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Traditional discrete-event simulations employ an inherently sequential algorithm. In
practice, simulations of large systems are limited by this sequentiality, because only a
modest number of events can be simulated. Distributed discrete-event simulation (carried
out on a network of processors with asynchronous message-communicating capabilities) is
proposed as an alternative; it may provide better performance by partitioning the
simulation among the component processors. The basic distributed simulation scheme,
which uses time encoding, is described. Its major shortcoming is a possibility of deadlock.
Several techniques for deadlock avoidance and deadlock detection are suggested. The
focus of this work is on the theory of distributed discrete-event simulation.
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INTRODUCTION

This survey presents an entirely new
approach to the problem of system simu-
lation. A system simulation is typically car-
ried out as a repetition of the following
sequential steps: Fetch one event from a
data structure, carry out one step of simu-
lation, and (possibly) update the data struc-
ture. Such simulations are practical only
when the number of events being simulated
is modest.

Recent advances in computer and com-
munication systems have resulted in de-
mands for new tools for their analyses.
Mathematical modeling techniques have so
far proved inadequate in dealing with these
systems, and simulation seems to be the

only viable alternative. Unfortunately, sim-
ulation is proving to be inadequate because
of the sheer magnitude of the problem. For
instance, a telephone switch generates
about 100 internal messages in completing
a local call. Large telephone switches can
handle 100 or more calls per second. Thus,
simulation of a telephone switch for 15
minutes of real time requires the simulation
of nearly 10 million messages, which
will require several hours on a very fast
uniprocessor.

One alternative is to exploit the cost
benefits of cheap micro/minicomputers and
high-bandwidth lines by partitioning the
simulation problem and executing the parts
in parallel. Unfortunately, however, the
typical simulation algorithm does not easily
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partition for parallel execution. An entirely
new approach to simulation for multipro-
cessors is required. This survey presents
such an approach.

The text is organized in five sections.
Section 1 describes the need for distributed
simulation; it gives a quick survey of the
system simulation problem, the sequential
simulation algorithm and its shortcomings.
The scope of the paper and a history of
distributed simulation are also included in
that section. In order to make the paper
self-contained, basic notions of sequential
simulation are introduced and explained in
Section 2. A proof that the sequential sim-
ulation algorithm works correctly is given
in that section; surprisingly, the author
could not find such a proof in any simula-
tion book. It is then shown why this scheme
cannot be readily parallelized. Section 3
introduces the basic distributed simulation
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scheme, which is shown to be partially cor-
rect. It is shown that this scheme may
result in deadlock. Several different ap-
proaches for deadlock resolution are dis-
cussed in Section 4. Section 5 contains a
summary and possible directions for future
investigation.

We believe that distributed simulation
offers a promising approach to speeding up
simulation. The basic theory has been
developed; it remains to experiment with
various alternative heuristics to ensure that
substantial performance gains over sequen-
tial simulation can be achieved. The prob-
lem of deadlock and its resolution are at
the core of the performance issue. There is
some indication that reasonable perfor-
mance gains may be expected at least for
simulations of certain classes of queuing
networks [Peacock et al. 1979a, 1979b;
Quinlivan 1981]. However, several large-
scale studies, with a number of different
heuristics for deadlock resolution, are
needed before any claims about perfor-
mance can be made. We hope that this
paper will spur interest in such studies.

This paper does not introduce a new
simulation language, because distributed
simulations can be written using sequential
simulation languages for simulating the
physical processes, and message communi-
cation languages for describing interactions
among component machines. We also avoid
a number of traditional issues in simula-
tion: pseudorandom number generation,
statistical analysis of the outputs, etc.
Methods developed in these areas for se-
quential simulation still apply [Fishman
1978]. Our goal in this paper is to show
how the body of actual simulation can be
distributed among a set of interacting
machines.

1. AN OVERVIEW OF SYSTEM SIMULATION
1.1 System Simulation Problem

We consider the problem of simulating
physical systems, also called networks, that
consist of one or more physical processes.
Each physical process operates autono-
mously, except to interact with other
physical processes in the system. The
interaction is by messages. Contents of a
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message sent by a (physical) process de-
pend on the characteristics of the process
(its initial state, its rules of operation) and
the messages that the process has received
so far.

