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ABSTRACT

| This study inveatigates the problem of providing fire deparfment
sérvice in larger Nofth Aﬁerican cities, -London, Ontario, is used as
an example.
The thesis includes a discussion of methodology which has been

previously developed and implemented ,for the purpose of determining

[y
»

the locations and response districts of fire stations. Prior to this _
there is an extensive account of the procedures which were used to
collect the pertinent data for the case study.

.In order to provide a deeper understanding of the nature of

1Y

the demands for fire department service bothrthe,téﬁboral and spétial

%
arrangement of alagms which occurred in London during 1973 are

analysed for patterns. Autocorrelation and Fourier qsthods are used
to determine temporal periodicities while trend surface, distance

decay models and interpolatiep techniques are used to analyse the

spat}al patterns. . The relationship betweéen response timeiand response

. ¢

distance is investigated using regression models. In addition an - - )
unsuccessful attempt is made to explain.the spatial pattern of
residential alarms using a multiple regressién model.

Following this theré is a review of the loeation-allocation

model literature and a discussion of how these models have -been applied

to the fire siftion problem. Various procedures for generat¥ng a

demand surface using Thiessen polygons are also described.’

Having decided upon an appropriate demand surface location-

]
.

allocation models are applied to a series of fiwe station problems
™

some of which were being considered by the London Fire Department.

114




Finally, there is an evélugtion of the usefulness of location- ' ‘
allocation mod;als for solving lthis type of pro‘l;lem and a consideration
of how sensitive they are to-the as’sumptions made ..in the course of
the analysis., " - ) %

In the concluding chépter of the' thesis suggestions are mad\\e\‘on;

how a fire department might expedite future studies of this nature

and on how they might improve upon the study.

iv
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CHAPTER 1 _ ' .

L)

Introdubtiop to the Study Area

t
& . -

" The research reported in this thesis déseribes methodology for

locating fire-fighting units to serViée the geograpﬁy of urban fire.

R e e L

L

This methodology is applied to a cdé?'study«for the city of London,

Ontario.

The City of London acts as the regional centre for a large
portion of south-western Ontario. In 1973 (the year for which the case
\ .study was carried éut) the city had a population of 232,760 persons and

covered an area of 68.64 square miles (see Figure 1.1). Therﬁnsere

. \ .

nine fire stations in 1973 and the equipment located at each of these
»

stations is shown in Table lh which is taken from the City of London

w

f ) Fire Department Annual Repoyt for 1973.
&

; ‘ The main change which has occurred in the Department since 1973
. has been the closu}e“qf the oldest of the Fire S8tations, Number 3,
which ;és formerly located on Bruce Street and 1s shown in~Plate 1.1.
This Station has now been réplaced by a new nymber 3 Station which was
built in 1974 on the sou;%~western corner of the Wonderland and
- Commissioners ioad intersection.” The new Station i1s shown in Plate 1.2

and, as can be seen, it 1s a two bay station which contains a pumper

and a telesquirt fire—fié£t£:g unit.

Also worth mentioning.are Fire Stations 5 and 6. Fire Station
5 is one of the oldest statdions which is still in service in London.

It was built in the days when the fire wagons were pulled by horses and

it is now suffering from structural problems (FireChief Ray Morley,

perscnal communication). Tf a new station is built in the southeast,




Figure 1.1 Map of the City ot London - N /
Showing Roads and the 1971 Census Tracts % e
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~~ TABLE 1.1: Information Relating to London's Nine Fire Stations During .
1973 (Source: City of London Fire Department Annual Report
for 1973)
1)
Station Fire Hall Date Equipment
Number Address Built Available
1° 340 Waterloo 1956 Pumper, Aerial
. Platform,
Rescue Unit,
! 3 cars
2 1101 Florence St. 1953 Pumper, Aerial,
- : 1 car
. ?»
3 160 Bruce St. 1880 Pumper
. 4 807 Colborne St. 1909 / Pumper ~
t 2 5 155 Adelaide St. 1909 Pumper /
6" 1293 Commissioners 1941/ Pumper
' Rd. West 1953 -
BN 5 . : '
7 -"_llgé Highbury Ave. 1962 Pumper N
) 8 "1565 Western Rd. 1964 Pumper, ’
f : Aerial
9 746 Wellington Rd. g
South 1971 - Pumper
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1.1 The Old Number 3 Fire Station
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Plate 1.2 The Present Number 3 Fire Station
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where Chief Morley and the analysis described in Chapter 6 suggest it
should go, Fire Station 5 might well be closed down. The replacehent

station would in all likelihood be a two bay station very similar to the .
[ L]

new number 3 station. Fire Station 5 -is shown in Plate 1.3.

Plate 1.4 shows Fire Station 6. 6 This station is of interest
because it ié to- be relocated in.the néar futyre. Again the analysis
) in Chapter 6 seems to support such a move, At preseng Fire Station 6
shares its location with the Byron—iibrary and this represents a major
impediment tO'it; expansion into a two béy station. i he
The methodology described in this research is onl& useful for
determining the general location of fire stations. It offers no
suggestions as to the most suitable site for a fire station. This,
however, is an important aspect’of the problem. Ideally, the station
////’/r\\ should have rapid access to a main through route but if it is actually
\}ocated on a séreet with a heavy traffic flow the fire trﬁcks may have*
-

problems getting on to the road. Furthermogz, it takes a few moments

for the truck driver to ."settle down'" and adjust after the alarm has

been turned in (Dr. H. Hosse, personal communication). Thus, it may

s

prdée preferable to locate a station on a minor road which has access
to a main through route. The problem is illustrated by London's Fire .
Station 7 (ghown‘in Plate 1.5), Whic"as located on Highbury Avenue.
Plate 1.6 shows a view of Highbury Avenue outside Fire Station 7. The
p?otograph shows that not only Has the speed 11;1; been,reduced from
40 miles per hour to 30 miles per hour but algo a special flaéhing
light is-required to w;rn traffic when the fire t;ucks are exiting.
These microscale problems are not examined in the thesis.

Chapter 2 of the thesis discusses the procedures which were

" “\
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Fire Station Number 5
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Plate 1.3




plate 1.4 Fire Station Number 6







. Plate 1.6 Highbury Avenue Close to Fire Station 7,
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used to collect the data for the case study. In/addition, Chapter 2

’

includes a review of the literature relating specifically to the fire
“station lgcation pfoblem. Chapter 3 represents an attempt to describe
the spatial and temporal characteristics 6f both the alarm distribution
‘and the response times in London. An attempt i1s made to buiid an

explanatory multiple regression in Chapter 4. This model seeks to

explain the nature of the alarm distribution in London. A typology of

location-allocation models is presented in Chapter 5 along with a
review of those mathematical models which have been used to locate fire
stations and allocate fi;st‘due response districts. A series of
location-allocation studies are conducted for the London Fire Depart-
ment in Cﬁapter 6. The assuﬁptions of the models and the efficiency

of intuitive solutions are considered in Chapter 7. Finally, in
Chapter 8 the main concluéeons of the thesis are discussed and suggest-
ions are made for future research in the area of emergency facility

location.




CHAPTER 2

Data Collection and Existing Fire Department Planning Procedures

In this chapter the data collect?on procedures used in the study
aré described. 1In addition, the chapter also considefs the strengths -
and weaknesses of the tradifional, ;ndwsome more recent, planning meéhods
which have been used to determine fire statiop locatioﬁs and fire

department operational procedures.

Data Collection

Data for the study were taken from the records of the London Fire
Department for 1973. Originally, it had been hoped to collect data for
more than one year so that a larger sample would be obtgined providing
more confidence in the results and so that some analysis of yearly cycles
and long term trends could be made. Unfortunately, the process of
acquiring the data proved too time consuming and as a result data were
collected for only one year. This, however, should not be seen as a
severe drawback to the study since during this year there were 2,459 fire

alarms and thus the analysis was based on an acceptably large data set.

¢

It must be admitted though that"ince the data for only one year were
used no attempt could be made to determine the existenee of yearly
cycles or any significant long term trends. These questions will have
to.be left to subsequent studies, though the answers mighé possibly be.
useful in determining the location of future fire stations. The
sensitivity of the analysis to sﬁch‘cbangeg is discussed in Chapter 7.
The year 1973 was chosen for a number of reasons. At the time the
study was started it represented the most recent available dg{a“ I1f

long term trends do exist in the data and these trends have a épatial

-
4

12



manifestation then it is obviously better to use the most recent data

if one of the aims of the thesis is to predict optimum locations for new
fire stations. In addition,’'it was felt that the 1973 fire alarm data

were not too remote from the 1971 census variables which it was hoped

could be used to help build a predictibe and explanatory model of the

»

demand for fire departmenﬁ services in the city (sgg Chapter 3 and
. -~
Chapter 4).

The London Fire Department maintains very comprehensive statistics
on every fi;e alarm received. Figures 2.la and 2.1b show the information
available for alarms during 1973. As can be seen from these two figures
some of the information, such as the amount of hose laid, was peftinent,
to some aspects of fire department operations but not to the present
analysis and so this information was not recorded. However, any
informatioﬂ considered pertiqent to the analysis was recorded. Such
information was copied onto computer coding sheets and then punched‘o;to
computer cards. Each computer card represented the information pertinent
to one fire alarm. This information wés coded as shown in fable 2.1.

The information on the day, month, year and the time of each aldarm
was used for a time series analysis to determine whether there were any
gignificant short term cycles in the data which might affect the planning
of fire department operations (this is discussed in more detail in
Chapter 3). It was also felt that it would be useful to determine
‘whether the fire engines travelled more rapidly to alarms at different
times of the day and in diffgrenq parts of the city due to the different
traffic conditions and, as a resultu“tée response times Qere also

required.

It should be noted here that the response time was calculated as




14

<4

v

1

AT

<

3

NN

s novy

§

b

4 . 1 31ed - spaoday
juswlaedag 2134 uopuo jo £31) €461 243 woay s1dwexy uy *Z 2an8ya

W arwe

cSE o¥e sl of/é 2¢4
lad 4 oy A o/ 7 7- L
“ ¢ TE TamvY a0l LS Sy £ IC2s ALl YPpL 22T pw
» ’ e o UKkl s p e 1e e 9Ess crer l e
A s @ 2 TR I srr £ ASIAL427 9400 2 L~
[l 274 s ’ s R 7 .(.AM\NQ\ x‘!\.\%\ku\ ey Ko CCED ALy 2 NG/ 3Dy VO
ces E2d ’ ‘e £ 7 ’ 7 Mty SR A VA ] SAL/ ClLs Doy ? dep
r» 4 2 gLy T2 TRY 250 Vi 0O . TS SET LAl 4 I Len
ae ez A Lt RS WIS I yw Yes ST SAKD c 7 KT OsAT 2 PAREA
rys s S o~ ’ s 4 \vw\wvsvt,wvv\r Wis [S€ AT £ L9 r M4 Y A
e £ 1 e . e/ r WP LS g pr AEI 4033 €005 5 .-
e/ £ ’ I sz T R RSP AL g 9 AT ASCr heece efrr 4 PR
(sl 4 £ / z /7 Z & Gor FUEMEZD Vi fer 44 oseim o Krss 54t pThs 4 <
red ) o 7 B Z \(\\ﬂn\..v? “E 4t RAE I VAGTINE £ ST L TNV N I ,w,,
” ’ 7 ver iy e VN AV SALL SELS cfls 4 € st
o £/ ’ [ 3 ’ LT Z PN TS W YW eiT £ $/9/ 9229 37 g E )
ce ” ’ s v LEPIRY u4 26 4 sX17 ASLT LaLT >
- ‘ £ ’, - x4 ey & Loy ALis CEIS 4 PRV
‘s c v s £ r B % mssc pr 409 g Acrs  ars der d .-
A < z Ragtes I S F AN I NP 4 LA eprs SE L oo
- ’ - ’ \.“\.N. LA wo s z, ro peLs Erer g e
o T A o Ve PERS
~ ’ I4 ’ o) .nW\\ I 4 s r2 D8cs prlS AL £ R
A ’ < ’ A T Y AP c %, v L ¢ 7T
fad 4 < b/ .V\\Qv\\\a(;\l.\v‘\.\o.u\ mp 2F A LCF7 FEis Srer g o
& PRI £ ’ AU AC L o4e Ap CyE TaIm 9ET L r oo
L /7 e / sy & Ty 2r TV UCE Y £ S L2 EVX SN S 1 4 oS¢ T U
oy A / /- 4 PR - Vanid s TRy YENE as 9/ 11 S~ii g oen s AL
P Vel A
Vad 4 Z / \N\M\\L A58 11 s re A ai o AT A ™
- )
- ~ . r £ \5\ ¢ AP o g P4 FEA RS R VS 4
. - L & V2 ﬂ\\ .‘\Q\‘-)w\‘rﬁ\ vo 9¢ \\ SCEr ir s e’ 4 AT
T 'y f - PLY NIV CIEL 49 oF7 g€ ELES Awo0 AN Cepaze ; Vi
2 Vi 7 - . )“ﬂ i v Sala :»\VQ\\ o 287 kT OS2 757 a2 g4 / omca
- - i -t i- ~ M ~ m M 3 N m H [ sonow ey [ .
x b4 [roene, R 3 wen rvoncy wls be Traseey v - uve
. m —~onvis m m Prsubony ave
L el TR RLLY SV m Lol B 1) Yy
MOLUYYELO ONY YUY TIY ‘ST 40 QWO Md\.\x \hg"nw‘\as
P

ANIRLYVdI0 414 - NOGNOT 40 ALID s o

AU T a e



15

juswiaedag 2133 uopuo] jo £31) €L61 243

7 33Bg - Spiooday
woxy aydwexy uy qi‘z 2an8ig

CFIIV gL TORR Ay

Rd-adal- DIV

—— s R ey V\‘.l\.\nvr\ »\Q\V\

as u\ﬁ.\v\b\‘

\l“‘l\'\ﬂd ‘\3

TR s D

.1\\\\!»\ —rr e g

‘\!h\\‘ lwvxuﬂ\\vyhié\

N N sanalr s

N it O e

e ]

e~y ) \,
e N V&\‘V\\\Nc 28
Ay N ,v.\v\v\“&\ﬁ\‘\% . \N\
ons . \ v\“i.\a et aats %l ir
7 . N\g}V\ s x
e A IDLS AR LFPY s
7 s Il vl cr

L )a\\,\\\..xtﬁud\ rr
a\ux ) »vﬂ\»\.‘ws‘\\u ™ 2
N \1v\V &\\\.\u. 77 il or
R Y e el 2 A7
£s \Y@W\ ﬂ§ , N -\\
Fop por A \?!N i
B for3 [ »kv\s.&.\\\ ‘a\\u‘ 4 4
. okc . 3\«\\&3\ £/
.\Unih- DI Q\V"X . \\
v Castade iarid 1%
PN A M\ faand 4
/5 > \“X\l\w\ 2"
oz, VA 3\\ GO 7a <ol _ta avh o/
TP \\e\\c! (vﬁ\\.r\ Kl e 4
el g Daxr > - P4
d ey {\Ki\N‘\W\\ 3 o Z
o e e e <rd b4
goe »Vw‘{uux\\\:&“. <
o - Q\\..\\.lt\ Vr\h_..‘w\w.\. H\
* A at7 i aiaad £
A i SE A/ X -1 7
5 e ol disitd /
= = j _— N p— —
m s o s 08 08 wouLINe ’.’

SHOUVYBE0 ONY SIWYIV ‘STNN JO OWOIIN

ININLI¥V43Q Y414 - NOONOT 40 ALID



C—D

: .18
* s
v TABLE 2-.1: -Coding System for the Raw bata
\
Columns Data ‘
) 1 -2 Day alarm received
3 -4 Month alarm received ' ‘
- 5-6 ) Year alarm received ‘
7 - 10 Time axarm received ‘
11 - 12 Respons; time in minutes
13 - 16 Company time in minutes
17 - 20 X coordinate of alarm location
22 - 25 Y coordinate of alarm fgcation
29 - 30 ’ Census Tract number for alarm
33 - 35 Enumeration Area number for alarm
36 » ~ Fire Stations responding - Station #1
37 - " - Station #2 )
38 _ " ’ - Station #3
39 - - Station #4
40 . " - Statian #5
41 "o . = Station #6
42 : " | V— Station #7
43 ' " ~" - station #8 )
44 " ~ Station #9°
g3
46 Number and type of apparatus responding ’
- ' ~ Chief's car
47 ] ’ LEL - P1;toon, District
Chief's car
48 ) 3 " - Tankers
' ) ‘ . continued . . .

[‘\




Table 2.1 cont'd.

Columns Data

ra

49 4 Number and type of apparatus responding
- Pumpers

50 . - Emergency Vehicles
51 Aerial platforms
52 Aerilal ladders

53 Other vehicles

55 Sequence number of alarm

63 Cause code for alarm

67 Alarm code

68 Properéy code

71 Number of deaths

73 ' Assessed damage in dollars
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the arrival time minus the time the alarm was received. It does not,
therefore, include the burning time between ignition and the time the
alarm was turned in and nor does it include the set-up time which'is
included by Chaiken, Ignall and Walker (1975c, p.ll) in th;ir definition
of response time as shown in Figure 2.2. Previously, researchers who
have studied the relationship between response time and travel distance
have included neither set-up time nor dispatching time in their definition
of response time (e.g. Hendrick and Plane et al., 1975, p. 20). However,
in the present study, dispatching time was included in the definition
and this partly explaing the high intercepts found when response time
was regressed with travel distance (see Chapter 3 for a complete
discussion of this topic). The reason for analysing the relationship
between response times and distance is that a fundame%tal axiom
necessary éo£ the validity of -the lbcation-allocatiqn models discussed
in Chapter 6 is that there is a direct relationship between the two
variables. The regression analysis deseribed in Chapter 3 provides a
series of estimates for this relationship.

/

The next piece of information coded was the company time in l
minutes. This is the difference, in minutes, between £he time the
alarm was received and the time the return signal was given. The
original intention was that this should be used as one measure of the
"seriousness'" of a fire. Thus, it was felt that the length of time a
company spent answering a fire call was one measure of the significance
of that alarm. Other measures are, of course, important and some of
these were recorded and are discussed below. One measure which was
not used was the "man-time' spent servicing each alarm. This

statistic represents the company time multiplied by the number of men

used. In some ways it 18 a more sophisticatéd statistic since the
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Figure 2.2 The definition of response time used by Chaiken, Ignall
and Walker, 1975, p. 11
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. number of men uéed in answering an aiérm v#riEE from a low of four to
over twenty and is thus a significant variable. I& is suggested here
.that future studies should assess éﬁgﬂiéiatioﬁsﬁip between this and
other measuxes of an alarm's importance. TFor example, a clustering

, :
algorithm could be used to determine which of these measures provide
essentially similar’}nformatioé. The company time, which was the
measure used in this analysis, does have at least one very important
.attribute since it rep!esents the span of time over which the- equipment
is unavailable to answer anf other calls and, in this respect, is an
important statistic for determining the nez’3

d for a fire station covering

policy or an adaptive response policy (the latter is discussed in

Chapter 3).
The X and Y coordinates were recorded for each alarm. This

proved to be one of the most tedious, time consuming and uninspiring" <
. ™~

~—

parts of the analysis. The method used was to take the address
location as listed in the fire department records and, where this was
not readiii identifiable, to use the London Street Directory and Census

Tract maps to identify the location accurately. The location was then

-

marked on the CitifEngineer's Map of London (which is drawn to a scale

of 10 centimetres to the mile) and the X and Y coordinates were recorded
on a finelx defined grid. The spacing between the grid lines was 50
fgaet. In most cases the accuracy with which the alarm was 1ocated“:ras
probably excessive. Thus it is suggested here that in future, since
great accuracy is not really requiréd wi:h guch large sampfes, énd

also because the location process is too time consumingr‘the address

matching tapes created by Statisticd Canada should be used togprovide

interpolated block-face coordinates for each alarm. However, if this

.

is to be done the actual street addresses in the fire department
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records will have to be standardised. An abvious alternatjive is for
the fire department itself to record the geographical,cooréinates as
part of their records.

The Census Tract and Enumeration Area numbefs were also recorded.
Initially, the main reason for doing this was so that the socio- |
economic variables provided by the 1971 Census could be used to help
build an exgianatorx mditiple regression model. However, the census
tracts also proved useful for building a less complex, predictive
regression model which is discussed in Chapter 3. One problem in
acquiring this data was that on a number of gccasions the location of
the fire alarm was given as the iﬁ%ersection of a crossroads and where
these were major roads théy also tended to be at the junction of four
enumeration areas:or four census tracts. The problem was to decide in

which of the enumeration areas or census tracts the alarm should be

placed. Frequently, the description of the property allowed one to

-

»

determ%ne the correct location of the alarm but not always and, in

some cases, such as car accidents the alarm could have legitimately
fallen into any one of the census tracts. IA these iatter instances
the alarms were assigned to census tracts and enumeration areas om a

rotating basis. Thus, under these circumstances, the alarms would be

assigned first .to the north western census tract and enumeration area.

