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PREFACE

This report describes in nontechnical terms the nature and uses of
a computer simulation model of fire department operations. It was
written to help fire department administrators and other local govern-
ment officials understand how the model can be applied to studies of
fire department procedures and policies.

Preparation of this report was funded under contract #H-2164 with
the Office of Policy Development and Research of the U.S. Department of
Housing and Urban Deve10pmént. Among the objectives of this HUD contract
are the development, field testing, and documentation of methods for
improving the deployment of municipal emergency services.

For more detailed information about the model, readers should con-
sult the user's manual for The New York City-Rand Institute fire simula-
tion model:

R-1188/2, Simulation Model of Fire Department Operations:

Program Description, Grace Carter, 1974, .

Documentation of the fire simulation model constitutes part of a
series of HUD-funded reports describing several different deployment
models for police, fire, and ambulance services, and applications of
the models in several cities. Further information about the models and

their applications can be obtained from The New York City-Rand Institute.
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I. INTRODUCTION

The fire simulation model is a computer program that imitates step-
by-step what actually happens in the real operations of a fire department.
It was designed principally for evaluating fire department deployment
policies (company locations, dispatching rules, plans for relocations
or ""moves," etc.).

The computer program tracks each of a large number of imaginary
incidents from the time the fire begins, through the time it is reported
to the department by telephone or alarm box, and on through dispatch
of companies, their arrival at the scene, their work at the incident
and release, and finally their return to quarters and availability for
another dispatch. The simulation acts like an "all-knowing" dispatcher
who keeps in mind the location and status of all the companies and inci~
dents, but does not pay attention to fire-fighting tactics or activities
at the fire scene.

To use the fire simulation, the program is first adjusted to imi-
tate current operations of the department. The imaginary incidents,
chosen to be typical of those actually faced by the department, are
run through the program. Then the program is changed to imitate some
proposed new deployment policy and the incidents are run through again.
The printout from each run tells what the performance measures such as
response times, worklocad, and coverage would be in each case. Then the
department's administrator can compare the two and see whether one is
clearly better or he wants to try something else. If the input data
to the simulation have been carefully prepared to represent the city
accurately, the administrator can have high confidence that the policy
which looks better in the simulation will actually be better in the
real world.

The simulation model described in this report was programmed,
tested, and refined during 1968 and 1969 by The New York City-Rand Insti-
tute with the help of personnel from the New York Fire Department. Over

the next several years it was successfully applied to analysis of fire
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deployment policies in New York,(l)* and in 1974 it was modified slightly
and used by a project team working with the Denver Fire Department(z)
under contract with HUD's Office of Policy Development and Research.

John T. O'Hagan, Chief of the New York Fire Department, described
in 1970 an application of the simulation model to the analysis of a
proposed deployment policy called "adaptive response,'" under which a
reduced number of units would respond to initial alarms at certain times
and places.

"The department [had] been aware that our traditional response of
3 engines and 2 ladder companies to every box alarm required reevalua-
tion,”" he said. "Before making a change that would affect the welfare
of our citizens and the best interest of our men, we decided to make
every investigation and evaluation possible to insure that we were im-
proving rather than reducing fire coverage. To assist us we employed
the simulation model developed by the Rand Institute for the Borough
of the Bronx. This mathematical model represents the conditions that
exist in the Bronx in terms of geography, numbers, types and locations
of companies and response times.

"The simulation model of the Bronx was used in making various com-—
puter runs, A comparison was made to determine which strategy provided
the best fire protection in terms of minimum response times under both
medium and high alarm arrival rates. These results disclosed that under
the adaptive response strategy the first due ladder and the first and
second due engines had lower average response times than under the stan-
dard three engine and two ladder response procedure. This result was
expected. What was surprising, was that under the adaptive response
procedure the average response time of the second ladder and the third
engine was also improved under the heavy alarm arrival rate. This
occurred even though these units were not dispatched to alarms received
from boxes until the first unit to arrive requested their response.

This reduced average response time was possible due to the increased
availability of units relieved from responding to the initial box

ll(3)

alarm.

*
Numbers in parentheses identify references on page 17 of this
report.



