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PREFACE

This report documents a procedure for deciding how many and which
fire companies to dispatch to a newly reported incident. Designed for
the computerized Management Information and Control System (MICS) now
being installed by the Fire Department of New York City,. the procedure
was developed with the support of New York City under a contract with

the New York City-Rand Institute.
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SUMMARY

When an incident is reported to a local fire department, someone
must decide how many and which companies (firefighters and their appar-
atus, usually either a pumping engine or a ladder truck) to dispatch
to the scene. Traditional policies, based on the assumptions that the
companies desired are always available and that the workload imposed
on the firefighters is unimportant, do not work efficiently at the high
alarm rates now characteristic of parts of New York and other cities.
We report here a procedure that makes good initial dispatch decisions
regardless of alarm rate. k

Roughly speaking, a good procedure will get speedy initial response
to those incidents that meed it. Conceptually, we define serious in-
cidents as those at which initial response matters; operationally, in
terms of the number of engines and ladders working at the incident.

We cross-classify this incident typology with the (incomplete) informa-
tion available to the dispatcher when he must make the decision. We
develop an objective function that includes the expected current "loss"
associated with each possible dispatch decision and the future conse-
quences of that decision.

The current loss considers the loss at the incident and a work-
load factor. The loss at the incident is approximately the chance that
the incident is serious multiplied by a weighted average of the response
times of various units to the incident (the latter depending on the
dispatch decision). The future loss is approximated by the expected
value of the loss at the first new incident, if any, occurring in the
interval from now until a unit reports back the situation at the scene
of the current incident.  (This depends on the dispatch decision, which
determines who is available to respond to that new incident.)

This research builds on earlier work by Swersey and by Carter,
Chaiken, and Ignall. That work separated the questions of how many
units to send and which ones to send and treated them in idealized
situations. The resulting algorithm has several parameters that can

be set by the uscr, and thus is a range of initial dispatch policies.
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L. INTRODUCTION

When an alarm is reported to a fire department, a decision has
to be made: How many of the department's fire companies, and which
ones, should be sent to the alarm?

The goal of an initial dispatch of fire companies is to get the
necessary groups ol men and' equipment to an incident within an appro-
priate time. The resources needed and the appropriate response time
differ from incident to incident. A small fire in a single family
dwelling, for example, might call for a quick response of two engines
and a ladder. A serious fire in a large commercial structure might
require an initial response of several engines and ladders, with a
followup (second alarm) of several more. On the other hand, a rubbish
fire would probably need only a single engine company within a reason-
able length of time. How can the dispatch decision be tailored to the
requirements of the incident?

In the past--when alarm rates were low and false alarms were rela-
tively few--the decision was fairly simple. When the dispatcher had
some information about the nature of the incident (based on a telephone
call or other verbal report), he would dispatch what appeared to be
required. An alarm from a street bhox (in which case the dispatcher
knows only that someone pulled the handle on that box) was presumed to
signal a serious fire, and a preplanned response, judged to be what
was needed initially for serious fires in that area, was used.

Sending the full preplanned response to box alarms made obvious
sense. If the fire turned out to be minor, the extra units simply re-
turned to their houses. Since the alarm rate was low, there was little
danger that they would be needed while they were out. If the fire was
large, the required units were on the scene quickly. In addition,
under the traditional dispatching policy the initial dispatch always
sent the closest companies-~there was no reason to do otherwise.

But today we see rising alarm rates and tight municipal budgets.
In New York City, many individual fire companies make over 5000 re-—
sponses annually. Thus the pressure to match the initial dispatch to

what is needed at the fireground is greater than it was years ago.
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In New York City, alarm assignment cards (running cards) such
as the one in Fig. 1 are used in initial dispatch and redeployment
decisions. Companies are shown on the card in order of their distance
from the location (in Fig. 1, from alarm box 2277). The companies on
the first line constitute the full first-alarm assigmment; those on the
second line are the second-alarm assignment--they are called if an
officer at the scene decides they are needed; and so forth.

Use of alarm assignment cards assumes that all companies listed
will be available for dispatch when the alarm is received. Although

in the past this was usually the case, with recent alarm rate increases

one or more of the companies to be dispatched may be unavailable. 1In

some instances the dispatcher will '"replace'" an unavailable company
with another company listed on the same (or the next) line of the run-
ning card; in others, he will not, and fewer companies will be sent
to the incident.l

In New York, the practice for street box alarms and some tele-
phone alarms in the past few years has been to send engines2 from the
two houses closest to an incident if they are available. If omne or
more of these engines is unavailable, the (one) closest engine among
those available at the time would be sent. The number of engines sent,
therefore, would depend on the number available. We call this a vari-
able response policy. In contrast, what we call a fiwed response policy
would specify a fixed number of engines (for example, two) to be sent
to the incident, regardless of company availability. This fixed number
need not be the same for different alarm boxes or for the same box at
different times of day.

A variable response policy is a natural one for a busy city to
use because it can reduce workload. While a fixed policy might modify
response by time of day, this policy modifies a dispatch depending on

the actual conditions at the time of an alarm. The more companies that

1 . ; . y :
Note that we are considering the question of replacing unavailable

units only on the initial dispatch.” We are not considering methods
that adjust the initial response according to reports from units that
reach the scene.

—— [ — P

2 e R
The same policy is used for ladders.
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are busy fighting fires, the less chance that two companies of a given
type will be dispatched to an alarm.

This policy, however, has serious disadvantages. For example,
almost all engines might be available except for one of the two closest
to a given location. A reasonable policy would, in this case, send
Lwo cngines Lo a new alarm at that location. But a variable "two engine"
policy would send only one. This could lead to a situation where a
false alarm at a given location is sent two engines and two ladders,
while a nearby serious structural fire reported over the phone a short
time later would be sent one engine and one ladder. Thus, the decision
on how many companies are sent to an alarm is not controlled by the
department, in the sense that it is determined by the sequence of recent
alarms.

In this report, we describe an algorithm that determines which and
how many fire companies should be dispatched when the alarm is first
received. It cannot help a fire department decide how many engines to
send to an incident that is known to be a residential fire; it is in-
tended to help dispatchers make the best use of the information avail-
able to them when the type of incident is uncertain.

Our goal was to develop a procedure for dispatching fire companies
that would overcome the problems of the existing system, produce good
initial dispatches, and still be simple enough to require negligible
computation time. We defined good dispatches as ones that we, the
public, and the Fire Department could all agree were appropriate;
would not present increased danger of loss of life or property over
current dispatch procedures; would improve workload distribution and
response time to serious fires; and would keep available companies
well distributed in the region, thus reducing the need for relocations
to fill gaps in coverage.

The algorithm has been designed to be implemented in the computer-—
ized Management Information and Control System (MICS) of the FDNY, an
on-line, real—fime system that provides easy entry of up-to-date in-
formation about the status of each company. By using the computer's
capability to store and process this information, the algorithm over-

comes the deficiencies of existing methods of making initial dispatches.
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In addition, some of the methods described can be used without a com-
puter to improve manual initial dispatch methods.

While developed for New York City, the algorithm could be incor-
porated in computer-assisted dispatching systems in other large cities.
Such a system, whether it implements a city's traditional dispatching
policy or a procedure like the one described in this report, is a sub-
stantial undertaking. The additional tasks that adapting the algorithm

would impose on a city include:

1. Analysis of historical alarm‘records.

2. Programming the algorithm and its interface with the rest of
the computer—assisted dispatch system.

3. Simulation testing of the algorithm, to help choose suitable
values for the weight to give serious incidents relative to
nonserious ones, and other parameters that are described

later in this report. '

Tasks 1 and 3 would require several man-months of analytic work (by
an operations researcher, for example). The T'lowchart in App. B
would facilitate task 2 (see Fig. B.1).

Section II discusses the objectives of an initial dispatch policy.
In Sec. III, we formulate algorithms for deciding how many and which
companies to dispatch. These algorithms are used to develop the
initial dispatch algorithm in Sec. IV. Section V gives an example of
the use of the algorithm, and Sec. VI presents the simulation test
results. TFor cities that do not need a dynamic algorithm, a procedure
called adaptive response is discussed. in Sec. VII.

Appendix A describes some details of the algorithm's development,
App. B contains a flowchart of the algorithm, and App. C presents

simulation details.



II. INITIAL DISPATCH OBJECTIVES

To evaluate an initial dispatch policy or to compare different
policies, we need to look carefully at possible "errors" and their
consequences.  An initial dispatc¢h can be 'wrong'" for a particular

incident in two ways:

1. It can send fewer companies than are needed. The ensuing
delay in getting the required companies to the scene can
increase damage, injury, or deaths.

2. It can send more companies than are needed. The resulting
unnecessary responses cost something in themselves, chiefly
in stress on the firefighters. They also prevent the
affected companies from responding to any alarm that is
received before the companies are ''released” from the cur-

rent alarm.