The next time‘they would Be assigned to-the south eastern census tract
/

and entmeration area, then to the south western and finally to the

north eastern anq ;o on. As shall be seen in Chapter 4 the explanatory

" model proved unsuccessful (though hardly for this reason since the

number of instances in which this problem arose proved to be an

acceptably small sample) so this problem does not in any way bring
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into question the results of the analysis. The demand surface (which is
discussed in Chapter 5) was based on 150 demand zones which were centred
on ‘the major street intersections of the city and so this problem caused
‘no inaccuracies in the estimation of that surface.

Each fire station responding to a given alarm and the number and
type of appératus attending was also included in the data set. As can
be seen in Table 2.1 the apparatus is disaggregated into eight types which
include: the chief's car, the platoon and district‘chief's car, tankers,
pumpers, emergency vehicles, aerial platforms, aerial ladders and a
"catch-all" category of minor vehicles labelled '"other".

Alsequence number ;as also recorded for each alarm to allow a
ready cross reference with the originél data. The next three variables
recorded provide more detailed information on the nature of the alarm.
The first is the cause code for the alarm. A list of the ?oesible types
pf causes is'shown in F{gure 2.3, which is taken from the City of London
Fire.Department's Annual Report for 1973. This figuﬁe aiso shows the
frequency distribution of the causes. The alarm code was set up solely
for this Qtudy (that is to say it is not used ag such by the London Fire
Departﬁent) to provide a quick and easy way to distinguish between the
vizious typeg-of false alarms and the alarms listed as emergencigs and
finally those that fell into none of these categories. The actual
coding was as follows:

1 - Emergencies®

- 2 - False alarms - good intent
3 - False alarms - mechanical and accidental
4 - False alarms - malicious
5 - All others

\*as defined in the Fire Department records
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CODE

\,

ALARIS - CLASSIFICATION OF CAUSES

4

CLASSIFICATION

51 . Chimey®, flues, cupolas and stacks

524
58

Oil fired space heaters
Other types of oil burming stoves & furnaces

521 Gas fired stoves, etc, using natural gas
52C2 Gas fired stoves, etc, using propane gas
52C3 Gas fired stoves, etc, using other types of gas

52
S5&
53
54
55
56
57
58
59A
598
59C
60
61
62
63
LIN
6LB
6uC
61D
6LE
66

B

Solid fuel fired appliances (ccal wood, etc.)
Smokepipes, etc,, from code '52" sources
Hot ashes, coals, open fires

Sparks on roofs

Exposure fires

Smoking (cigars, pipes, cigarettes, €tc..)
Matches

Lights (other than electric)

Ele::t,ricity

Electric stoves and furnaces

Television sets

Lighting

Spontaneous combustion

Petroleum and its products

Incendiarism

Gaas fired appliances other than cooking—heatiné
Defects in gas service lines & inside piping
Defects in gas distribution systems

Defects in gas tranamission lines
Miscellaneous

Causes unknown

TOTALS

NUIBER OF ALARIS

1972 1973
22 p-
5 7
» 13

" 60 65
5 4
5 2

/ 7 9

6 6
372 L
# 4
1 4
129 19
n 37

2 9
199 23
106 137
13 13

9 9

9 2
28 337
9’ 54
Fal 15

3 7

2 10 #

3 #
621 823
95 117

2,459

2,095

NOTE: # One alarm caused damage to 49 additional residences.

Figure 2.3 Classification of Alarm Causes fx:cm the City of

4

London Fire Department's -Annual Report for 1973

23



The property code breakdown is shown in Figure 2.4, which is also taken

from the Fire Department's Annual Report for 1973. The Office of the
Ontario Fire Marshal (Roy Philippe, personal communication) has stated

that a more detailed property code should be employed in the future and

this will no doubt help to increase the sensitivity of subsequent analyses

and should also facilitate the building of explanatory regression models.

Finally, the number of deaths at an alarm and the assessed property

damage in dollars were recorded. These were both felt to be possible

alternatives for measuring the seriousness of an alarm either separately

or as a combined measure since a number of studies have tried to assess
the worth of a life in monetary terms for the purpose of analysing fire

department operations (e.g. see the more recent work by Hogg and also

]

Melinek, 1972). S

K]

!

Existing Fire Department Operations and Planning Procedures

The main objective of the thesis is to suggest new methodology
f8r planning the distribution of firevdepartment resources in urban
settiqgs. If this objective is to be achieved the new approaches must
be shown to be superior go those which are already in use and thus it
becomes necessary to critically evaluate the strengths and weaknesses
of present fire department planning procedures.

At the present time the grading schedules, published by the
various insurance offices, are the main guides for planning the
distribution of fire stations and fire companies. These grading
- schedules specify, for a given required fire flow, the maximum
allowable distances to fire companies of various types. One such set
of standards, used in the United States; is shown in Table 2.2. In

Canada, the Canadian Underwriters' Associati‘E publish the accepted
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* ALARIIS - CLAJOSIFICATIGN CF FROPLATY
COLE CLASSIFICATION Wi BLER OF #LARIS
L 1972 1973
1 Brick, etc. dwelling 642 832
2 Frame, etc, dwelling . 134 137
IA Farm risks 7 18
SA  Churches 5 9
5B Hospitals, sanitoriums, mental institutions 62 53
5C  Public Halls 14 6
5D  ochools 97 118

5E  lunicipal Halls, Fire Halls, Police Stations,
Libraries, fuseuns, Jails, Public Homes, YM %
YW CAs, and similar social service organiz-

ations, govermment property, =tc, L5 L3

6 Warehouses of all kinds (not on mfg. premises) 54 72
. -4 7  Retail stores, office buildings, banks o4 164

8 Hotels 35 © 25
9 Food and food product plants, canning factor-

1es, wineries, sugar refineries, macking nouses

breweries, dictilleries, ice factories and

bakeries 8 2
10 Flour, cereal mills and grain elevatsrs 1 2
11  Jervice stations and,all oil risks (excluding

private and woli*rages) Y 33
13  Lumber yards, pulpwood in mills, standing

timoer 7 2

. 14  Woodworks (excluding saw-mills) 3 3 .

15 .etal wrks, public garages, hangars,

and foundries 20 16

17 Railway and traction properties, ‘electric light
and power plants, gas works, waterworks, sewage
works, incinerators, televhone exchanges, radioc

and TV stations, fireworks 52 39
. 12  Miscellaneous murmufacturing and processing
*specialists not otherwise classified L7
19  Miscellaneous non-manufacturing specialists
including theatres, clubs, laundries 12 14
20 Sprinklered risks of whatever nature of occupancy 9 2
204 Miscellaneous classifications including parks,
streets, corners, etc 720 Al
i —
§ . TOTALS 2,095 2,459

.

Figure 2.4 Property Co&e Classification from the City of
London Fire Department's Annual Report for 1973
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standards. The following excerpt is taken from their puBlieation

"Standard of Municipal Fire Protection" (Canadian Uhderwriters'
Association, 1960, p. 28):

To accomplish rapid response of the first-due companies,
no point in any high value mercantile district shall be
more than ‘three-quarters of a mile running-‘distance from
either a pumper company, hose company where allowable
(Item 11), or a combination of pumper and ladder company.
Nor shall such point be more than one mile from a company
providing the required ladder service (Item 8). y
In other districts where there is congested multi—sgﬁiey
residential or mixed comstruction, or where there is
significant conflagration hazard, these running distances
shall be not more than one mile and one-and-one-half miles
respectively for pumper and ladder company service. In
average closely built residential areas the running
distances shall be not more than one-and-one-half miles
for the nearest pumper cowmpany nor more than two miles for
the nearest ladder company. '

For outlying areas of scattered buildings, the running
distances shall be not.more than a maximum of three miles
for pumpers and the required ladder service.

Swersey (1974, p. 3) emphasizes the inadequacies and arbitrary nature
*
of the American (and therefore by implication the Canadian) standards

in the following statement:

The number and distribution of companies under the ISO
Standards depend upon the city's hazards, where the
required fire flow is the basic hazard measure. Although
there is a direct relationship between the total number
of companies needed and the required fire flow, the
maximum allowable distances for first due, first alarm,
and maximum multiple alarm are based solely upon
subjective judgment. There is, of course, no published
quantitative evidence to support these recommended
distances. Because of this, it would be difficult, to
argue that, for example, -at 6,000 gallons per minute,

the first engine should be within one mile (the distance
gspecified by the Standard) rather than some similar
distance (e.g., 1.2 miles or .83 miles). If the Standard
had been developed using the metric system, the distances
might have been significantly different from the current
distances.

Subsequent work, using the techniques of operations research,

has rendered these subjectively determined standards both an obsolete
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and, in most cases, an 'unnecessarily expensive approagh to the problem.
The trend~towards a mére scientific approach pgssibly began with
Xalinsky's_study (Valinsky, 1955). However, altﬂough Vaiinéky did
carry out somé analysis of the distribution of fire incidence and fire
5 . company workload this énalysis was apparently not used to determine the
. ’
/ final distribution of the fire companies.
n A major step forward in methodoclogical sophistication occurred
» in the late 1960s ]with the work of Hogg (1968a, 1968b, 1970, 1973).
In her early work Hogg's initial objective was to minimize total fire
company response time to all fires. Subsequently, she sought to
determine the number and location of fire companies which would minimize
. o , the sum of fire department costs and the expected fire department
losses. 1In this case fire losgps were definea as being eq?al to property
losses plus the estimated monetary value of lives lost. Past fire
department recofas were used to determine the relationship between
fire department losses and the response times of th; fire .companies.
{ ’ Hogg's approach may be described as foilows. Firstl&, the city is
| divided up into small homogeneous sub-areas. Fire incidencegin these
areas 1s assumed to be known or it is estimated from population
densities. Secondly, statio?s.are assumed to be located at major

~

intersections near the gentre of each region and, finally, travel times

]

are determined by timing fire trucks along the road links or by

estiﬁating their travel speeds. Given this information an algorithm

is then used to detérmine a set of fige station locations which will

S

minimize the travel time required to serve the- expected frequency

distribution of fires.

-

Generally, Hogg's work has been widely cited and praised
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(Massam, 195, pp. 72-73, provides a useful summary) but Swersey (1974)
does«point out a number of weaknesses. The relationsbip between fire
loss and response time is developed for the United Kingdom and it is
quéﬁtionable whether this relationship will hold for individual .

communities. Swersey also notes that other‘researchers in the United
Kingdom have not found significant relationships between the two
variables (recent American research on this point is described later
in this chapter). Moreover, the objective function of minimizing the
average response time may not be the most aépropriate one fof unless
maximum distance constraints are built into the model areas of low fire
iqgidence may have unacceptably long response times. Hogg's use of
syb-areas in her study is somewhat similar to the approach used in
the present thesis but, as will be seen in Chapter 5, the number of
demand zones used in the present analysis is an order of magnitude
greater.

A more controversial study was carried out by the Gage-Babcock
consuiting firm in Milwaukee, Wisconsin (Gage-Babcock and Assbciates'
Inc., 1973). This study recommended that the number of engin;
companies be reduced frem 34 to 24 and the ladder companies from 21 to
19. Eight new fire stations were ‘to be built and eight pumper and nine
ladder companies were to be pefmanently relocated. Finally, all
companies were to comprise five men (prior to the study some pumper
companies had only four men). Nailen (1973) describes the Milwaukee
Fire Chief's opposit to the proposed changes and Swersey (1974, p. 6)
criticises their study:

The difficulty i1s that the authors provide no
quantitative measures of the changes in fire

protection that would result from the reallocation
of companies. For example, what would be the
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increase in response times?; over how large an '
area?; to how many serious fires?;. . . . . ///

In addition to these studies there is at the preéent time ’
extensive research being conducted into the development of emergency

services by a number of major agencies. Among the more important are

Public Tééhnology, Inc. (PTI -~ for references to their work see
Toregas et al., 1971; Public Technology, Inc., 1974), the Ne& York
City Rand Instftute (NYCRI - reference to the work of the Institute
will be made throughout the thesis but useful summafies are provided
by Chaiken, Ignall and Walker, 1975a, 1975b; Walker, 1975c) and the
Denver Urban Observatory (DUO'- see Hendrick, Plane et al., 1975).
These three agenéies have developed the following computer programs
as aids for determining fire station location: the Fire Station
Location Package (Public Technology, Inc., 1974); the Firehouse Site
Evaluation Model (NYCRI - see Dormont, Hausner and Walker, 1975;
Walker, 1975c); and the Statiom Configuration Infqrmation Model which .
is used in conjunction with programs for solving the set-covering
problem (Hend;ick, Plane et al., 1975, pp. 44-45). 'Ihe approaches of
the three agencies have a number of features in commonc Firstly, in

each approach the city has to be divided into a number of small “

subareas ich are/reasonably homogeneous in their demand for fire

servic Demand fok fire service is assumed to occur only at a central
poiny in the subarea gnd travél time is estimated to this point only.
Figally, in each of the\hPPIOaches the user is allowed to defiée
certain areas as having special hazards such as high risk and/or

potentially high loss. One of the important differences between the

approaches is that the NYCRI and DUO both use a regression model to

egtimate fire truck travel time from distances covered. The PTI approach,
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on the other hand, requires that each link in the road network be assigned
a travel time and then a shortest path routine evaluates the travel time
-

between points in the network. The PTI approach tends to be time

consuming, expensive and subject to errors. However, if the road network

of. links with travel times has already been developed (for exampley by
the city traffic department) then this method can be quite fast.
Alternatively, 1f the road network has not been developed other city

v

departments may find this a useful "spinoff'" of the fire department A
study. This épproach also takes into account the idiosyncrasies of
the city explicitly. Thus bagriers to travel such as railways and
rivers and ”hoies" in the urban structure such as cemeteries, parks and
lakes can be modelled directly. A final advantage ;f the PTI approach
to modelling travel time is thag fire department officials tend to feel
more comfortable with a procedure which models the route followed by
the fire trucks directly. '
TheiPTI approach does have a number of drawbacks though. The
original objective of Fhe PTI researchers was to determine the minimum
number of fire stations which would be required to serve a series of
points (the centres of the zones of demand for fire service) within a
given travel time. Unfortunately, Fmall changes in the estimated travel
times along arcs of the network can‘lead to significant differences in

the minimum number of stations required. As a result, more recent

approaches by PTI has simply attempted to specify locations for a pre-

; determined number of fire stagions. Even in this less ambitious '

objective the PTI methodology has its shortcomings. For example, the
PTI methodology comsiders fire hazards but gives no explicit consideration

to fire incidence. This is a direct contrast to the approach used in




the present thesis in Chapter 6 where fire incidence is incorporated
directly into the model. A more serious drawback to the PTI approach
is that in their documentation (Public Technology, Inc., 1974) they
provide no discussion of how to evaluate different fire station
configurations. The PTI computer prograp provides the travel times of
first-, second-, and third-due companies to each focal point. It also
provides average first-due travel time for all-focal points in a given
station'’s first-due response area. However, this type of output tends
to be inadequate because the focal points represent differeng hazards,
are of varying size and have different numberé of'fire incidénts and
thus ‘average travel times to a group of such heterogeneous focal points
are really very poor measures which _ignore much of the original
variation in the data. N ‘

.The NYCRI approach to‘}ve problem of locating fire companies, as
noted above, has many similarities to the PTI methodology. Thus the
first step in the Institute's approach is to divide the city into '
relatively homogeneous demand zones whose size varies inversely with
their degree of hazard. D§ta is collected on the past geographical
distribution of alarms of varying types. Finall&, travel time .between
potential fire station locations and the centre points of the demand
zones are estimated using rgézfssion models to relate'distance to [}
travel time. These models are discussed in detail in Chapter 3. Given
this information the computer program is then used to evaluate va}ioﬁs
fire station configurations. Each configuration is evaluated according
to a number of criteria. Loss in coverage is measured by multiplying
the increase in average first-due response time by the size of the

region and the increase in average first-due response time to serious

fires is measured by multiplying the increase in average first-due

-
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response time by the number of serious fires in the region. In

addition, the Institute evaluates changes in the maximum'response time.
Finally, the approach used by DUO ﬁdy‘be considered briefly.
The DUO approach is very much a compromise between the PTI and NYCRI
methodélogies, fﬁi first step in DUO's analysis was to define a set
of 800 hazards for Denver. These were then reduced to 246 focal points
by a procedure which ignorea less‘severe hazards when they were loFated
close to a more severe hazard. The 246 focal points were colour coded.
Initially, four colours were used - red, yellow, green and blue (later )
in thé study a new category‘was added called super-red). The colours
represent the seriousness of the hazards in the city. ‘éépet—red indicates
the most serious hazards while red@indicates the slightly less serious «
hazards. Examples might be rug~dowr\ hotels or chemical plants. Yellow
focal points represent less serious hazards such as public buildings
with good internal fire protection systems. Gréen hazards were even
less important and were f;équently repfesenged x{ retail establishménts.
The least serio%F hazards were coded blue. Classifying the hazards
was a task carried out by senior fire department personnel using Fire
Hazard Summary forms of the tyﬁé shown in Figure 2.5 (from Hendrick,
Plane, et al., 1975,.p. 35) which were prepared by the fire ;ampanies
for each response district. The focal point grid for Denver is shown
in Figure 2.6 (Hendrick, Plane et al., 1975, p. 39). Response time
differenﬁials were then determined betwetn Fhe red, yellow and green
- focal points by asking fi;e departmént personnel where they would
locate a station in an equilateral triangle which had a red hazard

positioned at one of the apexes, a yellow bazard at another apex and a

green hazard at the third apex. There was no differential between the

-~
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! F. P. NO, 323&

(for office use)

\_EHE HAZARD SUMMARY
-

GROUP NO. 6/ ——/ y

Property Address' ‘Q 7 77 L;/M .
Property Name &’é_ M j% N C)bx . ) -
Property Usage QA\,,;Qg/l /740__‘4;&_4‘/&4/\4_;7

This property is a hazard because (explain):

Life ‘Qw(y‘ ZV&,

) Structure Si;e /92 X /.251' 24 25 %;7
Dangerous Material /{hort v lngglo -
%onetazy Loss Potential /R, -y
other 80 0o looge B — Z/vz(

-

Comments (if any) MM4( d/LZA—d_-

~

-

Submitted by: Qj{/ A)[(:—«—A

Company No.: ni ~/ ©

Date: /g/i/’.]; - ]

4
{

Figure 2.5 Fire Hazard Summary Form used by Hendrick, Plane
et al.y, 1975, p. 35
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CHAPTER 3

Spatio-Temporal Analysis of the Data

A preliminary analysis was carried out in order to determine
whether there were any patterns in the alarm data. It was hoped that
such an analysis would provide 4nsights into the nature of the data
and woulé also help with the rational applicatiop of the results of
the location-allocation models?hescribed in Cha?ter 6. JTIwo aspects
of the data were analysed in this preliminary investigation. The _.\

first was the alarm density in time and space and the second was the

variation in the length of the response time through time and space.

.

Analysis of the Temporal Pattern of Alarm Densities

s

The first analysis was carried out on the temporal distribution
of the alarms (part of this analysis was discussed in Waters, 1976) .,
Very little statistical work has been done on such distributions
though variocus writers have observed that there does appear to be
gome evidence suggesting a daily cycle. Ome such pattern, that for
New York City, is shown in Figure 3.1 (Chaiken and Rolph, 1971, p. 9).

