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ABSTRACT

Communications systems have widely varying equipment,
traffic distributions, error characteristics, and
measures of performance. To accommodate these
characteristics, a simulator for the protocols con-
trolling the transmission and reception of messages
must be modular and flexible; it must also allow

for the handling of concurrent processes and the
efficient generation of reports and statistics.

One way to construct such a simulator is to use
techniques derived from software engineering: design
prior to coding, design review, modular design
based on information hiding, use of abstract types,
code review by peers, co-operating sequential
processes, and pseudo-code spectfications. In the
development of a simulator program for several pro-
tocols, outside design review, the information-
hiding principle, the use of abstract types with a
language that supports them (SIMULA), and the use

of co-operating sequential processes were the most
productive methods.
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LNTRODUCTION

Simulation is an important tool for studying the
performance of complex systems. Recently, there has
been significant progress3?6°12°26 in the applica-
tion of statistical techniques to the analysis of
simulation results. Technigues for building simula-
tion programs have reccived less attention, except
in the sense that software enginecering methods are
intended to apply to the construction of programs

in general. This paper reports on the use of cer-
tain software engineering techniques in building a
simulator for satellite communication protocols.

Simulation provides a good test case for software
enginecring methods because simulations often re-
quire (1) concurrent processes, (2) modeling a com-
plex system through abstraction, (3) validating a
program against vague requirements, (4) modifying a
program to model alternative systems or configura-
tions, and (5) efficient use of computer time and
storage to allow enough replications of experiments
to provide statistically meaningful results. In
this project, we applied the following software
engineering techniques:

(1) Complete design prior to coding??

(2) Design review by knowledgeable outsiders®
(3) The information-hiding principle21

(4) Abstract typesl8’23

(5) Code reading by other than the coder prior to
testing1
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(6) Co-operating sequential processes5
(7) Use of pseudo-code.!?

All these techniques were helpful, although some
proved of greater benefit than others.

DESIGNING THE SIMULATOR

The first step in the design was to survey and docu-
ment the requirements for the simulation and the
environment. The general goal was to evaluate the
performance of alternative channel management algori-

thms (protocols) for broadcast satellite UIF channels.

Thus the simulator had to model accurately this type
of channel and allow different communications proto-
cols to be tested.

We tirst determined the primary factors that would
affect the performance of protocols in the communica-
tions systems. We also developed secondary require-
ments that would allow modeling of more general sys-
tems (e.g., point-to-point networks or networks in-
cluding voice links). The primary list of require-
ments was mandatory, the secondary desirable (exten-
sions of the initial simulator were to allow their
inclusion if possible]. We provided brief descrip-
tions of three protocols as examples of the opera-
tions that the simulator would have to model.

After identifying the requirements, we proposed a
design. Since the characteristics of the traffic on
the channel (arrival rates, sources, destinations,
priorities, and message lengths) could vary greatly,
the design had to provide a flexible way to specify
them. A goal for the design was that changes in
tratfic characteristics should require only param-
eter changes in the simulator, not coding changes.
We expected coding changes to be necessary for test-
ing different protocols, but we wanted the changes
to be limited to the protocol module. We expected
that changing the measurements to be recorded would
require changes in code, but our goal was to minimize
and localize these changes for each variable. The
code that generates reports should not be affected
by changes in the variables actually measured.

We specified the initial design informally as a set
of functions grouped into modules based on the
principle of information hiding.?! Each module
isolates particular design decisions and "hides"
those decisions from the other modules. If a design
decision is changed, the change affects only a sin-
gle module. The ''secrets" of a particular module
are the design decisions it hides. The design also
defined a structure for processes to model the
activities of a real communications system: message
generation, transmission, and reception. We defined
our processes as sequentially predictable activities;
actions that could occur simultaneously in the real
world (e.g., creation of one message and transmis-
sion of another) were modeled by separate processes.
The design included pseudo-code (an ad hoc program-
ming-language shorthand) for example processes;

this code consisted of function invocations embedded
in ALGOL-like control structures.