Note that the appropriate initial dispatch for a serious incident
need not be the total number of companies eventually needed there.
For example, having the companies arrive more or less in groups (initial
dispatch; followups) might help the officer in charge deploy his forces

better than all-at-once arrival.

RESPONSE TIME AND LOSSES DUE TO INADEQUATE RESPONSES

The loss at an incident depends on the nature of the fire and
how long it takes units to arrive (as well as other factors such as
the time until discovery and the firefighting tactics used). Unfor-
tunately, the precise relationship between response time and fire loss
is not yet known.l Therefore, to formulate an initial dispatch policy,

we will assume that a policy that reduces response times will, on the

lThe most advanced work on this relationship has been done in
Great Britain. See Hogg (1973) for an example, and Swersey et al.
(1975) for a review of the situation.



average, reduce losses, and we will use response time as our measure
of loss. For example, if a particular policy results in delayed
responses to 50 serious fires, we can express that loss in terms of
the additional response time to those fires (e.g., 'the average addi-
tional response time for the second-arriving ladder company was 3
minutes"). A similar measure expresses loss in terms of the fraction
of serious fires where there was a delay. For example, if there is a
delayed response to 50 of 200 serious fires, we may say the initial
response was adequate to 75 percent of the serious fires. We have
found that initial response adequacy is more convenient to use than
response time in some cases. When the alarm rate is low, we will see
that these measures are nearly equivalent.

For both response time and response adcquacy, different types of
incidents should be separated, For example, short response times are
“important for structural fires but not for false alarms; adequate re-
sponses are more important for structural fires than for rubbish fires.

How can we separate incidents into types so that response times
and response adequacy are reasonable substitutes for dollar damage,
injuries, and fatalities? The key is to classify incidents as serious
or nomserious according to the extent to which respomse times and ade-
quacy affect life and property loss. The serious incidents are those
structural fires (and other emergencies) at which slow or inadequate
initial response will add to life and property loss. The nonserious
incidents are false alarms, rubbish fires, fires in abandoned cars,
and so forth where no exposure exists, so that the initial response
matters little. Note that this notion of seriousness may not be the
same as that used informally in a fire department. In fact, according
to this definition, some fatal incidents are not classified as serious.
For example, in the c¢lassic drinking-and-smoking fire, the victim is
often dead and the fire smoldering in a chair when the incident is
reported to the fire department. " From an initial dispatch point of
view, this kind of incident would not be considered serious.

How can past incidents be classified as serious or not? This is

something that has to be worked out in conjunction with experienced



fire officers. The following definition proved workable in New York

City:

A serious incident is any incident in a nonvacant
structure that requires at least two ladders working;
all others are not serious.l

The precise definition of seriousness is not crucial; the same inci-

. e 2
dents, more or less, are serious by any reasonable definition.

UNNECESSARY RESPONSES

The consequences of an unnecessary response depend on the situa-
tion. What can be termed the direct cost——the gasoline and o0il con-
sumed, the cost of an accident if one occurs, and the wear and tear .
on the apparatus--is small. The indirect costs—-resulting from need-
less stress on firefighters, or the chance that the company will be
needed at another alarm--can be very large.

Consider the direct costs first. The cost of gasoline and oil
for a two- or three-mile round trip would be less than $1. Wear and
tear on the apparatus--tires, engine, etc.--would also be small.
Typical accident rates are very small and would add less than $1 to
the cost of an unnecessary response.

What about indirect costs of firefighters responding to an inci-
dent where their services are not needed? The issue here is not one
single such response, but the pattern of them. For the firefighter,
there is a large difference between expecting to work on half the
alarms to which he goes and expecting to work on one in twenty. And

In New York, putting a second ladder to work usually indicates
extensive search or overhaul, suggesting that an initial dispatch
of two ladders instead of one would have some effect on the outcome.

2
See Ignall, Rider, and Urbach (forthcoming).

In New York City in 1973, there were 213 vehicle accidents in-
volving units responding to and returning from 300,000 incidents.
Most (but not all) involved engines or ladders. Figuring an aver-
age dispatch of four companies to each incident, the accident rate
would be perhaps 200/1,200,000, or 1 for every 6000 responses. The
loss at each accident would have to be $6000 to add $1 to the cost
of a response.



there is a large difference between expecting Lo respond twenty times
in a nine-hour tour and expecting to respond twice.

When the number of responses per hour is high, turnout may be
slower at the end of the tour and firefighting may be less effective.
Thus, response to several false alarms earlv in the tour can mean that
a fire that occurs later will do more damaygu. In a similar way, when
the chance that the response will not be necessary is large, turnout
may be slower and morale may decline. In New York City in the late
1960s, this morale problem was one factor behind union pressures for
more fire companies. Thus, a large enough increase in needless re-
sponses in a year in an area could mean that a new fire company will
be created. There is no way to determine c¢xactly how large this in-
crease would have to be, but 5000 responses is the right order of
magnitude. At an annual cost of over $500,000 for a company, the
indirect cost of each needless response in this case would be over
$100.

To capture the cost of unnecessary responses in units that are
compatible with losses at incidents, we define a factor, W, in units
of time. This factor, which is associated with a company response,
is a surrogate for the cost of that response as discussed above. As
we will see, the initial dispatch algorithm will reduce the number
of unnecessary responses and increase response time if a larger value
of W is chosen. Thus, the determination of this factor involves a
subjective tradeoff between unnecessary responses and response time.

Another consequence of a needless response is the possibility
that the unit in question will be needed to answer another alarm that
occurs before the unit is released from the current one. If too many
units are sent initially in response to an incoming alarm, the extra
units will be unavailable to respond to other alarms that are received
during the time it takes for the first‘units to arrive and determine

, 1
that the extra units are not needed. These later alarms may be

lAlternatively, all but the first—arriving unit can be dispatched
on a conditional basis. That is, if another alarm is received, one or
more of these units can be diverted to the new incident before the
nature of the first one is known.



-10-

subject to the costs of an inadequate or delayed response. 1In areas

with high alarm rates, this is an important consideration.

INFORMATION AVAILABLE AT TIME OF DISPATCH

The preceding discussion of lToss considers incidents only in terms

of an after-the-fact assessment of the situation at the scene of the
incident. However, to implement an initial dispatch algorithm, we
need to know or to estimate the requirements of an alarm that has just
been received. Therefore, we need to be able to associate losses with
incidents as they appear to the dispatcher when they are reported.
First, we have to systematically categorize what a dispatcher
might know about an incoming alarm. We do this by defining various
alarm types that reflect before-the-fact information. TFor example, we

might define the following alarm types:

. Street box alarm.
. Telephone report--sounds like a structural fire.
. Telephone report--sounds like a rubhbish fire or similar

minor incident.

The alarm type, specifying the alarm as received, defines the informa-
tion available to the dispatcher and relevant to the initial dispatch
decision. We are interested, then, in defining alarm types that pro-
vide as much information as possible about the requirements of the
incident.

In this report, we emphasize the separation of street box alarms
into several alarm types. It was found in New York City that street
box alarms can be divided reliably into risk classes. The chance that
an alarm from a high risk box is a serious incident1 is considerably
higher than the chance that one from a low risk box is serious.2 Thus
knowing whether a street box alarm-is from a high or low risk box is

1 :
For these purposes, one that needs at least two engines and two
ladders.

2See Carter and Rolph (1973).
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useful information for the dispatcher. In a similar way, the time of
day provides information. A box alarm received at 3 p.m. on a school
day is less likely to be serious (because it is more likely to be
false) than one received at 3 a.m. And an incident reported from more
than one source--a telephone call and a pulled street box, or two (or
more) calls--is much more likely to be serious than one that gets a
single report. (In areas of New York City where an adaptive response
policyl was in use, about half of all serious incidents in the late
afternoon and evening that were first reported by box also had a follow-
up telephone report before the first companies arrived at the scene.)
In any event, we will assume that an alarm classification scheme
has been devised, and that the rates at which given types of alarms
occur and the chance that a given type of alarm signals a serious fire

have been estimated.

OBJECTIVE FUNCTION FOR INITIAL DISPATCH

Our objective is to reduce losses and workload at serious fires.
As discussed previously, we will measure both of these in units of
time. The initial dispatch algorithm is intended for situations where
there is a significant chance of receiving another alarm (for another
incident) before the companies finish handling the current one. There-
fore, the calculation of expected losses cannot consider the current
alarm only. In fact, our real problem is to find workable ways of
combining the current and future consequences of a particular dispatch
decision. That is, we want to first get expressions for the current
loss, C, and future loss,'F, of a possible dispatch decision, and then
choose the decision that minimizes the’sum, Z=C+F.