It might be asked why those planning fire department operations
sﬁould be interest;d in dail§ cycles. One reason is that it could be
aseful in implementing an "adaptive response" policy. Walker (1975a,
P. 16) notes that the adaptive response developed by the NYCRI for
New York's Fire Department was one of the major accomplishments of
the Institute. This type of response is an objective procedure for
varying the szber of fire companies which are sent out to incoming

alarms. The theory is that alarms which are poteptially more serious

41
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green and blue focal points and the differential between red and

super-red was later arbitrarily set at 60. seconds. The maximum
response time was initially arbitrarily set toA120 seconds for the red
focal poinﬁs, the super-red were 60 secoq@s less than the red, the
yellow 90 secodds more and the blue and green 120 seconds more. Finally,
fire departﬁeht personnel were asked to provide a list of possible
sites for fire stations which ineluded the 27 existing stations. To
begin with there were 100 candidate sites but‘during thé course of the
study the number wds eventually increased to 120. All of the information
.now existed for solving the set covering problem. Verbally the objective
function of thid”problem is to minimize the number of fire stations
spbject to the constraint that éﬁch focal point i; covered by at
least one fire stati?n within its specified response time (note, as
mentioned above, in the DUO study response timeg a;e related to
distance by regression equ&tions). Mgthcmatically the problem can be
stated as (%fndrick, Plane et al., 1975, p. 31): . oy
‘Minifze ©° | » 2.1
. Ixy
=1

o .
Subject to: “1jxj2} for 1=1,2,...,nm . - 2.2

i=1
x4 = 0 or 1 | - 2.3

P
when n = the number of potential station locations which are
" numbered 1 to n;

m = the number of specific points for which response time
requirements have been set;

x§y = decision variables (in the solution, if x4 = 1, a fire °
station should be placed at location j; 1f xy = 0, no
fire station should be placed at location j);

agy = indicators for the response time requirements (‘1 =]
indicates that point i can be served by location 3 within
the response time requirement for the point; agy = 0

. "

/s
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indicates that it cannot be served by location j within
the specified response time).

The problem with this traditional set-covering modei (vhicﬁ
incidentally is also used in PTI's Fire Station Location Package) 1s that
it does not distinguish betwéén those sites which already have a fire
stagion and those which do not. Obviously, the solution which maximizes
the number of existing sites used will reduce both capital expenditure

costs and the 'political costs'' of relocafing fire stations. Because

of this the DYO team modified the original model by substituting a
hierarchieal objective function which assigned an additional cost for “
each new fire station incorporated into the solution. The form of this

ERa)

model is given as (Hendrick, Plane &t al.,‘f975, p. 33):

Mini P n “ 2.4
nimize B+ (1 +€)xj
. J-Ij‘ j=p+l
n / '
Subject to: . for i=1,2,...,m 2.5
\ Zaijsz} .
o =1
ﬁj = 0orl i 2.6
0<e<1/n ' 2.7

where n, m, xj and ajy are defined as above;
and the existing station locations are indexed from 1 to p.
The DUO team evaluated the results 6f the hierarchical set-

covering model using another computer program which they designated the

Station Configuration Information Model (SCIM). The output from the

" SCIM pregram includes a listing of all focal points whose response time
requirements are not’net by the configuration. The program also provides
thg average first-due pumper response time for each focal point and
each focal point class. These averages are also reported for second-,

third-, and fourth-due pumpers and for first—, second-, and third-due
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ladders. These averages, however, are not weighted by ;he expected
alarm incidence at the focal points. Also included in the output is a
frequency distribution of response times by half minute intervals for
each focal point clasé for each of the vehicle types mentioned abové.
Einally, the program produces a list of focal points for which each
company is responsible. This list specifies whethe% the company is the
first-, second-, or third-due pumper or truck.

One of the most attractive features of the DUO study is the extent
to which they were able to merge the results of optimizgtion and the
informed judgment of the Denver Fire Chief and other fire department
personnel. For instance, the '"unreasonableness' of the initial solution
to the hierarchical set-covering problem léd to the creation, at the
Fire Chief's suggestion, of the super-red class of focal points which
ensured a better cove?ing of the moszserious hazards in_the city.

Swersey (1974, p. 10) critiﬁiqps those authors, such as Hogg,.
PTI and, by implication, DUO, who view fire station location as an

optimization problemﬁ

A number of authors view the question of fire station
location as an “optimization problem", i.e. they specify
some objective function which is to be optimized (e.g.
minimize average response time to fires). Approaches
like Hogg's are mgst useful for planning new fire stations
or to suggest possible deployment alternatives. Considering
only response time to serious fires may result 'in poor
coverage while considering only coverage and hazards (ISO
standards, PTI approach) may result in insufflicient companies
where fire ‘incidence is great. A potentially useful
objective would be one which considers both response times
to serious fires and coverage (e.g. minimize average - .,
response time subject to specified constraints on maximum

- response time to each area).

This last objectiwe is being studied by Halpern at the present time
(personal communication) and he has already presented a method for

combining the graph centre (the point which minimizes average response-
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distance) and the graph median (the point which minimizes the maximum
response distance) problems for an un@irected tree (Halpern, 1976): T&he
new point is termed a cent-dian.

Swersey also suggests that the ideal fire station location model
should consider: (1) response times; (2) hazards; (3) the number of
fires and their severity; (4) the size of the demand region; and (5)
the fire company workload. It should’bh added, however, that any
program designed to evaluate the success of a suggested station
configuration should also look at the sensitivity of these five
pargmeters. For example, by adopting an alternative configuration a
relatively insensitive parameter may have its value incre;a;d only
slightly while a highf§ sengsitive parameter may have its value improved
significantly. Alternatively, there may be more ﬁhan one optimal
solution or there may be a series of suboptimal solutions which produce
an insignificant increase in the objective function. If there are
planning.objectivgs which have not been incorporated into the mathematical
model the '"best' solution may then be defin;d as the optimal or marginally
suboptimal solution which approaches the non-quantified planning objectives
most closely. This point is discussed in detail with respect fo the
transportation problem by Barr and Smillie (1972). Some analysis of the-
sengitivity of average response tiqes or total weighted response time is
undertaken in ghapter 7. '

- Before concluding it should be noted that one Bf the drawbacks
to fire station location studies ia‘that the relationship between fire

- v

severity and fire company response time has not yet been adequately
¢

developed. Iﬁhee& it has been suggested by Fire Chief,Derek Jackson of

Calgarf (personal communication) that first-due response time may not

N T e — ; T T T T e
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be as important as the time it takes to get an effective fire fighting
force to the scene of the alarm. He has suggested that in Calgary such
a force might, on average, comprise 30 men in the urban core and 7 men

outside the core area. His observations appear to be supported by the

limited research on the topic. Thus Corman, Ignall, Rider and Stevenson

(1975) in their study of the relationship between fire casualties on
‘the one hand and response distance and additional factors on the other’
hand concluded for New York City that (p. 13):

...the effect of fire company response distance (for

average distances typical of New York City) om fire
casualties is very small compared to other factors.

[
These "other factors" include gignificant time of day and time of year

influences. )

By way of summary, it may be concluded that at the present time
theie is a rich array of;techniques which may be used to assist the-
planngr in locating new fire stations and in rationalizing present
configurations. However, these techniques‘hive by no means solved the
"fire station locat;on problem'". The present study proposeg a slightly
different methoaology from those discussed in this chapter. This
ﬁethodology also has certain shortcomings (which will be discussed in
due course) but it does emphasize those aspects of the problem which
other researchers have tended to neglect. Thus part of Chapter 3

analyses the spatial distribution of fire alarms and provides a simple

predictiQe model for the distribution. Chnptef‘a discusses the
’

possibility of building explanatory models of such spatial distributions.

Chapter 5 discusses methodology.for producing the demand zones aﬂd
Chapter 7 solution sensitivity. All these topics have been partially

or cdmpletely neglected by previeus researchers.
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CHAPTER 3

Spatio-Temporal Analysis of the Data

A preliminary analysis was carried out in order to determine

whether there were any patterns in the alarm data. It was hoped that

such an analysis would provide 4nsights into the nature of the data
and woula also help with the rational applicatiqp/bf the results of
the location-allocation mndels’?escribed in Chﬁbter 6. [Iwo aspects
of the data were analysed in this preliminary investigation. The --~X

first was the alarm density in time and space and the second was the

variation in the length of the response time through time and space.

12

Analysis of the Temporal Pattern of Alarm Densities

]

The first analysis was carried out on the temporal distribution
of the alarms (part of this analysis was discussed in Waters, 1976).
Very little statistical work has been done on such distributions
though various writers have observed that there does appear to be
some evidence suggesting a daily cycle. One such pattern, that for
New York City, is shown in Figure 3.1 (Chaiken and Rolph, 1971, p. 9).

It might be asked why those planning fire department operations
sﬁould be interest;d in dail§ cycles. One reason is that it could be
mseful in implementing an "adaptive response' policy. Walker (1975a,
p. 16) notes that the adaptive response developed by the NYCRI for
New York's Fire Department was one of the major accomplishments of
the Institute. This type of response 18 an objective procedure for
varying the )(mnber of fire companies which are sent out to incoming

alarms. The theory is that alarms which are poteptially wmore serious
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should receive more units in the initial response. This policy will
only be effective, héwever, if“thelgemand for fire service, in some
parts of the city, during certain periods of the day is so great that
there is a high probability that while fire companies are answering
one alarm there will be another sent in grom the area which sthey
serve. The policy also depends on being able to predict whether the
incoming alarm will be serious or not. The NYCRI found that there
were predictable variations regarding the likely seriousness of the
alarm (for example, whether it was likely to be a false alarm‘or’a
structural fire). Others such ag Smith (}973, p. 38) have also noted
these variations!

We go to that intersection more often than any other. It.
% is usually a false alarm, but there is no such thing as
"crying wolf'" in this business.
The Institute's contribution was to incorporate these well known
variations into the rigorous adaptive response policy.

In soﬁe‘cities, such as New York, the alarm rate may be high
enough to justify continual use of the adaptive response policy, <
while in smaller centres the alarm rate throughout the day may never
be high enough to warrant a reduction in the response:-level. By
extension then, there may be some towns in which there are certain
periods of the Qay when an adaﬁtive response is justified because
of the hiéh alarm rate and other periods when the alarm rate is low
{and a standard response is more appropriate.. It would thus be
useful to determine whether there were any recurring daily variations
in the demand for fire department service. The evidence from New

York, shown in Figure 3.1, suggests that there is a daily cycle in

which demand is generally'higher in the second part of the day than
’ .
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in the first.

In order to analyse for the existence of such é daily cycle,
the data was formed into a time series and this was then aggregated
into 1,460 six-hour time periods, beginning with the first minute of
January lst, 1973 and finishing at midnight, December 31lst, 1973.
There were thus four periods each day: the first ending at 6 a.m.;
the second at noon; the third at 6 p.m.; and the fourth at midnight.
Autocorrelation coefficients were then calculated using lags from
1 to 365 for this time series. This analysis showed a weak, but
statistically significant, daily cycle. The autocorrelation coeffi-
clents for a lag of one, two, three, and four six héur time periods
were +,078, -.144, +.086, and +.228,‘respectIVé1y. This 1n§1cated
that there was a very weak, negative correlation between‘periodé
which are twelve hours out-of-ph;;e and a slightly stronge;, positive
correlation between periods which are 24 hours, or a complete day,
out-of-phase.

This oscillating pattern of autocorrelation coefficients is

. 4 -
shown in Figure 3.2. These correlations were, however, extremely ,/

—

weak andrtﬁis*was probably due partly to the paucity of data, for ////_’
once the year had been divided into 1,460 periods the average number °

of alarms per period was only about 1.68. 1In order to determine

whether this weak relationship was significant a statistical test was
carried out. .The "t! test was not used since the data did not meet

the assumptions of the test. ‘Instead the time series was randomized

and then the autocorrelation coefficient was recalculated, for a

series of 100 lags. None bof these values was as large as the

observed autocorrelation coefficient for a lag of 4. Thus the ad hoc,
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Figure 3.2 The Oscillating Pattern of Autocorrelation C;)efficients for
the 1973 London Alarms Aggregated by Six Hour Periods :
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distribution-free test had indicated that there was probably less -

than 1 chancé in 100 of observing an autocorrelation coefficient of

¥ Y

the size of the one associated with the lag of 4 periods.
Y

It was also determined that tgy positive autocorrelation
coefficient associated with a lag of‘A declined to values of: +.215,
+.168, and +.146 with lags of 8, 12, and 16, respectively. At this
point, the trend was reversed and autocorrelation coefficients of:

+.193, +.217, and +.225 were observed with lags of 20, 24, and 28,

respectively. Since periods which are lagged by 28 are exhctly one

eek out of phase in this series, these values offer some very
tentative support for a weekly cycle. This mild, weekly cycle may
just be %scerned in Figure 3.2. However, it muét be concluded that
the evidence for the existence of such a cyclé is extremely tenuous
and this area will require considerable -further research.

These results from the autocorrelation analysis were coxrobor-
ated by a gsecond analysis which involved the use of Fouriler methods.
Thus the da;ly pattern was once again shown to exist by a strong
365th harmonic which indicates a cyéle of Aytime intérvals.l

It is appropriate now to discusé whether the autocorrelation
coefficients would have been stronger had thé.starting peint for |
the four time periods been 1 a.m. instead of midnigﬂt. In other
words, would there have %een a stronger, daily cydle'if théperiods
had ended at 7 a.m., 1 p.m., 7 p.m., and 1 a;m., respectiQely - or
indeed if(tﬁey had started aﬁd ended at any othér hour of the day.
The pattern of alarms fo;'eacﬂ hour of the day throughout the year

is shown in Table 3.1." It is interesting to compare the figures in

* this table with the graph of the time of day pattern for Tacoma,

h




TABLE 3.1:

Time Period

00:

01

02:
03:

04
05

06:

07

08:
09:
10:

11
12

13:

14

15:
16:

17

18:
19:
20:

21

22
\
23

01 - 01:00
:01 - 02:00
01 - 03:00
01 - 04:00
:01 - 05:00
:01 - 06:00
01 --07:00
:01 - 08:00
01 = 09:00
01 - 10:00
01 - 11:00
:01 - 12:00
:01 - 13:00
01 - 14:00
:01 - 15:00
01 - 16:00
01 - 17:00
:01 &18:00
01 - 19:00
01 - 20:00
0l - 21:00
:01 - 22:00
:01 - 23:00
:01 - 24:00

Number of Alarms Per Hour in London, Ontario, During 1973.:

Number of Alarms

82
83
62
43
31
35
41
40
57
84
76
124

.109

146
134
147
164
162
153
161
167
121
121
116




Washington shown in Figure 3.3 (Chaiken, Ignall, and Walker, 1975c,

p. 61). These two sets of 24 hourly totals have a correlation of +.96

with each other. To determine whether this correlation was merely

fortuitous the New York City data from Figure 3.1’was also correlated
g

with the London Data. In this case the correlation coefficient was
+.97 which 1is agaln an exceptionally high value.

The figures shown in Table 3.1 were grouped 6 times into 4

R

classes. In the first grouping the members of the first class were

the first 6 hourly totals, the members of the second class were the
7th to the 12th hourly totals, the members of the third class were

the 13th to the 18th and the fourth class included the 19th to the

24th hourly totals. In the second grouping the members of the first
class were the 2nd to the 7th h;urly totals!’the second class were
the 8th to'the 13th, the third the l4th to the 19th, and ‘the fourth

. group contained the 20th to the 24th and aLfo the firsg hourly tﬁtal.

In the third grouping the classes began with the third total, in the

‘s

fourth with the. fourth total and so on. It was then necessary to

- .
determine which of the 6 groupings produced theBwst classification.
- Yo,

v

The best ¢lagsification was defined as the grouping'which minimized

~ the within-class variation and maximized the between-class variatiom.

. In order to determine this a 6ne—way analysis of variance was carried
¢ Qut on each grouping. All of the groupings were found to yield

highly significant F raEios. However, the grérﬁing%which began with
the fourth heurly total did have a higher ratio than the others.and
80 the autocorfelation anal&sis was repeated using a time series
which began at 3:01 a.m. on January 1lst, 1973, ‘and which also con-

7 .
tained 1,460 six hour periods. The resulting autocorrelation.

+

L 8

—
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Figure 3.3 Hourly Pattern of Alarms in Tacoma Utlhlngim (from Chaiken,
Ignall and Walker, 1975c, p. 61)
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coefficients, however, showed p¥acticaily no differgnce from those
in the original ahalysis. i

The alarms were then split into a number of major types such as
residential and non-%esidential fires and the autbcorrelation analysis
was repeated. H&wever, the results were now leés conclusive because
the division of thé data into several categories 1ncféased the

sparseness and thus weakened the autocorrelation coefficients. . ]

Analysis of the Spatial Pattern of Alarm Densities

A further analysis séught to determine whether there’vere any
spatial patterﬁs in the data. Two approaches were used. The }ight -
involved employing a local smoothing algorithm while the second
involved a global generalization of the spatial ﬁattern.

Local Smoothing. The SURF program (Van'Horik and Goodchild, 1975)

was used to produce a demand surface map on the line printér, Fighre
3.4, jand a three-dimensional block diagram, Figure 3.5. This map

and diagram were produced using’ the IHTERPOLATi option from the SURF -
package. This option’intetpolate; a series of grid valucg from a
distance weighted average of nearby data points. This function 1is
given as: o ‘

& -ar -ar
' =Ize Ie 1 \ 3.1

where z' is the interpolated value

N is the ith data point A

ri is the distance to the ith data point

| R

a 1is the fitted constant .

M

w
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3.5 A Three D:Lumionnl Block Diagrn of the Pattern of
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‘This constant 'a’ may be redefined as:
a = log2/b ‘ 3.2

And this gives:
. .

13 ?

e —longi/b —longi/b
z' = Zﬁie [Te 3.3
' i

- e e~

i

v
where the terms are as above. . P

Thus, 'b' is the distance over which the influence weight of any one
I3

data point halves (Van Horik and Goodchild, 1975, p. 11). De Smith

(personal communication) has pointed out that the expression may be

reduced to:

-ri/b

z' = Zzi2 JT 2
i~ ‘1

3.4

With a small 'b; value only nearby points will affect the interpol-

ation but with a lai'er 'b' the degree of smoothing or data gemeral-

ization will ‘increase correspondingly. In this exampie 'b' was set

AJ

at 10 map units which is just under a tenth of a mile in the

| ! Ve
coordinate system used. . . . ;
- Global Generglization. To provide a global generalization of the

’

spatial patfern a trend surface was fitfed to the alarm data‘(aia;g,

-part of this analysis vas'dgscgsaed in Waters, 1977). The recorded .

»

alarms wert aggregated into cells 5,000 feet square (this being the

grid.éizg,oi.the City Engineer's map). The number of alarms in each

-~ . - L4 ) va . B

‘o " cell was then assigned to the centre of each square and in this

. o .

' manner a suirface was.treated which wvas an estimate of annual demand
V4

for fire depar;ﬁéﬂt services in the city, It was decided to fit the

trend -urfgcéfﬁning non-orthogonal polyhomials since tﬂe apparent

’ - ’ 4
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'l‘g‘\

o4

lack of a spatial periodicity in‘the data made ;he use of a double
Foutier series inappropriate. The polynomials were calculated by the
computer program KWIKR8 (Esler, Smith and Davis, 1968). There 1is P
considerable advanéage in using evenly spaced data ‘because, as
Norcliffe (1969) has pointed out, fitting a trend surface to clustered
data can lead to spuriously good fits; Norcliffe also sugéests that
before fitting a t;;nd surface the researcher should have sound,
theoretical reasens for expecting a surface of a particular order.
In this study, the a priori hypothesis was that the most appropriate e
modellwould be the quadratic or second order polynomial. The reason
for supposing this is-that generally, in the past, the urban core
of most cities has had Q‘Pigh demand for fire department services
while, at the same time, the demand tends to decline as ome mévas (
toward the periphery. Thus, the demahd surface does bear some
resemblance to an inverted bowl shape which is one fo%m which the
quadratic su{face may also take.

In all, five polynomial equation; were fitted and these

explained approximately: 12X, 44X, 49%, 67X and 692 of the variation

for the first to fifth order surfaces, respectively. All the models

except the linear were ¥ound to be statistically significant at the

57 significance level. It should be noted heré that the significance
vns‘measured‘by the F test and that the data does violate the
assumptio;a'of the test because of its high‘degnee of spatial
autocorrglation. This.autocor;elation would reduce the Hegrees of

freedom hy an undetermined amount and.would thus make the results of

the test less conclusive. Bearing these considefations in mind it
. 8

was also found that the quadratic surface gave a significani increase

&




.

in explanation over the linear surface. Less obvious is the fact that
the quartic surface yielded a signifi;ant increase in explanation over
the cubic surface. As a result, the quartic surface, with its central
peak and slight upturn at the periphery, may be regarded as the most
appropriate model of the demand surface.

The original data used in the analy;is is shown in Figure 3.6.
The most striking aspect of the data is the heavy occurrenc® of alarms
in the urban core. Also significant is the slightly higher demand on
the western periphery of the town (whid@Pis probably due to a large
number'&f’brush and grass fires in this area). The extreme south
also has a high demand in the imdustrial areas and this demand is
likely to increase as industry continues to be drawn to this part
of ‘the town. Figures 3.7, 3.8, 3.9, and 3.10 show the second, third,
fourth, and fifth order surfaces, respectively. Figure‘B.ll shows
the residuals from the quartic model. It is obvious that even the
quartic model fails to adequately predigt the very hifh number éf
alarms in the urban core, the evidence for this being the group of

L3

four very large positive residuals in the zentre of the map. ' In
addition, the model fails to estimaté the steepness of the decline
in the number of alarms around the core area and hence the ring of
negative residgals around the city core.