The design document also included a table listing
system characteristics likely to be changed in
experiments (such as traffic distributions, communi-
cations equipment, statistics collected, and chan-
nel error characteristics), cross referenced with
the proposed modules. At the intersection of each
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module (row) and experimental variable (column), we
indicated whether a change in the variable would
require no change, a parameter change, or a coding
change in the corresponding module. This table
provided a convenient way to check how well our
modularization followed the information-hiding
principle.

A technical memorandum?® describing the system re-
quirements and the proposed design was circulated
to three interested observers for a thorough review.
Keeping the documents together allowed reviewers to
judge the design with respect to the requirements.
We incorporated the results of these reviews into

a revised design memorandum that served as the
basic document guiding the implementation. The
differences between the initial and final designs
derived principally from a sharpening of the con-
cepts of process, function, and module. The revised
document included definitions of these terms and
omitted one synchronization process that had been
present in the initial design. This process was
found not to represent a real-world activity.

The final design consisted of two major parts:

(1) the user interface and simulator control, which
controlled a given simulation run, providing check-
pointing and restarting facilities, parameter
input/output, report generation, and initialization,
and (2) the communications system simulator, which
actually simulated the system.

The communications system simulator included two
types of processes: message generation processes
(MGPs) and channel access processes (CAPs). Each
node in a broadcast communications network would
have one or more MGPs to generate traffic according
to specified distributions for message lengths,
arrival rates, etc., and one CAP to transmit mes-
sages across the channel. (Later versions split
each CAP into two separate processes, one for
transmitting messages and the other for receiving
messages.) These processes would invoke the func-
tions contained in the following five modules:

(1) Message generation. This module hides such de-
tails as the probability distributions in use
for determining message interarrival time,
message lengths, etc. It provides functions to
generate a new message and to generate the time
between messages.

(2) Message storage. This module hides the queues
of messages awaiting transmission and the
priority queuing algorithms. It has functions
to return the waiting message with the highest
priority, to remove a message from the store,
to enter a message into the store, etc.

(3) Channel. This module hides the noise and delay
characteristics of the communications channel.
There are functions to transmit or receive data
and to obtain the propagation delay between a
pair of nodes.

(4) Protoceol. This module hides the detailed be-
havior of the protocol for transmitting and
receiving messages. The specific functions vary
according to the protocol but generally include
the handling of acknowledgments and retransmis-
sions, storage of portions of messages, and so
forth.




(5) Statistics. This module provides a common set
of functions for the collection and reporting of
statistics recorded during a simulation run. It
hides the algorithms and data structures used to
generate the statistics and reports.

The design of the user interface and the simulator
control was spccified in less detail, since the
functions to be performed were typical of many simu-
lation programs. These modules were identified as
follows:

(1) Comtrol. This module provides the user inter-
face to the top-level simulation functions, such
as reading parameters, initializing the simula-
tor, initiating a simulator run, and generating
reports. This module reads user requests,
checks them for validity, and invokes lower-
level functions to execute them. It requires no
detailed knowledge of the lower-level functions.

(2) Parameter i{mputioutput. 'This module hides the
user interface and functions for the acquisition,
display, and saving of parameter values. In
order to prevent this modulc from requiring de-
tailed knowledge of the parameters and input/
output formats for all modules in the system, we
had each module in the communications system
simulator implement functions to perform thesc
operations for itself. The parameter input/
output module needs only to know the names of
these functions.

(3) Report gencraisr. This module controls the
printing of statistics. To prevent this module
from knowing all the statistics in the system, a
function was provided for each type of statistics
variable to print a report. All instances of
statistics variables are linked, and the report
gencrator only has to know the name of the list
head in order to sequence through the sct of
variables and print the required output.