Before developing the initial dispatch algorithm, "losses at
serious fires'" must be more precisely defined. For the purposes of a
dispatching policy, the most direct definition of a serious fire is

1

"a fire that requires two ladders (engines) quickly,' as discussed

earlier in this section.
In general, the expected loss at a serious fire will be some

(perhaps complicated) function of the time it takes all the needed

1See Sec. VII.
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fire companies to arrive at. tlie scene. As indicated previously, this
function is not yet known. We will use a simple function of various
response times that captures what appear to be the major determinants
of loss. Following Keeney (1973), we give more weight to the response
time of the first-arriving unit than to the second. We also give more
weight to response times to serious fires than to other incidents.

For simplicity, we chose a linear function.l To construct this func-

tion, we use the following concepts:

® Quantities to be determined by choice of how many and which

companies to dispatch:

Rl = estimated time it takes the first-arriving company
to respond.
R2 = estimated time it takes the second-arriving company

to respond.
R(i) = estimated time it takes company 1 to respond.

° Information available at time of dispatch:

t.(§) = estimated travel time from location of company j
J to location x.
p(x, m) = estimated probability that an alarm of type m, at

location x, is serious.
. Parameters chosen by user:

B = importance of second-arriving company response time
relative to first-arriving response time.

r = importance of response time to a nonserious inci-
dent relative to response time to a serious incident.

Response time includes the time it takes to dispatch a company
after receipt of an alarm, the turnout time u, the travel time, and
the time for the company to set up for firefighting. Thus, if the
second company is not immediately dispatched, the delay is included
in the response time. For our purposes, we neglect the dispatch time
and the set-up time.

The parameter B lies between 0 and 1; if B = 1, then the response

time for the second-arriving unit is weighted just as heavily as the

lSee Swersey (1972) and Ignall, Rider, and Urbach (forthcoming).
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first-arriving unit's response time; if B = 0, the second-arriving
unit's response time is not considered at all. A typical value could
be B = .5. It might be tempting to set the parameter r = 0; however,
our procedure would take this literally and send a company from many
miles away to a nonserious incident. This is préevented by assigning
r some small value, typically .0l or .02.

Calculation of the current loss is relatively straightforward.
Consider an alarm of type m at location x. I ladder i is the first-
arriving ladder at the incident and ladder j is the second-arriving

ladder, the expected loss measured in time units is
C={px, m) + [1 - p(x, m) Jr}R, + p(x, m)BR, , (L

where Rl = R(1i) and R, = R(j). It is easier to work with C if we
rewrite it as

C = q(x, m)R1 + p(x, 1m)8R2 ,

where q(x, m) = p(x, m) + [1 - p(x, m)Jr. That is, C is a weighted
sum of the first- and second-arriving ladder response times. Typical
weights on the response times are shown in Table 1.

Calculation of the future loss is more difficult. Formally, we
would sum the losses at future alarms given an expected alarm stream
and dispatch policy. However, the future status of fire companies,
and consequently of future decisions, will depend on the action taken
for the incoming alarms. Therefore, a straightforward minimization of
current plus future losses is almost intractable. 1In addition, an
initial dispatch algorithm must be simple enough to allow the rapid
calculation and recommendation of a dispatch. For these reasons, we
will use an approximate calculation of the future losses of a dispatch

decision.
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Table 1

TYPICAL WEIGHTS ON FIRST- AND SECOND-ARRIVING
LADDER RESPONSE TIME

r = .02 B = .5

Weight on Weight on
First Unit Second Unit
Response Response
Time Time
Alarm Type P (@) (Bp)
Telephone .10 .118 .050
(sounds like a
structural fire)
Box alarm .05 . 069 .025
Telephone 0 .020 0
(sounds like a
car fire)
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III. MATHEMATICAL FORMULATION

Since alarms appear to follow a Poisson process,l a ‘semi-Markov
decision process would be a hatural model for finding the best initial
dispatch policy. The state of the system would be the status of the
individual companies; transitions would occur when a company's status
changed (e.g., when it became available after working at an incident)
or an alarm was turned in.

Geography would be represented by identifying the locations of
the alarms and companies, and calculating travel times accordingly.
However, such a model would have a state space too large for effec-
tive computational procedures. Consequently, previous work (Swersey,
1972; Carter, Chaiken, and Tgnall, 1972) eliminates important features
in order to get insight on some aspects of the problem.

In this section, then, we present a mathematical formulation of
the initial dispatch decision in which the problem is broken into two

segments:

1. How many companies should be dispatched.

2. Which companies should be dispatched.

Each problem is given a separate mathematical [ormulation. In Sec. IV,
the formulations will be combined to derive the initiél dispatch
algorithm.

Following Swersey (1972), our approach to future losses concen-
trates on the first future incident, if any, to occur before a cdmpany
arrives at the scene of the current incident. To make the development
easier to follow, we will drop from F those parts of the future losses
that do not depend on the current decision.

Because the development of the algorithm uses cases that go beyond
the assumptions of the models and makes use of various approximations,

the algorithm is necessarily an approximation to the best policy.

lSee Carter and Rolph (1975).
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With this in mind, we provide a number of parameters that the user can
vary. The initial dispatch algorithm therefore encompasses a set of

policies.

THE '""HOW MANY'" DECISION

We build here on the work of Swersey (1972). For the purposes of
illustration, he considers ladders, a fixed region that has eight
ladders in it,l and only two possibilities for each incident: sending
one ladder or sending two ladders. The relevant feature of an alarm
is the chance that it signals a serious fire. The objective is the
minimization of the sum of long-run average losses at the incidents
and the '"costs" of company response (as measured by the workload fac—
tor). These losses occur only at serious incidents and are determined
by first- and second-ladder response times at those incidents.

Geography is not explicitly represented--travel times depend only
on the number of companies currently available, not their identities
(which are not distinguished in the model). Implicitly, then, the
assumption is that the closest available ladder would always be dis-
patched, and if a second ladder were sent, it would be the second
closest available unit.

Ladders that are busy are separated into those that are working
at serious incidents and those working at nonserious incidents, with
the latter becoming available more quickly. For our purposes, we will
assume that service time is the same for both kinds of busy ladders,
which allows us to lump them together and consider only the total number
of ladders busy.

For this situation, the optimal dispatch policy is of the follow-

ing form:

Swersey Cutoff Theorem: For each state of the system (i),

where 1 is the number of ladders busy, there is a cuttoff

probability, s*(i), such that two ladders should be sent

The region should be large enough to include several ladders,
but not so large that incidents in one part do not affect decisions
in another.
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if an alarm occurs with a probability serious greater than

s*(i); otherwise, one ladder should be sent. E.

The value of s* depends on the total number of ladders busy, i. Swersey
found that s* increases when i increases. He also found that the
optimal cutoffs are larger when the alarm rate and the workload factor
are larger. 7

We extend Swersey's algorithm by relaxing the assumption that the
closest available ladder will always be dispatched and that the second
ladder, if sent, would be the second closest available unit. In our
situation, the state of the system is the status of the individual
ladder companies, called i. We will calculate a loss if one ladder is

sent Zl(P,,i), and a loss if two are sent 22(p,41), and use the rule:

Send two if Zi(p, i) > ZZ(P, i)

Send one otherwise.

Since both increase monotonically with increasing p, and Zl increases
more rapidly than ZZ’ this policy has the same form as the Swersey
Cutoff Theorem.

Calculation of the current losses for either dispatch is straight-

forward. We use the loss function, Eq. (1).

Current Loss

Send One: Suppose ladder i alone is sent. Let ladder j

be the closest of the other ladders.

7]
il

u + ti(ﬁ) s

=
It

[u + ti(g)] + u + tj(§)

The delay represented by the first term in R2 can be smaller
if the first engine arrives before ladder company i. When

we combine the pieces here into the algorithm, we replace
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(u + ti) by Tuin’ Which is defined as u plus the smaller
of t, and.the.first engine time. The expected current. loss

with this dispatch is

1 Wlu+ e+ plx, mB g

|
e - S R
-Send Two: Suppose ladders 1 and j are sent w1th i belng i

closer than . (The i and j here need have no relat10nsh1

with the i and j in the previous paragraph.) Then, %

Rl u+ti(_>_<_) s ‘

R

Il

+ t,(x)
2 u 3=

The expected current loss with this choice of responding

companies is

Cy = qx, m)[u + t, (x)]

+p(x, m)Blu + £ =] .

Future Losseg.

‘concepts: |

I

total alarmerafekin-theereglon.
= chance that an alarm in the region is serlous.
P+ r(l-Dp).

number of ladders stationed in the region.

]

B =2 o9 >
]

number of those ladders that are now available
(before any are sent to the dincident).

Let Tl(k) and Tz(k) be the expected travel times of the first-

§
and second-arriving ladders, respectively, when k ladders are available
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and let rmin(k) be the expected response time of the firstearriving‘>
unit of any kind. For each value of k, these three times can be esti-
mated using the area of the region and models relating travel distance
to area served (Kolesar and Blum, 1975) and travel time to travel
distance (Kolesar and Walker, 1974).

