* new job begns service */
schedule departure event for LP B @ T+ServiceTime
else /*no jobs waiting for service */
QBusy .= FALSE; /* server becomes dle */
end-1f

J

®)
Agure 2. Parallel simulation example. (a) Central server
queueing network. (b) Simulation code for LP; for process-
ing arrival and departure events.

schedule this event for LP,, LP, must select either LP; or
LP. by flipping a biased coin. After scheduling the arrival
event, the server in queue B will either begin servicing the
next job, or become idle.

In general, a PDES program consists of a collection of
logical processes that interact by exchanging timestamped
event messages. Each LP simply processes incoming mes-
sages. Incoming messages that have not yet been processed
are stored in a ““pending event” list data structure for the
process.

Now comes the hard part: each LP must process events in
nondecreasing timestamp order. This requirement is some-
times called the local causality constraint. Failing to adhere
to this constraint could cause events in the future to affect
events in the past, leading to an incorrect simulation. It is
the synchronization mechanism’s responsibility to ensure
that this does not happen, i.e., it must ensure that each LP
processes events in timestamp order.

To understand the ramifications of this constraint, con-
sider the following situation (see Figure 2a): LP, has an

unprocessed arrival event from LPy with timestamp 100,
but no unprocessed messages from LP.. Further, suppose
the last time LP, received a message from LP., that
message contained timestamp 50, and that messages are
transmitted from one process to another in timestamp or-
der. If LP, were to process the timestamp 100 event, it
might later receive a message from LP. with a smaller
timestamp, thereby violating the local causality constraint.
Therefore, a reasonable strategy might be for LP, to wait
until it receives an event from LP.. However, suppose no
such message is forthcoming! This would happen if there
were only one job circulating in the network, or if all of the
jobs were last routed through LPg. In this case, the simula-
tor is deadlocked because LP, is waiting to receive a mes-
sage from LP., and LP. is waiting for a message from LP,.
Uncertainty as to when an LP can process incoming event
messages is at the heart of the synchronization problem.

Broadly speaking, there are two general approaches to
attacking the synchronization problem (see Reynolds!®” for
a more detailed taxonomy). Conservative approaches avoid
the possibility of executing events out of timestamp order
by using a protocol to determine when it is “safe” to
process each event. Optimistic approaches allow errors (out
of order execution) to occur, but provide a mechanism to
detect and erase them.

Seminal work in conservative algorithms appeared in the
late 1970s and early 1980s, with the “null message’ algo-
rithm developed independently by Chandy and Misra,!'*!
and Bryant.!"¥) In this algorithm, each process sends a “null
message’’ with timestamp Ty, to its neighboring processes
after processing each event. The null message is a ““prom-
ise” that the process will not later send a message with
timestamp smaller than T. In the example depicted in
Figure 2, suppose LP,’s last departure event contained
timestamp 80, and the minimum service time of any job is
15 units of simulated time. LP, could then send a null
message to LP- (as well as LPy) with timestamp 95, be-
cause consecutive departures must be at least 15 time units
apart. Assume the server in queue C is idle, and no jobs are
waiting for service, as would be the case if the system were
deadlocked. Upon receiving this null message, LP. could
then send a null message to LP, with timestamp 110,
assuming LP-’s minimum service time is also 15. This
allows LP, to process the arrival event containing time-
stamp 100, thereby eliminating the deadlock. One can show
that the null message approach avoids deadlock situations
so long as there is no cycle such that a message could
traverse the cycle with zero timestamp increment. This
approach is thus sometimes referred to as the deadlock
avoidance or null message algorithm.

Chandy and Misra!*! later proposed an algorithm based
on deadlock detection and recovery. Here, no null mes-
sages are used, but instead, the system is allowed to dead-
lock. Separate mechanisms are then used to (1) detect the
deadlock, and (2) recover from it. The deadlock can be
broken by processing the smallest timestamped event,
which is guaranteed to be “safe” (i.e., can be executed
without leading to a violation in the local causality con-
straint).

Copyright © 2001 All Rights Reserved
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Seminal work in optimistic methods is due to Jefferson
and Sowizral,’”! whose Time Warp mechanism first ap-
peared in 1982. Here, processes are allowed to process
events, risking later violations of the local causality con-
straint. Should such a violation occur, the process is rolled
back, and the events are reprocessed in timestamp order.
The rollback may necessitate ““unsending” one or more
previously sent messages. An elegant mechanism called
anti-messages is provided for this purpose.

An anti-message is a copy of a previously sent message
that differs from the original in only a sign bit field.
Whenever an anti-message and its matching (positive) mes-
sage are both stored in the same queue, the two annihilate
each other, leaving no trace behind. To “unsend” a previ-
ously sent message, a process need only send the corre-
sponding anti-message (see Figure 3a). Upon receipt of an
anti-message, a process will check to see if the correspond-
ing (positive) message has already been processed. If it has
not, the message and anti-message pair are simply annihi-
lated (Figure 3b). On the other hand, if it has been pro-
cessed (see Figure 3c), the process is first rolled back to a
point in time before the message was processed, effectively
making it an unprocessed message (this rollback may, in
turn, cause additional anti-messages to be sent), and then
annihilation takes place. In systems where messages are not
necessarily delivered in the order that they were sent, the
positive message may not have been received when the
anti-message arrives. In this case, the anti-message is
buffered in the input queue of the process, and annihilation
takes place when the positive copy is received. Recursively
applying this “’roll back and send anti-message’ cycle will
eventually erase all effects of the “unsent”” message.

(@ s | @—————— [LPr

\|/

O+ —
(b) LP-S d | N LP-R . @
processed  unprocessed
é event event
N
SagviiN
©) LP-S LP-R

Fgure 3. The anti-message mechanism. (a) “Unsending’ a
previously sent message by sending the corresponding
anti-message. (b) Case when receiving an anti-message and
the corresponding positive message has not yet been pro-
cessed. The message and anti-message pair are annihilated.
(c) Case when receiving an anti-message, and the corre-
sponding positive message has been processed. The process
is rolled back, causing the processed message to become
marked as unprocessed and (in this example) an anti-
message to be generated. The message and anti-message
pair are then annihilated.