We describe the problem and the termi-
nology more precisely in the next section.
We note that many real systems can be
modeled in terms of processes and messages
as described above. For example, in a com-
puter system, CPU, disks, memory, and job
entry terminals may be thought of as pro-
cesses; the CPU may interact with a disk
by sending it messages requesting or releas-
ing disk space; a job entry terminal may
interact with the CPU by sending it mes-
sages, which are in fact jobs or tasks to be
executed. Detailed examples are given in
the next section.

Typical steps in constructing and using
a simulation program consists of

(1) starting with a real system and under-
standing its characteristics,

(2) building a model from the real system
in which aspects relevant to simulation
are retained and irrelevant aspects are
discarded,

(3) constructing a simulation of the model
that can be executed on a computer
(simulations other than computer pro-
grams are not considered here), and

(4) analyzing simulation outputs to under-
stand and predict the behavior of the
real system.

In addition, the model and the simulation
must be verified and may be refined during
steps (2) and (3), perhaps iteratively, if they
do not meet the expectations. In this paper,
we look at only one step—step (3)—of the
entire simulation process. What is typically
called a model in step (2) is actually our
physical system; we show how to go from a
physical system to a computer program for
simulation that is distributed and hence
may be concurrently executed on several
machines. We do not consider the problem
of constructing a physical system descrip-
tion from the real system, nor do we con-
sider how to analyze simulation outputs to
predict the behavior of the real system.
Stated another way, we show how to con-
struct an asynchronous system (the simu-

lator running on asynchronous machines)
from a synchronous system (the physical
system, running in real time). We further
restrict ourselves to discrete-event simula-
tions; we assume that events in the physical
system—in our case, message transmis-
sions—happen at discrete points in time.

1.1.1 Traditional Approach to System
Simulation

Traditionally, discrete-event system simu-
lations have been done in a sequential man-
ner. A variable clock holds the time up to
which the physical system has been simu-
lated. A data structure, called the event list,
maintains a set of messages, with their
associated times of transmissions, that are
scheduled for the future. Each of these mes-
sages is guaranteed to be sent at the asso-
ciated time in the physical system, provided
the sender receives no message before this
message transmission time. At each step,
the message with the smallest associated
future time is removed from the event list,
and the transmission of the corresponding
message in the physical system is simu-
lated. Sending this message may, in turn,
cause other messages to be sent in the
future (which then are added to the event
list) or cause previously scheduled mes-
sages to be canceled (which are removed
from the event list). The clock is advanced
to the time of the message transmission
that was just simulated.

This form of simulation is called event
driven, because events (i.e., message trans-
missions) in the physical system are simu-
lated chronologically and the simulation
clock is advanced after simulation of an
event to the time of the next event. There
is another important simulation scheme,
time-driven simulation, in which the clock
advances by one tick in every step and all
events scheduled at that time are simu-
lated. We do not discuss time-driven
simulation in this paper.

1.1.2 Drawbacks of Sequential Simulation

The nature of the event-list mechanism
dictates a sequential simulation, since in
each cycle of simulation only one item is
removed from the event list, its effects
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simulated, and the event list, possibly, up-
dated. This is unfortunate; the algorithm
cannot be readily adapted for concurrent
execution on a number of processors, since
the event list cannot be effectively parti-
tioned for such executions. We contend
that the sequentiality inherent in the
event-list structure is a major impediment
to the widespread use of simulation. Com-
plex computer and communication systems
of the future will be intractable mathemat-
ically and therefore will have to resort to
simulation for their performance evalua-
tions. Current simulation techniques will
prove inadequate for these systems be-
cause, with current technology, only a mod-
est number of events can be simulated. It
is necessary to take a radically new ap-
proach to simulation that will utilize the
power and cost benefits of small computers
and high-bandwidth communication lines.