These findings, together with the results of other runs of the
simulation model that considered possible increases in the numbers of
fire companies, formed the basis for eventual negotiation with_ the
fire fighters' union and adoption of a new departmental policy. Later,
in 1972, Chief O'Hagan reported that the changes had resulted in "sig-
nificant improvements in fire protection."(4)

In Denver, the fire simulation model was used after other methods
of analysis had suggested that a reduction from 44 to 39 fire companies,
together with construction of six new fire stations, could provide
almost the same level of fire protection as the current configuration.
However, these conclusions had been based on the assumption that every
fire company would almost always be available for dispatch at its '
station. At this point, the simulation model was run to see whether
the real performance of the new configuration would be as good as
anticipated, taking into account the unavailability of companies.

Chris Tomasides, Denver's Deputy Finance Director, reported that
"one of our main concerns was what effect the changed configuration of
fire companies would have on response times if the number of fire alarms
continued to increase. The Rand simulation told us that even at double
our present peak alarm rate there would be no significant deterioration
in service. This was important in presenting our recommendations to
the mayor and the City Council.”*

The computer program that constitutes the fire simulation model
is now available to any fire department for the cost of duplication, by
request to The New York City-Rand Institute. It is supplied with test
data (used to check whether the program is operating properly) and a
complete guide for programmers: Grace Carter, Simulation Model of Fire
Department Operations: Program Description, R-1188/2-NYC/HUD.

This executive summary is a companion to the program description
and tells when the simulation might be needed, how it works, what it
can be used for, and the amount of effort and expertise required to
use it.

*
Private communication.



II. WHEN TO USE THE SIMULATION MODEL

As the New York and Denver experiences illustrate, the fire simu-
lation model can be a valuable tool. But there are several obstacles to
be overcome before a fire department can use it. The model is a compli-
cated computer program that can only be operated by programmers who
understand the special language used; it also requires a moderately
large computer, is expensive to operate, and requires a substantial
amount of data as input.* So it is definitely not the kind of
program one should use to get rough estimates of measures of perfo;mance
for current operations of the fire department or to explore preliminary
ideas about changes in station locations, dispatch policy, or relocations
that might be under consideration.

Moreover, a simulation does not directly suggest any changes as
being desirable; it simply describes what would happen if a proposed
change were to be implemented. Thus its main use is for careful evalua-
tion of a proposed deployment policy that has already been analyzed in
some detail.

What is meant by a "deployment policy”? 1t is all of a department's

rules, procedures, and decisions related to the following:

L] How many fire companies of each'type are on duty at
various times of day and in various seasons.

. Where each fire unit is located.

. How many units of each type respond to various kinds
of alarms.

. Which particular units are dispatched to each incident
location.

® Under what circumstances units are relocated (moved up)
to cover another unit's station.

¢ VWhich units are relocated and which stations they £ill.

*
Details on these points will be given in Section V.



If a fire department administrator is considering a change in any of
these characteristics of his department, he is implicitly or explicitly
thinking of a new deployment policy, and the simulation model may be the
appropriate tool to help him evaluate it. )

Where do the proposed deployment policies come from? Frequently,
experienced fire department managers have several ideas for improving
the deployment of their department's fire companies, but they lack hard
evidence to justify the changes. Sometimes a change in deployment is
forced upon a department by budgetary restrictions or by accident (such
as destruction of a firehouse).

But whether or not some ideas for new deployment policies have.
already been generated by the department, it is best, before using the
simulation, to try simpler computer programs first if they are suitable.
For example, such programs have been developed for analysis of policies
involving a change in the number of companies or their station locations.
These are substantially easier and cheaper to operate than the fire simu~
lation model, and they require much less data to be collected. Moreover,
they can ordinarily be operated by the city's data services unit without
the assistance of outside experts.

One such computer program is the Parametric Allocation Model devel-

(5

oped by The New York City-Rand Institute. It indicates what parts

of the city should have more or fewer fire companies than are now present.
This model can ordinarily be operated after only a few days' work at
collecting data, and it takes into account the unavailabilities of com-
panies. But it gives only a general picture of changes in station loca-
tions that may be needed.