Numerous other approaches have been proposed for
attacking the synchronization problem. Several surveys
have appeared that describe and compare different ap-
proaches. 27 28 52 €2]

Before leaving this section, one point is worth mention-
ing because it will resurface later. Most PDES algorithms,
including Time Warp and the conservative algorithms de-
scribed earlier, assume that all interactions between logical
processes occur through timestamped event messages. In
particular, it is mandated that processes do not access
common (shared) state variables. For example, in Figure 2,
suppose the routing of jobs by queue A were dependent on
the state of the other queues, e.g., one might decide to
route messages to the queue with the fewest jobs waiting
for service. In a sequential simulator, this could be pro-
grammed by simply having LP, examine the QLength
variables (see Figure 2b) in LP; and LP, and scheduling
the arrival event at the process with the shorter queue. This
is not allowed in the parallel simulator because the pro-
cesses are usually at different points in simulated time. LP,
may wish to know the length of the queue at time 100, but
the current value of the QLength variable in LP; may
correspond to that at simulated time 80, because LPy has
only advanced that far through the simulation. Thus, some
other mechanism must be defined to extract this informa-
tion. This is commonly accomplished by guery event mes-
sages that do nothing but read a state variable, and return
its contents to the process that initiated the query. Query
events return the proper value because they are treated as
ordinary events by the simulation protocol, and are thus
processed in timestamp order along with the other events.

3. Where Do We Stand Today?

Much of the early work in the field was focused on solving
the aforementioned synchronization problem. Even today,
nearly 15 years after the initial algorithms were proposed,
protocol research continues to be the focus of much of the
work in the field with new proposals appearing every year
(e.g., see [56, 72]). These protocols vary from optimizations
of existing schemes, e.g., to reduce the number of null
messages in Chandy/Misra/Bryant’s original proposal’®!
or rollbacks in Time Warp®* 72! to new approaches, e.g.,
relying on periodic global resynchronizations (for example,
see Lubachevsky)).

Hand-in-hand with protocol development, another body
of research concerns itself with evaluating the performance
of parallel simulation mechanisms. For example, an ana-
lytic model for Time Warp based on a renewal process
appeared as early as 198341 A large body of knowledge
utilizing empirical and analytic methods has evolved to
characterize the behavior of both conservative and opti-
mistic protocols. Although there is clearly still more work
to be done, much more is now known concerning the
performance of parallel simulation mechanisms than was
known only a few years ago. A few, selected results regard-
ing protocols and performance evaluations of parallel simu-
lation algorithms are listed in Table I. Other “hot” topics
include memory management, load balancing, and hard-
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Table I. Parallel Simulation Performance: Selected Results

Year Result

1977 Bryant!"®) proposes null message algorithm; Chandy /Misral'4! algorithm appears shortly thereafter.

1982 Jefferson and Sowizral®”! invent Time Warp.

1983  Lavenberg, Muntz, and Samadil*!! develop first analytic model for Time Warp (based on a renewal process). An
approximate model assuming two processors was developed. Mitra and Mitrani®® and Felderman and
Kleinrock?*! later develop exact models for two-processor Time Warp.

1987  Reed, Malony, and McCredie®® report some of the first experimental measurements of parallel simulation
protocols on a multiprocessor system. They report discouraging results using the null message and deadlock
detection and recovery algorithms for queueing network simulations.

1988  Fujimoto demonstrates that the performance problems Reed, Malony, and McCredie observed can be
overcome for first-come-first-serve queues by exploiting “lookahead” information, but notes that these
techniques are not so easily applied to other types of queues.

1988

Window based protocols begin to appear. Lubachevsky!*¢! proposes a conservative protocol, and later shows that
performance scales as the problem size and the size of the multiprocessor are increased in proportion. Sokol,
Briscoe, and Wieland!®! propose adding time windows to Time Warp. Numerous other proposals for hybrid
protocols are developed in subsequent years.

Researchers at JPLI" * % 7] report that significant speedups were obtained using Time Warp for simulations of
combat models and other applications. This is perhaps the first experimental evidence demonstrating that Time
Warp can achieve good performance. Soon after, Fujimoto reports speedup as high as 57 on 64 processors

Madisetti, Walrand, and Messerschmitt!*”] develop a simple two-processor Markov model for Time Warp, and
suggest extensions to multiple processors. Later, Gupta, Akyildiz, and Fujimoto®®® develop a validated Markov
model for N-processor Time Warp with homogeneous workloads, and Dickens and Reynolds!'®! develop a model
for window based protocols. These are among the first analytic models of Time Warp performance for the case of

Lin and Lazowskal** show that Time Warp yields optimal performance if incorrect computation (computation
that will later be rolled back) never rolls back correct computation, assuming zero overheads. Lipton and
Mizell®! show that one can construct simulations where Time Warp outperforms Chandy /Misra by arbitrary
amounts, but the opposite is not true; Chandy/Misra can only outperform Time Warp by a constant factor,

Lin and Lazowska/*!! Nicol/*” and Felderman and Kleinrock!?? develop models to compare Time Warp

Jefferson®®! invents the Cancelback protocol to allow Time Warp to execute using no more memory than that
required by the sequential execution. Akyildiz et al”®! later develop and validate an analytic model for this
protocol, showing that a modest amount of memory is required to achieve efficient execution.

1989
using Time Warp for queueing network simulations.
1990
more than two processors.
1990
assuming constant rollback overhead.
1990
performance with conservative protocols.
1990
1990

Lubachevsky, Shwartz, and Weiss*® develop conditions under which Time Warp will become unstable.

ware support, as well as more classical simulation topics
such as random number generation, and statistical analysis
of results, applied in the context of parallel computation.
See Fujimoto and Nicol®® for a recent survey.

Can the field claim success? A few selected speedup
results are shown in Table II. Here, speedup is defined as
the execution time of a sequential implementation of the
simulation program divided by the execution time of the
parallel version. The table indicates the speedup, the num-
ber of processors, the hardware platform, and the synchro-
nization mechanism used in the study.

If success is measured in speedup, then parallel simula-
tion research appears to be largely successful. No doubt,
this has contributed to the increasing interest in parallel
simulation over the last few years. Although a few negative

results have appeared,™ ¢! %I as will be elaborated upon
in a moment, many published results report one to three
orders of magnitude speedup across numerous applica-
tions, ranging from combat models to telecommuni-
cation networks to vehicular traffic. Speedups are reported
on both SIMD (single-instruction stream, multiple-data
stream) and MIMD (multiple-instruction stream, multiple-
data stream) parallel computers. These results demonstrate
that parallel simulation techniques can achieve significant
performance improvement, at least for certain benchmark
applications.

4. Just a Matter of Time?
The successes described in Table II might lead one to
conclude that it is simply a matter of time before parallel
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Table II. Selected Speedup Measurements
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Application

su

Platform

Protocol

Ant foraging. A collection of ants move over a terrain,
foraging for food. Logical processes are used to
model ants, nests, and grid sectors that define the
terrain. This and the colliding pucks benchmark were
designed to be simplified benchmarks that capture
behaviors (specifically, a set of entities moving over a
physical space) arising in applications such as combat
models.?!