1.2 Distributed Simulation

Distributed simulation offers a radically
different approach to simulation. Shared
data objects of sequential simulation—the
clock and event list—are discarded. In fact,
there are no shared variables in this algo-
rithm. We suggest an algorithm in which
one machine may simulate a single physical
process; messages in the physical system
are simulated by message transmissions
among the machines. The synchronous na-
ture of the physical system is captured by
encoding time as part of each message
transmitted between machines. We show
that machines may operate concurrently as
long as their physical counterparts operate
autonomously; they must wait for message
receptions to simulate interactions of the
corresponding physical processes.
Distributed simulation offers many other
advantages in addition to the possible
speedup of the entire simulation pro-
cess. It requires little additional memory
compared with sequential simulation.
There is little global control exercised by
any machine. Simulation of a system can
be adapted to the structure of the available
hardware; for instance, if only a few ma-
chines are available for simulation, sev-
ral physical processes may be simulated
(sequentially) on one machine.
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Several distributed simulation algo-
rithms have appeared in the literature.
They all employ the same basic mechanism
of encoding physical time as part of each
message. The basic scheme they use may
cause deadlock. Various distributed simu-
lation algorithms differ in the way they
resolve the deadlock issue.

1.3 History

Sequential simulation has a long history;
Franta provides a discussion of a number
of prominent simulation languages and
their relative merits {Franta 1977]. Among
the many simulation packages introduced
recently, we mention DEMOS, SAMOA,
and MAY [Birtwistle 1979; Lonow and
Unger 1982; Bagrodia et al. N.d.]. DEMOS
is a discrete-event modeling package imple-
mented in SIMULA [Dahl et al. 1970]. It
provides an extensive list of features for
event scheduling, data collection, and re-
port generation. SAMOA uses Ada as the
base language [U.S. DoD 1982]. MAY pro-
vides a very small set of constructs for
message communication; these features
have been used to build an extensive library
for simulations of computer and commu-
nication networks. The minimality of MAY
makes it possible for it to be implemented
even on personal computers.

The idea of distributed simulation was
proposed by Chandy in 1977 in a series of
lectures at the University of Waterloo, and
independently by R. E. Bryant. Papers by
Chandy and Misra [1979], Chandy et al.
[1979], and Bryant [1977] contain the basic
ideas of distributed simulation, the problem
of deadlock, and schemes for deadlock res-
olution. Peacock et al. [1979a, 1979b] and
Holmes [1978] have proposed mechanisms
for avoiding deadlock by periodic use of
probe messages. Empirical work by Peacock
et al. has shown that their method is indeed
viable: The time needed for simulation of a
class of queuing networks steadily de-
creases when the number of processors
available for simulation increases. Empiri-
cal investigations by Seethalakshmi and
Quinlivan showed that the method is also
efficient for acyclic physical systems and
that performance can be substantially
improved if there is adequate space for
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buffering messages [Seethalakshmi 1979;
Quinlivan 1981].

Chandy and Misra have subsequently
suggested a scheme for deadlock detection
and recovery [Chandy and Misra 1981].
Reynolds suggested using common memory
among neighbors to avoid deadlock [Rey-
nolds 1982]. A notable departure from these
schemes is one proposed by Jefferson based
on virtual time [Jefferson 1985]. A perform-
ance analysis of this scheme appears in
Lavenberg et al. [1983]. The virtual time
approach is still being developed and it is a
little premature to include it in this survey.

Bezivin and Imbert propose an approach
in which each process in the simulator
maintains a local time, and an overall
global time is maintained by a central pro-
cess [Bezivin and Imbert 1983]. Christo-
pher et al. propose precomputing minimum
wait time along all paths in a network so
that delay information may be propagated
rapidly among nonneighboring processes
[Christopher et al. 1983].

Kumar has combined some recent work
in deadlock and termination detection with
the basic simulation scheme [Kumar 1986;
Misra 1983]. Behaviors of these algorithms
on a wide class of practical simulation
problems are currently being investigated,
both analytically and using empirical tech-
niques.

2. SEQUENTIAL SIMULATIONS OF
SYSTEMS

This section introduces the problem of sys-
tem simulation. A precise definition of sim-
ulation is given. The sequential simulation
algorithm using the event-list structure is
presented and proved. It is shown why the
sequential simulation scheme cannot be
readily adapted for parallel execution.

2.1 Physical Systems

We consider physical systems, also called
networks, consisting of a finite number of
physical processes (abbreviated as pp’s).
Each pp represents some component of the
real system to be simulated. For instance,
in a computer system, the CPU, each disk,
each memory bank, and each job entry ter-
minal may be thought of as a pp. In tradi-

tional simulation terminology, each pp is
described by a set of events and each event
has an associated time of occurrence. Fur-
thermore, there is a dependency relation
among all events in the system; if the pair
of events (e, e’) is part of the dependency
relation, we say that e’ depends on e. De-
pendency relation captures our intuitive
understanding of the order in which events
must occur in the system; no event can
occur unless all the events on which it
depends have already occurred. Clearly, we
must then require that the dependency re-
lation not be cyclic, that is, it should be an
irreflexive partial order; furthermore, the
time associated with an event e’ must be
no less than the associated time of any
event e on which it depends.