It is not practical to calculate F exactly. Therefore, we com~
promise between ignoring the future and treating it exhaustively. As
first suggested by Swersey (1972), a reasonable approximation is to
look at the interval from now until the first unit arrives on the scene
and the next alarm, if any, received in that interval. The future loss
is taken to be the loss at that alarm times the chance that it occurs.

The significance of this interval is that once the first unit
arrives at the scene, the number of companies actually needed will be
determined by the firefighters. Extra units will be sent back, or
additional units will be called for as needed. Thus, the major effect
of the initial dispatch decision on company availability,l and thus on
future losses, is felt in that interval. '

The loss at the next alarm will depend on the expected seriousness
of that alarm, and the expected initial dispatch and resulting response
times to it. If there are k ladders available then and the chance that
two are sent initially is d, then the expected loss of the next alarm,

if it occurs, is
P10 +ul £ BT, (0 +ut (L~ dr . (0] . (4)

i
- The quantity d depends on the algorithm, but it is sufficient to approx-
imate it from the results of Ignall and Urbach (1975)., (See App. A.?
Equation (4) is an obvious extension of the formula for current lossgs.
The probability that an alarm comes during the time T oin when tﬁe
alarm stream is Poisson is 1 - exp (Ar_. ). When Ar . is small,'this
min min
may be approximated by Armin, the expected number of new alarms in the

interval.

1 .
As opposed to the actual situation at the scene.
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We now calculate expected future losses on the basis of the

number of ladders sent to the current alarm:
Send One: The future loss is

"E[Tl(n - 1) + u]

Fl - Armin )

FPBIT,(n - 1) +u+ A -Dr_ (-1 ) (5a)

The term inside the braces is the loss at any new alarm that
occurs.
Send Two: The relationship is similar to (5a). We just replace

n-1»byn- 2. That is,

alT)(n = 2) + u]

+PBIT,(n - 2) +u+ 1 -dr . (- 2] (5b)
Combining Eqs. (2), (3), (5a), and (5b) so that

Z,=C +F , and 2Z,=C,+F (6a)

1 1 1 2
gives the loss in terms of response times to fire. We now consider
~workload. The workload "cost" is 2W if two ladders are sent and
"W+ p(x, m)W if one is sent (since the second ladder will eventually
be sent if the alarm is serious). Thus, it is sufficient to add the

~difference, W[l - p(x, m)] to Z,, to obtain

Z,=C,+F,+ [1-p(x mW. (6b)

To see the role of the workload factor W, consider the typical
situation, in which rmin will be less than five minutes, so that in

all regions of most cities, Armin will be much smaller than one alarm




-921-

at all times of the day. Suppose W were zero. Then in most situa~

“ tions, F, will be only slightly larger than F so that unless p(x, m)

2 1’

is very nearly zero, Z1 will be more than 22. (F2 will be signifi- °

cantly larger than F. if n is small and A is large.) Thus, choosing:

1 .
the smaller of Z. and Z., would send two ladders almost always. Adding

1 2
- a positive W (measured in units of response time) increases Z2 and
é thus sends two ladders less often. W can depend on the region and i
g the time of day and can be viewed as a parameter that permits us to i
- adjust the average number of ladders dispatched. i
Two important properties of this formulation are the following.f
The procedure will make an appropriate decision between .any two candi-
date companies. There is no restriction to the closest and second- 5
closest units. However, the "future" loss used by the algorithm doe$
- not depend on the candidate companies. The algorithm calculates the;
! regional response time degradation, assuming that this degradation '
depends only on the number of companies dispatched, and not on whichi
ones are dispatched. These observations suggest that an extension of
of the formulation can readily be made to take into account specific
- differences between response time degradations if different companies
are dispatched. The following section introduces some ideas that will

be used to make this extension.

' THE "WHICH COMPANIES" DECISION

We build here on the two~company model for deciding which com~
panies to dispatch of Carter, Chaiken, and Ignall (1972). In it, onme
company is sent to each alarm, and the question is how to divide theg

region into ''response areas.'" The geography is then explicitly idenf

tified, but the number dispatched is fixed and the region contains '

- only two companies. ;
Straightforward extension of that model to situations with seveéal

types of alarms shows that, under certain con.ditions,l an optimal dis-

patch rule is of the following form. Company 1 rather than company 2

should be dispatched to an alarm of type m at location § if

lSee, for example, Wrightson (1976) and Winston (1978).
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T )

. 0
p(x, mt, (x) + Ty =pl mey) + 577 T,

S
p+1 \
éwhere Tj is expected loss at an average alarm in the region if com-— 3
(pany j is not available (so that the other company serves the entire
~region), and p = A/u, where A is the alarm rate in the region and 1/u
%isvthe expected service time. |
| Note that Eq. (7) says that there may be incidents where the
farther company should be dispatched (and the nearer one kept in its
~house). For example, suppose that company 1 is "better" than company
22, in the sense that its absence would give higher expected loss at
%the next fire (that is, T
be better to send company 2 to a type m incident at x. This action

i would be preferable as long as

(p—%“l) (T; - T,)
p(x, m)

(6, - t,®] =

' Thus the size of the time penalty one should be willing to pay on the

;current alarm (t1 - tz) is larger (1) when the»alarm rate (and hence

iis larger; (2) the more company 1 is better than company 2 (the large

iTl - Tz); and (3) when the chance that the current alarm is serious
[p(x, m)] is small.

Equation (7) can be partially explained as follows. If company

1 > TZ)' Then even if tl(g) < t2(§), it may

)

r

1

is sent to the incoming alarm and does not return before the next alérm,g

. then the next alarm will be served by company 2, and the loss will bé

Tl. If the alarms are Poisson and service is exponential, then

|
i
p/(p + 1) is the probability that the next alarm occurs before company

1 returns. Therefore, p/(p +'l)Tl on the left-hand side of Eq. (7)

,is the expected loss at the next alarm if company 1 is sent in respon

se

to the incoming alarm. (We do not consider the loss at the next alaﬁm

Tif it occurs after company 1 returns because both companies will be
available and the system starts over from scratch.) '
Thus, the left-hand side of Eq. (7) can be seen as the sum of a-

current“loss,ptl‘and,awfuture loss [Tlp/(p + 1)1 if'company 1 is sent




.=23-

tdﬂthévincoming alarm. The right-hand side is similarly a current
loss plus a future loss, if company 2 is sent. It is this structure
that we preserve in developing an algorithm that will handle a region
with many companies and the possibility that more than one company
will be sent to each incident. That is, we will calculate pti +

T, p/(p + 1) for each company i in the region, and send the one with
the smallest value of that sum.

Definefe. =T.0/(p + l).l The larger the region considered in
this computafion, iﬁéAgmgllef the role of any particular company in
it and so the smailer the values of the {ej}. Thus the choice of
region determines how the algorithm weighs current and future losses.
To allow a range of tradeoffs, the computation of Gj includes a region
size factor, G. It turns out that O, is nearly proportiomal to G.

Using the above, it is easy to 3esign a more general procedure
that could choose a company to send for a dispatch of one unit. Cur-
rent send-one loss would be given by Eq. (2); the future loss given
by ej. So the algorithm would specify: Choose the company j* with

the smallest value of

ZJ. =C () + ej . | (8)
The future loss with this procedure may be contrasted with that
of the fhow many" procedure of the previous subsection. With this
method, future loss is company-specific and static in the sense that
it does not depend on the current availability of other companies.
With the "how many" algorithm, future loss is dynamic in its dependence
on current availability, but does not depend on which company is chosen
for dispatch.
Gj turns out to be roughly prdportionalbto the fraction of alarms
within the region that are closest. to company j. It thus serves as a
measure of the relative amount of work that the company does in the

region to which it belongs. We do not lose much by making this term

lThe details of the computation of ej are given in App. A.
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static. If a region's firefighting resources were depleted, the choice
of a company dispatched to an ihcoming alarm would be more critical
than if all the region's units were available. 1In this case, however,
it is unlikely that we would make a decision to send other than the
closest available company since the next closest company would prob-
ably be far away.

Finally, Gj is in a sense a long-term cost since it considers
the effects of having a company unavailable for some time, while the

"how many'" terms are operative only during the period roin
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IV. THE INITIAL DISPATCH ALGORITHM

The future loss in the "how many" procedure formulated in Sec. III
makes no distinction among the companies in a region. We will develop
the initial dispatch algorithmvby reformulating the "how many'" choice,
using notions of the "which companies" decision, so that future loss
as well as current loss depends on the particular candidates for
dispatch.

In choosing dispatches, it may be desirable to forgo strict opti-
mality in terms of minimum average response times over a period of time
by discounting the future losses. The reason for this is what we cail
the principle of accountability, which states that a public official
will be held more accountable for what has happened than what may
happen. If it turns out that a fire with a fatality was not sent the
closest fire company, it will do the responsible official little good
to argue that the closest company was being held in reserve for a
potentially more serious fire.