Colliding pucks. A set of pucks slide over a frictionless
surface. Deflections are simulated as pucks collide
with each other or the edge of the surface*”

Combat models. Two opposing armies (an aggressor
and a defender), each consisting of a collection of
tank divisions, attack each other. The simulation
consists of three major phases: the advance phase
where the armies approach each other, the conflict
phase where combat takes place across the battlefield,
and the “clean up”’ phase where the outcome of the
battle has been determined, but minor pockets of
fighting remain.”!

Digital logic circuits. Gate- and transistor-level
simulations of adders, multipliers, microprocessors,

direct-memory-access (DMA) circuits that transfer
blocks of data, and various special purpose circuits
were studied. Briner reports speedups ranged from
10 to 25.'% Soulé and Guptal® report speedup
relative to a sequential execution of Chandy/Misra
ranging from 7 to 9, but then go on to report that
performance relative to an efficient event list
algorithm (as opposed to the parallel algorithm
executing on a single processor) is much worse, and
achieves only 5-fold speedup.

Health care system. A hierarchical network of hospitals
is simulated where hospitals at higher levels have a
higher degree of capability. Patients move up the
hierarchy if their illness cannot be handled by the
local facility. A 20-millisecond delay was added to
each event to reduce the effect of overhead
computations, and expose the amount of parallelism
that the simulator is able to exploit.”’

Ising spin. This model consists of atoms assigned to
fixed positions in a two dimensional grid. Atoms
attempt to change the direction of their spin at
randomly selected points in time (attempted spin
changes follow a Poisson process). At each attempt, a
new spin direction is computed based on the direction
of spin of neighboring atoms as well as the spin value
of the atom attempting to change*”!

Multistage interconnection networks. Networks such as
those found in multiprocessors are modeled. Each
stage contains a collection of feedforward crossbar
switches ]

13

12

24

25

18

1900

14

BBN Butterfly
32 processors

BBN Butterfly
32 processors

JPL Mark III
48 processors

BBN Butterfly
32 processors

Simulated Stan-
ford Dash
Multiprocessor
64 processors

Transputers
32 processors

CM-1
16,384 processors

Sequent
15 processors

Time Warp

Time Warp

Time Warp

Time Warp

Chandy /Misra

Time Warp

Bounded lag, a conservative
protocol based on periodic,
global synchronizations and
simulated time windows!*”}

Distance between objects, sim-
ilar to bounded lag, but
without time windows!*!
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Table II.  (Continued)
Application su* Platform Protocol

Petri network. A set of “tokens” move through a 10 Sequent Selective receive, a specialized
network of “‘places.”” When a token has arrived at 12 processors conservative protocol for
each incoming arc of a place, the place “fires,” simulating Petri nets!68!
generating new tokens which are forwarded to other
places®  Petri networks are often used for
performance evaluation studies.
Telephone switching networks.?' 7?1 Telephone traffic in 12 Transputers Time Warp
a network of switching offices is simulated. The 36 processors
offices are fully connected, i.e., each has a trunk line 6 iPSC /860 Sweep, an algorithm designed
to each other office. If a direct connection from one 16 specifically for parallel
office to another is not possible because no lines are processors simulation of telephone
available in the direct trunk line, calls are routed switching networks[3!)
through an intermediate switch.
Queueing networks. Many performance studies use 57 BBN Butterfly Time Warp
queueing networks as a benchmark for evaluating <1 64 processors Chandy /Misra
the performance of the parallel simulator. It is useful Sequent
because certain real-world applications, e.g.,
telecommunication systems, may be modeled a 5 processors

y! s, y be eled as
networks of queues. The results reported in the other
columns of this table indicate speedup of simulations
of a closed queueing network consisting of a set of
jobs moving among a set of first-come-first-serve
queues. While Reed, Malony, and McCredie® report
discouraging results, Fujimoto!*! reports significant
speedups.
Road traffic. Traffic for 292 vehicles and 292 road 19 Transputers Chandy /Misra

junctions is simulated in this study. Individual
vehicles are programmed to attempt to make progress
in a certain direction, or to make turns at
intersections !

33 processors

“SU denotes speedup.

simulation is embraced by the general simulation commu-
nity. I believe that this is not the case. Though highly
encouraging, these results are somewhat misleading. First,
one tends to see a biased picture because positive results
usually find their way to publication, but negative results
often do not. Second, research results report speedup, but
seldom report the effort that went into developing the code
to achieve acceptable performance. This effort is often quite
substantial, as will be discussed momentarily. Third, most
of these results were produced by highly skilled experts in
the field with a high degree of sophistication or coaching
with respect to developing high performance software for
parallel computers. In many cases, the application pro-
grammer is the same person who developed the underly-
ing parallel simulation mechanism, and is thus intimately
familiar with the algorithm being used. This is quite differ-
ent (fortunately) from the situation that currently prevails
for sequential simulation software. Many sequential soft-
ware packages exist, and can usually be successfully ap-
plied to the problem at hand without in-depth understand-
ing of the simulator’s internal operation.

There is some evidence to indicate that when “ordinary”
programmers are used to develop parallel simulation soft-
ware, the results are not so favorable. For instance, a group
of programmers were assigned the task of developing a
parallel simulation model using the Jet Propulsion Labora-
tory’s TWOS (Time Warp Operating System) software. The
programmers were experienced in coding simulation appli-
cations for sequential machines, but had little experience in
parallel computation, let alone Time Warp. The programs
that were developed performed very poorly, and had to be
discarded. It was only after a long redevelopment effort
that programs achieving acceptable performance were ob-
tained. A key reason that the original efforts failed was that
the simulation model was most naturally programmed by
making extensive use of guery events to allow processes to
access state variables defined in other processes. This in-
evitably leads to poor performance, as will be elaborated
upon later.

Similarly, researchers at Los Alamos National Laborato-
ries reported difficulties in parallelizing their software,
although the problems they encountered were due, at least
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in part, to the specific software they were using rather than
to parallel simulation per se.’!] This work involved con-
verting a large-scale combat model developed in Modsim,
an object-oriented simulation language (discussed later), to
a parallel implementation utilizing the TWOS software. A
large part of the problem stemmed from the fact that the
simulation model was programmed using tens of thou-
sands of “tiny”’ objects, many of which contain few state
variables. Operations on these objects often contained very
little computation. However, the TWOS Time Warp execu-
tive was designed to support a modest number (e.g., hun-
dreds) of objects, where operations on the objects were
assumed to require significant amounts of computation
(e.g., tens of milliseconds per event). Such large amounts of
computation are required because each operation entails a
certain amount of “’system’” computation, e.g., state saving
to enable one to recover the state of the process should a
rollback occur later. Unless the simulation computation is
much larger than these overheads, performance will be
poor. Because of this gross mismatch between the problem
decomposition and the parallel simulation environment,
the Los Alamos model never successfully ran on the Time
Warp system.