Once a department has this information, it is usually possible to
think of several alternative configurations of station sites that might
lead to improved performance. These can be compared in detail using
the Fire Station Location Package developed by Public Technology,

(6) the Site Evaluation Model developed by The New York

)

Incorporated,

the Station Configuration Information Model

(2)

City—-Rand Institute,
developed by the Denver fire research team, or a similar program
written by the department. These programs require substantially more

elaborate data than the Parametric Allocation Model, but nonetheless



not as much as the simulation model. They predict response times to
individual hazard locations, the workloads of companies, and most other
measures of interest for station location. The PTI package also has the
capability to suggest specific configurations of station locations, but
using the program in this way requires trained analysts, as does the
fire simulation model. For further information about the programs for
fire station siting, all of which were developed under funding from
HUD's Office of Policy Development and Research, write to the addresses
shown in the Appendix.

Why is the fire simulation needed after these simpler models have
been used? 1In some cases, all proposed changes in deployment policy
may be completely analyzed using simple models, and the fire simulation
will not be needed. But in other cases, the greater capabilities and

better accuracy of the simulation model will be important. For example:

® Many of the simple models assume that all the fire com-
panies are always available when a demand for service
occurs. Therefore, they cannot evaluate the effect of
policies at high alarm rates, when companies are fre-
quently busy.

L] Some models report the effect of policies only in terms
of average response time, and average workload in a
region. In contrast, the simulation provides more
information, including how often long response times
will occur, and the workload of individual companies.

° Some kinds of proposed deployment changes cannot be
analyzed at all with available simple models. One may
be interested in policies that are more complex than
those for which analytic solutions are available. Or,
one may be interested in the interaction of several
policy variables that can be separately analyzed, but
whose joint effects are difficult to predict. Examples
can be found in certain procedures for recommending dis-
patches and relocations that are to be used in a Manage-
ment Information and Control System at the New York

(1)

Fire Department.



Even if these added details are not essential, the simulation may
still be useful. For example, it has sometimes been found that using
the simulation model is important for providing confidence and assurance
among governmental decisionmakers that a proposed new policy will actu-
ally work in the way predicted.

Which fire departments should consider using the fire simulation
model? Small departments, having ten or fewer companies, would almost
never have any occasion to use the simulation model. In larger depart-
ments, if the only changes in deployment policy under consideration are
related to the numbers and locations of fire stations, the required
analysis could also ordinarily be carried out without the simulation
model. The only exception to this would be in cities where the alarm
rate is sometimes high enough that a large number of companies (more
than 10 percent of all companies) are commonly busy at once. In this
case, the simulation model will provide substantially more accurate
information than the simpler models.

If a department wants to study possible changes related to the
number of companies initially dispatched to alarms, relocation policy,
or responée areas of companies, then the fire simulation is the most
desirable tool to use. It is readily available and, with enough effort,

can be adjusted to represent any department's operations very accurately.
J p



III. HOW THE SIMULATION WORKS

The fire simulation model is a representation, inside a computer,
of the department's units and the incidents to which it responds. Key
happenings in the system are represented by events. These events include:
the reporting of a fire, the dispatch of fire units, the arrival of a
fire unit at the scene of the incident, and many others. The computer
keeps track of the time at which events would happen in the real fire
suppression system by means of a simulation clock. After each event is
finished, the computer checks to see when the next event would occur in
“the reéi world, and updates the.clock to this time before processing the
new event. In this way, time is compressed so that activities which take
several days in the real world can be simulated in a few seconds on the
computer. The simulation model is not a "real time" program; when it
is running on the computer, whatever may be happening in the fire depart-
ment at that exact moment has no relationship to the operation of the
program.

In the fire simulation, fire stations, fire-fighting companies,
and fires are each described by a set of attributes. For example, an
attribute of a fire station is its location, which is specified by a
pair of coordinates from a map of the city. Many of these attributes
are specified as input to a particular simulation run, and these may
be changed to evaluate several policies. Thus, one could run the simu-
lation once with all the fire stations being located as they currently
are in a city; then, by changing the coordinates and response areas of
one or more fire statioms, one could simulate a possible new configura-
tion of firehouses. Afterwards, the analysts will compare the output
of the two simulation rums.