IMPLEMENTING AND DEBUGGING THE SIMULATOR

We chosc SIMULAZ?3°7 as the implementation language
because of 1ts support for abstract types and its
availability on a local PDP-10. Although SIMULA is
relatively little-used in the United States, it has

a large basc of Luropcan uscrs. We found the

DEC PDP-10 compiler to be relatively free of errors.
The utility for intcractive debugging provided excel-
lent facilities for setting breakpoints, stepping
through programs, and providing symbolic references
to variabtes. The choicc of SIMULA had no influence
on the design, since the author had only a nodding
acquaintance with the language prior to this project.
No SIMULA code was written before the design was
compiled. Consequently, we began by developing
several small SIMULA programs to resolve questions

on how certain featurcs of the language worked.

The pseudo-code describing processes in the design
had used an approach based on events: a process
would wait for an event to occur, service an event
passed to it, and wait for the next event. The
test programs revealed that SIMULA did not support
events directly; we cither had to introduce events
and a scheduling mechanism for them or we had to
modify the design of the processes. Since this
program affected the design, we wrote a memorandum
posing the alternatives and circulated it to the
reviewers of the earlier design document. We

decided to avoid the use of events and to split the
CAP into two separate procecsses, onc for reception
and one for transmission.

This decision made the mapping ot the design into
SIMULA straightforward. The CLASS structure in
SIMULA provides a good mechanism for the implementa-
tion of type abstractions.?’ (An abstract type is

a family of types in which family members implement
closely related operations and data structures.)

0f the abstract types used in the implementation,
the one that proved most useful later is the
abstract type for statistics collection. We have
described the development and use of this abstract
type elsewherel® but we will review it briefly here
as an cxample of how we used type mechanisms to hide
information.

The purposc of this family of types is to encapsu-
late the functions and storage requirced for record-
ing such measurements as message delays and back-
logs, calculating statistics (such as the mean and
variance) from these measurements, and generating
printed reports or histograms. A family of types,
rather than a single type, 1s necessary becausc some
measures (such as delay) are meaningful only for
continuous quantities while others (such as the
number of items queued) are meaningful only for
discrete quantities.

Furthermore, creating histograms requires cxtra
storage for collecting the statistics and more
paramcters (e.g., number of bins, bin size). Each
statistics variable is specified as either real or
integer and histogram or no histogram. The same
operations are provided for all types: initializa-
tion (to generate a new instance of the type),
update (to record an obscrvation), and report (to
print a summary of the obscrvations). An additional
operation prints the histogram.

Defining the types as SIMULA CLASSes satisfied the
need for encapsulation of the storage and operations,
but an additional goal was to hide from the report
generator the identity and number of statistics
variables (instances of thesc types) that werc to be
printed. 1f this information werc conccaled suc-
cessfully, we could change the nunber and type of
statistics collected without changing the report
generator. To accomplish this goal, we joined all
statistics variables in a single linked list.
(SIMULA provides a built-in type for such lists.)
Each time a new instance of one of the statistics
types was created, it was linked to the end of this
list. The report generator needed only the name of
the list head and the SIMULA list operators. After
printing a general heading, it mercly invoked the
report operation provided with each list element.

By checking the type of a list element, the report
generator could determine whether a histogram was
required.

We performed coding and debugging in parallel. We
first coded the lowest levels of the system (in the
sense of the "uses'" hicrarchy??’%3) and then com-
piled them immediately in order to detect errors as
early as possible and to make the code more readily
available for reading by an intercsted observer.
Thus we first coded the abstractions for the defini-
tion of probability distributions and the generation
of random numbers, followed by the abstractions de-
fining messages, message stores, and message genera-
tor processes. Next, we implemented a skeleton con-
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trol module, together with procedures to save and
restore parameters, to allow execution of the com-
pleted portions of the code. The control functions
and utilities were then expanded gradually as the
coding ot the abstractions for slots, blocks, chan-
nels, and— finally-—-a test protocol module was com-
pleted. The last functions to be added were the
mechanisms for defining the statistics to be
collected.

The procedures just described facilitated the inte-
gration of new sections of code with existing code,
since the cxisting code had already been compiled,
read by an observer, and executed in some fashion.
We could focus our attention on the relatively
small new section added rather than on the entire
simulator. Initially, a reviewer read all the code,
but we had to discontinue this becausc of competing
demands for the reviewer's time.