At Stanford, Soulé and Guptal®® report difficulties in a
failed effort to use Chandy and Misra’s deadlock detection
and recovery algorithm to speed up the simulation of logic
circuits. Like the Los Alamos experience, one difficulty
they encountered was the amount of computation per event
was very small, causing overhead computations to domi-
nate.

Another difficulty that must be overcome is bottlenecks
may lead to poor performance. Encouraged by their earlier
successes in parallelizing combat models, Time Warp re-
searchers at JPL developed models to simulate the strategy
used by the allied land forces to attack the Iraqi army in the
Persian Gulf conflict. These models produced disappoint-
ing speedup results (less than 10 using 82 processors). The
military strategy called for using a narrow corridor through
which the allied forces ““punched through” the Iraqi lines.
This leads to intense simulation activity along a small
portion of the simulated battlefield. The resulting bottle-
neck limited the speedup that could be obtained.

The experiences at JPL, Los Alamos, and Stanford high-
light a seemingly inescapable fact: a simulation model that is
developed according to what is most “‘natural” or “‘elegant’” to
the simulation programmer is often one that is poorly suited for
execution on a parallel computer, even if the system being
simulated contains substantial amounts of concurrent activ-
ity. Here, at Georgia Tech, I have observed similar prob-
lems in student projects involving the development of
parallel simulation models of cellular telephone networks
and memory systems for multiprocessor computers.

5. Some Technical Problems

There are important technical issues that make develop-
ment of software for parallel simulators substantially more
difficult than developing software for sequential machines.
One is that programming styles that are widely used in
sequential programming are either unsupported or ineffi-

cient in existing parallel simulation mechanisms. For exam-
ple, as mentioned earlier, shared state variables that are
visible to concurrently executing simulator processes are
not supported by most parallel simulation mechanisms.
Notable exceptions that do support shared state variables
are described by Jones et al.**! and Fujimoto.*! Of course,
one can emulate shared variables by simply defining a
logical process to hold each one, and replacing each “read”
or “write” operation with a message send to request that
the operation be performed. Query events were provided
in TWOS for this purpose. However, a query event entails
orders of magnitude more overhead in parallel simulation
as compared to sequential simulation, where only a mem-
ory reference is required. In parallel simulation, a query
requires that a message be sent, and a reply message be
created and returned. Furthermore, in Time Warp, these
messages could also cause rollbacks, and incur still other
overheads. Even in implementations that are optimized to
avoid rollback for query events, the overhead is still sub-
stantial, so poor performance will result if queries are used
extensively.

This is just one of many factors that make developing
parallel simulation code very complex and time consum-
ing. There are many others. Partitioning the model into
logical processes (required by most parallel simulation
mechanisms) becomes complex because performance impli-
cations must be considered. These performance considera-
tions may conflict with what is convenient and natural
from a modeling standpoint. Also, statistics collection and
initialization may have to be parallelized. Although some
of these issues (e.g., initialization) do not represent major
technical obstacles, they do nevertheless contribute to the
complexity of the application code.

The difficulties just described are not limited to opti-
mistic synchronization methods. Indeed, they are usually
even more severe for conservative approaches because these
protocols often require an even greater level of sophistica-
tion on the part of the programmer to achieve acceptable
performance. This is because conservative mechanisms
must determine when it is ““safe” to process an event, i.e.,
when it can be guaranteed that the process will not receive
any events containing a smaller timestamp than the one
about to be processed. Recall that in the queueing network
example described earlier (see Figure 2), LP, had to deter-
mine that LP- would not send it a message with time-
stamp smaller than 100 before it could process the time-
stamp 100 message it had received from LPj. Determining
this information is highly application dependent. Earlier, I
had to rely on a minimum service time in each server to
resolve this issue. Thus, conservative algorithms such as
the null message scheme require knowledge concerning
what messages might be generated in the future. Currently,
this information must be provided explicitly by the simula-
tion programmer, and programmed directly into the simu-
lation model itself (work by Bagrodia and Liao!’” on this
problem is described later). Failure to write the application
in such a way as to fully extract and exploit information
such as minimum timestamp increments will usually lead
to very poor performance.*! Again, existing parallel simu-
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lation mechanisms demand that the programmer be inti-
mately familiar with these facts if good performance is to
be obtained. Needless to say, details such as these signifi-
cantly complicate model development.

Despite growing overall interest in the field, only a
modest amount of work has been focused on easing the
amount of effort and expertise required to parallelize simu-
lation applications. I believe that until this problem re-
ceives more attention, parallel simulation will fail to make
a significant impact in the general simulation community.

6. General Purpose Parallel Computation

One could argue that the problems that have just been
described are no different than those of parallel computa-
tion in general. After all, why should developing parallel
simulation software be any different from developing par-
allel programs to perform matrix operations or to solve the
traveling salesman problem? It is well known that our
ability to produce highly parallel machines has far sur-
passed our ability to effectively program them, and there
continues to be an enormous amount of work aimed at
attacking this problem. One might therefore argue that
once this problem has been solved for general purpose
parallel computation, it will automatically be solved for
parallel simulation.

While there is some truth to this statement, I believe the
programmability problem in parallel simulation is in one
sense easier, and, in another sense, harder than for general
parallel computations. In any case, it is quite different, and
will not be automatically solved by research in other fields.
It is easier in the sense that, with simulation applications,
one is attempting to capitalize on concurrency in the sys-
tem being modeled. Indeed, cause-and-effect relationships
translate directly to dependencies between the correspond-
ing simulator computations. Thus, we have the advantage
that there is a reasonably concrete conceptual model of the
simulation application that can be used as a starting point
to construct the parallel program. General parallel applica-
tions often do not share, or benefit, from this characteristic.
Conceptualizations of the problem, which in turn give rise
to specific parallel algorithms, must usually arise from the
designer’s own ingenuity.

At the same time, the parallelization problem is also
harder for simulation applications. Clearly, whenever par-
allel computation comes into the picture, performance be-
comes paramount (otherwise, why bother with parallel
computers?). But discrete event simulation programs tend
to be very dynamic, irregular, and data dependent. These
characteristics make the costs of ““doing business” in paral-
lel simulation programs higher than in other, more struc-
tured applications (e.g., data parallel computations such as
matrix operations on large sets of data). Runtime mecha-
nisms must often be used because there is insufficient
information at compile time to make intelligent decisions.
This affects programmability because the cost of essential
programming primitives and mechanisms is higher, so great
care, and, in some cases, restraint must be exercised in
using them.