The ways in which decisions are made in the real world are trans-
lated into mathematical and logical relationships for representation
ingide a computer simulation. For example, when a dispatcher receives
a telephone call notifying him of a fire, he first determines the loca-

tion of the incident, which in the simulation is an attribute of the
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fire. Then, in one possible rule, he finds an alarm assignment card
(or running card) which lists the fire companies in the order of their
distance from the fire. He checks to see if the closest company is
available; if it is, he sends it and is finished. If it is busy (per-
haps fighting a previous fire), he checks to see if the second closest
fire company is available, and continues in this way until he finds an
available company to send to the fire. ZEach of these steps can be
reduced to a logical rule, which can be performed by a computer to
duplicate exactly the choice which would be made by the fire dispatcher
following department policy. More complicated dispatching rules that
model dispatchers' judgment can also be duplicated.

Despite the great accuracy of the simulation, some decision pro-
cesses need not be imitated exactly by the computer. Instead, approxima-
tions are made so as to simplify the calculations or data collection.

For example, when a fire unit is told of a fire, the driver must choose
the route he will travel to the scene of the incident. 1In the fire simu-
'lation, however, we do not represent all the streets of the city inside
the computer and find the shortest path which he would choose. Instead,
we use a simple mathematical formula (easily derived from timed equipment
runs) that calculates the expected travel time of the vehicle to the
incident, based on the coordinates of the origin and destination of the
trip. The simulation allows the speed of the traveling equipment and

the predominant street directions to be chosen to represent the particu-
lar city or part of the city being simulated. We use this approximation
because it is much faster to process by the computer, and it requires

the user to gather less data than would be needed to represent the street
network of a city accurately. The approximation will be a slightly
incorrect representation of the travel time for an individual trip, but
should yield response~time estimates which are accurate enough to be
used to compare policies.

This simulation model was designed to include most aspects of fire
department operations that are necessary to evaluate alternative deploy-
ment policies. Accordingly, the simulation model includes a geographic
representation of the city being simulated: travel times, locations of

potential incidents, and locations of various types of fire companies
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(e.g., engine pumpers, ladder companies, chiefs' cars, hose wagons).
It also includes a description of the types of incidents which the fire
companies are called upon to serve. This description may be given in

terms of average values for

. the frequency at which alarms occur in different geo-
graphical locations,

L4 how the alarms are reported (by street box or telephone),

. the type of incident (e.g., false alarm, rubbish fire,
small structural fire, a large ''two—alarm" structural

fire, etc.).

Using this information, the simulation will generate a set of alarms
typical of those actually met by the fire department.

Alternatively, the user can forego collection of statistical data
about incidents and use in the simulation a series of alarms that actu-
ally occurred in the city at some time in the past.

The events in the simula;ion model are best described by tracing
what happens to a particular incident. The fire first breaks out, at
which time the "alarm event" occurs to denote the reporting of the fire.
(Or, this might be an emergency other than a fire.) The program uses the
dispatching policy to decide which companies to send to the alarm and
schedules a "dispatch event." The time between the alarm event and the
dispatch event represents the time required by the dispatching office
to process the alarm; it depends on whether the alarm was reported by
telephone or street box. At the dispatch event, arrival at the incident
is scheduled for each of the companies selected to respond. For each
of these companies, the time of the "arrival event" is computed by deter-
mining travel times on the basis of the distance to be traveled. This
distance need not be from a fire station to the incident, since the
company may already be traveling (returning from another incident,
relocating, etc.).

The first of the company arrival events to occur produces a "call-in

event," which simulates a report about the incident to the dispatcher

by the arriving unit. If too many units have been sent, the events which
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would represent arrival of the excess companies at the incident are can-
celed, and events representing their arrival back at the fire station
are scheduled for them. During their return home, these companies are
available for dispatch to other alarms, If the fire is a seriaus one,
and not enough equipment has been dispatched, another dispatch event
will be scheduled., If the fire is a greater—alarm fire, events which
represent additional alarms are scheduled, resulting in subsequent dis-
patch and fire arrival events, until enough equipment is at the scene
of the fire. The length of time each unit spends at the fire is speci-
fied as input to the simulation, and a "'release event" is scheduled
after this time has elapsed. After release, companies proceed back. to

' For most fires,

their fire stations, causing "home arrival events.'
the companies are available for further dispatch when they have been
released. However, if the fire was serious, they may require a period
of recovery back at the fire stations, and an "available event" is
scheduled to represent the end of this period of recovery.