The primary reviewing and debugging techniques in-
cluded the code-reading already mentioned and the
use of the compiler's features for compile-time
syntax checking, run-time error detection, and in-
teractive debugging. Although code-reading uncover-
ed some errors, it was primarily helpful in ensuring
that the code was well commented and consistent

with the design documents. As we coded and compiled
successive modules, the compiler detected as faulty
block structures many errors that were in fact
merely typographical. The errors reported by the
compiler in such instances are, unfortunately,
usually far removed from the true source of the
problem. The structure provided by PDP-10 SIMULA
for separately compiled procedures proved to be

more hindrance than help, and scpuarate compilation
finally was abandoned as a development tool in

favor of a single large compilation for the entire
simulator. Omne problem centered on the requirement
that PDP-10 file names (limited to a length of six
characters) and the names for the separately com-
pilable CLASSes they contain be consistent. This
meant that all names referred to across the bound-
aries of separately compiled modules had to be
distinguishable on the basis of their first six
characters. Further, references were required to be
strictly ordered: if two CLASSes contained refer-
ences to each other, neither could be compiled
first; they would have to be compiled as a unit.

The run-time debugging package (DDT) was very help-
ful (in fact, the control module uses its functions
to allow display and alteration of parameters).

The ability to display values of variables after an
execution error was particularly valuable during
debugging; its benefits would be of even greater if
values returned by procedure calls could be made
available.

An informal error log maintained during the develop-
ment shows that the most numerous errors were
clerical and, of these, the most bothersome were
errors resulting in mismatched BEGIN-END pairs.
Other errors included improper I/0 function usage
{caused partly by a lack of details in the SIMULA
documentation), problems in attempting to use
separate compilation, improper parameter passing,
default initialization (SIMULA sets variable values
to zero initially, masking some references that
should be errors), and improper assumptions about
the order of evaluation of Beoolean expressions.

The most difficult errors to find were problems- that
revealed themsclves only in unusual statistical mea-
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surements from simulation tuns. In one case, a few
messages seemed to have inordinately long processing
delays; the bug found was the improper resetting of
an index in an infrequently exercised processing
path. This error caused parts of a message to re-
main queued when they could have been transmitted.
Debugging the simulator in this respect appeared
quite similar to debugging an actual implementation
of the protocol. It took six man-months to design,
implement, and validate the simulator. The program
consisted of roughly 2450 lines of SIMULA (this and
subsequent measures of code length include blank
lines and comments). About 200 of these lines were
code specific to the test protocol.

VALIDATION

We validated the simulation by implementing the re-
quired processes and models for the slotted ALOIA
protocol. In this protocol, time is divided into
fixed length slots, with cach slot representing the
transmission time for a single packet of data.

When a station receives a packet of data to send, it
waits until the start of the next slot, transmits
the packet, and then listens to the channel to hear
whether the transmission was successful. If, by
chance, two stations transmit packets simultaneously,
the packets collide and both must be retransmitted.
To aveid repeated collisions, each station trying to
retransmit a packet waits for a random number of
slots before retransmitting. Slotted ALOHA is
called a contention protocol because the nodes in a
network contend for time on the channcl instead of
adhering to a fixed schedule of allocations. We
chose this protocol as a test case because it is
widely understood, because it cxercised the princi-
pal parts of the simulator without being too com-
plex, and because analytic results were available
for it.

We compared the simulated results with both the
analytic and simulation results produced by Lam.
This comparison uncovered some errors in the imple-
mentation and led to a decper understanding of both
the details of the protocol and the assumptions on
which Lam's analysis was based. Ultimately, satis-
factory agrcement between the simulation and Lam's
work was obtained.l’
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MODIFYING THE SIMULATOR FOR OTHER PROTOCOLS

Following validation, we used the simulator to

study three different protocols from two U.S. Navy
systems. We have reported the results of these
studies in References 14 and 19. Their relevance
here lies primarily in the changes that we made to
the simulator to accommodate the new protocols.