We next give an example that clarifies
the notion of events and dependencies.

Example 2.1 (Car Wash)

The following example is a variation of one
appearing in Birtwistle et al. [1973]. A car
wash system consists of an attendant and
two car washes, abbreviated CW1 and
CW2. Cars arrive at random times at the
attendant. The attendant directs cars to
CW1 or CW2 according to the following
rule: If both car washes are busy, that is,
washing cars, any arriving car is queued at
the attendant; if exactly one car wash is
idle, the car at the head of the queue, if
any, is sent to that idle car wash; if both
car washes are idle, the car at the head of
the queue, if any, is sent to CW1. CW1
spends 8 minutes and CW2, 10 minutes in
washing a car. Given some distribution of
car arrivals, it is necessary to compute the
average amount of time a car spends at the
car wash (including the washing time) and
the average length of the queue that builds
up at the attendant. We do not compute
the above statistics; we simply show the
sequence of events and message transmis-
sions in two different views of the car wash
problem.

The entire system can be described by
listing all possible events—all possible car
arrivals and their subsequent washings—
and dependencies between them. We re-
strict ourselves to describing part of this
system.
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Figure 1.

The schematic diagram of the flow of

cars is given in Figure 1.

Initially both CW1 and CW2 are idle.
Assume that 6 cars, C1 through C6, arrive
at the attendant at times 3, 8, 9, 14, 16, 22.
An event in this system is either a car
arriving at some point, that is, at the at-
tendant, CW1, or CW2, or a car leaving the
car wash. We assume that the driving time
from the attendant to CW1 or CW2 is zero.
Also, the washing of a car begins as soon
as it arrives at CW1 or CW2. The chrono-
logical sequence of events is given in
Table 1.

Dependencies among events is shown in
the directed graph of Figure 2; a directed
line from event e, to event e, denotes that
event e; depends directly on event e;.

If an event e’ depends on event e, then
simulation of e must precede simulation
of e’. Conversely, if e, e’ are independent,
that is, there is no dependency relation
between them, then they may be simulated
concurrently or, equivalently, in arbitrary
order. Thus, two independent events, such
as event 8 (C4 arrives at the attendant) and
event 12 (C3 leaves car wash) are inde-
pendent and hence can be simulated con-
currently.

We find it convenient to dispense with
the notion of event; we model a physical
system as a set of pp’s that operate auton-
omously to change their own states and
that interact by sending and receiving mes-
sages. Such a model is possible because if
event e’ at process g depends on event e at
process p, then process p may send a mes-
sage to process ¢ after it completes execu-
tion corresponding to event e, and g, upon
receiving this message (and other messages
corresponding to other dependencies of e’)
may carry out the actions necessary for
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Schematics of car flow.

Table 1. A Sequence of Events in the Car Wash
Event
number Time Event

1 3 C1 arrives at the attendant
2 3 C1 arrives at CW1

3 8 C2 arrives at the attendant
4 8 C2 arrives at CW2

5 9 C3 arrives at the attendant
6 11 Cl1 leaves car wash
7 11 C3 arrives at CW1

8 14 C4 arrives at the attendant

9 16 C5 arrives at the attendant
10 18 C2 leaves car wash
11 18 C4 arrives at CW2
12 19 C3 leaves car wash
13 19 C5 arrives at CW1

14 22 C6 arrives at the attendant
15 27 C5 leaves car wash
16 27 C6 arrives at CW1
17 28 C4 leaves car wash
18 35 C6 leaves car wash

implementation of e’. Message transmis-
sion delays are zero, that is, any message
sent at time ¢ is received by the intended
recipient at t. (Recall that we are describing
a physical system, not the computer system
on which the simulation is to run.) If it is
necessary to model delays in the real-world
system (viz., driving time from attendant
to a car wash in the last example), then
either the sender of a message idles for
some time before sending the message or
the recipient of a message idles for some
time after receiving the message; another
possibility is to model the communication
medium as a process incorporating the
delay.