In the second part of the sq¥bfthe alarms were split up in;o
three groups: (i) the residential alarms, (ii) the alarms located in
public, industrial and commercial buildings, and finaliy, (1ii) wminor
alarms such as brush fires, garbage fires and automobile fires;

(namely those alarms with property codes 20A). These three demand

surfaces were then analysed separately. This analysis tended to show

”
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Figure 3.8 Cubic Trend Surface Based on the Data in Figure 3.6
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Figure 3.9 Quartic Trend Surface. Based on the Data in Figure 3.6
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that the third group of alarms had a more even distributién acroés

the city than the other two types and the strong spafial é;ncentration
in the urban core was thus much less evident (a result which had been
anticipated by the Fire Chief). ° .

Tobler (1969, p. 236) has commented that there "appears to be a
temptation to apply this model [trend surface analysis] rather indis-
criminately to all sorts of geographical situations". However,
Chorley and Hagget; (1965) have listed at least four different u;es
for the model - two of whi%h appear to be appropriate‘here. They
suggest that it is usefulibecause'it yie1d§1§ siﬁplified model for
describing A complex geogtaphical pattern and, as a result, it allows
easy comparison with other surfac;g. Thus, in the present study the
model could be used to compare the demand for fire department service
in different cities and for the same ciP; at different periods.
Secondly, Chorley and Haggéét suggest it may help.in aetefgiqing
tho§e processes yhich are ;espOnsible for the surface. Thus, in
London, Ontario, the high demand for fire deéartmen; service in the
centre of the city is possibly due to the higher densit& of .restau-
rants and hotels.in tﬁi; agyea and the greater age of the bu}ldiugs.

It is interesting to not;~£hat the older -buildings are nby gradually
.being'torn d;wn under a v;riety 6f urbam renewal sche;es and possibly o

)

the pattern of algrms may be quite different'in{the not too distant

future, . " 2

: ’ : ‘ o=
This trend surface analysis suggests that it may be possible to
. . -

buil¥ an alternative model of the spatial pattern of alarms. it \%ﬁ{

appears that liie many urban phenomena, the alarms exhibit a negatfve_

exponential decay away from some central point in the city.




N

Consequently, an attempt was now made to fit a negative exponential
distance deéay function to the alarm data. All the alarms were-
aggregated by‘census tract., This was done in order to facilitate the
construction ¢f the explanatory ;ocio-economié model described in
Chapter 4. The independent socip-economic variables for this model

» _wéreonly available by CCHB;B tract. For each census tract the mean
X‘and Y coordinate of the alarms was calculated since these

1

coordina

were felt To—provide the best estimate of the centre of
© e

distripution of alarms in each tract. These data together with
\

et e number gf fires per square milg_;n each census tract were used
¢ ;o fyt the gistance decay function. This fungtion was fitted using
¢ ' .the Iime Series,Processor package (Time Serie; Pracessor, 1975).
The hypotﬁéﬁi?eé equation given to the LSQ program was as follows:
F o Foe—bd \ 3.5
? where F' is the predicted number of alarms
p FO is the number of alarms when d 18 zero
" v e is the base of natural logarithgs
, b is the slope of the regression line
. :
d 18 the dis}ance between an unknown central point,
, XOYO’ and the mean coordin;tes of tﬁe alarms in the
. census tract | .
This equation may We expanded to;\\\v<:
. R »
) e F' = Fe (&~ Xo)2 Ha- Yo)z)}5 3.6

In order to “ryn the program the parametets F_, X , Y and b must be

0’ "0’ 0
/7

-~ given reasonable initial values. All four of these parameters,
. >




4

including X  and YO' are to be fitted. The LSQ program fits an

0
equation which minimizes the sum of the squared deviations from the

line (barring entrapment in a local optimum). It does this using the

2

Gauss-Newton iterative procedure to manipulate the four parameters
until convergence is achieved. This occurs when the largest change

of a parameter value is less than .0l or 1X.

’

Table 3.2 shows 51 values for the number of alarms per square n
mile together with the identification number of each census tract.
The LSQ program converges rapidly in ten iterations to give the

following equation: /

s

/

-.0088( (x - TH){ + (v - 619"

F' = 318.4e 3.7

This places the centre of the distribution a shgrt distange to the
north and west of the Dundas-Waterloo intersection. The explanation

chieved by this simple model was surprisingly high: R and R2~va1ues

]

were -.8604 and +.7403, respectively. Figures 3.12 and 3.13 represent
a block diagram and contour map of the model surface. These figures
were also produced by the SURF package using the Interpolate option

and a 'b' value of 10. Figure 3.14 shows a plot of the actual and

» .
fitted values and Figure 3.15 shows a plot of residuals against

. r
distance. It 18 difficult to determine a pattern in the latter figure

though to some extent it does have a funnel shape with the wide end
corresponding to the small distances and the narrow end to the large

distances. This would suggest that the model's greatest error lies

[

near the centre of the alarm distribution. Census tract 22, lying

right at the heart of the distribution, is still heavily under-

y

predicted while census tracts 15 and 23 are sériously over-predicted.

]
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TABLE 3.2 The Number of Alarms Per Square Mile in Each of

51 Cénsus Tracts

London's

1)

23

3)

4)
5)
6)
7)
8)
9)

10)

11)

12)

13)

14)

15).

16)

17j

. 18)
19)
+ 20)
21)
22)
23)

24)

10.

24.

20.

20

22

22.

39.

17.

14

66.
27.
27.

60.

61

28.

75

132.14

800

480

480

.990

.990

000

630

480

.080

670

350

630

000

.020

120

.000

117.46

63,
25,

91.

160

420

030

326.03

104.84

121.87

25)
26)
27)
28)
29)
30)
31)
32)
33)
34)
35)
36)
37)
38)
39)
40)
41)
42)
43)
44)
45)
46)
47)

48)

78

33

11

34

38

75

.670
.710
.310
.290
.300

.000

124.07

£200.00

220.93

161.22

37

51

36

41

85.

- 70.

83

90.

93

29.

%42

53

35

60.

.500

.920

.250

.130

110

000

.720

200

.650

250

.190
.570

.380

000
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TABLE 3.2 Cont'd.




Block Diagram of the Distanée Decay Model Produced by the

Figure 3.12.

LSQ Program from the Time Séries Processor for the Data

in Table 3.2
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Figure 3.14 Plot of the Actual and Fitted Values

Decay Model Shown in Figure 3.12
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The pattern is similar to the one'found with the trgnd surface model

where there was a high positive residual‘gt the centre and a ring of
*

high negative residuals around it. The distribution is actually.

. leptokurtic. There are, of course, some notable anomalied in the

. w N - Ay
distribution of residuals. Thus census tract 35, which only containy
Wolseley Barracks, has a high negative residual and census tract 32

L]

has a high positive rqsidual. The latter may possibly be expléined‘

by its location along the north side of the east Lo;don retail trade
area. In larger cities it may be possible to detect several peaks |
in the alarm de@siﬁy pattern, each peak corresponding to a major

retail trade area. Thus in some cities the alarm density pattern

may also have "multiple nuclei'.

o It should be pointed out that in the above analysis two

a

alternative models of the spatial distribution of alarms have been

described. Firstly, there 1s the three-dimensional quartic trend

surface equation. This model has the advantage that it can describe

aﬁymmetries in the alarm data which exist arand the urban core,
J

!

The shape of the model is basically that of a convex hill centred

on the urban core with a slig@t rise on the periphery of the city.
The second model is the two-dimiensional negétive exponential distance&
decay fﬁnction.’ Becaugse it is two-dimensional this model assumes
that the alarm diatribution is symmetrical about:a central poi:t and
this 18, of course, an inherent'heaknegs. However, the basic shape

of this model 1s that of a hill with concave slopes centred on the

urban core and this does appear to be a more realistic approximation

1)

B ' [} .
to the actual alarm distribution in London during 1973.

-

h
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In order to establish which was the more appropriate model, the
trend surface analysis was repeated using the same data set as was
used to fit the distance decay equation (that is the alarm den;ity in
each of the 51 census tracts). The second, third, fourth, and fifth
order surfaces yielded explanations of 39%, 46%, 59% and 62%,
respectively., These trend surface equations were evaluated using the
TREND option in the SURF program package and the saﬁé package was used
to create block diagrams of the four models which are shown in
Figures 3.16, 3.17, 3.18 and 3.19, respectively. These four diagrams
bear out the remarks made above about the shape of the trend surface
model, The central peak-in alarms ié always modelled with too gentle
a decline away from the éore. As a result, the distance decay
function explaifs, in a more parsimonious manner tbecause it uses
fewer-terms), 12% more of the variation in the surface than the(fourth
order surface which was deemed the most appropriate trend surface
model in the preQious analysis. It may1be concluded that for cities,
such as London, where alarm densities are not markedly asymmetrical
around tﬂL urban core, the negati;e exponential distance decay
function is the most appropriate and parsimonious model of such

' ,
densities. Where alarm,dénsities ére less symmetrical, for example,
in eities with a stfong sgctoral land use pattern or a multiple
nuclei land use pattern (éresnming a relationship between land use
and ala?m dgﬁsis}es) the trend surface model may be more appropria‘g.
ObviOusly) in ‘mgyder to febolve this probﬁem, furthe; research will be
required én'larger cities with more complex land uge structures.

So far, the preliminary anhlysis has analysed the pattern of

alarm density in time and space. A third series of analyses were run

&>
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Figure 3.16 Bleck Diagram of a Quadgatic Trend Surface Model Baded
on Data Shown in Table 3.2
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Figure 3.17 Block Diagram of a Cubic Trend Surface Model Based on
Data Shown in Table 3.2 P2

74




»

Figure 3.18 Block Diagram of -a Quartic Trend Surface Model Based
on Data Shown in Table 3.2
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Figure 3.19 Block Diagram of a Quintic Trend Surface Model Based.

»
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.on Data Shown in Table 3




)
P

\H‘

1433330
dAaa

EFEEEITTR 3

1.4




(i

to determine whether there were any interaction effects. The distance '
decay function was now fitted to the data for each time period in

turn, Figures 3.20, 3.21, 3.22 and 3.23 represent bl&ck'diagfams -
-drawn by the SURF program for each of the four time periods. The

equations and R2 terms for the four functions were as follows:

. /

-.0126((x-704)2 + (1-616)2)% 3.8

Time Period 1 F' = 69.0e

2 LY
R® = .67 .
: -\‘0115((x-71z)2 + (1-618)2) 3.9
Time Period 2 F' = 75.5¢ ° :
R = 67 #
’ -.0080((x-714)% + (¥-616)2)F  3.10
Time Period 3 F' = 99,2¢ ° '
R2 = .74
_.0074((x-709) + (1-626)2)% 3
Time Period 4 F' = 89.7e °* ; g 4
R ~ .66

Although these results appear similar there are some significant
differences between the first two and the last two periods. The FO
terms varied simply because the total number of alarms in each peniod
also varf;s. In each of the four periods the total number of alarms
is, respéctively,_336, 422, 867 and 839. More interestirng is the
difference between the b term in equations 3.8 and 3.9 as opposed to -
3.10 and 3.11. The standard errors for the b terms in equations 3.10

and 3.11 are, respectively, .0008 and .0009. This, of course,

indicates a significant difference (at the 5% level) between the b

values in equations 3.10 and 3.11 and those in equations 3.8 and 3.9.

More simply thé fire alarm density slope is steeper before noon than

after noon. It 1s difficult to determine the exact réABOn for this.

To provide further insight a cross tabulation was performed by census |



Figure 3120

Block Diagram Showing the Distribution of Alarms During
the First Time Period for 1973 y




Figure 3.21 Block Diagram Showing the Distribution of Alarms During

the Second Time Period During 1973 P
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Figure 3.22 Block Diagram Showing the Distribution of Alarms During
the Third Time Period for 1973
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Figure 3.23 Block Diagram Showing the Distribution of Alarms Duriné
the Fourth Time Period During 1973
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tract and time period using the SPSS program CROSSTABS (Nie et al.,
1975). The results of this analysis are displayed in Appendix 1. As
can be seen the raw c;i—square value(is high and significant ;t less
than the 5% level. Cramer's V, however, is low and so the strength of
the association is not great. The pattern is still indistinct though
and it is possible to do little more than pSint to such features as
the decline in the percentage share enjoyed by the core®tract, number
22. Thus, though census tract 22 has more alarms in the last two time
periods, its percentage share in these periods‘is only 2/3 of its
share in the first two periods. A likely reason for the confusion in
these patterns is that different types of alarms have different time-
space patterns. In order to determine whether this was indeed the
case the aﬁalysis was repeated fof emergency alarms, the various types
of false Ylarms, and the miscellaneous category of alarm codes. 1In
none of these analyses was the chi-square value significant. There
are probably at least two reasons for this disappointing_;esult.
Firstly, the alarm codé is in all likelihood too coarse and conse-
quently still groups the alarms into rather heterogeneous clésses
whose members may still have very different time-space distribjfions.
Secondly, since there are 204 classes in the chi-square table (51
census tracts times four time periods) the data, when it is split
into different alarm types, becomes too sparse for a meaningful
analysis. This second problem, At course, exacerbates the solution
to the first since that would require an even finer breakdown of

alarm types thus making the data more thinly distributed over a larger

number of categories. Any researcher investigating emergency services

is 1ikely to be faced with this problem of data scarcity and future

RPN .

o

e b



\ \
analyses which attempt to build predictive and explanatory models of
the time-spfgbe distributions of alarm types should be Eased on very
large data sets. Neédless to say such large data sets can only be

\
built up over a number of years (this being especially true of small

tp

€

towns) and, of course, over a number of years the nature of the

distribution may change. Chaiken and -Rolph (1971) have noted that

R ot

even using a data set containing 1% million alarhs, they still, in
r some situations, encountered problems relating to sample size. ;
Finally, the CROSSTABS progg%m was run on the five'alarm codes

-

gs they were distributed dcross the 51 census tracts to determine

whether there was a spatiJl distribution to these alarm t&pes (thus

- in this analysis the time’component which had aggravated the data

A

) sparseness was ignored). fThe raw chi-square value was over 353 wjth

SRy

200 degrees of freedom and this is significant at the 95% confidence

A o

! 4
level. Cramer's V was stfill only 0.19 which again indicates that the
strengéh of the relationJhip 1s weak. The five alarm code distrib-
utions are shown in Figufes 3.24, 3.25, 3.26, 3.27 and 3.28 and the

five best fit equatiOns;%escribing these distributions are as follows:
o

_! IR PR
ACODEL' = 45.5¢ 0074 ((X=756)" + (¥-627)") 3.12

2= .7

—.0203((x-7o7)2 + (Y—617)2)

[Ty~ S O

AT Py p

1 3.13

ACODE2' 34.1e

R? = .73 §

2 2.5
ACODE3' - 61.4e“-0246((x—690) +_(Y—616) ) 3,LA

2 = .80 “«
5

2 2
ACODE4' = 30.09--0119((X—711) + (Y-621)7) 3.15 ;
R = .59 f




Figure 3.24 Block Diagram Showing, the Distribution of Emergency I3
Alarms During 1973 :
i ‘ ~ "
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Accldental False Alarms During 1973

Figure 3.26 Block Diagram Showing the Distribution of Mechanical and




-
SRR

o)
aTava™ /

(R
PR

Figure 3.27 Block Diagram Showing the Distribution of Malicious False
Alarms During 1973 \
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| : 4
ACODES' = 185.{";077((}("712) + (1-622Y)7

) R2 = .71

where ACODEL' to ACODES' represents the predicted number of

L4

alarms of code 1 to code 5 respectively.
The five block diagrams provide some assistance in interprgfing these

~

distributions.‘lﬁOwever, when interpreting the patterns it must be
remembered that tﬁese distributions ;re expressed as densities per

square mile for each census tract. Thus.ceﬁsus tract 44 which

contains the University, its residences and the new‘gniversipy

Hospital, generates many malicious and mechanical/accidentgl false : -
alarms but becausg this census tract is large the density of these

alarms is reduced and they show only as mild ‘bulges on Figures 3.27,

and 3.26, respectively. Interestingly enough the miscellaneous
e [}

{
. D
category, Figure 3.28, does tend to 'show a somewhat more even distrib-
ution across the city than the three types of false alarms.

The main value o¥ this analysis is ehat it provides a simple -
model for predicting the spatial distribution of alarms by type. Whén

refined such models might then be used to generate surfaces which

cou.H bé used as the data input for location-allocation studies.

Analysis of Response Timeé

The literature on the modeling of fire department operations
L
has discussed in some detail the relationship between response times
an& distance (Kolesar and Walker, 1974). One of the maim aims in the

present study was to determine what spatial and temporal variations

existed in the response times.. As a preliminary step in this

Ly

’ .
2 ’




analysis, the response times were mapped using the SURF package.
‘The response'time surface was then printed out as an isopleth map
on the line ;rinter again using a 'b' value of 10 and ten equal
intervals on the map scale. This map is shQWn in Figure 3.29.
Figure 3.30 is the tHﬁeefdimensional representation of the map and
Figure 3.31 is the contour map. All three figures illustrate a number
of pointévvery clearly. Firstly, it is apparent that the broad; over-
all shape of the distribution 1is "boyl—shaped". There is a general
- dep;ession in the middle of the city and a rim ;round‘the periphery.
This is not unreascnable conside;iné the concentratioj of Fire -
Stations 1, 2’i3 (old location), 4 and 5 in and around the city c;re. c%§7

&

However, a closer examination of the figures also shows that there

are a number of local depressions outside the core arga. This can be
seen Iin the soutp of the city (corresbonding éo the location of Fire
Station 9), in the extreme west (corresponding to Fire Station 6), in
the northwest (where Fire Station 8 is located) and, finally, in the
central eagz\fuhgzg_§tation 7 18 located). It should be noted that
tbe depressions around Stations 7 and 8 (which are bhighlighted by

the inclusion of both stationq inside the first contour which means

a respense time of 1.98 minutes) do in fact join up with the main,

s ]

central depression. The first contour also enclodes Stations 6 and 9
nwhich a?e completely isolated and represent two pits in the surface.
A number of the values in the surface can be readily identified as
correspohding to the major thoroughfares in the city. This 1s true,
for example, for Wellington Road South which almost alloyg the first

contour to break through to the pit around Fire Station 9 and for

Commissioners Road West which elongates the pit around Fire Station 6

-

28
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Block Diagram of the Data Shown in Figure 3.29

Figure 3.30.




Figure 3.31 Contour Map of the

Data Shown in Figure 3.29.

< 9 3 '




’
-

]

Responses made when returning from an earlier run®r from
a position in the field were not included, because of the
difficulty of recording accurately times, distances, and
locations at time of dispatch ....

...the need for odometers that recorded in tenths of
miles was a limiting factor; only ladder companies and
Battalion Chiefs participated since no engines had such
odometers. (Our failure to include engines in the
experiment would introduce an element of bias in the
results, since engines are generally smaller than ladders
and are able to manoeuver more easily in.rraffic and
narrow streets, so that they may travel slightly faster.)

Editing the Data. The raw data were edited to eliminate
obviously erroneocus records. We uged'a number of consis-
tency checks in-this process. For example, we eliminated
records for which the average velocities attained were
higher than 60 m.p,.h. In addition, observations for runs
to the same alarm box were grouped and, if distances
varied by more than % miles, an’ independent check of the
possibility of such readings was made. Less than 5% of
the original data were eliminated by this process. .
. 4 i N . ‘*\\

8 Some of the features of this experiment are obviously an

improvement on the analysis reported in the present study. Thus it
would have been preferable if in this analysis those runs not made
from quarters could have been eliminated. Sf;ilarly, editing of

the data for patently erroneous results would no doubt have improved
the explanation afforded by the model’” Other aspects of the

Institute's experiment are somewhat less exemplary. For example, the

102

>

\
distances are measured accurately only to the nearest tenth of a mile,

L3

In cities such #s New York and London, where the streets follow
basically a grid iron pattern, it is probably more accurate to
evaluate diqtances using the approach adopted here (namely,-to 1oca£e
the alarm source and fire station location on a finely defined grid
and evaluate the distanée between them using a Manhattan metric).
Thus future studies in such cities might well use a methodology which

is a~compromise of the two described here. Models which measure time






two or more stations responded). Distance was measured as Manhattan

.