Our design and development techniques were intended
to reduce the need for changes and to 1imit them to
particular areas of the program. Although we did
not succeed in limiting changes solely to the proto-
col module and processes, our use of software engi-
neering methods did simplify the few outside changes

that were required. In this section we review the
protocols that were modeled and the changes they
required.

Navy tuctical protocol

The first protocol (following slotted ALOHA) that we
simulated was a design for a proposed U.S. Navy sys-
tem for transmitting tactical data among ships and
shore stations. This protocol is based on polling,
with a central controller broadcasting the polling




list. The polling list specifies both the quantity
of data each station may transmit and the sequence

in which stations can use the channel. As part of
its transmission, the station can indicate whether

it still has additional data to send, and it can
acknowledge data it has received from other stations.
At the end of a polling cycle, the central controller
generates & new polling list based on this informa-
tion, and the next cyvcle begins.

Unlike slotted ALOHA, this system requires explicit
acknowledgments of recceived data. Consequently, we
needed a functioning CAP-receive process to receive
data and generate the acknowledgment. Because of
the delay in'the channel, parts of two transmissions
for the same receiver might be outstanding at the
same time. The process synchronization primitives
in SIMULA, however, do not support multiple cvents
pending for a single process. The solution was to
introduce a channel process (in addition to the
channel module). This process was responsible for
receiving all transmissions, queuing them for the
appropriate delay period, and then awakening the
appropriate receiving processes. Besides adding
this process, we had only to rewrite the transmission
format blocks and protocol processes (as planned),
and even these were able to use many of the utility
functions implemented in the protocol module for
slotted ALOHA. The message generation, message
storage, statistics, control, parameter input/output,
and report generator modulés did not change. Making
the changes required for this protocol and debugging
occupied about two man-months. The program grew to
approximately 3100 lines, of which about 700 were
protocol-dependent.

CrODA {(contention-
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Next, we implemented a simulation of CPODA, a packet
protocol with distributed control.?’'? This protocol
divides time into fixed length frames, each of which
is divided into reservation and data-transmission
subframes. Reservations arc short requests for
allocations of time in the data-transmission sub-
frame. Each reservation also indicates a priority
for the data to be transmitted. During the reserva-
tion subframe, nodes may broadcast reservation
packets according to the slotted ALCHA protocol.

Reservations that are broadcast successfully (that
don't collide} arc queued in priority order by all
nodes. When the data transmission subframe begins,
the node whose rescrvation is first in the queue
(the oldest reservation of the highest priority) may
transmit its data. At the end of this transmission,
the next queued reservation is served, and so on
until the data-transmission subftrame cnds. There
are provisions in the protocol to assure that all
nodes maintain a consistent view of the reservation
queue. As the queuc of requests grows, the reserva-
tion subframe decreases and the data-transmission
subframe incrcases. This protocol does not require
a central controlling station; only a standard time
reference is needed.

Nodes perform two types of timeouts. First, each
tine a node transmits a reservation or data packet
it listens for the echo of that packet from the
satellite. ({f the echo does not occur after the
round-trip transmission delay to the satcllite, the
node requeues the reservation packet for transmis-
sion later. It the echo of a data packet occurs as
expected, the node waits a specified length of time

for the positive response from the intended recipient
and, if none is received, queues a reservation packet
to allow later retransmission of the data packet.

The Navy tactical protocol described carlier had

only one type of timeout. Furthermore, the timeout
was tied to the polling cycle so that the channel
process introduced to queuc transmissions could
handle the timeouts as well. The CPODA case was
sufficiently complex to require a reexamination of
this mechanism.

this reconsideration led to the introduction of an
cvent mechanism in the simulation. We made each
event an instance of a STMULA PROCESS that would, on
awakening, activatc the process intended to receive
the event and pass it a parameter defining the type
of event. This approach avoids the rcquirement for
a duplicate scheduler running on top of the SIMULA
scheduler. (We discovered later that [ranta pro-
poses a similar implementation in his book.7)

Again, the changes to the simulator were principally
in the protocol module, as planned, but the event
mechanism made possible the climination of the chan-
nel process added in the previous protocel simulation
5o that there were some changes in the channel
module as well. The definition of the cvent mechan-
ism was made outside of the protocol module so that
it would be available for use in future simulations.
Making these took approximately three wman-months.
the simulator grew to approximately 3500 lines of
SIMULA, of which almost 1000 lincs were CPODA-
dependent.