Example 2.1 (continued)

We now present the car wash viewed as a
message-passing system. The car wash sys-
tem has 5 pp’s: the source, which generates
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Figure 2. Schematics of events in a car wash.

& N0 1 17
attendant ¢
source t BN
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sink

cwa2

Figure 3. Schematics of message flow in the car wash system.

cars at the prescribed times, the attendant,
CW1, CW2, and the sink (exit). The sche-
matic diagram of message communications
among these pp’s is given in Figure 3.

Note that we have possible message flow
paths from CW1 and CW2 to the attend-
ant. This is because the attendant must
know when a car wash becomes idle. (In
this particular problem, the attendant can
keep track of the times at which the last
cars were sent to CW1 and CW2 and, since
the washing times are fixed, can deduce the
times at which CW1 and CW2 will next
become idle. This means that the attendant
is simulating CW1 and CW2. In general it
will not be possible, or preferable, to do so
in a simulation.) A complete list of mes-
sages for this example is shown in Table 2,
with corresponding event numbers from
Table 1. Each message has a sender, a
receiver, and message content. In our case
the content is either a car number or the
status (idle) of a car wash.

This example shows how to model event
interactions by message transmissions. In
particular, if an event at one pp causes
events to happen at several other pp’s, we
shall have to model such event dependen-
cies by several message transmissions. Sec-
ond, the chronological order of simulations

of events in sequential simulation (de-
scribed later) guarantees that every event
simulation precedes the simulation of
events that depend upon it. Qur approach
in distributed simulation dispenses with
chronological simulations of events.

There are two conditions that are met by
every physical system imaginable: realiza-
bility and predictability. We assume that
both these conditions hold for all physical
systems we consider.

Realizability. A message sent by a pp at
time ¢ is a function of its initial state, ¢, and
the messages it has received up to and
including ¢.

Realizability says merely that a pp can-
not guess any message it will receive in the
future. Note that we admit the possibility
of a message that is received at t affecting
a message that is sent at ¢. An example of
a pp in which this instantaneous cause-
effect is seen is given below.

Example 2.2 (Instantaneous Message
Transmission)

Consider a pp that acts as a merge point
for several pp’s. Schematically, such a pp,
A, is shown in Figure 4. Messages arriving
at A, either from the top or from the

Computing Surveys, Vol. 18, No. 1, March 1986
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Table 2. A Sequence of Message Transmissions in the Car Wash System
Time
Message Event message Message Message
number number sent sender receiver Content
1 — 0 CW1 Attendant Idle
2 — 0 CW2 Attendant Idle
3 1 3 Source Attendant C1
4 2 3 Attendant CWwW1 C1
5 3 8 Source Attendant C2
6 4 8 Attendant Cw2 C2
7 5 9 Source Attendant C3
8 6 11 CWi1 Sink C1
9 — 11 CW1 Attendant Idle
10 7 11 Attendant CwWi C3
11 8 14 Source Attendant C4
12 9 16 Source Attendant C5
13 10 18 CW2 Sink C2
14 — 18 CW2 Attendant Idle
15 11 18 Attendant CwW2 C4
16 12 19 CW1 Sink C3
17 — 19 CW1 Attendant Idle
18 13 19 Attendant CwWi1 C5
19 14 22 Source Attendant C6
20 15 27 CW1 Sink Cs5
21 — 27 CW1 Attendant Idle
22 16 27 Attendant CW1 Ce
23 17 28 Cw2 Sink C4
24 — 28 CW2 Attendant Idle
25 18 35 CW1 Sink C6
26 — 35 CWwW1 Attendant Idle
Predictability. Suppose the physical
system has cycles, that is, a set of processes
PPo, - .., PPn—1, Where pp; sends messages
to ppi+: (and perhaps to other pp’s) and
receives messages from pp;-; (and perhaps
other pp’s).! Suppose that the message, if
A Queue any, sent by pp; at some time ¢ depends on
what pp; receives at ¢, for all i; then we
have a circular definition where the mes-

Figure 4. A merge point pp.

bottom, are instantaneously sent to the
queue on the right. Therefore, a message
sent by A at ¢t depends upon messages re-
ceived at ¢. It may be argued that pp A
cannot be physically constructed. However,
this pp may represent a real-world entity,
where the interval between reception and
transmission of a message is small enough
to be ignored altogether in the modeling
process. Such merge points are often used
in queuing network descriptions of systems.
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sage received by every pp at t is a function
of itself. In order to avoid such situations,
we require that for every cycle and t there is
a pp in the cycle and a real number ¢,.¢ > 0,
such that the messages sent by the pp along
the cycle can be determined up to
t + ¢, given the set of messages that the pp
receives up to and including t.