Therefore, the algorithm incorporates a number of parameters and
choices that can be adjusted so that individual dispatches will be
defensible while average performance is improved. Section V shows the
effects of adjusting these parameters on dispatch decisions, The

algorithm performs the following steps separately for engines and for
ladders:

® A unit that will definitely be sent to the alarm is selected.
Because of the principle of accountability, parameters will
be set so that this is almost certainly the closest unit for
occupied structural fires.

. A candidate second unit is selected. This unit may not be
the second closest available unit.

. A decision is made whether or not to send the candidate

(second) company.
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In mathematical terms we have the series of steps described below.
(Note that times shown with a small t are retrieved from a data file;

those shown with a capital T are calculated estimates.)
Step 1l: Calculate

21(1) = a(x, W, @ + 6 . &

\
1 ;
Equation (9) has the same form as Eq. (8); however, the current:

and choose the company k* that minimizes Z

. loss component is simpler than Eq. (2): u is eliminated as a constant
term and B is set to equal 0. Setting B =0 in this step completely%
discounts a second dispatch. This slight suboptimization will ensure,
:by the priﬁciple of accountability, that if exactly one company is
actually sent, it is the best regardless of whether the value of B
was correctly chosen. For the same reason, it may be desirable to
delete Gk (or give it less weight) in (9).

Step 2: After an engine and a ladder are selected in step 1,
the response time of the first of them to arrive can be found by add-
ing u to the shorter travel time. Call this roin’ it will be the '
response time of the first unit on the scene, except in a small numbér
of cases where two units are sent and the closest unit is not chosenz
in step 1. Ignoring this possibility, as we do, will have a minimal%
effect on dispatching decisions.

Step 3: Calculate the send-one loss

2y (k%) = q(x, m)t, () + 6, +plx, mBlt,® +r 1, (10)
where company i is the closest ladder other than k*. This step puts
in the term that was left out in Eq. (9). Again, a constant term con-
taining u is dropped.

Step 4: Given that we are sending company k*, we attempt to
select the best company j to send as the second company if we send two

companies. We calculate for all j # k*:
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Zy(k*, 3) = q(x, m) min [t (0, £ (x)]
+ Bp(x, m) max [t (x), £ (x)1
+ ej + [F,(3) - F ()]
+ [1 - p(x, m)JW . (li)

The minimum and maximum terms are in 22 because if j is closer
to x than k¥*, j will be arriving first if both units are sent, Future
losses F2 and Fl are obtained from Eqs. (5a) and (5b) by considering:
an N-company region centered about company j. Thus the appropriate
value of n depends on j, which is the reason for our notation Fz(j)
and Fl(j)' Including ej allows a company specific choice of the
appropriate second ladder if one is sent. The workload factor W adds
the workload 'cost."

Select the company j* that minimizes Zé(k*, j). Note that W
plays no role in this choice.

Step 5: In this step we calculate ZZ(K*, j*), the actual send-
two loss with candidate j*. This is the same as Zé(k*, j*) in Eq.

(11) except that Gj* is replaced by 6 if company k* is closer than

%
company j*. If Zz(k*, i*) =< Zl(k*), gispatch both k* and j*. If not,
send only k*.

As we have mentioned, the algorithm has several parameters--f8,
r, W, and G--that enable the user to "tune' its behavior. From this
viewpoint, the algorithm says (roughly):

a. How Many:

Send two if and only if
rmian(E’ m) > (F2 - Fl) + [1 - p(x, m)IW .

For a given incident (and its corresponding p and rmin)’
. :

9 Fl is usually very small so that the ratio B/W usually?
determines how many companies are sent. The larger this

ratio, the larger the average number of ladders dispatched.
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b. Which Companies:

(i) If two companies are sent, the candidate second-arriving

companies are ranked on the value of
Bp(x, mt, (x) + 0, .

Since 8 is almost proportionmal to G, the larger the ratio G/B,
the more willding we are to choose, on the basis of future |
loss, a second ladder that is not the closest available.
(ii) If one company is sent, the candidate companies are

ranked on the value of
{p(x, m) + r[l - p(x, m]} £, (X + 8 -

Roughly, then, the larger the ratio G/r, the more willing
we are to choose, on the basis of future loss, a first laddér

that is not the closest one available.

As the following example shows, the algorithm will choose the
more distant pair of companies only when their response times are

nearly equal.
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V. AN EXAMPLE

We now illustrate the algorithm with data for a hypothetical city.
Table 2 shows how the ten ladder companies in a 36-square-mile city
might share alarms and areas of coverage. We assume that the average

proportion of alarms requiring two ladders is —5 = .013 and that the

Table 2

DISTRIBUTION OF ALARMS AND VALUES OF  IN A HYPOTHETICAL CITY

Fraction of Area of City Values of 6(x 10 3)
City's Alarms in Which It for Two Times of Day
to Which Is the Closest - ,
Company Is Company Busy Not Busy
Company Closest (sq mi) (3 alarms/hr) | (.86 alarm/hr)
1 .0625 4.0 1.05 .53
2 L0625 6.0 1.29 .65
3 .125 2.0 1.48 74
4 .0625 3.6 1.00 .50
5 .0625 3.6 1.00 .50
6 .125 2.8 1.76 .88
7 .125 2.0 1.48 T4
8 .1875 2.8 2.64 1.32
9 .125 3.2 1.88 .94
10 L0625 6.0 1.29 .65

3 service time is one-half hour per incident. Using Eq. (A.1) for O,

described in App. A,

AL/A . AL/ B o
ST T TE ARy - R = Ty AW ey = ep) VAL

Substituting the above data and

.01, (1/v) = 1.53 min/mile,
.0229 so that

e, = 1.00, and ¢y = .60, we get a

AL/

. = -1
S STY O om/&;.
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Table 2 gives the values of 6, for a busy time of day with A =3
alarms/hr, and a quiet time of daijith A = .86 alarm/hr. Figure 2
shows a possible configuration of the companies.

To see how the first step of the algorithm works, suppose that
an alarm comes in at location x, somewhere between companies 2 and 4;
The difference between the loss from sending company 2 (alone) and

the loss from sending company & (alone) is given, using Eq. (9), by
' _ ' - _ _
2'(4) - 2'(2) = 9, Wt () - t,()] +6, -6,
So the algorithm will send company 4 if
CI(_)}_, m)[ta(_}f_) - t2(2_<_)] < 62 - 64

If q(x, m) = .01 (the minimum if r = .0l), then during a busy period
company 4 would be sent if its travel time were no more than .029

min (about 2 sec) greater than that of company 2. During a nonbusy
period, this difference could be no greater than .015 min. If the
workloads of the companies were substantially different, or if the
total alarm rate were greater, then this allowable difference would
be larger; but it would never be substantial, and it would vanish for
any incident with even a slight chance of being serious. For example,
if x were between company 7 and company 8, in a busy time the former
would be sent to an alarm with q = .01 if its travel time were no more
than .116 min (7 sec) more than that of company 8.

Now assume that the incident had occurred at location y, and
company 1 is definitely chosen as a unit to send. The decision now !
is whether to choose company 2 or company 4 as the candidate second -
company. Equation (11) shows the calculation for each company. Since

in this particular case we are considering t as fixed, and since

*
k

the city consists of only one region so that F2 - Fl is the same for

all companies, using Eq. (11) as the algorithm says:

Send company 4 if

Bp(y, m[t,(y) - t,(»] +8, -6, >0
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e 1 e 2
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® 3
® 5
® 6
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® 10
® Llocation of fire house
® 8

A location of incident

Fig. 2--Ladder company locations in a hypothetical city
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As an example, assume that B = .3. 1If the probability of a
serious fire is average (.013), company 4 will be chosen during a busy
period if its travel time is no more than .075 min (4.5 sec) greater
than that of company 2. Table 3 shows how the allowance travel-time
difference varies by time of day and by the probability that the inci-
dent is serious. (If p = 0, then according to Eq. (11), company 4
would always be sent. But if p = 0, the algorithm would find Z, > Z

2 1
and therefore would not dispatch a second ladder.)

Table 3

ALLOWABLE TRAVEL-TIME DIFFERENCES
FOR SECOND-ARRIVING COMPANY

Maximum Amount Travel Time of Company 4
Can Exceed That of Company 2% (min)
Probability of a Busy Time Nonbusy Time
Serious Fire of Day of Day
.01 .097 : .048
.02 .048 = .024
.03 .032 .018
.04 .024 .012
.05 .019 ' .010

a...
With company 4 still being chosen over company 2 to
respond as second-arriving.