For instance, consider synchronization in parallel dis-
crete event simulation. Where simple blocking primitives
for synchronization will suffice in many general parallel
applications, deadlock avoidance algorithms (i.e., null mes-
sages) or rollback mechanisms are accepted practice in
discrete event simulation. Where a message suffices in
object-oriented systems, rollback and state saving are also
needed in Time Warp. Shared variables can be simply
accessed using the hardware primitives in a shared mem-
ory multiprocessor, but the issue of shared state becomes
much more complex in discrete event simulation. The costs
associated with simple mechanisms are sometimes orders
of magnitude higher in parallel simulation than in general
purpose parallel computation. Programmers must account
for these costs in designing their programs, or poor perfor-
mance will result. Increasing overheads require increasing
computation per event to hide these costs. This may be
difficult to accomplish in practice. These aspects make the
already challenging problem of parallelization all the more
difficult for simulation applications. To be sure, advances
In new programming languages and paradigms for general
purpose parallel computation will help simplify the task of
developing parallel simulation software, but they are not
by themselves enough.

What are the “silver bullets” that offer hope in making
parallel simulation more accessible to the simulation com-
munity? A few approaches that have been proposed are
outlined below:

® application specific libraries,

e new languages for parallel simulation,
® support for shared state, and

® automatic parallelization.

In the following sections, I elaborate on these approaches.

7. Application Specific Libraries
One solution to the programmability question is to avoid
programming altogether, or at least as much as possible.
This is possible in certain, established, application domains
where a set of well-defined primitive components is known.
One can envision a parallel simulation package consisting
of a collection of pre-defined simulation modules. For in-
stance, a queueing network simulation package might in-
clude different types of servers and queues (see Figure 4).
Simulation users would then specify their model by instan-
tiating and interconnecting these modules, e.g., using a
graphical interface to “draw a picture’”” of the network.
Using this approach, one can tolerate the difficulties associ-
ated with developing parallel simulation software. This is
because programming the models is the responsibility of a
few individuals for whom it is reasonable to expect a high
degree of sophistication. This is not a new idea, of course,
but it has not been widely exploited in the context of
parallel simulation.

Two application areas that appear to be particularly
promising candidates for this approach include telecommu-
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simulation software: application-specific component
library and simulation "system" support

parallel computer

Fgure 4. Simulation environment. Users construct a simu-
lator by selecting component modules from a parallel simu-
lation library using a graphical interface. The library effec-
tively isolates the user from the complexities of parallel
computation.

nication networks and digital logic circuits. Manufacturing
applications may represent a third. Tsai, Das, and
Fujimoto”” describe a prototype that allows users to spec-
ify simulations of communication networks using a graphi-
cal interface called Arcsim, a program developed by Opti-
mization Technologies.”) Arcsim produces a textual speci-
fication of the network in CACI’s Network IL.5 language.*"!
Another program then reads the Network IL5 specification
and builds a Time Warp-based parallel simulation program
that can then be executed on a parallel computer. Simula-
tion results can then be viewed graphically using the Arc-
sim program.

Another parallel simulation package for simulating com-
munication networks is described by Phillips and
Cuthbert.’”! Components of the simulator include queue
processes and traffic generators, among others. The simula-
tion package is reported to have been implemented using
two different conservative synchronization mechanisms, the
null message algorithm and a synchronous approach. How-
ever, disappointing performance is reported; in most cases,
the parallel simulator executing on a network of transput-
ers ran more slowly than the sequential simulator.

A second area where this approach may be viable is in
the parallel simulation of digital logic circuits. Standard
components and building blocks have evolved, including

logic gates, memories, arithmetic circuits, and even com-
plete CPUs. Several studies have been reported that target
gate level logic simulation.['* 16 ¢ ¢7]

Library-based simulation tools provide a means by which
research in domain specific simulation methods might af-
fect the general simulation community. Work along these
lines has been in progress for some time, but has seen only
modest application in the simulation community.

8. New Languages
In sequential simulation, much work has been devoted to
devising new languages to simplify the task of developing
complex simulation models. Languages such as Simscript,
Simula, and GPSS, among others, have flourished. A new,
challenging aspect of this problem is to define languages
that are not only suitable for modeling, but for concurrent
execution as well.

Parallel simulation languages differ in at least two ways
from sequential simulation languages:

e the language should avoid constructs that are not easily
supported by the underlying synchronization mecha-
nism, e.g., shared state variables or use of any primitive
that relies on a global event list, and

e the language should include primitives that are natural
from a modeling standpoint and that enhance concur-
rency in the underlying synchronization mechanism.

An important question that must be answered is “just
how transparent should the parallel execution be?”” Ideally,
the parallel simulator should be completely transparent to
the application program so that the modeler can concen-
trate on the model itself rather than details of the underly-
ing synchronization mechanism. By analogy, programmers
for sequential simulations usually need not be concerned
with the data structure used to implement the underlying
event list. However, a language that hides too much may
deceive the user. Simulation primitives that are convenient,
but expensive (in terms of computation time) will lead to
very poor performance if they are invoked too frequently.
As discussed earlier, excessive usage of the query event for
reading another process’s state variables can lead to disas-
ter! Such primitives should somehow be flagged so that
they are used in an appropriate way, or eliminated alto-
gether. The latter alternative was taken in the TWOS imple-
mentation of Time Warp. Neither approach is very satisfy-
ing, however, because in both cases, the burden is laid to
rest on the modeler’s shoulders.

8.1. Three Language Proposals

Perhaps the three most well-known languages that were
developed for parallel simulation are Modsim,'" 7% a Mod-
ule-2-based language developed by CACI Products Co.,
sim++ %! a library of primitives for simulations written in
C++ developed by Jade Simulations, and Maisie® '” a
C-based language developed by Bagrodia and Laio at
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UCLA. A good discussion and comparison of these lan-
guages and others is given by Baezner."!

Modsim and sim++ are based on the object-oriented
programming paradigm. Briefly, an object-oriented pro-
gram consists of a collection of objects (actually, object
instances; here, I will use the terms object and object
instance synonymously), where each object contains state
information, and a set of routines or methods for perform-
ing operations on the object. Parallel simulation strategies
and object-oriented programming have obvious similarities
in that a logical process is similar to an object, and sending
a message is similar to invoking a method. Thus, it is not
surprising that many parallel simulation language propos-
als are based on this paradigm.