Predictability guarantees that the system
is “well defined” in the sense that the out-
put of every pp up to any time ¢ can be
computed given the initial state of the
system.

! All arithmetic in pp subscripts is modulo n.
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D—DA > B > C

Figure 5. Schematic diagram of
the example assembly line.

-}

source

Table 3. Job Generation Times and Service Times
in the Example of Figure 5

Jobs

Work station 1 2 3 4
Job generation times

Source 5 7 30 32
Service times

A 4 10 1 5

B 12 15 2 7

C 2 3 1 4

We next consider some typical simula-
tion examples and show that they satisfy
the realizability and predictability condi-
tions.

Example 2.3 (Car Wash-Realizability and
Predictability)

We consider the car wash problem intro-
duced in Example 2.1. Each pp’s output at
time ¢ depends only upon the messages it
has received up to t. Of particular interest
is the behavior of the attendant. If it re-
ceives an “idle” message from either of the
car washes at time ¢ and the queue is not
empty at £, then it sends a message at t.
Therefore, the realizability condition is
satisfied. The predictability condition
is satisfied because each cycle contains one
of CW1 or CW2 and, given the input to
CW1 (CW2) up to ¢, we can predict the
output from it up to t + 8 (¢ + 10).

Example 2.4 (Assembly Line)

An assembly line consists of a series of n
work stations. Jobs enter the assembly line
at work station 1; when a job has been
serviced at work station i, it proceeds to
work station i +1),i=1,2,...,n—1;a
job leaves the system after being serviced
at work station n. Service times at different
work stations are random variables; jobs
may be queued at a station awaiting service.
A work station takes one job from its input

sink

queue when it is free, services that job, and
then sends it to the queue of the following
work station. All work stations service the
jobs in a first come, first served (FCFS)
basis. It is desired to find the expected
number of jobs in the queue of each work
station and the expected waiting time for
jobs at each work station.

Specifically, consider an assembly line
consisting of three work stations, A, B, and
C, which services four jobs identified as 1,
2, 3, and 4. Schematically, the assembly
line is shown in Figure 5.

The times at which the source generates
jobs and the service time of each work
station for each job are given in Table 3.

The source (call it work station 0), the
sink (call it work station 4), and each work
station are pp’s. pp; sends messages to
PPi+1, L = 0, 1, 2, 3. The source sends
messages (which represent jobs) to work
station 1 at times 5, 7, 30, and 32. If a job
J,J > 1, arrives at a work station at time ¢,
then its service at this work station begins
either immediately (at t) if the work station
is then idle, or it begins immediately after
the departure of the (j — 1)th job from the
work station. Let A; be the time of arrival
of job j at some work station, let D; be the
time of departure of job j from this work
station, and let S; be the service time for
job j at this work station. Then we have

Dy =0;

D,~=max(A,-,D,-_1) +Sj, j=1, 2,.. ..
Using the service times and generation
times of jobs given in the previous table,
we can construct the departure times from
work stations, that is, times at which mes-
sages are sent, as in Table 4.

Each work station’s output at time ¢ de-
pends only on the jobs it has received up to
t, and therefore the realizability condition
is satisfied. The predictability condition is
trivially satisfied since there is no cycle in
the physical system.

Computing Surveys, Vol. 18, No. 1, March 1986
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Table 4. Times at Which pp’s Send Messages
in the Example of Figure 5

Message
pp 1 2 3 4
Source 5 7 30 32
A 9 19 31 37
B 21 36 38 45
C 23 39 40 49

Example 2.5 (A Computer System)

Imagine a computer installation that con-
sists of a central processing unit (CPU) and
two peripheral processors, procl and proc2.
Jobs enter the CPU, spend some time there,
and then branch to one of the peripheral
processors with some given probability.
Upon completion of processing at the
peripheral processor, a job may leave the
system or return to the CPU with some
probability. The schematic diagram of the
system is shown Figure 6.