How does the algorithm decide whether or not to send the second
company? Step 5 compares the send-two loss, ZZ’ to the send-one loss,
Zl' Since the "definite" company 1 is closer than either company 2

or company 4, the comparison reduces to the following:

Send company 2 if

£, - F D] e, mw

r . r .
mlin min

Bp(y, m) >
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Using Eqs. (5a) and (5b), as well as the relevant approximationsl

for T1 and TZ’ we get:

F, - F Alarms —- —
_i—_‘_i =( per ><\EE ) '\Il‘n - 1> [:{qcl + pBIC,

min Minute

+ (1 - eI} A/ O‘f‘rgaity] :

Under the assumptions of this section (and assuming d = 1 for conven-
ience), the term in brackets is .162. Values of (Fé,f Fl)/rmin are
given in Table 4 as a function of n, the number of companies avail-
able before the dispatch is made,2 for two values of the alarm rate.
First, suppose W is set equal to zero. From Table 4, if an alarm
with probability serious = .013 (the average) is féceived (so that Bp
is .00390), the algorithm would send two ladders in all circumstances.
Only if p were very low would less than two be sent. For example, if
an alarm with probébility serious = .003 is received, Bp = .00090.
The algorithm would send two.ladders unless four or fewer ladders
were available at the busy time of day.
If W is made positive, then two ladders will be sent less often.
For example, suppose roin 2 min for this alarm at y, and again sup-
pose it has p = .013. Then, at the busy time of day, two ladders
would be sent in all circumstances if W is less than .0031. So, if
W = .0040, one ladder would be sent if three ladders were available;
if W = .0060, one would be sent if three or four ladders were avail-

able; and so forth.

1
See Sec. III and Apps. A and B.

Since company 1 is being sent, and 2 and 4 are both being con-
sidered as second-arriving, n is at least three.
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~ Table 4

 EXAMPLE: INCREASE IN EXPECTED FUTURE LOSS IF
TWO LADDERS RATHER THAN ONE ARE SENT INITIALLY

Increase in
Expected Future Loss

Number of
Ladders Busy Time Nonbusy Time
Available of Day of Day
Before Dispatch (3 alarms/hr) (.86 alarm/hr)
10 .00016 .00005
9 .00020 .00006
8 .00024 .00007
7 .00032 .00009
6 .00043 .00012
5 .00063 - .00018
4 .00105 .00030
3 .00237 .00068
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VI. RESULTS OF SIMULATION TESTS IN NEW YORK CITY

The summary response-time and workload statistics in Table 5
allow us to compare the performance of the traditional initial dis-
patch policy in New York City with the dispatch algorithm as various
parameters of the algorithm are varied. These statistics come from
simulation of department operations in response to actual alarms in
the Bronx for the four weeks (672 hr) beginning July 5, 1972.

The simulation model used is the one first described in Carter
and Ignall (1970) and documented in Carter (1974). The traditional
policy was a variable two-engine and two-ladder response to street
box alarms and telephone or verbal alarms that sounded structural.
Other telephone and verbal alarms were sent one engine and/or one
ladder, as needed. The initial dispatch algorithm handled these other
alarms in the same way as the traditional policy. For street box and
telephone/verbal "sounds structural" alarms, the procedure given in
Sec. IV was used. The values of p(x, m) for box alarms were estimated
from 1967-1970 data using the empirical Bayes procedures described in
Carter and Rolph (1973). For telephone/verbal alarms, boroughwide
estimates of p were assumed to apply to all locations. In both cases,
the values of p were adjusted to the time of day. Travel distances
were measured using the coordinates of the fire station and the box
in question, as described in Carter (1974). Travel times were deter-
mined from the square root linear time-distance relationship described
in Kolesar and Walker (1974).

Alarm assignment cards were synthesized from these travel times.
Actual alarm assignment cards are constructed using distances found
by tracing a path through the streets on a map. (These distances are
not recorded.) Since the distances had to be synthesized from (x, y)
coordinates for the simulation; the use of actual cards would have
handicapped the traditional policy, and it would sometimes appear not
to be sending the closest companies.

1 :
All telephone and verbal alarms that were structural, as well as

those that were sent more than one engine and one ladder, were clas+'
sified as "sounding structural."
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The relocation policy of Kolesar and Walker (1972) had already
been seen as superior to the traditional alarm assignment card proce=
dure, and so was likely to be adopted by the Fire Department when the
MICS was installed. Thus we compared the performance of the tradi-
tional initial dispatch policy to that under the algorithm, when both
used the Kolesar-Walker relocation policy.l

Table 5 shows that the algorithm improves second-arriving engine
and second-arriving ladder response times to occupied structure fires
that need them, while keeping workload about the same as under the
traditional policy. These improvements result from the algorithm's
attempt to consider the chance that the alarm is a fire in an occupiéd
structure. Thus, although in the G = 1/2 case, for example, fewer
responses are made with the algorithm, and so fewer incidents receive
a two-engine and two-ladder initial response, more occupied structure
fires receive two and two initially. 1In this case, two engines were
initially dispatched to 457 of the 702 occupied structure fires under
the traditional policy. With the algorithm, this figure increased 39
percent to 596 fires.

The slight degradation (about 1 to 2 sec) in first-engine and
first-ladder times to occupied structure fires with the algorithm is
a result of the closest company being in house slightly more often
under the traditional policy. For ladders, one reason that the closést
company was in-house more often is the more frequent relocation under
the traditional policy. This policy resulted in at least five times
as many ladder relocations as the algorithm did, and the total time !
spent relocated was at least four times as large. _

The different values of the Gj's induced by the differences in G
led to very little variation in average response times. The smallesf
values of first-engine and ladder response time occur when G = 0, which
makes all of the Gj zero. The smallest>values of second-engine and
ladder response times occur when G = 1/2.

The different values of G have'minor effects on average workload,

as measured by the average number of responses made by Bronx engines

1 ;
For further details of the experimental conditions, see ApP:NF;
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and ladders. Among themselves and relative to the traditional policy,
they do have a significant effect on the arrangement of that workload.

Comparing the four values of G to the traditional policy we see that

1. Even when G = 0, the busiest engince and ladder companies
make fewer responses and spend fewer hours traveling and at
incidents. ,

2. As G is increased, the number of responses and operating
hours of the busiest engine and ladder companies first de-
creases and then increases. Responses of the busiest engine
and ladder companies are smallest for G = 1/2; operating
hours of the busiest engine are smallest at G = 1/2; oper-
ating hours of the busiest ladder are smallest at G = 1.
Note that when G = 1, the algorithm gave many responses to
Engine 85, making it rum more than Engine 82, but 82 still

spends more time operating.

We have already mentioned that the algorithm substantially re-
duced ladder relocations. Fof engines, it réduced the number of
relocations but not the time spent by relocatees filling in for other
companies. Relocation implies a trip to another firehouse and back,
and, while there, possible response to incidents in a less familiar
area. Thus, all else being equal, less relocation is an advantage,
and in this regard the algorithm then offers a significant advantage

for ladders.
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VII. ADAPTIVE RESPONSE

The simulation test results in Sec. VI show that the major sav-
ings in workload for the busiest company are obtained by using the
algorithm with G = 0 (always sending the closest company). If alarm
rates are moderate and relocations are not a problem, a static algo-
rithm that does not depend on the number of companies currently avail-
able and that always sends the closest available companies may be
satisfactory.

If we set G = 0 and let Fz(j) = Fl(j), the initial dispatch

algorithm reduces to:

1. Always send the closest available company.

Also send the second closest available company if
> -
p(x, mBr . > [ -px, m]w,

or, rearranging the terms, if

W
X, m) >
px, m) Br . +.W
min
This motivates a simple static algorithm for initial dispatch--adaptive

response.

An adaptive response policy is a specification of a particular
fixed policy for each alarm. It is static in that the local situa-
tion--how many companies are actually available nearby right now--is
not considered.

We evaluate a particular adaptive response policy in terms of

1. The fraction of serious incidents to which one ladder is
initially dispatched, the fraction to which two ladders are
dispatched, and so forth,

2. The number of responses made by companies in the region.

Our first measure, then, is response adequacy.
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DEFINING AN ADAPTIVE RESPONSE POLICY

As an illustration, consider the policy to be used to dispatch

ladder companies in response to alarms reported by street box in a
particular region at a specified time of day. Assume that at least
one ladder will always be dispatched, and that the problem is when
to send a second ladder initially. An adaptive response policy will
specify which alarm boxes will receive an initial dispatch of two
ladders and which will receive only one ladder.