It is worth noting that the simulation model does not take into
account all aspects of fire department operations. For example, no
description of fire ground tactics is included. Consequently, the
simulation cannot be used to examine the effect of different levels of
manning of companies or different procedures for deploying units and
fire fighters at the scene. Also, as presently implemented, the simu-
lation does not take into account the fact that an incident may spread,
and thus become a different type of fire, if the response is delayed
or inappropriate. A fairly high level of analytical skill among some
members of the project team would be required to adapt the simulation

model for studies of issues such as these.
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IV. WHAT INFORMATION IS IN THE SIMULATION OUTPUT

The primary measure provided by the simulation of the eff;ctiveness
of a deployment policy is response time--the elapsed time between the
moment an alarm is reported and the arrival of a fire company at the
scene of the incident. The assumption is that shorter response time
will lead to more effective service. While the effectiveness of an
allocation policy would be better expressed in terms of loss of life,
injury, and property damage, not enough is yet known of the relationship
between the response of fire fighters and the course of the fire to
enable one to model this relationship with any degree of accuracy.

Different types of units perform different functions at a fire,
depending mostly on the equipment they carry. Thus, at a particular
fire, a ladder company may be able to rescue a person who could not be
saved by an engine company. So response times are kept for each type
of unit. Two units working together may be able to take some action
which neither could perform alone; therefore, it is important to know
the number of each type of unit on the scene at each moment. On the
other hand, there are not such large differences between individual
engine companies, for example, that we need to distinguish between them
for purposes of measuring response time. The loss at the fire would be
identical whether engine company Number 1 arrived two minutes after the
alarm, with engine company Number 2 a minute later, or vice versa.

Our measure of effectiveness is therefore an ordered list of
response times for engines, ladders, and other fire-fighting units.

The list for engines tells the time of arrival (relative to the time
of alarm) of the first engine, second engine, etc. These lists of
response times permit comparison of the effectiveness of different
policies.

It is rare, however, that one policy results in response times
superior to those occurring under another policy for each and every
incident. Consequently, the simulation provides statistics describing
the response time to groups of incidents. One group might consist of

all the incidents in a particular geographical region of the city;
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another group might consist of all structural fires. The user of the
simulation can define these groups to correspond to those of interest

in a particular application. TFor each group of incidents the simulation
provides the average response time, and a frequency count of response
times. This can be used to see how frequently very long response times
occur, using a particular policy.

The simulation output also includes measures of the workload of
each simulated fire company: the number of times the company responded
to alarms, the time it spent working at the scene of fires, and the time
it spent on other activities. These numbers can be used to determine
if a deployment policy places  an undue strain on a particular fire-
fighting unit.

Finally, the simulation can be used to generate coverqgye measures.
These tell how frequently a particular potential incident location would
be "covered" by its first-due engine company, or by one of the closest
two engine companies, etc., in the sense that the indicated units would
be available to respond if a fire occurred there.

The information provided in the simulation model output is suffi-
ciently voluminous and detailed that ordinarily fire department admin-
istrators would have no occasion to look at it. Instead, members of
the project team with appropriate statistical skills would identify the
important results in the output and prepare suitable summarized tables
or graphs. Typically, the results from several different runs of the
simulation program would be summarized in a single display, so that the
administrator could see directly the relative rankings of different
proposed policies.

The simulation output may show that one policy will improve response
times in the downtown area while degrading them in outlying areas.
Another policy may improve first—due response times in all parts of the
elty while making second-due times worse. Ultimately, only the admin-
istrators who understand the entire operational and political context
of the department can decide which of the policies already studied
appears best, all things considered, or whether still more policies

should be analyzed.
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V. WHAT DATA AND RESOURCES ARE NEEDED

The simulation requires a symbolic description of the particular
city and particular fire department being simulated. In order to build
this model, much data must be gathered and analyzed. The most important
categories of data are as follows: potential incident locations must
be determined; their coordinates and those of fire stations must be
located on a grid; each incident must have associated with it the method
of reporting and company work times; and the travel speeds of fire units
must be established.