D= |x;

-—X2| + |y, -

-
y or "city block" distance which is given by the following formula:

Y 3.17

|

where D is the Manhattan distance between the alarm and

the station
, XlYl represent the
X2Y2 represent the

M indicates the

It was felt, intuitively,
the Manhattan metric more

travel in a straight line

L3

\

coordinates of the alarm
coordinates of the fire station

absolute value

that London's: grid street pattern would make
appropriate since the fire trucks could not

towards the alarm. To produce a simple

regression and scattergram between the response times (measured in

-

minutes) and distances (measured in units of 50 feet) the SPSS

1

program SCATTERGRAM was used. The results are shown in Figure 3.33

which is the scattergram of the relationship, and Table 3.3 shows the

statistics describing the

relationship. The correlation of 0.55 is

not very large and the main reason for this is that the data set used

includes all alarms, both the emergencies and the less serious alarms.

Thé response times to some of these less serious alarms were quite

considerable. Towards the end of the year a number of houses in the

city experienced flooding problems and the department's response times

for these situations were

frequently lengthy. 1In order to provide a

meaningful data set a second analysils was carried out using only the

emergency alarms. Figure

3.34 and Table 3.4 show the results of this

analysis. The correlation is now 0.69 and the explanation has jumped

from 307 to almost 50%. It was still not clear, however, that the

96
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Figure 3.34 Scattergram of the Relationship between Response
Time (y axis) and Manhattan Distance (x axis)
for 1973 Emergency Alarms
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Manhattan me¢ric was the best approximation to the distance travelled
by the fire trucks and so this last analysis was repeated using
straight line, Euclidean distances as the X values. The results were
statistically indistinguishable at the 5% significaﬁce level. The
only parameter of fhe regression in which there was a significant
change- was the slope of the line and this was to be expected since the
straight line distance provided a shorter estimate than the Manhattén
of the actual distance travelled. Thus the slope in the 1a£Q refres-
sion is significantly’stéeper (theoretically by-a factor of 1.273,
i.e. A/NS. ‘ . ’

At first sight it might appear . curious that there is not a
bettér ge{afionshié betdeéh‘response time and distgnce. After all/the
regression has only explained approximately 50% of the variation in

the responée tifmes. There- are prgbabfy’a number of reasons for the

failure of the regression to do bet‘ht'ér.'xg Firstly, the distances are

‘at best only crude ;estimates of the true distance travelled by each

P

truck. In ﬁhe newer housing subdivisions neither the Manhattan metric

nor the straight-1line distance would provide a good estimate of the

x

actual distance travelled. Secondly, the response times are only

v

accurate to the nearest minute and this in itself is not a very pre-

cise estimate when one is dealing with response times which average,

"3

approximately, only 4 minutes. Idealiy; these times should be
collected by stop watch accurate to the nearest second. An examin-

ation of some of the observations with large negative and positive

bl

residuals reveals a number of other reasons for the low degrée of fit.

In one instance the fire truck was sent to thee¢rpng address and thus

4

the response time was too large and a high positive residual’ resulted.

4



In another situation a fire rekigpdled and a truck was recalled to the
scene of the fire before it had returned to quarters. Becaﬁéé the
distance was now underestimated a high negative residual occurred. On
another occasion a truck from Station 1 was called from one alarm to
another and thus the present analysis overestimated ;he distance
travelled. A high positive residual resulted from a response to an,,

alarm in a subdivision and this was presumably due to the circuitous

101

path travelled by the truck. -Furthermore, some of the alarm locations

on' the periphery of the city may not have been accurate (for example,
the brush fires). A possible way around these problems would be to
edit the data for obviously erroneous results., fhis gption is
discussed below. A finai reason for the present model's fairly low
degree of fit is the océurrence of time-space Variatibns in the
relationship between distance travélled and response time. A number
of researchers (Kolesar and Waiker, 1974; Hendrick and Plane et al.,
1373; and Larson,” 1971) h;ve attemptei, usually with little success,
to determine whet%er there are spatial and/or temporal differences in-
the relationship bet&een the two variables. It is interesting to
compare the methodologg* used iﬁ the present study with that used by
Kolesar and Walker in thei£ study. These researchers (Kolesar and
Walker, 1974, p. 2-6) describe in the followiﬁg section the mechanicsA
of thei;@analysis, which, with the extensive resoutrces at their
dfbpésal, wéte both thorough and exhaustive:
Fifteen units participated in the experiment: thirteen
ladder companies and two Battalion Chief's cars. Each
unit had an odometer that read tenths of miles, so that
reasonably accurate distance records could be produced

Each unit was provided with a stop watch and copiles of a
form to keep a record of all responses made from quarters.
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Responses made when returning from an earlier run@ar from
a position in the field were not included, because of the
difficulty of recording accurately times, distances, and
locations at time of dispatch ....

...the need for odometers that recorded in tenths of
miles was a limiting factor; only ladder companies and
Battalion Chiefs participated since no engines had such
odometers. (Our failure to include engines in the
experiment would introduce an element of bias in the
results, since engines are generally smaller than ladders
and are able to manoeuver more easily intraffic and
narrow streets, so that they may travel Elightly faster.)

Editing the Data. The raw data were edited to eliminate
obviously erroneous records. We uged 'a number of consis-
tency checks in this process. For example, we eliminated
records for which the average velocities attained were
higher than 60 m.p.h. In addition, observations for rums
to the same alarm box were grouped and, if distances
varied by more than % miles, an’ independent check of the
possibility of such readings was made. Less than 5% of
the original data were eliminated by this process.
. e ! : =,

» Some of the features of this experiment are obviougiy an

improvement on the analysis reported in the present study. Thus it
would have been preferable if in this analysis those runs not made
from quarters could have been eliminated. Sfﬁilarly, editing of

the data for patently erroneous results would no doubt have improved
the explanation affordea by the model! Other aspects of the
Institute's éxperiment are éomewhat less exemplary. For example, the
dfstances are measured accurately only tco the nearest te;th of a mile,
In cities such #s New York and London, where the streets follow ‘
basically a grid iron pattern, it is probably more accurate to
evaluate digtances using the approach adopted here (namely,»to locate
the alarm source and fire station location on a finely defined grid
and evaluate the distanée between them using a Manhattan metric).

Thus future studies in such cities might well use a methodology which

is a‘compromise of the two described here. Models which measure time

-
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with a high and disgance Qith a low degree of sensitivity or vice
versa will not yield the best results. If the crﬁising‘éelocity is
39 miles per hour or just over 57 feet per seéond (a; Kolesar and
Walker established for New York City) or near{y 41 m.p.h., whigh is .
just over 59 feet per second (as the cruising velocity for emergency

alarms has been estdblished in this study), then it would appear that

units of seconds for time and 50 feet intervals for distance arg the

most appropriate levels of measurement which will ensure similar

levels of sensitivity. -
. : "
3 The model which Kolesar and§Wa1ker found to give the best fit ) ¥
to their data-was "a piece wise square,root - linear function with a
continuous first derivative'. This model, which was fitted to the
average travel timgs for each distance, is shown in Figure 3.35 (from;
Kolesar and Walker, 1974, p. 27). The square roo; function is
appro?fii;éf;;;\response distances less than or equal éo 0.88 miles.
\ ,
~ while the linearﬁfynction is appropriate for greater distances. (Note -

that fitting the model to the dveraged times partially overcoszs the

problem of non-heteroscedastjcity and also gives the appearance of a

better fit). - The reassdri;é\éspect about the linear piece of their

model 1is its remarkabié simjlarity to the model established inlthéf
~

present sfﬁdy for emergerney alarms using Manhattan distances.

Expressed in the same units of distance the two models ye:

N

T =1.35+ 1.53D (Kolesar and Walker, 1974, p. 27) 3.48

el

T = 1.73 + 1.48D ' 3.19
where T is measure@ }n‘ninutes

D is measured in miles
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TRAVEL TI;ME vs. bISTANCE: ALL RESPONSES, ALL COMPANIES
SQUARE ROOT-LINEAR MODEL

T .
10¢ - o

9} " ~ The average of n abservations

8t

19 D, * 0,44 miles
tve " 39.2 m.p. h.

TRAVEL ‘TIME (minutes) —>
W

0

0 05 410 15 20 25 30 35 40 45 50
. 2%— e . . .

N

. - RESPONSE DISTANCE (miles) —>

-

Fi’guré 3.35 A Piece Wise Square R;mt - Linear Function for the
Relationship between Response Time and Distance in
New York City (Kolesar and Walker, 1974, p. 27)
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The slope of the second model is not significantly different from the
first (at the 5% level) ﬁut the intercept is just significantly
different and this probably reflects the coarseness of the measurement
of time in the presént study.

Kolesar and Walker (p. 30) note that in New York City the
relationship of response times with distance has the following temporal
insensitivitiee: - - :

-y

First, there is no practical difference between
travel velocities under conditions of daylight

and darkness. Second, while velocities are lower
during rush hours, they are not as much lower as
we or the Department expected. The reduction in
average velocity (of about 202) is greatedt during
the 8 a.m. - 9 a.m. period. :

In order to try and determine whether there were any temporal differ-
ences in the relatiomship ﬁetween response times and distances in
London, the analysis was repeated using the Manhattan metric (since
this was marginally better than the straight line distance), and

the emergency alarms separately for each of the four six hour time

periods identified in the autocorrelation analysis described above.
Tables 3.5, 3.6, 3.7 and 3.8 show the results of these analyses.
OBv:Lusly:there are significant differences between the regressions
but it is difficult to provide rational explanations for the differ-
ences in the amount of explanation, the intercept or the slope of

the four regressions. Some results do appear to be reasonable. Thus
the highest intercept oclurs in the first time period when 1t .would
be expected that the firemen would be slightly less alert and would
‘consequently have a higher turnout time. ;hese anglxses were
repeated for the morning and evening "rush-hours" which were defined

¥ ]
as lasting from 6:30 to 9:30 a.m. and 3:30 to 6:30 p.m., respectively.

L

»
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The results are'shown in Tables 3.9 and 3.i0, The morning period
has a more gentlewslope and this might be,tentatively exﬁlaihed as a
result of the traffic conditions. In the morning the fire trucks
(being largely located in the centre of the city) are probably, fer
the main part, moving against the flow of traffic bound for ghe city
centre while in the evening the converse is probably true.

It shdyld.be realized ghat these results‘c;nfllct with those of
Kolesar and Walker (noted';bove) who found the morning rathér than the
evening rush houg.to be tge period in which cruising velocity was.
slowest. 1In the evening rush-hour in London the slope of the
regression line indicates a cruising velocity of 37 m.p.h.; which is
just over 54 feet per second. This repfesents a reduction of only
9% over the global figure for alliemergency ala?ms which is consider-
ably less than Kolesar and Walker found for their more narrowly
defined morning rush-hour. It might be specdﬁated thag further
decentralisation of the fire stgtions (as occurred in the‘case of
Fire Station 3 and may occur with Fire Station 5) could well restore .
evening rush hour response times to the global average. Klternatively.
if temporal differences gré marked in this manner it may indicate that
fire station response digtricts should change according to time of
day. This might mean, for example, that in the morning rush-hour
central fire stations would have. their response\districts expanded
outwards while in the eveniné rush-hour they would contract inwards
to take account of the inflow and ogtflow of commuter traffic. It
must be admitted, though, thét the data in these rush-hour exampleé ~

is coarse and the samples are small and so these comments should

{
merely be notgd as a basis for further research.
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A number of ahalyses were carried out in which the data were
separated out into core area and peripheral alarms. The aim was to
see whether there were spatial differences in’' response speeds. The

results were not conclusive but the regreésion slppe for the core

’ 3
area alarms was steeper, suggesting that the truck speeds were slower

-

in the core area than in the 1esé’conges€éd periphery of the city.

-

These results thus lend suppor®t to the Fire Department's decision to

install the system allowing approaching fire trucks to change,

' automatically, the traffic lféhts in the core to green.

The results of this spatial analysis are alsélconfirmed by the
work of Hendrick and Plane et al. (1975) in Denver, Co}grad;. Their
research procedure in analysing the relationship between response time
and distance was very similar to the procedure~used in the present
study. 1In their speéiallyvconducted experiment they were, howéver,
able to make two improvements. Firstly,'they were able to measure
response t¥mes very accurately using an electric timer with a digital

readout accurate to .0l minutes and, secondly, they were able to use

. a Census Bureau address matching program to obtain the X and Y

cooidinatés for the stations and the alarm incidents. However, the
temporal analyses were inconclusive. Jﬁbis was possibly due to the
fact that only 1600 alarms were used. Thus they too faced problems

of data scarcity since over 160 time period - station combinations
]

were possible. Indeed some combinations could not be tested owing

to sample sizes of two or fewer observations. Their spatial analysis
v ’ a

was, however, much more rewarding amd, as mentloned above, tends to

-

support the findings of the present research. Hendrick and Plane

\
et al. were,thus able to derive two regression equations - one for

¥
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the downtown area of the city and one for the periphery. These were

as follows:

Downtown: T = 18.213 + .022846 D ' 3.20 , -

’ .
Periphery: T = 26,292 + .019326 D - 3.21

Thus, the downtown sithtion is characterised by a more rapid turnout
and 4. slower cruising velocity and tﬁese are results which do conform
to intuitive expeéta;ions. | |

In some ways . the results of tﬁe present analysis of response
times have been slightly. discouraging. The high intercepts (high
" when compared to the results of other researchers) are almost
certainly due to the coarsgess of the response time data. More
encouraging, however, is that for middle and higher order distances
the ;resent models appear comparable‘to those already published.

Perhaps most encouraging is the fact that some tentative spatial and

temporal system insensitivities have been discovgred.j'
Conclusion

The aim of this chapter ﬁas been to present some preliminary
analysis of the spatial and temporal péfterns of the fire department
alarms and response times. Other researchers (Chaiken, Ignall and
Walker, 1975¢) have emphasized the .importance of such descriptive
analysls. This chapter has th;s been devoted to describing the
geography of alarms and respon?é’time patterns.- Chapter 4 ncen-
trates on procedures for buildiig an explanatogy model of the alarm

.

demand surface.



CHAPTER 4

3

Towards an Explanatory Model of the Spatial Pattern

. - of Fire Alarmgs .

It was originally intended to build a multiple régression model
which would explain the spatial battern of urban fires and fire alarms.
The aim was to produce a model in'which the n;mber of urban fires, or
fire alarms, was the dependent variable.l The variation in this depegd-

ent variable would then be "explained' by a series of independent

variables.

,

AHlbrandt's Model

)

Ahlbrandt (1973) is one of the few resézrchers who has attempted

to build such a multiple-regression model. Ah brandt's objectives,

however, were different from those described above. He attempted ;o
Build a multiple regression model which would predict amd explain the
cost of operating a fire department. His aim was to compare the actual
cost of operating & fire department with the empirical cost function
suggested by the regression model. This would allow tye researcher ;o
evaluate the cost-efficiency of a fire department and thus it woﬁid be .
p;ssible to determine- whether a bureaucratic‘monopoly or a competitive
producer could provide morg efficient municipal fire protection.

The basic rigression modei was specified as follows, (Ahlbrandt,

1973, p. 25):

Iny =a;, +a; 19 Xl + ap 1n X2

+ a, In X3 + a; In X4 + ag 1n XS

+ ag 1n X6 + a, 1n X7 + ag In XS'

112
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. ) :
. - + ag ln Xg + ayg In X145 + a7 1n Xqy - 4.

where y is the cost per capita in dollars

3

- is the population from 1970 census in 1000s,
X, 1s the area in square miles

X3 is the assessed value in millions of dollars

X4 is the percentage of housing units lacking all or some
: plumbing facilities (1970 census data)

X5 is the adjusted wage index
Xg is the fire insurance rating ipdex
X; is the number of aerial ladder trpcks
" Xg is the number of first éid cars or ambulances
Xg is the number of voiunteers
X910 1s the number of fire stations
X;; is the number of full time personnel
7 a, is a constant
\_’Xi . aj to a;; are the regression coefficients

Some of Ahlbrandt's variables have little relevance to the present study.

*

Others, however, were incorporated into the present model in/order to
explain increased demand for fire department service. This\latt
group of variables includes: Xl, X5, X, and Xq. Discussing the influ-

ence of these variables, which he refers to as "environmental factors',

1

Ahlbrandt states (Ahlbrandt, 1973, p. 24): : w

Factors such as population density, multi-storied
" structures, and the age and condition of the buildings
affect the cost of supplying fire services. Population
density was taken into account.by including both
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population and area in the regression equation. The
number of aerial.ladder trucks operated by the fire .
department serves as a proxy for high-rise buildings and
also captures some of the effects of population density.

One would expect a city having many buildings with
faulty wirin? and few sprinkler systems to have commen-
surately higler fire protection costs for the same quality
service than a comparable ciyy withl a higher percentage of
more modern buildings. Differences in structural conditions
between communities were incorporated into the regression
equation by a variable showing the percentage of housing
units lacking all or some plumbing facilities.

Ahlbrandt's study was most successful in explaining the variation in the
expenditure on fire prevention services. 1In three different applications
of the basic multiple regression model (Equation 4.1) with 32, 24 and 25
degrees of freedom the coefficients of multiple determination were .910,
.961 and .962 respectively. It is also worth noting that in the third

v
application independent variable X; was dropped since its affect on the

model was not statistically significant.

Attempts to Build an Explanatory Model

In the present study it was considered necessary to build
several multiple regression models in order to predict the spatial
pattern of occurrence of all alarm types. The aim was to use one model
to predict residential fires#nd a second ﬁodel to predict commercial .
and industrial fires. Additional'modgls woulq be necessary to predict

-
other alarm typeg such as false alarms, garbage fires and other
categories. As will be seen below, the disappointing results obtained

witg the multiple regression model for residential fires discouraged any

attempts to build the subsequent models.

The first step in building the residential fire alarm regression

model involved aggregating the 1973 fire alarms and alsc the company

time by enumeration area and census tract. This was done for all
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alarms with a property code of 4 or lesl (i.e. residential alarms) using
a specially written fortran program. The number of fire alarms and the
company time dere then attached to ;n SPSS data file which contained
socio-economic data for the City of London, Ontario, which had been .
retrieved from tﬁe 1971 census tapes prepared by Statistics Canada.
These census tapes contained information on 388 socio-economic variables

4

for each of the 460 enumeration areas in the city.

After extensive background reading into the urban fire problem
(Ahlbrandt, 1973; Barlay, 1972; C(Czamanski, 1975; Hamilton and Ba%nard,'
1975; Smith, 1973) it was felt that certain of these socio-economic |
variables would have a significant influence on the number of residential
alarms. Smith (1973, p. 64 and p. 195), for example, suggests that :
poverty is an important influence:’

Like crime and disease, fire victimizes the poor
most.

What most fire fighters do not know is that a good

case for economic determinism can be made . . . Povexty
#is manifested in fire statistics - that's a safe
generalization.

A number of the socio-economic variables recorded by Statistics Canada

[
do measure various aspects of urban poverty and economic distress.
However, it should be pointed out that the London Fire Prevention Officer
(personal communicatiop) demurred from Smith's 'economic determinism'\
thesis. .He suggested that residential fires were primarily the result
of careleasness which presumably affects all economic groups to the
same extent. Judging by the rather disappointing results described
below, the concept of economic determinism is probably more applicable

to cities with extensive s8lum and ghetto areas than to small regional

centres such as London.

&'
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The 23 exfensive socio—ecoﬁomic variables which were felt,lon a
priori reasoning, ﬁo have some correlation with residential fires (also.' “- -
an extensive variable) are recorded in Table 4.1. An explangtion of the
'pelevant census terms ma§ be found in Appenéi; 2. As a‘ﬁreliﬁinary
analysis the so;io-economic variabies in Table 4.1 were correlated with
.the'numbér of residential alarms per enumeration area (this variable was

. labelleéd COUNT) and the total company time spent answering these alarms’
kthis variable was labelled TIME) using the SPSS program PEARSON CQRR;
COUNT and TIME were also éorrelated‘with#tff?gééker and, as might be
expected, had a high correlation of +.737. The correlation between
these two variables and the socio=economic variables varied but
generally COUNT correlated more strongly with the census variables than
did TIME. ‘As a result the rest of the discus;ion will merely consider
fhe correlation between the socio-economic variables and COUNT. These

correlations along with their siénificance levels are shown in Table 4.2.