The procedure is the following. We label the boxes in the region
(1, 2, 3, ..., N) in increasing order of the probability that an alarm
from the box signals a serious fire. Let 12 be the chance that an
alarm from box i signhals a serious fire and Ai be the hourly rate at
which box alarms occur there. Our labeling implies that pl < Py <
Py S ..., < Py The 1 and Xi will be estimated values. Carter and

Rolph (1973) give methods for getting them. Let

be the total rate at which box alarms occur in the region. Then a
cutoff probability is specified: this determines the boxes that wili
receive an initial dispatch of one ladder. - If an alarm is received
from box i and pi is less than the cutoff value (s*), one ladder is
sent; if Py is greater than or equal to s*, two ladders are sent.
The larger the value of s*, the fewer the number of boxes to which two
ladders are dispatched. By varying s*, policies can be developed that
dispatch an average number of ladders per box alarm anywhere in the
range between 1.0 and 2.0. The ordered lists of alarm boxes make it
easy to develop and evaluate such policies.

For example, suppose that P < s* and P 2 s*. Then the aver-—

age dispatch to a box alarm is given by

A+ ..o+ A
m

d(s*) =1 + (12)

The fraction of all the serious box incidents to which two ladders are

dispatched is given by
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(13)

So a(s*) measures response adequacy.

EXAMPLE OF A SIMPLE ADAPTIVE POLICY

The following example is based on data from New York City. Table
6 gives the information on the boxes. Empirical Bayes methods (Carter

and Rolph, 1973) were used with 1967-1969 data to estimate the value

Table 6

1970 ALARMS FROM BOXES ASSIGNED TO
"SUPER" BOX CLASSES?

Serious
Box Occupied Proportion
Class | Alarms | Structurals Serious

1 3028 18 .0059
2 3017 33 0109
3 3071 29 .0094
4 2905 43 .0148
5 3051 52 .0170
6 2954 61 .0206
7 3000 67 .0233

#Alarms from 3 p-m. to midnight for
part of the Bronx. Classification
based on 1967-1969 data.

of Py for every box in the region. The boxés with the smallest esti-
mated values of p; were put in class 1 until that class of boxes had‘E
at least 3000 alarms between 3 p.m. and midnight in 1970; the boxes
with the next smallest values were put in class 2 until that class héd
at least 3000 alarms; and so forth. These classes then define N = 7
"super" boxes, each with about 3000 box alarms per year in the 3 p.m.

to midnight period (or .913 alarms/hr). So, for the super boxes,

Py = .0059, P, = .0109, ..., p, = .0233 ,
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and

Al = AZ = ... = X7 = 913

To calculate a, it is helpful to have the sum

A + ...‘+>\NpN= .0930

1P1
If s* = .005 is chosen, then two ladders are dispatched to all

alarms and
d(s*) = d(.005) = 2, a(.005) =1

If s* = .008, then one ladder responds to alarms from box 1 and all

others get two. As a result,

d(.008) = 1.857 (= 1 + 6/7)
From Eq. (13),

913 X .0059 _

a(.008) =1 - 0930

.942

That is, sending a second ladder 85.7 percent of the time gets that
second ladder to 94.2 percent of the serious fires. Using a procedure
that did not take box classes into account would require sending a
second ladder to 94.2 percent of the incidents, significantly more
than the 85.7 percent required by the adaptivé policy.

Figure 3 shows how the adaptive policy compares to variable re-
sponse policies over a range of average dispatch sizes. Fixed policies
are represented by points A and B. Suppose that average ladder avail-
ability is .75. Then, according to Ignall and Urbach (1975), the prob-
ability that two units are dispatched is approximately the square root
of the average availability. Thus, two ladders would be sent 57 per-
cent of the time under a variable policy, so that its performance

would be represented by point C. Note that moving to an adaptive
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A
2.0
1.8+
Adaptive
policy
1.6+ S

Average number of ladders dispatchec to serious fires

D C
~Variable
response
1.4 policy
1.2
) I | I |
1.0 1.2 1.4 1.6 1.8 2.0

Average number of ladders dispatched to all fires

Fig. 3--Comparison of adaptive and variable response policies

response policy at point D will decrease initial ladder responses while
keeping the same response adequacy as the variable policy. Also note
that by moving to an adaptive response policy at point E, response

adequacy is’improved while initial ladder responses are unchanged.

DISCUSSION AND EXTENSION

We have looked at how the choice of s* induces a specific policy
and the resulting value of d(s*), the average initial ladder dispatch
to an incident, and a(s*), the average fraction of serious box inci-
dents to which two ladders are initially dispatched. It is possible
to choose either d or a, and let it determine s*. How to do so should
be clear from the example.

So far we have ignored secondary responses to alarms where more
than two ladders work and to alarms where two are needed and one is
sent. We now show how to determine total ladder responses--including

those to higher alarms and those where two are needed but one is sent.
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Let ﬂj be the proportion of all box incidents at which j ladders work,
and r, be the proportion of box alarms at box i at which two or more
ladders work. Then, the expected total hourly number of responses is

given by
M(s*) = Xd(s*) + (my + 2m, + 37y + ... YA

+(}‘1r1+"'+>‘ )

m-1"m-1

Note that the T terms do not depend on s*. Also, M(s*) can be re-

written as

M(s*) = >\(Tr1 + 27, + 3W3 + ...)

2

+ [Am(l - rm) + ...+ AN(l - rN)] ,

where the last term gives the néedless second ladder responses. (We
0" 0.)

Recall that this discussion has been for ladder company responses

are assuming that at least one ladder is necessary; that is, T

to box alarms in a given period and region. We can combine different
time periods and develop a single ranked list of possible alarmsl and
use a single cutoff. Or we can have separate cutoffs for different
times of the day. A similar choice is possible for different regions.

Combination into a single list allows maximum benefit in the
sense of highest response adequacy for a fixed number of company re-
sponses. But we may not wish to create such a list. Serious fires
late at night can be different from serious daytime fires. Workload
is not the problem late at night that it mav be during the day. And,
as described in Rider (1976), combining regions can ‘lead to equity

problems when companies are allocated to regions.

lIt might look like "box 1, evening; box 2, evening; box 1, mid-
day; box 3, evening; ...; box N, late night."
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Appendix A

DETAILS OF ALGORITHM DEVELOPMENT

EVALUATION OF PROBABILITY THAT TWO LADDERS ARE SENT TO
THE NEXT INCIDENT IF IT IS SERIOUS

The quantity called d is used in Eq. (4) to determine the expected
response time to any alarm occurring during the interval roin and de-
pends on (1) the number of companies available during the interval,
and (2) the number that would be sent initially to a new alarm.
We assume that the number of companies available will remain at
n - 1 if one company is sent to the current incident and at n - 2 if
two are sent.l We assume that between one and two units will be sent
to any new alarms. The precise chance that it will be two depends on
the algorithm itself. An approximation that will serve is to assume
that the chance here is the chance that would apply if the variable
response policy were used. From Ignall and Urbach (1975), the chance
that two are sent in the future would be {(n - l)/N]2 if we send one
now, and [(n - 2)/N]2 is we send two now. Because the calculation
, ]2

is not sensitive to this factor, we use [(n - 1.5)/N in both cases.

CALCULATION OF EXPECTED LOSS AT THE NEXT INCIDENT
IN THE REGION IF COMPANY j IS UNAVAILABLE

This quantity, called Tj, is used to detetmine which company (or
companies) to send to an incident. The size of the region is deter-—
mined by the user. We permit this by defining a factor G that can

. .2, . L
transform a particular region” into a smaller or larger region. G is
then chosen by the user.

Expected future loss (in Eq. (7)) is Gj =T.p/(p + 1). We will

J

find, in Eq. (A.2) below, that 61 is approximately proportional to G.

This ignores the possible return of companies working at other
incidents during the interval. The calculation is not sensitive to
this approximation.

In New York City, we chose the area served by 8 ladder companies.
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Consequently, choosing G = 0 will ignore the future entirely (in the
"which" decision, but not the "how many" decision). Thus if Eq. (7)
is used, the closest companies will always be sent.

We calculate T, for company j by first considering the expected
loss if company j ig unavailable (and all others are available), and
the closest remaining unit is sent to the next alarm in the region.

We can subtract from this the loss at the next alarm if all companies
are available (including j) since this will not depend on the choice

of j. The result is the increase in loss to the next alarm if com-
pany j is not available.  We call this Tj. (A detailed treatment of
this loss would consider the possibility that company j was the second-
closest company to a new alarm, third-closest, etc, For the purpose

of making initial dispatch decisions, however, such refinements would
probably make little difference.)