Common characteristics of Modsim, sim++, and Maisie
include the following:

® The simulation program is composed of a collection of
logical processes that interact by exchanging time-
stamped event messages. Modsim and sim++ provide a
“process object” type to represent a logical process.

® No shared state between concurrently executing pro-
cesses is allowed. Sim++ does allow shared read-only
variables, as well as shared state between processes that
are guaranteed to always reside on the same processor.

® All three languages provide various forms of a “wait”
primitive to advance simulated time. For instance, a
process modeling a server in a queueing network simula-
tion might execute “wait 20" to denote the fact that a
customer is being served for the next 20 units of simu-
lated time. These primitives are similar to those that are
commonly found in sequential simulation languages.

Modsim and sim++ provide somewhat different ap-
proaches to representing concurrency within the object-
oriented paradigm. In Modsim, a simulation process can
contain a collection of autonomous activities, one for each
invoked method. Each activity can be viewed as a concur-
rent ““thread of execution.”” For instance, one might model
the operations of a tank as several activities (methods): one
to rotate the turret to a new position, another to turn the
tank to a new direction, and a third to receive an incoming
message from headquarters. By contrast, a sim++ object is
viewed as a single thread of control. Concurrency is mod-
eled by using separate objects, one for each concurrent
activity. The difference between these two different ap-
proaches is largely one of convenience for the programmer,
rather than concurrency in the simulator, however. Existing
implementations of Modsim do not provide concurrent
execution of threads within the same object. This is because
the process’s state is shared among its activities, and as
mentioned earlier, no support is provided for shared state.

Modsim and sim++ were designed with implementa-
tion on a Time Warp system in mind. Maisie targets both
conservative and optimistic synchronization mechanisms, a
much more ambitious goal. The inclusion of conservative
mechanisms is significant because, as mentioned earlier,
conservative approaches often require much more applica-
tion specific information than do optimistic approaches.

Each language offers certain insights into language de-
sign for parallel simulation, including the following:

® In addition to the aforementioned problem with shared
state, the semantics of certain Modsim primitives also
make concurrent execution of methods within a single
process difficult. One can “interrupt’” activities within a
process. If several activities are eligible for interruption,
the interrupt primitive specifies that the most imminent
activity is interrupted. The “most imminent activity’” is
easily determined in a sequential environment by scan-
ning the list of pending events. It is much more difficult
to determine in a parallel environment, however, if activ-
ities execute concurrently on different processors, be-
cause no centralized event list is available. This high-
lights the fact that simulation primitives which implicitly
assume an event list are not well suited for parallel
simulation.

® Sim++ provides a primitive called sim_write__lock that
is used by an entity to ““lock’ certain state variables so
that they cannot be modified by the process until it is
first unlocked. The purpose of this primitive is to inform
the Time Warp executive that it need not take check-
points on that portion of the process’s state vector
(checkpoints are required in case a rollback later occurs),
since it is not being changed.

® In Maisie, a wait statement automatically buffers incom-
ing messages that arrive while a process is waiting
(sim++ also provides a similar primitive). For instance,
if a process at simulated time 100 executes “wait 20,”
then it can be guaranteed that no new messages will be
generated until simulated time 120. This information can
be used for generating null messages, which guarantee
that no new messages will be sent with timestamp smaller
than 120.

® The wait primitive can also provide information that can
be used to optimize the performance of rollback-based
mechanisms such as Time Warp. For instance, in a
queueing network simulation, a process might wait from
simulated time 100 to 120 because it is simulating the
service of a job. Assuming that this service cannot be
interrupted, messages arriving between time 100 and 120
can be received out of timestamp order without any
deleterious effects, so no rollback is necessary should this
occur. The wait primitives in Maisie provide sufficient
information to the simulation kernel to detect this situa-
tion, and avoid certain unnecessary rollbacks.

8.2. Future Directions in Language Design

Ideally, one should be able to develop a simulation model
without being overly concerned with the execution envi-
ronment, and achieve “acceptable” (though not necessarily
optimal) performance should it be executed on a parallel
machine. At present, the simulation community is very far
from this situation. Today, even experienced simulation
programmers will have difficulty achieving acceptable per-
formance on a parallel computer without a relatively high
degree of sophistication in parallel computation and paral-
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lel simulation techniques. I see two general approaches to
attacking this problem, one evolutionary, and the second
revolutionary.

The evolutionary approach builds upon the rich experi-
ences that have accumulated with simulation languages on
sequential machines. The language proposals just described
are of this nature. Another approach, using hierarchical
decomposition combined with a specialized parallel simu-
lation protocol, is also in a similar spirit.””} Evolutionary
approaches attempt to build a synergistic co-existence of
variations of traditional simulation primitives (e.g., wait
and interrupt primitives) with the particular constraints
associated with implementation on a parallel computer.

In these approaches, I would argue that the fundamental
problem that needs to be addressed boils down to one
thing: achieving good performance for those constructs that
are frequently used in sequential simulation models. While
some constructs can probably be safely avoided, others
cannot. For instance, I believe the lack of shared state is one
issue that cannot simply be sidestepped. Without a suitable
alternative, simulation programmers are left to their own
devices to realize this aspect of the model. This, in turn,
requires great sophistication in parallel processing, as well
as simulation modeling. It is my belief that approaches to
simplify model development need to confront these perfor-
mance issues head on. Until the performance issue is satis-
factorily resolved, language designers will have their hands
tied, and will not be able to provide constructs that both
satisfy the modeler’s needs and achieve efficient execution.

Along the same lines, parallel simulation mechanisms
have not yet fully addressed the problems associated with
dynamic creation and management of components making
up the simulation. Although techniques for dynamically
creating processes and allocating memory in optimistic
protocols are known (e.g., see Tinker and Agrel®”), their
performance properties, and techniques for maximizing
performance, have not been widely studied. Specifically,
one needs to be able to roll back the creation of any entity.
Dynamic process creation has similarly not been widely
studied for conservative protocols, and is expressly forbid-
den by many approaches. Furthermore, state saving over-
head, already a problem in optimistic synchronization, be-
comes even more of a problem when copies of complex,
dynamically created data structures must be made. Packag-
ing complex data structures into messages for transmission
to other processes represents yet another time-consuming
operation.