While these correlations are, for the main part, fairly weak, a number

are significant at the 57 level or better. The correlation between
COUNT and the total number of dwellings (VAROO5) 1s fairly high, as might

be expected for residential alarms. The correlation is also high

between COUNT and the total number of rénted dwellings (VAROO7) but it

is not significant between the total number of owneﬁ dwellings (VARO06)
and COUNT. This, perhaps, gives further credenge to Smith's economic
determinism thesis. The correlation is high between COUNT and VARO1L0 s
which reﬁresents the nuhbér of apartments in each enumeration area. A
possible explanation of -this result is thgt in some-areas of the city

( , . .
apartment blocks are 'plagued by malicious false alarms which, under

+ these circumstances, are then classified as residential alarms. The
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TABLE 4.1: 23 Extensive Sociolg%onomic variables thought to have some
) relationship with the number of residential alarms Lo

VAR320 "’

families with‘o income rec%tents

N —
] ’
1. *VAROOS Total number of dwellings
2. VAROO6 Total number of dwellings owned
. 3. VAROO7 Total number of dwellings rented
4. VAROO8 Total number & single detached houses
5. VARO10 Total number of apartments '
6. VAR(O38 Total population ‘
7. VARO085 Total number of households
8. VARI23 Total number of lodgers in households
9. VAR143 ‘Total number of female heads of household
10.  VAR187 Total number maintaining own household
< 11. VAR188. Total number not maintaining own household
12, VAR193 Total number of female heads of family
13. VAR194 Total number of married heads ‘of family
14. VAR205 .Total number of heads of family never marrie
15. VARZ230 Total number of dwellings constructed befor;lekG
- 16. VAR231 Total number of dwellings constructed from Y946 to 1950
. q%. VAR232 Total number:of dwellings constructed from 1951 to 1960
18. VAR233 Total mumber of dwellings constructed from 1961 to 1965
19. VAR234 Total number of dwellings constructed from 1966 to 1971
d" 20. VAR235 Total number of dwellings-constructed during first 5
‘ ' « months ‘of 1971
21. VAR264 Total number .of dwellings with no automobiles
22.  VAR269 Total number of dwellings with vacationp homes
‘ 23. Total number of

1 3
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TABLE 4.2: Pearson Product-moment correlations between COUNT and
b gglected, extensive socio-economic variables

.

Variables . Correlation Significance
" "level
,coim/wich VAROOS +.226 .000
_COUNT with VAROOS ‘ " +.024 .301
" COUNT with VAR0O7 +.188 .000
COUNT with VAROOS +.020 .338
COUNT with VAROLO +.157 000
COUNT with VARO38 +.154 * 000
COUNT with VAROBS +.221 .080
COUNT with VAR123 * +.310 / .000
COUNT with VAR143 ‘ +.175 .000
COUNT with VAR187 +.132 .002
COUNT with VARLSS ) ) +.074 ’ .057
COUNT with VAR193 +.295 ' .000
COUNT with VAR194 #+.116 - .007
COUNT with VAR205 , +.167 . \fboo
COUNT with VAR230 ° +.233 ' .000
COUNT with VAR231  ° -.034 .231
COUNT with VAR232 . -.100 .020
COUNT with VAR233 +.101‘7 .355
" COUNT with VAR234 +.021 C- .32
COUNT with VAR235 r205 - ) .012
COUNT with VAR264 | . 4.240 /,‘1 .009
COUNT with VAR269. o +.023 .31

" COUNT with VAR320 +.0L5 372




university residences are a good example of this. ’There is also a

high correlation between COUNT and the total population (VAR038) and
bétween COUNT and the total number of households (VAROSS). These
correlations appear to be intuitively reasopable. The high”ﬁ;sitive
correlations between COUNT and the total number of lodgers iﬁ households
(VAR123), the number of female heads of household (VARi34), the number
of female heads of family (VAR193), the number of family heads never
married (VARéOS), the number of»dwellings constructed before 1946 '
(VAR230) and the number of dwgllinés without automo§iles (VAR264) all
add further support to the theory that the poor areas have a higher

demand for fire departmentyservice. Howevef, other correlations suggest

the converse might be true. Thus ‘there are also high éositive’correla-
. tions.with the number of families maimtaining their own household (VAR
157) and the number of married heads (VAR194).
Those variables whicp yielded the highest correlations were
entered 'into the SPSS étepéise'mmltiple regression program, REGRESSION.
In this analysis the dependent variable was‘COUNT_divided.by the total
. . number of dwellings per enumeration area (VAR005). This gave a ng,
intensive:variable‘vhicﬁ represented the averagé number of residential

. alarms per dwelling in 1973. Tﬁe new variable was labelled VAR900. The
independent variabizz.which had provided the highest simple co;relations
with COUNT were also divided by VAROO5. Thus both dependent ﬁnd indep-
endent varisbles were now intensive measures. The newvsét of variables
are shown in Table 4.3. Table 4.4 summarizes the rgsulta of this step-

wise regression. It'ﬁﬁihars, from this table, that the model provides

a useful level of e§glanntion but this apparent success is, in all

likelihood, a statistical 1llusion. One variable (VAR903) is providing
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,
Lo -most of the exylanatipn, This variable represents the number of
dwellings constru;ted in the fifst.five months of 1971 divided by the
total number of dwellings in each enumer;tion area. Obviously, in many
of the 460 enumeration areas this number will be zero and since the
number of residential alarms is alge zero in many of the enumeration
areas, the high'simple correlation is probably, largely a result of the
sparseness of the data. However, much of the new construction took
' place in the outer suburbs of the city whereia large number of minor )
b/f’_—§~.—h—~\>ires did occur. Thus it would be wrong to assume that this correlation .
was entirely spurious. Tﬂe program was also run without variable VAR
903. The results are summarized in Table 4.5. The explanétion providedi
by the model is now depressingly low. The explanation 1s 1in fact under
10% when the six independent variables which are significant at the 5%
level are included. It 1is somewhat enéouraging, though, that-the
variaEle which now provides the largest share of the explanation is
VAR912 (the number of rented dwellings divided by the total numbe; of
dwellings). Again this is a weak but positive affirmation of Sqith's
-ideas. |
In order to determine how serious the problém of data scarcity
was, the multipie regression model was reformulatea at the census

tract level. Due to the disappointing results obtained with the more

P’
*

Y
sensitive enumeration area model, the plan to use the model to generate

a demand surface fpr the locatien-allocation models deacfibed in

Chapter 6 was abandoned and, consequently, only a limited experimental .
version of the census tr¥ct model was tested. The variasles used in
this model are deééribéﬁhiﬁ'Tible 4.6. Again an explanation of the - .

A -
relevant census terms may be found in Appendix 2. A summary of the
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TABLE 4.3:' Dependent and Independent Variables used in the Stepwise
Multiple Regression Model based on Enumeration Area Data
o

Dependent Variable VAR900 = COUNT divided by VAROOS

Independent Variables VAR901 = VAR264 divided by VAROO5
VAR902 = VAR143 divided by VAROO5
VAR903 = VAR235 divided by VAROO5
VAR904 = VAR194 divided by VAROO5
VAR905 = VAR193 divided by VAROOS
VAR906 = VAR187 divided by VAROO5
. ‘ VAR907 = VAR123 divided by VAROO5
VAR908 = VAR205 divided by VAROGCS

. g . VAR;OQ = VAR230 divided by VAROG5 )
VAR910 = WAR232 divided by‘;;ROOS

VAR912 = VAR007 divided by VAROQ5

- : VAR913 = VAR010 divided by VAROO5
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TABLE 4.4: Summary of the ResultsQBf the Stepwise‘Regression Model
described in Table 4.3*
3 .
Variable N Simple

Step Entered Significance Multiple R R2 R2 Change R,

1 VAR903 .000 .612 .375 .375 +.612

2 VAR907 .000 .631 .398 | .Oél +.0;O

3 VAR901 .018 .637 .406 .007 +.129

4 VAR902 .Oib .644 414 .009 +.005

5 VAR904 .030 648 ‘420 .006  +.088

6 VAR906 .000 .664 441 021 -.064

7" . VAR912, ’ .209 .666 443 .302 +.141

8 VAR910 220 667 .445 002 -.114

9 VAR909 124 .669 448 .003 +.058

10 VAR9L3 .687 .670 (448 1,000 +.082 .
~ 11 VAR905 .919 .670  A§ 448 | .000  +.126

*Yariable VAR908 das not entered owing to an insufficient F level

(
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TABLE 4.5: Summary of the Results of the Stepwise Regress,i:m Model
| described in Table 4.3 with VAR903 excluded '
Variable - Simple
Step Entéred Significance Multiple R R2 R2 Change R
1 VAR912 002 141 .020 .020 +.141
2 " VAR90O5 - .034 171 .030 .010 +.126
3 VAR902 .011 .208 .043 .014 +.005
4 VAR901 .000 o .265 .070 .027 +.129
5 VAR9OG .013 .287 .082 012 © -.088
6 VAR906 .043 .301 .091 .008 -.064
7 VAR910 .564 .302 .091 .001 -.114
8 VAR913 .605 .303 .092 .001 +.082
9 VAR907 ST 304 .092 .000 +.071
10 VAR909 .630 .304 .093 .000 +.058
11 VAR908 .741 .305 .093 - .000  +.030
[ 4
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results of a stepwise regression carried out on these variables 1is shown

in Table 4.7.°

ears to be very successful and achieved an ¢
explanation of over 68% of the variation in residential alarmé when ;ll
four independent variables were included.( However, in this run of the
model residential alarms were eQ;::;;éd as an extensive variable and

thus it may again be questioned whether the model is achieving an
enlightening explanation if it merely says residential alarmé increase

wi;h the number of houses or old houses in a census gract. The simple
correlations with the average rent and average income figures are not

suspect because the dependent variable is extensive, but they are also
not very strong.

A second analysis was carried out in which the dependent vaéiable
was the number of residential alarms divided by ‘the numLer of -eccupied
dwellings. A list of all the variables in this second model is shown in
Table 4.8. The results of the analysis are shown in Table 4.9. They

are now inconclusive since explanation achieved by the model is not

statistically significant at any step.

'
Cautionary Rematrks in the Use of Explanatory Models

- L R
In the abo¢e analysis the stepwise regression models did not

provide a large enough explanation of the variation in the dependent
variable to permit thém{to be used to generate a demand surface. How-
ever, the models were not a complete failure and given a much larger
data baag of alarms and larger areal units than the enumeration areas
originally used it may yetyprove possible to develop an explanatory
model. Interpreting the significance of such a model, gowever, wouid
require some caution.

Firstly, it should be noted that the independent variables should
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TABLE 4.6: Dependent and independent variables used in the first formu-~
d/}stion of the stepwise regression model based on census tract
data

£

Dependent Variable -~ RALARM = Number of residential alarms per cenus
< :

tract
?

Independent Variables - DATE Total number of occupied dwellings
- ) . . ~ constructed before 1946

HOUSES ’ Tothl number of occupled dwellings per
* census tract,

RENT = Average cash rent for tenant occupied’
dwellings per census tract

-INCOME

Average income for males 15 years and
over with income per census tract

TABLE 4.7: Summary of the results of the stepwise regression model
described in Table 4.6//

{

l Variable . ) Simple
i Step Entered Significance Multiple R R2 RZ Change . R
1 ” ; . ~ ' 4
1 ° ° DATE .000 748 .560 560 +,748
2 HOUSES .000 .818 .669 .110 +.702
3 RENT - .256 .824 %678 .009 -3 . -

4 INCOME .358 .827° .85 .006 -.280

a1
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TABLE 4.8: Dependent and independent variables used in the second
formulation of thi stepwise regression model based on census

- - ' tract data

-

Dependent Variable - VAROOl = number of residential alarms per census
tract divided py the total number of
occupled Hwellings

total number of occupied dwellings
constructed before 1946 per census
tract divided by the total number of
occupled dwellings

Independent Variables - VAR002

- RENT = average cash rent for tenant
occupied dwellings per census tract
- INCOME = average income for males 15 years

and over with income per census
tract

TABLE 4.9: Summary of the Fesults8 of the stepwise regression model
described in Table 4.8 ,

Variable Simple
Step Entered Significance Multiple R R? R2 Change R
1 VAR002 . .441 .110 .012 .012 +.110
2 RENT .679 .125 .016 .004 ©  -.,029
3 INCOME .881 .127 017 .000 ~.012

B S T R L
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not all, necessarily, be subjected to the same significance leQels for
inclusion. Thus those variables for wpich there is strong theoretical
evidence for their influence on the dependent variable should be
allocated rélatively easy significance‘levels for inclusion in the model.
Those whose influence is somewhat more uncertain might be allocated
substantially higher significaﬁce léveis. Such an approach is advocated
by Hausner (1974).

Secondly, it must be noted, as Goodchild {1%74a) has:pdinted out,
that in this type of model the dependent variable is in reality only a
short-term, sampled estimate of the number of alarms that occur, on
average, in the long term. Such short term samples are distributed as
poisson Qariates (the theoretical basis for this statement and its
influeﬁce on the solutions obtained from the location-allocation
énalyses are both discussed in Chapter 7). Consequently, it would be
more precise to formulate the regression model in the following manner:

y=a,+t ;1 xp + -... + ay x4 +¢ 4.2
*

y. =y + e* = a, + a; x; + ... +ta;x; e+ e* 4.3

where y ie the long term average number of fires

y*is the observed number of fires

€ represents the structural errér of the model

e* represents the statistical error of the model

a, 1is ; constant

a] ... a{ are a vector of coefficients

X] ... X4 are the set of independent variableé
Equation 4.2 represents the ideal situation. The long term average is

found terbe equal to a constant and a set of independent variables

multiplied by their respective coefficients plus an error term. This
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error term is described by Goodchild (1974a) as structural error. However,
since the long term average is not known it is estimated by using a
sample value, y*. This is &hown in equation 4.3. Using y* as the

dependent variable introduces a second source of error into the model

which Goodchild refers to as statistical error. The mean of y* remains
an unbiased estimate of the mean of y, the long term average. However,
the’variancé of y* is not an unbiased estimate of the variance of y
because y* also incorporates the statistical error of the poisson
variate. The result of this is that the constants in equation 4.3 are
not affected but the coefficient of multiple determination, R2, and
other statistics based on the vafianbe are biased ;nd the amount of bias
is directly proportional to the size of the variance of the poisson
variate. Since the degrees of freedom vary this can be demonstrated by
expressing thé variation in terms of sums of squares‘rgther than variance
measures:

explained variation N

2 = - up
R 1 Total Variation 4.4

+ e*)2
= 1 - ——££r~——:lz 4.5
" - .

T2 4 (e*)2 ‘ 4.6
(y - M4+ (M2 )

Equation 4.6 assumes that there is no covariance between ¢ and €* and

between e*:and {y - ¥). For an infinite sﬁLple RZ tends to be under-
estimated and this under-estimation increases with an increase in the
variance of the poisson varilate. For a finite gample, though, R? may
be either over or under-estimated.

A further difficulty which occurs when regféssion models are

used is the problem of a spurious correlation. A correlation may thus

be observed between variable A and variable B simply because they are
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)
both correl;ted to a third value, C. This problem has been atluded to by
Goodchild (1976a; p,18—20); Thus, simply because there is a strong
correlation between older dwellings and residential alarms does not
necessarily mean that the older dwellings have a functional relationship
with the number of alarms. The correlation may occur simply because
both decline with increasing distance from the city centre.‘ These
problems might be resolved through the use of path analysis techniques

-
(Flaman, 1975; Nie et al., 1975). '

Two final problems occur due to the fact that the regression model
is formulated using aggregated areal data either at the census tract or
at the enumeration area level. These problems are also discussed by.
Goodchild (1976 a;p. 27-29). The first problem is the size of the areai
unit. If the unit is too small éheq there is a\problegiof data scarcify.
The majority of units will not have any observations for the depéndent
variable. Alterna;ively, ;f the units are too large they may lose their
homogeneity thus masking the correlation'betéeen dependent and indepen-
dent variable. This is one advantage of using census tracts in such a
model since one of the criteria for defining these areas is that they
should be as homogeneous as possible'in terms 6f economic status and
living conditions. The second problem in using ecologlcal cor;elations
involves the &anger of the so-called eéological fallacy which was
discussed in a classic paper by Robinson (1950)‘233 has been considered
in subsequent paperé by Menzel (%?50), Duncan and pavis (1953{“and by
_Goodman (1953; 1959) and algo in papers by Deutsch (1569), Allardt (1969),
Valkonen (l969f\and-Alker (1969) all of which appe;r in the volume
edited by Dogan and Rokkan (1969). The problem is that it is extresmely

A

unlikely that the'correlation,of individual observations will correspond
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to the cérrqlation of observations which have been aggregated overhareal
units such as census tracts. Robinson (1950, p. 356) points out,
furthermore, that 'whenever the within-areas individual correlation is’
not greatéd¢r than the total individual correlation, and this is the usual /
cirgymétajzzh\ﬁpe ecological correiag;pn will be numerically gfeater than
the individual correlation. To uﬁderstgnd why such discrepancies arise
cohsider Table 4.10. Table 4.10 shows the number of residential alarms
occurring in hoﬁsgs built before 1946 and from 1946 on: It also shows
the number of houses in these two agé categories which did not generate
alarms. Fromosuch a table which shows internal frequencies as well as
the marginal fyequencies a fourfold-point correlation can be calculated
(Duncan and Davis, 1953). 8uch a c;rrelation‘is an‘individual correla-
tion because in orderyto obtain the internal frequenéi 8 the data must
be based on individual observatio;s. iﬁ the situatdQn wyhere an ecologi-
cal correlation, is calculated oély the marginal f;equencies‘age
availabie and';inqe the table still has one degree‘of freedﬁﬁ, the inter-
n;l frequencies are not fixed and may r;;ge between the’limits show‘lin
Table A.il. In actual fact; if census tract level data are being us;d,
m;rginal frequencieslare obtained for each census tract and this consid-
erably reduces the ranges for the internal frequencies shown in'Table
4.11. 1f smalier areal units, such as eSumeration afeas, are used, the
ranges willebe even more curtailed and thus the poasiblé values which

the ecological correlation could feasibly take will approach the true

value of the individual correlation more closely.

Conclusion

’

»

In concluding this chapter it may be stated that although the
p .

attempt to build an explanatory multiple regression model was not

-
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Hypothéti&al_ggta Set Necessary to Obtain Individual

TABLE 4.10: ata )
: Correlation between Number of Residential Alarms and Age of
Dwelling
» ‘-

Dwellings Built Dweflings Built “f Margdnal

Before 1946 From 1946 Frequencies
Residential
Alarms 40 10 - 50

W

No Residential ’
Alarms 1960 3040 5000
= =
Marginal
Frequencies 2000 3050 5050

TABLE 4.11:' Possible Ranges for Internal Frequencies for data in Table
4.10 when only Marginal Frequencies are known

-»
-
Dwellings Built Dwellings Built (| Marginal
Before 1946 From 1946 Frequencies
Residential ]
Alarms e - 50 0- 50 50
. 4
[No Residential i ,
3600 - 3650 5000
7 J=: '
3050 L 5050
1}
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planner will not, in the initial analysis, wish to constrain the
location of the fire stations. He will simply seek the optlmal
1oc£tions wherever they are. If, however, the problem was to
establish which fire stations would respond to which alarms then the
locations of all the fire stations would be fi#ﬁd and the planner
would be seeking the solution to the allocation part of the problem
only. He would simply be attempting to determine the appropriate
fire station response districts. Under other'Circumstances the
planner may wish to locate another fire stat;on in a town where some
fire stations already exist. This may be seen as a hybrid problem
in which it would be necessary to fi#x the locatign of the M-1 fire
stations which already existed so that the optimal location of the
Mth fire station could be determined with respect to the locutiops of
the existing fire stations. All three of these variations on theh

location-allocation model are solved in Chapter 6.

Further variations of the Model

Pl

'

In addition, it should be noted that the 1ocation;allocation
model described above may be varied in a number of ways not mentioned
by Abler, A&ams and Gould. 1In fact it is possible to distinguish at
least eight further variations which may occur in formulating the

model. : -

' 4

Variations in the Distribution of Points Demanding Service

The fourth variation in the model concerns the d;stribution'of
‘the N points to be served. This distribution may be even or uneven.

If the distribution is even then the model represents a general



CHAPTER 5

Location - Allocation Models: A Review

In Chapter 3 a distance decay model was presented which

explained over 74% of the variation in the distribution of alarms by

census tract during 1973. This was described as a predictive model
because the independent variable, distance from the centre of the
distribution, could not be said to have af;aulal relationship with
the octurrence of the alarms. Chapter 4 attempted to b;ild a model in
which the 1ndependgnt variablgs did have, to some extent, a causal
relationship with the dependentr variable. Unfortunately, this model
failed to provide a high level of éxp}anation. Consequently, it was
decided to plan the loqations of the_fire stations on the basis of
the actual dist{}bution of 1973 aiarms.. Tﬂis distribution is, of
course, only a sample frém a theoretical population and the possible
errors which might result from sampling what is regarded as a poisson
.variate are discussed in Chapter 7 ghen the sensitivity of tﬁé
proposed solutions to the fire station location problem is analysed.
Having decided :6 use the 1973 alarms as the best estimate eof
the demand surface the next step involved presenting the alarms in a
" form suitab}e for the location - allocation analysis described in
Chapter 6. In order to undérstand.the procedures used to generate
the demand ‘surfdce it 18 necessary to be completely familiar with e

structure of the location - allocation model which was used.