Following Eq. (1) for the first-arriving companies only, we take
the increase in loss to the next alarm to be proportional to the in-
crease in the response time to that alarm multiplied by the probability

it is serious:

T, =AE(R2 - Rl) if the next alarm is in the area
] closest to company j;
Tj =0 otherwise,

where Rl’ RZ’ and E'are as defined previously. 1If company j is the
closest ladder in a region of area Aj’ the square-root law for dis-
- R, can be approk—

2 1
imated by (1/v)(c2 - cl)JX;, where v is average speed, and Cy and ¢y

tances applies and the distances are long, then R

are square-root law constants.
The probability of the next alarm occurring in area j is given

by Xj/k, where Aj is the alarm rate in area j and A is the alarm rate

in the entire reﬁion. Therefore,
A -
Ty= 3 ARy - Ry

lsee Kolesar and Blum (1973).
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Defining ej = p/(p +”1)Tj as the analog of future loss in Eq. (7),

and substituting A/u for p, we have

AL
9. =

_J = Al
j A+ u q(R2 ( )

- Rl)

Another question is what size to make the region for the purpose
of this calculation. We fix a nominal region "size" of 8 companies
and use a divisor G to allow regions of different sizes to be con-
sidered. That is, the number of companies in the region is 8/G, so
that when G is 4, we are effectively considering a 2-company region;
when G is .8, we have a 10-company region, etc. Letting A be the
alarm rate in the (nominal) 8-company region, the alarm rate in the
effective area is roughly \/G and, using

A, Al
J

J =G
A/G + A+ Gu?

we get

A

= — 1
ej G A+ Gu

E(Rz - R . (A.2)
When A is much larger than p, then ej is approximately proportional

to the product of the alarm rate in "its" area, and the increase in
first-arriving ladder response time there if it is unavailable. Also,
a small value of G (a large region) implies that the Tj's are all small
and thus very close to one another--the larger the region, the less

any particular company matters to it. In the limit, when G = 0, the

Tj are all zero.
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Appendix B

ALGORITHM FLOWCHART

The routine described in the flowchart shown in Fig. B.l imple-
ments the initial dispatch decision algorithm described in this report.
For simplicity we assume that other subroutines will be used when the
dispatcher has already decided on the number of units to dispatch,
as would always be the case for follow-up dispatches. We assume
further that the calling routine has verified the accuracy of the
input data.

The routine assumes that there are two kinds of>units——engines
and ladders--and the index J is used to process each in turn. It also
assumes the choiﬁe is whether to send one o6r two units.l The input
argument BOX gives the location of the incident and is used as an
index into the array EQ (I, J, BOX) which contains the index of the
Ith closest company of type J to the Box, I =1, 2, ..., NDIM. The
data on each company are stored in the arrays defined in Table B.l.
The probability that the current alarm is serious is found in the
variable P. The program uses a function: TRVLT (K, BOX) which cal-
culates the travel time for company K to reach the location Box. 1In
some cities it might be convenient to use an array that conféiﬁs these
distances when the companies are located at a fire station. The re-

maining data used by the program are the constants:

B = importance of second-arriving company response time
relative to'@irst—arriving response time.

r = importance of resﬁéﬁéerfime to a nonserious incident
relative to response time to a serious incident.

U = turnout time.

W = workload factor. ,

N = number of companies in each N-company region.

1
If the choice is whether to send H + 1 or H + 2 units, then choose
the closest available H units and use the routlne to dec1de whether to
send 1 or 2 more, as well as which ones.
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Table B.1

DATA REQUIRED FOR EACH COMPANY

AVATL (K) = 1 if company K is available for dispatch,
0 if otherwise.

AREA (K) = Area of the N-company region centered on
company K.

LAMDA(K)? = Alarm rate in same region.

RING(K, M) = Identity of mth company in same region;

m=1, 2, ..., N.

PSER (K)2 = Probability that an alarm in the ring will
be for a serious fire.

THETA(K)a = Expected future loss if company K is not
available (calculated from Eq. (A.2)).

aShould either be updated periodically to change with
time of day or also indexed by time of day.

C, = square-root law constant such that the average first due
response time in an area of size A when N companies are
available is given by C, VA/N. Note that C, includes
velocity. T o

C2 = square root constant defined similarly to Cl for second
due response time.

C,, = square root constant defiggd similarly to C, for the aver-—

1
age minimum response time (CM < Cl)'

The square root approximation provides a simple means of calculat-

ing the expected increase in future loss if two companies are sent to

the current alarm. We have, from Eqs. (5a) and (5b),
F, - F, = erin [q[Tl(n -2) - Tl(n - 1)1
+ Bp{Tz(n -2) - T2(n - 1)

+ Q- (a-2) - (0= l)]}] )
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where ), E, 5} Tl(n), T2(n) and rmin(n) refer to an N-company region
surrounding the company that is a candidate for being sent as second
due to this alarm. Using the square-root law to calculate Tl(n) and

_Tz(n), and assuming rmin(n) is proportional to Tl(n), this reduces to

F. - F. = Ar_. Ecl+35[cz+(1-d)cM]/K/ L — >

2 1 min \Vh -2 vn - 1

where A is the area of the same N company region.



ENTRY: comment: define Q for subsequent use in the program.

Q=P (1-P)*r

comment: find K* (J) which minimizes send one cost

w——— =D0 J Lencines, ladders
Ste(d o

R mnann i ¢ AP NDIM

KCC vl ., ), BOX)

iv KCO
Hoble ),
| N

CES

+

NO

NO

Z =TVLT (KCO, BOX)
* Q + THETA (KCO)

':2;’ (J)

YES
TP ()
R

KCO”

4

. ‘ CONTINUE LOOP ON I, J)

NO

is ZIP(1)= 00 or ZIP (2) oo — YES

comment: no companies cvailable:

return ‘with error signal

RETURN

comment: calculate time ol first company to anive

RMIN = U + MIN (TVLT (K * (1)

.

BOX), TVLT (K*(2), BOX ))

comment: find closest available company which is not K *

DO J = engines, ladders

1(J)=0
DOT- 1 to NDIM

KCO  EQ (1, J, BOX)

KCO available
and KCO # K *

(Loor ON 1)

YES

Y

LOOP ON J

comment: calculate send one cost
I*(J)=KCO
SIC(J) ~ZIP(J) +B*P*
[(TVLT (1*(J), BOX) +RM1N]

Fig. B.l--Algorithm flowchart
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DO J = engines, ladders

comment: no second company
is avcilable;
send K * +J) ond loop on J.

e send K *{J)
that minimizes l

comment: find company

send 2 costs

DPCMIN: = o
DOT 1 to NDIM

KCC EQ (D, J, BOX)

is (KCO
avoilable ond)
KCO #K*(J}
comment: calculate future cost, F, -Fy,

NO to -area surrounding KCO

n = 5 AVALIL (RING (KCO, M))

/ /o
RIN = LAMDA (KCO) *RMIN * {1 Vn-2 -1 Sy e } *

AREA (KCO)* f [PSER (KCO) -+ *¢1-PSER (KCO))]-Cl

!
PETPSER (RCO) " (Cy v = tin- 1Y) N)“Z)‘(,M)$

DPC = Q*MIN (TRVLT (K * (J), BOX), TRVLT (KCO, BOX))

+BeP*MAX (TRVLT (K*(J), BOX), TRVLT (KCO, BOX))
+RIN + THETA (KCO)

|

is DPC
< DPCMIN

JISAVE  KCO
NO DPCMIN = DPC

3

Y

———%( LOOP ON |

comment: calculate send 2 costs

is

TRVLT
(JSAVE, BOX)
STRVLT (K *(J),
BOX)
YES

P ER————
S2C (J) - DPCMIN +(1-P)*W

DPCMIN = DPCMIN - THETA (JSAVE)
i THETA (K * (J))

comment: send both
send K* (J), JSAVE

NO
comment: send only one

company: send K* (J)

° LOOP ON J )t

RETURN

Fig. B.l--Continued
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Appendix C

SIMULATION DETAILS

Section VI gave some information about the simulation experiment
used to test the initial dispatch algorithm. This appendix supplements
that information. We assume that the reader is familiar with the sim-
ulation program described in Carter (1974).

Parameter values of 8 = .4, r = .01, and N = 8 companies were
chosen.

The exogenous events tape was prepared from a file on actual inci-
dents in the Bronx and Manhattan. All Bronx incidents in the 28-day
period (7-5-72 to 8-1-72) were included. If the box number reported‘
for an incident was not legitimate, a box was chosen at random from
the list of legitimate boxes and the incident assigned there. Eighty-
four of the 6905 incidents in the Bronx were so assigned. Manhattan
incidents at boxes numbered higher than 1500 (locations north of 127th
Street, approximately) triggered DOWN events (working one engine and
one ladder from Manhattan, chosen at random, for a time appropriate
to the incident type). Some 50 actual Manhattan incidents were lost
because the records were not readable.

The number of engines and ladders working at actual incidents were
adjusted as Table C.l specifies. Note that the next to the last "con-
dition" is a second alarm, and that all larger incidents are treated
as 1f they were third alarms. (As it happens, there were no incidents
more severe than third alarms.) Table C.1 also gives work times and
other data used in the simulatién.

Engines and ladders in upper Manhattan were available to respond
to Bronx alarms or relocate to the Bronx unless busy at DOWN events.
The 32 engines and 26 ladders simulated in the Bronx were those com-—

panies that existed in early 1975.
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