Existing Navy polling protocol

A third protocol simulated was a Navy protocol cur-
rently in use for the cxchange of messages over
satellite channels. This protocol is again a poiling
scheme with & central controller; it has a simpler
structure than the first protocol described, since
its delay requircments are less stringent. It is
used principally for the transmission of text mes-
sages from ships to a shore station over a UHF
satellite link.

Some additional constraints placed on this study
allowed the model to be simplified greatly:
acknowledgments and channel noise did not have to be
modeled, and specified distributions were to be uscd
tor message gencration. These restrictions eliminat-
ed the need for the routines that defined an abstract
type for probability distributions, the channel
module, and proccsses to receive messages or queue
and process acknowledgments. Consequently, instead
of building trivial routines within our general
framework, we decided to construct a separate, simple
simulator for this protocol by borrowing only the
appropriate modules from the original simulator.

We borrowed the statistics and report generator
modules intact, but we simplified the message genera-
tion module to usc specific probability distributions
instead of morc gencral descriptors. The abstraction
implemented to model messages was simplified, since
no specifications of destinations or priorities were
required, and the message storc module became a sim-
ple FIFO queue using the predefined SIMULA operators.
We wrote the protocol module and a simple simulation
control and paramcter Ziput routine from scratch.

This approach met the limnited goals of the study.

The simulator was constr cted quickly and debugged
casily. Other than the elimination of unneeded
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tfunctions, virtually no changes were required in the
borrowed modules. This simulator consists of about
700 lines, of which about half were borrowed. The
simulator was constructed and debugged in less than
a month.

The nced for a minimal simulator lends further cre-
dence to the design concepts of program families and
winimal subsets described by Parnas.?%’”% 1t is
interesting to note that, although we did not employ
those concepts explicitly in this project, the use
of abstract types and the information-hiding princi-
ple led to a result consistent with them.

EXPERILENCE GAINED IN USING THE SIMULATOR

In addition to the lcssons learned from the modifica-

tions of the simulator software, the effectiveness
of the simulator as a tool for studying the perform-
ance of communications protocols is of interest. As
mentioncd above, we applied the simulator to two
Navy problems. One involved the use of the distrib-
uted CPOPA protocol to control communications among
one to 20 ships and a shorc station. The traffic in
this case¢ was primarily transactions with remote,
land-based computer systems. The other problem in-
volved evaluating the use of CPODA and the other
protocols as vehicles for merging traffic from two

presently independent Navy communication systems over

a single channel. Both studies produced useful re-
sults; CPODA provided superioyr performance in necarly
all the cases examined in the second study, and it
provided adequate (though in some cascs marginal)
responsiveness in the first study.

in the course of performing these studies, we dis-
covered several things about the simulator. The
simulator was designed to be run interactively, and
the commands provided by the user interface were
generally heipful. The PDP-10 run-time support for
SIMULA aided the implementation of some of these;
the debugging package provides facilities to display
and alter values of program variables, sct break-

points, and interrupt the simulator during execution.

These facilities were helpful both during debugging
and, occasionally, to alter parameter values during
production runs. An unfortunate side cffect of the
run-time support was that it was impossible (without
coding a special assembly-language routine) to save
a complete core imuage in a file so that the run
could be restarted later. We did not code the
special routine because of our limited resources and
our uncertainty as to how much etffort it would
involve.