Other, more radical, revolutionary approaches to simpli-
fying the development of parallel simulation software have
also been proposed. One approach along these lines is to
use logic programming languages for simulation modeling,
and concentrate parallelization efforts in efficiently execut-
ing these languages.'”-?! Time Warp has been proposed as
the execution mechanism for Prolog programs, for instance.
Another approach uses the Unity paradigm as the basis for
model development.l” 2! Unity has also been used as the
basis for developing parallel simulation protocols, e.g., see
Bagrodia, Chandy, and Liao.”! This provides not only a
means for concurrent execution, but a framework for prov-

ing properties of the simulation program as well. It remains
to be seen, however, to what extent the simulation commu-
nity will embrace such approaches. By analogy, it is per-
haps noteworthy that a great deal of effort has gone into
studying functional programming languages for general
purpose parallel computation, yet the languages that are
most widely used today for parallel computation are im-
perative languages such as C or Fortran.

It is clear that the simulation community is only begin-
ning to scratch the surface with respect to developing new
languages for parallel simulation. While some important
work has been completed in this direction, the field is still
relatively wide open.

9. Shared State

Many simulation models naturally consist of two types of
components: passive entities that do not directly affect the
state of the system, and active entities that do. For instance,
in a combat model, the passive entities include terrain data
and information indicating the location of various elements
in the simulation (roads, mine fields, combat units, etc.).
Active entities include the combat units themselves, com-
mand stations that issue orders, etc. It is simple and natural
to define variables to model the passive entities, and simu-
lation processes to model the active ones. While it is possi-
ble that new modeling methodologies or world views might
be developed to eliminate this conceptualization, it is not
immediately clear what form such methodologies would
take.

One approach to efficiently implement shared state is to
transmit required information to processes in advance of
when it is needed. This is sometimes called “push process-
ing,” while the more direct approach of reading the data on
demand as they are needed is called “‘pull processing.”®)
Push processing has been demonstrated to overcome the
performance problems (recall the earlier discussion regard-
ing query events) associated with pull processing, and can
lead to good performance. It does, however, greatly com-
plicate the coding of the simulation, and thereby inflate
development time and detract from the software’s main-
tainability. Because multiple copies of modifiable data may
be distributed across several processes, the application pro-
gram must, in effect, implement a memory management
protocol to maintain consistency among the multiple copies.

Another approach is to support shared state in the simu-
lation mechanism itself. Recall that the problem with shared
state is the following: Consider two concurrently executing
simulation processes both examining a common state vari-
able, e.g., LP, and LP; in the queueing network example
discussed earlier accessing the QLength variable (see Fig-
ure 2b) in LPg. In general, these processes will be at
different points in simulated time. LP, at simulated time
100 expects to see the state of the variable as it existed at
simulated time 100. On the other hand, LP; at time 80
expects to see the state as of time 80. Which value should
be maintained in the variable?

One approach to resolving this dilemma is an abstraction
called space-time memory (not to be confused with the
space-time simulation protocoll’] While conventional mem-
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ory is viewed as a one-dimensional array of values that is
addressed with a spatial coordinate (i.e., a word address),
space-time memory is two-dimensional, and addressed with
both a spatial and a temporal coordinate. In the queueing
network example, LP, would specify that it is reading the
value of QLength at simulated time 100, and the memory
system would guarantee that it returns the version that
existed at 100. Similarly, LP; would request the version
that existed at time 80.

Space-time memory is used in conjunction with a Time
Warp like rollback mechanism to recover from synchro-
nization errors.”®) To enable rollback, a history of the
execution is required. Assume that the shared state is
represented as a collection of object instances (or simply
objects) Og, Oy, ..., 0,_, that model the state of the system
being simulated. Each object represents a collection of state
variables that the simulation mechanism treats as an indi-
visible unit. Here, objects simply denote collections of state
variables. Methods are not a priori associated with objects
(as in object-oriented programming).

A point (T, O) in Figure 5 denotes the state of object O at
simulated time T. The evolving state of an object is repre-
sented by a horizontal object history line. The short vertical
bars intersecting the object history denote state changes. For
example, object O; changes state at simulated times 0
(where it was initialized), 10, and 25; i.e., events with
timestamps of 10 and 25, respectively, modified some vari-
able within the object. A segment of the object history line
that is terminated at each end by state change bars, and is
not broken by any other change bars, is called a version of
the object; it denotes the object’s value over some simu-
lated time interval. In Figure 5, there are three versions of
object O, that cover the time intervals [0, 10), [10,25), and
[25, ).

The underlying runtime system maintains an execution
history that is superimposed on top of the state history.
Three event computations are shown in Figure 5, C,;, C,,
and C; at simulated times 10, 25, and 18, respectively. The
arc extending from O; to C,; indicates that C; read data
from this object. The arc from C, to O; indicates that C,

space

N N

0 5 10 15 20 25
virtual time
Agwre 5. Space-time memory showing the evolution of

state variables over simulated time and event computa-
tions accessing the state variables.

also modified O;. The arc from C, to C, indicates that C,
scheduled the event C,.

These arcs provide the necessary information to enable
rollback operations. For instance, if C, is rolled back, the
write it performed on O, must be retracted, implying that
Cs, which read the erroneous value, must also be rolled
back. Similarly, event C, that was erroneously scheduled
must be cancelled.

Space-time memory can be implemented using either
push or pull processing. An implementation on a shared
memory multiprocessor is described by Ghosh and
Fujimotol®? that uses pull processing. The implementation
is optimized to perform well on a shared memory architec-
ture. A push-based approach amounts to using a *“prefetch”
mechanism to fetch data before they are needed. This could
be facilitated by compiler support.

The principal objective of the space-time memory mecha-
nism is to provide the abstraction of shared state, thus
simplifying code development, but at the same time hiding
the complexities of memory management from the user. In
this respect, it is not unlike distributed shared memory sys-
tems that allow shared memory constructs to be used to
program message-based multicomputers (e.g., see Li and
Hudak[*?!). Space-time memory allows the simulation to be
programmed in a natural way using shared state variables
where appropriate, but (hopefully) without sacrificing per-
formance. More research still needs to be completed, how-
ever, to fully realize this goal. One interesting application
of space-time memory is in the automatic parallelization of
sequential simulation programs. I will describe this appli-
cation next.

10. Automatic Parallelization

Existing parallel simulation methods require that the appli-
cation program be rewritten for parallel execution. If a
larger base of software has already been developed, this is
a serious drawback. Another approach is to use compilers
and runtime system support to automatically parallelize the
sequential simulation. Much work has been devoted to
automatically parallelizing regular numeric computations.
However, these approaches cannot be directly applied to
discrete event simulation because data dependence rela-
tionships cannot be easily predicted at compile time. They
depend on computed values such as timestamps, defeating
existing compiler-based approaches. Furthermore, because
each event requires an access to the event list, execution
may be serialized.