In some cities, the model can incorporate data already collected
for other management purposes. For example, if response times are
routinely collected, or if geographically coded data concerning inci-
dents are already entered on fire reporting forms, then the effort
required to produce the description of the city for the simulation
will be much less than in another city that does not collect such data.

The simulation also requires a specification of the rules to be
used to decide on the initial dispatch and on relocation. In most cases
these rules will require that sectioms of the simulation be reprogrammed
to reflect specific policies unique to the city.

Using the simulation requires statistical expertise for preparation
of the input data and analysis of the reliability of the output, and
programming skills for making the necessary changes to the simulation.
Most fire departments do not possess staffs with these skills and will
require the assistance of trained analysts from outside the department.
In New York, personnel from The New York City-Rand Institute aided the
fire department in using the simulation. In Denver, a research team
was composed of faculty members from the University of Colorado, analysts
from the Budget and Management Office of the City and County of Denver,
ﬁembers of The Denver Urban Observatory, and personnel from the Denver
Fire Department. The research team used this simulation as part of its
analysis which resulted in a set of recommendations on fire company loca-

(2)

tions. Their report contains a case study of the data collection and
analysis required to produce the input to the simulation, and might serve

as a guide for others.
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The simulation requires at least a moderately large computer system
(minimum requirements are 228K bytes of core storage and two auxiliary
storage devices such as tape or disk). It requires a SIMSCRIPT I.5
compiler, a software package that is commonly available at uni;ersity
or commercial computation centers, but is unlikely to have been acquired
by a city's data processing unit. If the compiler is not one furnished
by Consolidated Analysis Centers, Inc., then additional programming changes
may be required.

Using an IBM Model 360/65, approximately ten alarms can be processed
in one second of computer time. At The Rand Corporation, the typical
computer charge for a run simulating about 4000 alarms is approximately
$100. The cost of a typical simulation run may vary greatly from in-
stallation to installation, depending on the price structure, so this
cost can only be considered a very rough estimate. In addition, one
should note that the major portion of the cost of using the simulation
is likely to be in the preparation of the input data, rather than in com-

‘puter charges for running the simulation model. In Denver, approximately
four man-months were required to adapt the simulation program and pro-
duce the input required by it, after geographical coding of incidents
had already been completed.

A fire department considering use of the fire simulation should plan
on allowing at least one year between receiving the program and final
analysis of policies. About two man-years of effort by analysts and
department staff personnel together will be required to prepare and use
the model properly.

The interested reader wishing to use the simulation may obtain all
necessary materials as indicated in the Introduction. The authors of
this report may also be able to answer questions by telephone or letter,
but The New York City-Rand Institute does not provide full consultation

or user services in connection with the products of its research.
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-19-

Appendix
ADDRESSES FOR FURTHER INFORMATION

THE NEW YORK CITY-RAND INSTITUTE
Warren Walker or Edward Ignall

545 Madison Avenue
New York, New York 10022

(212) 758-2244

THE RAND CORPORATION
Grace Carter or Jan Chaiken

1700 Main Street
Santa Monica, California 90406

(213) 393-0411

*
DENVER FIRE SERVICES RESEARCH PROJECT

F, William Heiss

Director, Denver Urban Observatory
Box 2483, University Center

4200 East 9th Street

Denver, Colorado 80220

(303) 394-8701

Thomas Hendrick or Donald Plane
Division of Management Science

College of Business and Administration
University of Colorado

Boulder, Colorado 80302

(303) 492-8227

Chris Tomasides

Deputy Finance Director
City and County of Denver
Denver, Colorado 80202

(303) 297-5859

PUBLIC TECHNOLOGY,

Headquarters

Suite 305

1140 Connecticut Avenue, N.W.
Washington, D. C. 20036

(202) 223-8240

*
INCORPORATED

Costis Toregas

West Coast Manager

100 Park Center Plaza

San Jose, California 95113

(408) 286-6250

U.S. DEPARTMENT OF HOUSING AND URBAN DEVELOPMENT

Alan Siegel, Director
Hartley Campbell Fitts, Program Manager

Office of Policy Development and Research
Community Development Research Division

Room 8166

451 Seventh Street, S.W.

Washington, D. C. 20410
(202) 755-5580

*

Organization not connected with The Rand Corporation.
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