General Form of the Location - Allocation Model

~ Throughout the 1960s and indeed right up until the present day

133
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both geographers and planners havg been concerned with the use of
location - allocation models- for predictiﬁg, firstly, the optimal
location of facilities and, secondly, the precise‘ﬁnﬁner in which
people or objects should be allocated to these fgcilifies.
” The most géneralized formulation of ;he location - allocation
problem is as follows:
Given (a) a set of N points which require servicing and whose demand
may vary
and (b) a set of M facilities which provide services and whése
capacity and number may'vary
a set of locations is sought for the M facilities and a set of
allocations for the N points to these facilities which oéiimfze a
predetermined objective function. Usually, this objective function
is a distance, cost or time minimizing functiom.
At the present timF, there is no exact algorithm which
oy -
guarantees a rapid optimal solution for the location - allocation
problem in its most'general or unconstrained form whereJtQP objective
is to minimize the aggregate travel within the system. Indeed, the
only certain method of aéﬁieving such a solution is by comélete
enumeration of all possible solutions which is usuaily only feasible
in trivial cases. It should, howpver, be noted that branch and bound

techniques n#y be uséd to reduce the number of solutions considered.
Ostresh (1973 b, p. 36) uses this method in his program MULfI but also
notes that: ":... only trivially sized problems can be handled".
Despite the fact that there is no rapidly obtainable, guaranteed,

optimal solution for the problem in its most generalized form in which

no constraints are imposed on any of the variables, in practical

4

.,



- a

< 135

situations it 1s frequently possible to impose certain constraints
on the model and so increase its mathematical tractability by making
it more specific. Abler, Adams and Gould (1971) suggest that there

are three ways in which these constraints are commonly applied.

The Effect of Placing Constraints on the Number of Facilities

Firstly, it is possible to constrain the number of facilities
being located to a particular number. For example, the problem would
be constrained in this manner if precisely two new fire stations had
to be located in a city. If the number of facilities is constrained
to only one then the problem degenerates to the classical industrial

location problem posed b& Weber (1929) in which there is one point

l providing a manufacturing service and N points (the market and raw

material soarces) which require servicing. The number of facilities .

would remain unconstrained/in e problem if a planner was trying to
ascertain the saving wliich ould accrue from having, for example, a

third new f;;efstafion ag opposed to the two originally planned for.

\
The Effect of Constraining Facility Capacity

Secondly, in the location-allocation maael the size or capacity
of each of the'M facilities may either be fixed or it may be allowed
to vary. Thus in planning the location of fire stations it would be
necessary to decide whether or not the fire stations were going to be
required to answer only a constrained number of calls or whether they
were going to be}free to answer aé\-any calls as, for example,
occurred closést .to them. The problem of obtaining an equitable work-

load for city fire statioms is an important criteriom for any

LJ 4
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realistic solution to the location-allocation problem. In some of the
largest North American cities, such as New‘York, stations in the
busiest sections of the city may indeed frequently have a demand for
their services which exceeds their capacity to provide service. 1In
smaller cities such as Denver, Colorado, the workload is lighter and
capacity constraints are consequently less important. Hendrick,

Plane et al. (1975) report that for Denver the stations were only busy
approximately 5% of the time. In Chapter 6 simil;r estimates were
made for London's fire stations. However, even in these smaller
cities, a better solution to the location-allocation problem would be
obtained if similar sized stations (for example, all one-bay stations)
had equal service capacity constraints. This would hei? to ensure

the desired equitable workload distribution for similarly sized
stations. Unfortunately, there is a more subtle aspect to capaciﬁz
constraint, This aspect is that a single station may be unable to
satisfy the demand for service generated by a large fire. This

aspect of the fire station planning problem was not considered in the
;resent study but in the opinion of Fire Chief Jackson of éalgary it

may be significant and 1its influence will be investigated in sub-

sequent research in that city by the author.

“

The Effect of Constraining Facility Location

Thirdly, Abler, Adams and Gou}d (1971) point oyt that the
locations of the M facilities in the model may be constrained to |
particular locations or alternatively, and more ;sually, they may be
allowed ‘to vary. If the problem is to find the optimal location for

one or more new fire stations in a-town which has no fire stations the




planner will not, in the initial analysis, wish to constrain the
location of the fire stations. He will simply seek the optimal
locétions wherever they are. If, however, the problem was to
establish which fire stations would respond to which alarms then the
locations of all the fire stations would be f&*ﬁd and the planner
would be seeking the solution to the allocation part of the problem
only. He would simply be attempting to determine the appropriate
fire station response districts. Under other‘circumstances the
planner may wish to locate another fire station in a town where some
fire stations already exist. This may be seen as a hybrid problem
in which it would be necessary to fix the locaéign of the M-1 fire
stations which already existed so that the optimal location of the
Mth fire station could be determined with respect to the locatieps of
the existing fire stations. All three of these variations on theﬂ

location-allocation model are solved in Chapter 6,

Further variations of the Model

2

1

In addition, it should be noted that the location;allocation
model described above may be varied in a number of ways not mentioned
by Abler, Adams and Gould. In fact it is possiﬁle to distinguish at

least eight further variations which may occur in formulating the

model. g

’

Variations in the Distribution of Points Demanding Service

The fourth variation in the model concerns the distribution of
‘the N points to be served. This distribution may be even or uneven.

If the distribution is even then the model represents a general
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- formulation of Christaller's more specific central place problem

-

(Baskin, 1966). The central place problem may thus be formulated in
the following manner: Given an even distribution of a base population
of far?ers, what are the optimal locations for a set of central places
to serve that population? The soluﬁ@Un to the prgblem is, 6f course,

to locate the central places in a hexagonal lattice - just as o

Y

Christaller suggested. If the distribution of the N points is uneven
then the lowest cost solution, which minimizes the average distance
of a point tc a faciiity, ;ill only be produced when the M facilities
are allowed to vary in capacity. A solution in which each of the M
facilities has an equal capacit§ may force points in sparsely
populated areas to be further away from their nearest facility than
they might have been if the facilities had an unconstrained capacity.
Since, as was shown in Chapter 3, the demand for fire department
service 1s not uniform across the city this would suggest that high
capacity or two and three bay stations should be located in the down-
town area where demand is high and low capacity or one bay stations
should be located in the suburban periphery of the city where demand

is low. Equal capacity stations might result in unacceptably long

response times under certain conditions.

Variations in the Nature of the Demand Surface

n

A fifth variation in the model relates to the nature of the
demand surface., As indicated above, the demand surface is usually

consider&d to be punctiform agd in these situations the model seeks

to service the N points of demand. However, under some circumstances

(usually when the N points are very numerous or when the nature of the
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demand is not known and has to be approximated by some continuous
function) it may be necessary or preferable to have a continuous
demand surface. Rusl” (1973) has provided an algorithm and a
computer program, MAPTRANS, which yields a heuristic solution to the
multiple facility location problem for aicontinuous demand gurface.

The surface is approximated by a trend Burface function, for example:

Z=a+ b1 | sin X | + bi

sin Y| 5.1

Where the surface is Somplex but does not fluctuate too rapidly over
short éistances it may prove to be more accurate to approximate the :
demand surface by placing a fine grid over the area. Demand for
service is then presumed to occur only at, for example, the centres
of gravity of the N grid squares. The finer the grid and the more
even the demand is within the squares the better will be the solutiomn.
Demand variations between squares are probably less relevant if the
problem is formulated in this way with a punctiform demand surface
than if Rushtop's algorithm is used with a continuous demand surface.
Thus Rushton (1973, pp. 120-121) notes that:

Convergence [on an optimal solution] takes place

... for smooth demand density functions but can be

of erratic quality for functions where large differences

+ 1in demand density exist within the study area.

For this reason, in the present study, the 2,459 alarms which occurred
in 1973 and which formed the demand surface for the location-allocation
model weré approximated by the centres of a mesh of polygons rather

than by a trend surface equation such as the one obtained in Chapter 3.

The actual mechanics of producing this demand surface are described

below.
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Variatfons in the Trafficability of the Model Surface

A

A sixth variation which may be introduced into the formulation
of the model relates to the trafficability of the surface of the
study area,‘ The N points, which require servicing, and the M
facilities, which provide the service, may be considered to be
connected to a transporéatidﬁ network or, in theoretical terms, a
.graph. Obviously, this graph should not‘be disconnected or the
problem may have no solution. Thus none of the points or the
facilities may form isolated sub-graphs. However, the graph's degree
ofnconnectivity may vary between a lower limit in which 1t 1is simply
a tree, and therefore only minimally connected, through to an upper
limit in which the graph is fully, ot maximally, connected and every
point is thus directly connected to every facility. In between
thes; two extremes the points and facilities may be embedded in a
graph which forms a grid structure, This is the classic Manhattan
block situation where distanceé between places can be evaluated using
a Minkowski metric of 1.0 in the formula given below:

R, R,. 1
Dij = (| (x, - xj) |+ | (v - yj) [y */R 5.2

where D is the distance between points i and j

1]

x and y are the 1ocation§}/946;;1;2223

R 18 the Minkowski metric ///—‘\\

The maximally connected graph represents the situation in which the
surface has uniform trafficability and where the distance between
point and facility may be evaluated using equation 5.2 with a
Minkowski metric of 2.0; and it is this idealistic formulation of fhe

model which is ueed in Christaller's central ilace theory. Rushtony
'




Goodchild and Ostresh (1973, p. v) divide location-allocation

problems into two classes. The first class are those problems which
are formulated in a continuous space. In these problems distances
between demand point and facility are evaluated as if there were a
direct connection between the two., In the second class of problem
demand points are considered to lie on a network which is not
maximally connected. Hakimi (1964) has shown that the optimal
locations for the facil%ties will always be at the nodes of this
network in the p-median problems. Goodchild (1973) has provided a
computer program for solving the continuous space problem. This
program, LAP, is used in the present thesis in Chaéter 7 for compara-
tive‘purposes. It was felt, h;wever, that a discrete space or network
formulation of the location-allocation problem would pYovide aﬁmore
realistic model of fire department activities and go the main analysis
for the thesis was carried out using a discrete space program. This
program was ALLOC5 (see Hillsman, 1974, for a discussion of ALLOC4,

an earlier version of ALLQC5. Both programs are modified versions of

ALLOC from Rushton and Kohler, 1973).

-

Variation in the Weight Assigned to Points Demanding Service

~

A seventh variation in the location-allocation model concerns

- the weight assigned to each of the N pointg. In some models it may be
‘necessary to weight each of the demand points. For example, when the
pattern of past fire alarms is used as a surfogate for the ideal
demand surface in planning the location of new fire stations/then the

importance of an alarm (in influencing the fire station location)

could be determined according to the assessed damage to property which
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wésmoccasioned. Loss of life could be assessed at a very high dollar

value so that the model would take into account such unfortunate
occurrences. In this manner the weights assigned to each demand

point would represent the losses occasioned by Lhe alarm. Other

weighting schemes might be used. 1In the present thesis weights were 3
not eﬁployed in this way (though the effects of excluding non-

emergency alarms from the analysis were examined) but this is

obviously an area which would warrant further research.

Variation in the Order of Facility Assignment

-~
An eighth variation which has bgen used in formulating location-

’
,‘,'4"

e
»-

allocation models concerns the order of assignment for new facilities.
‘Scott (1971, pp. 143-154) suggests that the problem may be solved by
either the myopic or the dynamic approach. To illustrate the
differences between the two approaches consider the following example.
Suppose a city should wish to install four new fire_stations but
because of budget restrictions it decides that installation must be
spread over twenty years and that it will install one station at the
end of each five year period. The problem then is: should the city
install each of the fire stations in the optimal locatiom at the
relevant points in time (the myopic approach) or should it evaluate
the optimal locations for the set of all four of the new fire stations
and then locate the stations at these sites which are sub-optimal in
the short-run but optimal in the long~term view (the dynamic approach)? _
The optimal sequencing in the dynamic approach may be evaluated by the
complete enumeration of all possible sequences, or more efficiently by

dynamic programming.




Variation in the Size of the Set of Feasible Facility Locations

A ninth variation in‘the model concerns the size of the point
set from which the M facilities may be chosen. It 1s possible to
treat this point set as infinite and thus allow the model to locate
the éire station af any point within the c¢ity. 1In a more realistic
formulation of the model it may be preferable to_restrict the
possible location of sites for fire stations if only because not all
locations are feasible. Alternatively, the model may be formulated
so that the fire station may be located gnywhere and then once the
optimal loéation is obtained, the new fire station could be constructed
at the\nearest feasible lgcation. On the other hand, the city's
governing body may have suggested a short list of possible locations
for the new fire station (especially, if it owns certain sites and is

unwilling to expropriate others) and the model would then be used to

select the best possible choice of the predetermined set.

Alternative Forms of the Objective Function

The form of the objective function provides yet another vari-
ation in the structure of . the iocation—allocation'model. It is
appropriate here to cite a few of the more common objective functions.

Frequently, the model is formulated so as to locate the facility at

" . the point of minimum aggregate travel (MAT). This point minimizes

the average travel time’or distance between,facility and user.
Morrill ki974) &escribes the MAT point as the bivariate‘median and
the locafion—allocation problem which seeks the locations of exactly
p facilities which minimize average travel time between the facility

providing the service and the demand -point requiring the service as the

o
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p-median problem. A different objective functidn is used in what 1is
commonly known as the p-centre problem. Here the objective is to
minimize the mgximum travel time between facility and demand point.

It is interesting to note that as long as there are some demand points
" everywhere (i.e. the demand surface/is céntinugus) the solution to the
p-centre problem. for an infinite surface of uniform trafficability -and
with facilities which are under no service constraints must be a
hexagonal lattice of facilities as postulated by Christaller. Morrill
suggests that 1t would be.possible to obtaig a close approximation to
the solution of the p—centré problem by minimizing the cubed distances
of the demand points from the facilities. Some 1ocation-alloc§tion
models seek to combine the objective functibns of the p-median and
p—centre.prqblems. For example, such a model might seek to.minimize
average travel time so long as no demand point was gésater than a -
specified critical distance from a facility. Halpern (1976) has been
seeking analyt;cal solutions to this class of pgoblems. Morrill
suggests a thi;d objecn‘xe function wﬁich might be appropriaté fo?’t

the model. This would seek to place the facility at the centre of
gravity of thg'N demand points. Morrill points out that usuall& for
only a small sacrifice in efficiency this location will minimize the
variance in traﬁee time between demand points and facility. With *

" respect to the fire station problem this egalitarian solution is,
unfortunatgly, not at\;il attractive in our qon—egalitarian society.
Sgéh a solﬁtioﬁ would tend to move the fagility away f;om the poor,.
?ho, in North America, are usually locaééd ;t high densities close to

the centre of the city, towards the rich, who are usually located at

low densities on the city's periphery. Moreover, such rich people

4
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often have less need of public services such as fire stations since
theirlmodern,’suburban houses ar; less sﬁsceptibie to fire due tp
better wiring, improved construction and now; inareasingly, £he
presence of smoke detectors. Finally; it sﬁouid be noted that, as
Munson (1975) haé shown, ‘the po?r'fznd to éuffer more severely from
a fire than th; more afflueng who are prétected by comprehensive
insurance policies. These statements suggest, therefore, that, in
the fire statiodf proﬁlem at least, the objective function of the
locationfallocatioﬁ médel must take intb account the nature of the
distribution of the potential users of the service. Ihug despite
court decisions to the contrary in New York City (Walker, 1975 b) the

objective function of the model is not value free.

Algorithm Variations

by initiall& increasing the increment used in the iterative steps of .

[y
[N

The 1ocatipn—allocétion problem may be solved either by
heuristic or exact algorithms. The heuristic algorithms usua)iy have
the advantage of computational,speed'éﬁd»fhe disadvantage that they

may terminate with sub-optimal solutions. Sub-optimal solutgons arise

-

if the heuristic becomes "trappéd" in a position which is*only locally,

rather than globally, optimal. This problem may be partially overcome

the heuristic or by changing the initial configuration for the set of !

»

M facilities. If either of these methods reduces the value of the

objective function the original solution is shown to be sub-opt 1.
L] ’ N

.

Scott (1971, pp. 7-57) provides a detailed discussion of a number of

heuristic and exact algorithms which have been used. Heuristic

algorithms are as vatied as the ingenuity of the problem solver will

L 8

(,/»,
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allow. Indeed, Scott (1971, p. 39) notes that:

Heuristic programming is less a rigidly defined
mathematical procedure than a very general problem
solving philosophy.

Because of this tremendous variety and because the two location-

-
»

udy, ALLOCS and LAP, both use

~
allocation models used in the

heuristic algorithms (gh are dégcribed in Chapters 6 and 7,

respectively) there will be no further discussion of heuristic
procedures here. Exact algorithms suitable for the solution of
location-allocation problems include: integer linear programming and
also tree searching methods such as branch and bound algerithms, back-
ﬁfra;k programming 'algorittms .and discrete dynamic programming. Scott

(1971) gives a detailed discussion of eaef’of these procedures

including the advantages and drawbacks of each method and how their

d .

‘efficiéncy may be an;oved. However, his conclusion on the practical
usefulness of these algorithms is essentialf; negative (Scott, 1971,

Pp. 36-37): ,
2+« the combinatorial explosiveness of many
problems remains a forbidding obstacle to the
application of exact solution methods.. It is
indeed doubtful if the branch and bound or back-
track programming algorithms could handle any
problem with much more than nimety or a hundred
variables. Discrete dynamic programming algorithms
are mosty especially sensitive to the number of
states in any problem, and computational difficulties
become very apparent where this number is in excess
of,apgﬂt fifty. A very considerable improvement in
the epomputational efficiency of all of these
algorithms 13 necessary before really large problems
be handled with ease. N

A

Massam (1975, pp. 63-70) has suggested an alternative classification
s

of procedures for solving location-allocation problems. This classi-

ficasion includes the following six categories: (1) Mechanical;

r N




(2) Geometrical; (3) Heuristic; (4) Numeric-analytical;

(5) Simulation; and (6) Intuition.

Stochastic and Deterministic Alternatives for Allocation Rules

A final variation which may be introducéd into the location-
allocation model has been discussed by Goodchild (1974b). This
variation concerns the degree to which the people being serviced have
freedom of choice regarding the facility which services them.
Goodchild envisages ; spectrum of models ranging from those where the.
choice of service facility is completely voluntary through to those
in which the people being serviced have no choice over the facility
which will provide them with service. Fire station location-
allocation models would seem to fall into the latter category while
shopping centre models might be pla;ed in the  former group. However;
under certain conditions fire station models cduld have aliocation
properties akin to those of theﬁvoluntary models to the extent that
demand points might not glways be best serviced by the station which

was physically closest to them. Thus if spatio-temporal variations in

147

response speeds are found to exist it might pro@t preferable to change

*he boundaries of response districts during the morning and evening
rush hours as was tentatively suggested in Chapter 3. The pr%bability
of‘alaf- occurrence in the affected space-éine zones would then have
to be taken Into consideration in determining globally optimal
locations for the-stations. FPurthermore, demand pointa cannqQt always
expect to obtain service from the nearest station since the umit(s) '

from the appropriate station may be busy. However, low work loads,‘

&
as reported in Chapter 6, and fire department covering or move-up
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procedures make this an unlikely occurrence in all but the very
»

largest North American cities.