The space-time memory construct described previously
suggests an alternative approach. A sequential discrete
event simulation program contains two principal data
structures: the variables that describe the state of the sys-
tem, and an event list that contains pending events that
have been scheduled, but not yet processed (see Figure 6).
The sequential simulator contains a loop that repeatedly
removes the smallest timestamped event from the event
list, and then executes the code to process that event. This
code will read and (possibly) modify the state variables,
and schedule new events into the event list. Abstractions
based on process-oriented and object-oriented simulation
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Parallel Discrete Event Simulation

Memory

Processor 1

while (event list not empty)

remove next event
process that event

state
vanables
(space-tume memory)

end-while

Processor N ®

while {event hist not empty)

remove next event List
process that event (convenhonal memory)

end-while

Fgure 8. Automatic parallelization of sequential event list
simulator. One loop executes on each processor.

methodologies can be built on top of this paradigm, but the
basic underlying mechanism remains the same.

Assume for the moment that event procedures may only
(1) read or modify state variables and (possibly) (2) sched-
ule new events. Furthermore, assume each event is as-
signed a unique timestamp to reflect the sequential execu-
tion order (this requires appending “hidden” fields to the
timestamp of each event; details of how to accomplish this
are beyond the scope of the present discussion, but one
such scheme is described by MehlP?). The goal is to exe-
cute the sequential simulation program “‘as is”” on a shared
memory multiprocessor. This can be accomplished if (see
Figure 6):

1. the state variables are stored in space-time memory, and
2. the scheduler loop is executed in each processor of the
multiprocessor system.

This 1s because the space-time memory mechanism will
automatically ensure that each read operation returns the
same value that is returned in the sequential execution.
Because the read operations provide all of the inputs to the
event computation, each event computation will produce
exactly the same results as the corresponding sequential
execution. Anytime this is not the case, the computation is
rolled back, transparent to the application program !

Using space-time memory and rollback-based synchro-
nization, the parallel simulator achieves the same results as
the sequential simulator, and, at least in principle, does not
require any modification to the sequential simulation code
for processing events. A compiler for automatically paral-
lelizing SIMSCRIPT IL5 programs using this approach has
been developed, and is currently being evaluated.”!! In the
previous discussion, a global event list containing the set of
pending events was assumed. A concurrent priority queue
data structure®® or multiple event lists could be used to
prevent this from becoming a bottleneck.

Sequential simulation programs often utilize other simu-
lation primitives in addition to event scheduling and ac-

cessing state variables. Libraries are usually provided for
statistics collection, queue management, and random num-
ber generation, among others. In principle, these can be
simply treated as part of the application program, and do
not affect the correctness of the parallelization scheme.
They do affect efficiency, however. For instance, each call
to the random number generator modifies the generator’s
seeds. If each event requires one or more random numbers,
and the seeds are placed in space-time memory, execution
will be serialized and poor performance will result. Simi-
larly, statistics collection may serialize execution if no spe-
cial precautions are taken. Thus, parallelized libraries or
automatic code restructuring techniques are required if this
approach is to be viable.

Other sequential simulation primitives are more prob-
lematic in that they rely on the internal structure of the
sequential simulator, which is not preserved in the parallel
execution. Certain simulation primitives may directly inter-
rogate the event list, e.g., a primitive that returns the
number of pending events. In principle, these primitives
can be accommodated by building the necessary data struc-
ture (e.g., a mirror image of the event list) in space-time
memory. Alternatively, one can observe that the event list
at simulated time T includes those events that were sched-
uled prior to simulated time T and contain a timestamp
greater than T. One can then scan the parallel event list to
collect this information. It remains to be seen how efficient
this approach is, and what techniques can be developed to
optimize performance.

It is reasonable to ask if automatic parallelization is a
viable approach for discrete event simulations, particularly
since even manual parallelization does not appear to be so
straightforward. At this point in time, I can only speculate.
The approach outlined previously relies on two key
premises: the application has a sufficient amount of concur-
rency to offset the overheads associated with parallel exe-
cution, and the rollback-based synchronization mechanism
(or some variation) has the ability to effectively exploit this
parallelism. Published studies on Time Warp performance
(e.g., see [25, 75]) offer some hope that the latter premise
can be met, though additional work is required to further
reduce Time Warp overheads (particularly state saving).

Do sequential simulations contain sufficient parallelism?
Simulations contain two types of dependencies that limit
the amount of available parallelism. First, there are depen-
dencies that arise from the simulation model itself. The
cause-and-effect relationships of the system being modeled
map directly onto dependencies between events in the
simulator. Therefore, one can conclude that the simulator
will only have parallelism if the system being simulated
also contains parallelism. The envisioned applications for
many large scale simulations, e.g., simulations of combat
scenarios and communication networks, appear to have
this property. The second type of dependencies are artifacts
of the simulation itself, and do not correspond to any
behavior in the system being simulated. As mentioned
earlier, global variables that are used for random number
generator seeds and statistics collection are two examples.
Ultimately, the viability of automatic parallelization may
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depend on the development of automatic techniques to
restructure the simulation to avoid these latter dependen-
cies. However, even if automatic restructuring proves to be

infeasible, semi-automatic approaches may still be accept-
able.

11. Conclusion

In this article, I have argued that although much has been
learned about concurrent execution of discrete event simu-
lation programs and many successes have been reported
over the last 15 years, to date, this technology has failed to
make a significant impact in the general simulation com-
munity. While work in “traditional” areas of parallel simu-
lation research will (and should) continue, the issue of
simplifying the development of efficient parallel simulation
software has not received adequate attention. Several ap-
proaches that attempt to address this problem, including
application specific library packages, new simulation lan-
guages, support for shared state, and automatic paralleliza-
tion offer some hope in making parallel simulation a gen-
eral tool with widespread application, but much more
research remains to be done. I believe the success of paral-
lel simulation in the next decade hinges critically on the
success of these or other approaches to simplifying model
development.

In the past, simulation modelers could rely on faster
uniprocessor computers to achieve reduced model execu-
tion times. It is unlikely, however, that this will continue.
As computing speeds begin to approach fundamental lim-
its such as the speed of light, performance improvements of
uniprocessor computers will come at a much slower pace.
Simulation users will have to rely more and more on
parallelism to derive the benefits of high performance com-
puting. If efforts to exploit parallel simulation technology
fail, simulation users will be forced to make more and
more compromises in accuracy and problem size, as sys-
tems become larger and more complex. Thus, in the long
term, the success or failure of parallel simulation methods
could ultimately determine the extent to which simulation
can remain a viable, effective approach to analyzing large,
complex systems.
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