The simulator itsclf provided facilities to save and
restore parameter scts in files. This proved a
crucial function, since the volume of information
required to specify a given experiment was substan-
tial., In fact, the intcractive dialogue for puaram-
eter specification was burdensome enough that we
preferrved to edit a saved parameter file with a text
cditor rather than go through the entire dialogue if
we only wanted to change a random number sccd or one
or two parameters.

The primary problems encountered in actual simulator
runs were storage limitations. Although the initial
design did not limit the number of nodes in a simu-
lated communications network, the number expected

in the first application was less than 15. Consc-
quently, storage requirements were not a major con-
sideration in the design or implementation and test
parameter sets were gencrated with networks of more
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than 50 nodes with the slotted ALOHA protocol. The
actual studies, however, often specified multiple
priorities of traffic, a variety of message genera-
tion processes, extensive statistics collection,

and other factors that multiplied the storage re-
quirements per node simulated. Further, if a sys-
tem were tested near saturation, message queues
might generate sizable, although transient, backlogs
that would exhaust available storage. All these
factors made simulations involving more than 30
nodes impractical. The second study described above
was made with a 30-node network and three priorities
of traffic, after removing all statistics collection
variables that were not of central interest. DPro-
ject sponsors felt the 30-node network was suffi-
ciently realistic for the case at hand, but would
have liked the ability to investigate larger net-
works as well. The restricted version of the simu-
lator necded less storage but had significantly

less capability.

CONCLUS10NS

While all seven software enginecring techniques
proved beneficial to some degree and some of them
overlap, we can summavrizce the impact of cach as
follows:

Complete desiqn prior to coding. The requirement
prevented premature freezing of the design but was
less important than the design reviews.

Desigrn review by knowledgzable ocutsiders. This
technique required that the design be sufficiently
documented that others could understand it and sug-
gest revisions. Although the reviews caused design
changes, the cxercise of creating the documentation
for the design was in itseclf beneficial. The re-
quirements description generated to go along with
design was also useful. Perhuaps we should have
devoted more time to the statement of requirements;
in retrospect, cstablishing a better definition of
the environment to be modeled (e.g., with respect
to channel noise characteristics) and delineating
performance requirements might have revealed prob-
lTems that were not apparent until later in the
project.

1 4 PO P S F e cra
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Jae of the information-hiding pri
The modularization of the simulator based on the
information-hiding principle was bencficial in
scveral respects: it made the design easier to
describe, it forced consideration of future changes
carly in the design process, it simplified the
making of changes, and it led to a structure that
provided useful parts to other simulators.

&

Use of abetract typres. This concept, together with
the information-hiding principle and use of a lan-
guage supporting abstract types (SIMULA), aided in
organization and led to the creation of at least
one abstract type (for statistics collection) that
is being used in new simulators.

Code reading by other than the prograrmer prior +o
testing. This procedure was carried out only for
the first few weecks of the coding. A few errors
werc found, but the primary benefit was to force
the inclusion of good comments and clcan coding
practices.

Cooperating sequential processes. Although the use
of processes is hardly novel, it was central to this




design. If processes had not been available in the
programming language chosen for the implementation,
it would have been worth the effort to implement
them.

Use of pseudo-code. This widely used technique was
used to provide initial sketches of code throughout
the project. It helped significantly in communicat-
ing the design to readers not familiar with SIMULA.

We often hear that software engineering techniques
are desirable but time-consuming. Although this
project did not have firm deadlines, the initial
simulator was completed and validated with the slot-
ted ALOHIA protocol in less than six man-months. The
documents and programs have continued to be useful
over a period of more than two years. Another staff
member who is developing a simulator for [IF radio
networks has been able to incorporate significant
parts of our simulator, given only the listing and
the reclevant documents.

There is, of course, room for improvement. In par-
ticular, we should have devoted wore time to the
performance implications (CPU time and, especially,
storage requirements) of the design, to the level

of detail actually required in the channel model,
and to the user interface for parameter specifica-
tion. Nevertheless, the project succeeded in apply-
ing software engineering techniques and in producing
a tool for performance analysis applicable to a
variety of protocols and able to be used and modified
by other persons.
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