A Brief°Desc}iption of Some Former Fire Station Location-Allocation
X

Models

Colner and Gilsinn (1973) provide an excellent review of a
series of fire station location-allocation models which have been

formulated recently. fjey note that these models have several general

’
A

characteristics. Firstly, they rely on response times rather than
response distances as used in thq.standard grading scheduleé described
in Chapter 2. These response times are usually generated by applying
shortest path routines to thS main routes in city street networks.
Secondly, they evaluate a finite set of locations for the fire
stations i; terms of the stated objective function. These locations
are assumed to be coincident with nodes in the street net;ork.
Finally, all of the models assume that demand :is punctiform. Demand
is assumed to occur at the centre of fire demand zones which are
weighted according to the frequency of past alarm occurrences or
according to the estimated severity of hazard within these zohes.
Thegse weights may be employed directly in the‘?bjective function or
they- may be used implicitly as time constraintg‘(the latter approach
was used by Hendrick, P%ane, et al., 1975 whose work was discussg@
in Chapter 2). )

Colner and Gilsinn (1973) provide a list of assumptions which

many previous location-allocation models have used. These assumptions

~will be listed briefly here since they emphasize the limitations of

?

the various models. L . -

L2



149

Assumption 1: Each fire suppression unit is assighed tc one station
wvhich has a fixed location at one of the network nodes. The unit is
assumed to respond to all calls for service from this location. It'
is, therefore, assumed that it will not respond tc alarms from the
scene of an earlier alarm nor while returning to the station. This
assumption while unrealistic would only be severe in the very largest
North American cities, such as New York. In London, Ontario, and
Denver , Colorado, for example, the low workloads per station justify
the assumption (see Chapter 6 and Hendrick, Plane et al., 1973,

)

respectively). .

; -

Assumption 2: The units are indistinguishable and equivalent, 1In
reality, three different categories of unit might be defined. These -
would include: (1) fire suppression units such as pumpers; (2) fire
rescue units such as ladder trucks; and (3) special support units
which carry out a limited set of highly specialized functions. Thus
in a sensitive analysis it might be appropriate to formuléte three

models, one to locate each of the three sets of units.
Assumption 3: The units are indivisgible.

Assumption 4: A given fire demand point is served from the closest

station. This is the usual pr;!tice of fife departments.y,

Assumption 5: Alarms or calls for service originate at a finite set

of points which may be denoted as: f i=1,2, ..., n, where

i;

n is the total number of demand points. . .

Assumption 6: Potential fire station locations are restricted to a

finite set of points which are usually the set, or a subset, of the



nodes of the street network. The set of feasible locations fmay be

denoted: E = {e,;; j=1,2, ..., m, wherem < n}

3

Assumption 7: The travel time Tij

location ej to respond to an alarm at f

> 0, required for a unit at

L is known for all 1 and j.
*

Assumption 8: The expected number of alarms at a focal point, fi’
over a specified length of time, far'example, a year, is known and

may be denoted by Wi.

Assumption 9: A fire suppression unit is available whenever one is

required. Again, this is a reasonable agsumption when worklcad is

low.

v

Assumption 10: Only one unit is required to respond to éach alarm.

This assumption tends to become increasiqgiy unrealistic with increase

in city size.

4

Many of these assumptions are basic to the location-allocation

models which have been developed for fire station location. Certain

models have required alternative assumptions and these will be

discussed in due course.

Three distinct types of location-allocation model have been

used. Firstly, there are the wéighted time models. Secondly, there

are the time constrained models, and, finally, there are the balanced

workload models. These will now be discussed in turn.

Weighted Time Models

These models attempt to minimize disutility associated with the




151

set of fire station locations. This disutility is measured by the

i

followed equation:

] = W .
DIsij { Tij » 5.3

where DISi is the disutility of serving node fi from

3

location e

wi is a predetermined weighting function

T is the time required'for the servicing unit to

1]

travel from its location at e, to point fi

3

Basic Weighted Time Model

In the basic weighted time model there are n points demanding

service and these are represented by fi :d4=1, 2, . . ., n. The

»

model seeks to locate only one fire station and therefore assumption 4
is not necessary but assumptions 1 to 3 and 5 to 10 are %equired.

The model may seem naive in that it only locates one station but it
A
ig in fact appropriate for small communities throughout North America.
"t

The model 1s given by the following equation:

n
: T .
Model 1 Mindmize L Wi 14 5.4
(#‘ i=1

where 1 < j < m

m represents the number of possible locations for the
* ’ /
station and the other terms are as previously defined

\
An obvious extension of Model 1 is a model which would allow the

location of several fire stations at the same time. This extension,

which may be called Model 2, would seek to locate M fire stations

4

s
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which would minimize total weighted travel time within the system.
This model requires all ten assumptions stated above. The model may
be described by the following equation:
m n
Model 2: Minimize I TowW,, T, 5.5
1] ij
j=1 i=1
4 n %3
Subject to: L W = 5 5.6
) 13 3
i=1
m
W =’D 5.7
1j i
j=1

where Sj is the capacity of the jth station (this constraint
is only necessary where the capacity of the station

is constrained)

Di is the known demand of the ith demand point

Such a model would be appropriate for cities which did not have
excessively high alarm rates (such as Denver, Colorado, andglondon,
Ontario, but not New York City) where assumptions 4 and 9 would be

Justified.

Availability Model

. Carter, Chailen and Ignall (1971) have formuldted a model
which relaxes assumption 9 requiring that the closest unit is always

available. Their new model makes thrée further assumptions, however.

These will be referred .to as Assumptions 11, 12 and 13.

Assumption 11: The arrival of the alarms is a Polsson process.




»

J

Assumption 12: The mean service time 1is independent of the location

of the alarm and the unit servicing the alarm.

Assumption 13: The study region, R, is divided into two districts A
and B which are served by units 1 and 2 respectively. In addition,
these units are dispatched according to the following rules: (1) the
two units respond only to alarms within the study region; (ii) if a
unit is available it will respond to all alarms within its own

© district; (iii; 1f a unit is available it will respond to an alarm in
the other unit's district whenever that unit is unavailable; and

(iv) when both units are unavailable, alarms will be served by units

outside of the study region, R.

Given these assumptions Carter et al. (1971) showed tﬁét the
focal points which should be included in district A in order to
minimize the total expected travel time could be established from the

following expression, which can be listed as Model 3.

Model 3: A-= {f eR | T~ Ty K 5.8

where Tii is the distance between.statton 1 and focal point 1

T12 1s -the distance between station 2 and focal point i1

R 18 the regjon

f1 are the focal points belonging to set R.

K is given by the following expression

L

An n -1 n ( ) 5 9
k=22 (31 W) (L (T, -T.) W) :
A-y 1=] i =1 il 12 i

where A 1s the mean arrival rate of the alarms,

@

u 1s the mean service time.

{
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The major shortcoming of this model is that it requires the
set of locations for the stations to be already determined. In this
respect the model is not a true location-allocation model but rather
a districting algorithm which would have to be used in conjunction

with a model such as the basic weighted time model.

Multiple Dispatch Model

The multiple dispatch model relaxes assumption 10 which stated
that only one unit was required to answer each alarm. Instead the

model replaces assumption 10 with the more realistic assumption 14.

Assumption 14: A second unit may be required on an alarm at focal

point fi. The probability of' requiring a second unit on a given
4
alarm at fi is designated by qi.

Given assumptions 1 to 9 and, in addition, assumption 14, then

the total travel time for .a given number of units can be minimized by

"

stationing the units at the locations which satisfy the following

expression: .
]
n .-
d : + ’ ,
Model 4: Minimize I W, {Tik 94T I e > e € Eps o,
i=] r S T 8 .
r ¢ s} 5.10 - ¢
where 1 < k < ‘G) °
Ek is sub set k of M stations from m possible sites ¢

4

(m) is the binomial coefficient which yields the number
M

of possible K subsets:avallable
p g , /‘
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t
A ek is the r h element in subset'ek
r

th
e is the s element in subset e

k k
s
‘ th
Tik is the time from focal point i to the r element
ba
i ‘ ' -
n subset ek
Tik Ts the time from the focal point 1 to the sth element
8

in subset eS

Wi is the weight at focal point i

Model 4 could be made even more realistic by including probab-
ilities that three or more units might be 'required to ;service an

alarm. » -~

Time Constrained Models '

Time constrained models seek to ensure that no focal point

lies more than a critical number of seconds from a fire station. ‘In

. a sense they seek to determine’a rational objective configuration

usidg the philosophy which motivated the standards suggested by the
insurance associations in the United States and Canada (see Chapter 2).

- These models can be made operational by making assumption 15.

"Assumption 15%¥ There is a maximum time constraint for a response to

. «
an alarm at focal point fi' This is designated as Ty. If this

constraint is exceeded then a penalty 1s incurred. TH}S penalty, Gi’

i1s given by the following expression:

Oifti'r1

' 5. .
alf t > Ti %} .

G (1, t) =

where a is a large value.
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The penalty function can now be attached to models 1, 2 and 4

in ofger to create time constrained (TC) versions of these models.

n
Model 1 (TC): Minimize I W, T..+G (i, T,.) 5.12
= 1 1] ij
1=1
M n
: ’ + .
Model 2 (TC) Minimize 'E E wi] Tij G (1, Tij) ‘5 13
j=1 i=1
n
: + +
Model 4 (TC): Minimize E Wi {Tik 9y Tik G 1, Tik
i=1 s T
lek » e € Ek' r # s} 5.14
r s

In Model 4 (TC) the constraints could be extended to the second,
third and fourth due units, and any additional ones which were felt
to be significant.

Hendrick, Plane et al. (1975) used time constrained models in
which there were four different constreints - their value depending
upon the seriousness of the hazard identified at the focal point (see_
Chapter 2 for a complete* discussion). Toregas et al. (1971) formul-
ated a model which attempted to dete;mine the locations of the minimum

number of stations necessary to ensure that each focal point was

located Qithin a pre-specified service time.

Balanced Workload Models ,

All the models described so far have assumed that, whenever
possible, focal points would be serviced by the nearest station. This

is assumption 4. Balanced workload models replace this with

"Assumption 16.




e

" be directly proportional to the weight, W

15%
'
Assumption 16: Each fire suppression unit is assigned the same total

workload and the workload at a given focal point, f is assumed to

i’
i' P

Any model requiring assumption 16 would lead to service areas
-~ ‘ ' N . 1
of different sizes wherever there was an uneven distribution of

welights, wi, and where the stations were not allowed to vary in size.

”

Balanced workload models would ‘tend to be less efficient in areas
where alarm rates are low.'

The model may be formulated as follows: |

b

m n
Model 5: Minimize: T .W, Y . X, 5.15 -

L z

< —
o :
: Y = 1; = 2, ...
Subjgct to .Z 11 Xj 1; 4 1, , D
j-1
5.16
m
I X <M 5.17
j=1 :
n 1/ n
LW X, < M I W
‘ 1=1 1 13 =1 1
j=1, 2, .. m, 5.18

5
[
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]

1 if a unit is located at j and O otherwise
W, 1s the weight associated with the workload at
.focal point fi

Tij is the shortest time between focal point fi
¢

and the unit located at e

3

Yij is the fraction' of the workload at focal point f

assigned to the unit at e

i

3
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Conétraint 5.16 "simply states that the'fractions of workload

.allocated must not exceed the total workload. Constraint 5.17 states

e

‘that the model must not locate more than the M stations that the
~

’

- researcher wants to lqcate. Finally, coﬁstraiﬁt 5.18 ensures that
. the weight or workload for each sStation is equal for all M sbatﬁpns.

The above discussion sought to outline the general conceptual

structure of the location-allocation model and then presented the ox

*

ﬁathemapical-foﬂ&ulétion of a‘number of location-allocation models

a

which have beén\used in the planning of fire stations. The -remaining
‘. 4 -

portion of this chapter will discuss the procedure used in thé

+ »

present study to generé?e the demand surface of focal points which

has been a common feature of all the location-allpcation models

. . . ,
described above. ?

Generation of the®Demand Surface of'Focal Points

\ o ‘ °

‘Ip the preséqt study there were a;number’of different ways in ®
which a spatial series reprgéenting the loéé ‘term, stationary -demand
fo; fire éepartment service might have beeﬁfhodelled. Ideally, evefy
one of the original alarms might have been_used but no avatlable
computer program could handlg'suqh a 1arée set -of fahal points.
Consequently, a series of at;e;;tsiwerg made to fit statisﬁical
models to the 1973 demand surface. 1In Chap£ér 3 it was noted that
. . v . .
the *distance decay function ﬁrovided_the most ‘parsimonious model: In
Chapte{ 4 an explanatéry mulkiple regression modelnwas us?d;byt the ,;
results were Aisappo;ntiég. The distance éécgy function, thefefore, ] Iy
remained the best statstical model. However; because it was in \
such &n exﬁerimentalhatage and because it had'not been tested for \. o

- . -
’
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other time periods in the City of London nor for other cities it was

felt that it would be best not to use this surféce in the location: @

«

allocation models. As a result, it was decided that the observed
demand surface should be re-described in terms of 150 fire demand '
zones which was the largest number of demand zones which the computer

- .

N

N .
program could handle. “Each demand zone was t® be represented by a

focal point. Since fire trucks travel along major routes within a

city it was felt that it would be approgriate to define these 150
focal points as the major road intersections in the city. The focal.

points - were also chosen so as to ensure that they provided a good

€
' J

coverage of the whole'city and'qi that the best, highest densit;’“
coverage was provided in areas of high demand. These ddcal points-
. are shown 1in Figure 5.1.

The weight assigned to each- focal point was simply tﬁe number

XY

A of alarms occurring within the fire demand zone around the point. ‘ »
This fire demand zone was defined as comprising all the space, and

therefore all the alarms eloser to the given focal point than to any

.

pther focal point. Such a space or’zone is known as a Thiessen
leygbn or Dirichlet region. Thiessen (1911) gdntroduced these

\‘V : R
. polygons into the geﬁgraphical literature when he suggested that these
2 . . T
space—filding.polygons could be used to determine the precipitation

. e 4
averages over an area. This 1s correct if one can assume that: - t
e

- s ®

.». the amount of rain recorded at any station
should represent the amount for only that regiom
enclosed by a.line midway betwgen the station tnder
consideration and surroun&iﬂg/pgations ca s

* ., Thiessen (1911, p. 1083), quoted in
. . . Rhynsburger (1973, p. 135).
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150 Foceal Points used to form the

Alarm Demand Surface.

Figure 51
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The method can, in fact, be improved on by removing the

Cassuﬁ?tion that the rainfall is spatially invariant over each polygo?
area. This improvelent, the inclined plane method, was originally
described by Whitney (1929) and involves the use of the dual of the
Thiessen polygons, com;only known as the Dela;nay triangles. These
triangles are formed by joining the neighbouring polygon centres.
Isohyets are then drawn across the plaqf in the form of straight

ﬁ%nes as shown in Figure 5.2. In compafing the two methods,
rniéEQEH*s and that shown in Figure 5.2, Whitney (1929, p. 463)

states:

The objection to the Thiessen method seems to be o
that we know that rainfall is not distributed en
uniformly over certain areas as the method assumes.

We also know that average rainfall on an area is

not perfectly described in terms of triangular

planes, but we have more difficulty jin proving how

the rainfall distribution varies from this last

assumption.

Ritchie (personal cafnication) i1s carrying out research to define a
function which will interpolate over the entire triangular net with .
first derivative continuity.

In - the presen{ study the Thiessen polygon method was used.
The polygons were small and the error in assuming that demand was
uniform within a polygon would not b; great. The direction of the
error and its likely effect can, however, be noted. Since the number
of alarms tends to decrease as ome moves away from the city centre
the number of alarms in the half of the polygon closest to the cigy
centre will tend to be under-estimated by the assumption of uniform

density over the polygon. The number of alarms,in the half of the

polygon furthest from the city centre will similarly be over-estimated.




T R L

(10) Cm annual precipitation
Thiessen polygon boundary
— — — Delaunay Triangle boundary

Isohyets ¢

Figure 52 The Inclined Plane Method for Providing Rainfall
Estimates. ) .
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Thus the location-allocation model will tend to locate stations in
slightly more decentralized positions than would otherwise have been
the case, Whether the effects are significant or not is a problem

that will have to be left to futiure research.

¥

Algorithms for Cohstructing Thiessen Polygons

Rhyusburgef (1973) describes a series of algorithms for
constructing Thiessen polygon%. The early methods described by

Horton (1917, 1923) and by Kopec (1963) relied on a geometrical

construction, by hand, ‘of the polygon§<~ This method was tedious and

time consuming and mistakes were easily made. «f

Receﬁfly a number of computer algorithms have been described
for drawing the polygons. Perhaps the least imaginative involves

-

overlaying the study area with a’fine grid of qfints. For each of
\
the'grid points the algorithm determines the closest observation or
focal point and the grid poinmt is then assigned; to the polygon around
the nearest fpcal point. Those grid points equidigtant from two or
more focal points define tﬁé:edges or vertices of Thiessen polygons,
A better algorithm was iéécribed by Gambini (an account may be
found in Tobler, 1970). This aIgprithm increments along the perpen-
dicular bigectors of the lines joining.all n (n - 1) / 2 pairs pf
focal points, where n is the number of focal points. If during the
incrementing process a point is found which 1s:equidistant from the
{ \two generating focal-points and’further from aIl other points theg a
polygon-edge has been found. Unfortunately, the 1ng£g§59;ing réoutine
in this algorithm is slow and tedious. Shelton (1971) improved the

efficiency‘of a similar algorithm by incorporating a routine for
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eliminating from consideration those points which were clearly not
geographical neighbours (geographical neighbours are points whose
polygons have a common edge or vertex ig the case of full andKﬁalf
neighbours, respectively).

Rhynsburger (1973) describes what is perhaps the best q:n-
probabilistic computer algorithm presently available for determining
polygons. Basically, Rhynsburger's algorithm involves taking the

. y
nearest point to a given focal point. 'The midpoint of the line
joining the two points is then found and this is known to lie on a
polygon edge between the two points due to Theorem 1, for which
Rhynsburger provides the proof.

Theorem 1: The nearest centre to a given ctentre 1s always

a Thiessen neighbour, and the midpoint of the line joining

the two is always contained within the polygon edge between

them. This applies as well when two or more centres are
equally near,

The remaining portion of the algorithm depends on two further

theorems which Rhynsburger also proves.

Theorem 2: Given one point known to be within a polygon

(l‘ edge, all endpoints of this edge can be found.
9

Theorem 3: Given a polygon edge and one of its emndpoints,
the adjacent edge can be ound.

¢

Rhynsburger's algorithm a%po makes use of some ingenious modifications

Pf the usual coordinate geometry formulas in order to increase the
efficiency of the algorithm (the alggrithm is available in a computer
program ‘which may'be obtained from the Geography Program Exchange at
Michigan State University). ,

Finally, a frobabilietic aigorithm has been described by

Goodchild (1976b). This algorithm employs the 4act that if a polygon

, N
o f“ . ,
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vertex lies between nodes i, j and k then there will be nb‘fohrth node
ﬂ_% within .the circle which passes through 1, j and k and which 1is
" :
bcentred on the vertex. The algorithm also limits its search to a set
of 1, j and k points which lie on the circumference of a circie ;ith

a raliius which is no greater than CR. CR then is a critical radius.

With a larger value of CR the researcher can be more confident of not *?

-

missing any vertex. If the probability that no vertex has been missed

is given bf a then o can bée related to CR by the following formulae

’

Y

% -

(Goodchild, 1976b, p.3):

ae [1ee T (CR7 2m 5.19 .
; ,
and
CR =L } | log (1 - szni]llz 5,20
mA .
where n 18 the number of points
A 1s the density of points per unit area .
Goodchild's algorithm employs the following ten steps:
(1) Select a node i .
(11) -Select a node j greater thag i, .
‘ (:[ii).a Reject node } if tﬁe smallest circle with 1 and j
on its circumference has a fadius greater than CR.
(iv) Select a node k éreater than 1 and j. -
-~ : (v) y)leject node k if the cfrcle having 1, j and k on its
p
/ circumference has a radius greater than CR.
‘ (vi) Select a node 1 greater than 1, j ana k.
(vi1) Reject node 1 1f’it lies within the circle having 1,

4 and k on 1ts circumference.




-

’

viii) Go to 6 if more 1's remain »
( )

(ix) 1If all 1's are rejected a vertex exists for nodes
-
i,jandk <
(x) Go to (iv), (i1) and (1) until all i, j and k are

exhausted.

The algorithm‘was originally programmed by Goodchild as a separate
routine but has now been incorporated as a subroutine within the
PLUSX computer package (Goédchildi 1976c). In order to operate the
routine the user simply has to define the locations of the driginal
set of points and the value of o tﬁe probability of not missing a
vertex. The routine then draws the Thiessen polygons as shown in
Figure 5.3. The PLUSX package was also used to determine how many

of the orig;é;l alarms were in each of the Thiessen polygons, and this

information was then attached to the SPSS data file described in

L %)
s

Chapter 4.
¥

Thus, the true long run data surface was now represented by
[

a series of 150 nodes, or major road intersections, each weighted by

all those alarms which, in 1973, occurred closer to that node than

to any other node. It was this surface that was used as the raw

s

data for the local'on—allocétion models described b Chapter 6.

v
Conclusion !

ah
By

Chapter 5 sought to describe the major variations in: the

structure of the 