This system has pp’s for the source, the
sink, merge points M; and M,, branch
points B, and B,, the CPU, procl, and
proc2. Each message represents the trans-
fer of a job from one pp to another. The
realizability property holds because no pp
bases its behavior on anticipation of the
future. Probabilistic decisions at B,;, B,
cause no difficulty because the inputs to
B,, B, up to time ¢ determine their outputs
up to time t (though the outputs may be
different at different times owing to the
probabilistic nature). We can realistically
assume that each processor spends nonzero
time in processing a job. Therefore the sys-
tem also has the predictability property.

This concludes our discussion of using
physical systems to model real-world sys-
tems. From now on we assume that we are
dealing with physical systems with the
properties of realizability and predictabil-
ity. Now we define the meaning of simula-
tion for such physical systems.

2.2 What Is Simulation?

We wish to build a simulator, or a logical
system consisting of logical processes (ab-
breviated lp), to simulate a physical system.
We use “simulation” in a rather strict
sense: We say that a logical system cor-
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rectly simulates a physical system if it is
possible for the logical system to predict the
exact sequence of message transmissions in
the physical system. That is, if t;, to, ...,
t;, ... are the times at which the messages
my, Ma, ..., M; ... are transmitted in the
physical system and L<t - -<t=<...
then the logical system should be able to
output the sequence ((t;, m;), (t;, ms), .

(ti, mi)’ e )'

The logical system may not actually print
the sequence (--- (¢, m;) ---). All that is
desired is that it should be possible to do so
from the logical system.

Clearly a physical system is a simulation
of itself. We wish to construct logical sys-
tems that may not operate at the same
speed as the physical system. Our goal is to
construct a logical system out of a machine
or machines where the speeds of processors
and communication links (if any) are
arbitrary. In other words, we wish to
duplicate the behavior of a synchronous
physical system using asynchronous logical
components.

It should be observed that we can carry
out the typical functions of simulation—
analyze data, predict performance or future
behavior, generate reports, etc.—using the
logical system. We do not address these
issues in this paper; we merely observe that
since it is possible to create the sequence
of physical message transmissions in the
logical system, all interactions can be re-
constructed and analyzed.

Example 2.6 (Message Transmission in the
Assembly Line Example)

A simulation of the assembly line of
Example 2.4 should be able to predict the
following message sequence. This sequence
is derived from Table 4. In the following,
a message consists of (sender id, receiver
id, message content). We write a 4-tuple
(t, s, r, m) to denote that at time ¢, pp s
sends a message to pp r with content m.

((5, source, A, 1), (7, source, A, 2),
(97 A, B’ 1) (191 A; By 2)7 (21 By C; 1),
(23, C, sink, 1), (30, source, A, 3),
(31, A, B, 3), (32, source, A, 4),
(36, B, C, 2), (37, A, B, 4), (38, B, C, 3),
(39, C, sink, 2), (40, C, sink, 3),
(45, B, C, 4), (49, C, sink, 4))
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Figure 6. Schematic diagram of job flow in a computer system that has a CPU and two
peripheral processors: a, mean time between arrival of jobs from the outside source, a
random variable; t., mean time spent by a job at the CPU, a random variable; ¢;, mean
time spent by a job at the peripheral processor 1 (procl), a random variable; ¢,, mean time
spent by a job at the peripheral processor 2 (proc2), a random variable; «, probability of a
job going to procl; 8, probability of a job exiting the system; M,, M,, merge points; B, B.,

branch points.

2.3 The Sequential Simulation Algorithm

Two major data objects used by the sequen-
tial simulation algorithm are the clock and
event list, which are described as follows:

Clock. A real-valued variable. It gives the
time up to which the corresponding physi-
cal system has been simulated; that is, all
messages (¢, m) sent in the physical system
with t < clock, can be deduced from the
logical system at any point in its execution.

Event list. A set of tuples of the form
(t:;, m;), where t; = clock and m; is a message.
(We assume that the identities of the
sender and the receiver are parts of the
message.) A tuple (¢;, m;) is in the event list
means that, in the physical system, if the
sender of m; receives no message at any t,
clock < t < t;, then it sends m; at t; and
sends no other message at any time t,
clock<t<t.

It