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INTRODUCTION

Production/Operations Management is a discipline comprised of a
collection of concepts, principles, and methodologies that has as a
general goal the effective utilization of available resocurces in
providing a product or service. Traditionally, this discipline has been
oriented toward the manufacturing sector. One only has to-review the
literature or examine the textbooks which have been written in the past
dealing with Production/Operations Management to validate this claim.
Recently, however, there has been a growing awareness of the service
sector and its importance in the Production/Operations Management dis-
cipline. This is evidenced by both new textbcoks being published; Sasser
et al. [69], and research being conducted, Bodin [7], Henderson and Berry
[48], Chaiken [13], Chaiken and Dormont [15], and Krajewski and Henderson
[54], all of which have recently addressed problems in the service sector.

The service sector poses, for the decision-maker, a unique and complex
decision-making environment. Much of this complexity can be attributed
to the variability which is present in both the deménd that is placed on
various public and private services, and the service times associated
with these demands. Many demand patterns for particular services vary
seasonally, weekly, daily, and in such cases as fire and police servicé,
hourly.

In the manufacturing sector, much of this demand variability can be
tempered by using such alternatives as inventory accumulation, subcontracting,
or back-ordering. For example, inventory can be accumulated in periods
of low demand and depleted in periods of peak demand. The use of such

alternatives leads to a smoothing of the impact of a variable demand



pattern. In the service sector, however, an organization typically is
unable to inventory its "services rendered" for future use. The service
provided must usually be made available when demanded. This is especially
true in the case of emergency services such as ambulance, fire-fighting,
and police services. This requirement of matching available services with
the demand for those services on a spacial and temporal basis is what
makes decision-making in the service sector such a unique and complex
problem area. The decision-making environment is one of multiple criteria
and conflicting objectives with the key to making sound decisions lying

in the ability to recognize, understand, and model the criteria, fhe
objectives, and their interrelationships.

This research investigates one facet of the decision-making process
in the public service sector, namely the area of police patrol allocation.
The police patrol allocation problem presents a very special case of
decision-making in the service sector. First, the demand for police
service is a twenty-four hour a day seven day a week demand. Second,
it is difficult to place specific values on many of the services provided
by the police patrol function. For instance, how does one measure the
value of having a patrol vehicle cruise a particular area? Or, what are
the benefits  of responding quickly to various calls~for-service? Finally,
it is difficult to identify appropriate levels at which to set the multiple
objectives. How frequently should a patrol vehicle pass a certain point?
And, what is an optimum response time for calls-for-service?

l.1 Disaggregation in Police Patrol Allocation

Krajewski and Ritzman [55] have structured the problems of going

from aggregate plans to detailed plans and have termed this process

[y~




disaggregation. Within the disaggregation process, for both manufacturing
and service sector problems, there are three planning levekf;"The
planning process is then characterized by a top-down approach with each
level exhibiting appropriate feedback loops throughout the process. One
of their major contentions is that the effectiveness of any methodology
employed in the disaggregation process can be eroded due to the lack of
appropriate interfacing mechanisms between planning levels.

Using the conceptual framework provided by Krajewski and Ritzman
[55] as a guide, the police patrol allocation problem can be modeléd as
a disaggregation process with three identifiable levels.

The First Level of Disaggregation

The first level of the disaggregation structure is concerned with the
staff sizing decision. The staff sizing problem occurs after an aggregate
plan has been established for the police department as a whole. The
aggregate plan takes the total amount available of a particular resource
and apportions this amount out to the various functional areas within the
police department that compete for it. For example, the traffic division,
the detective division, and the patrol division all compete for a given
number of police vehicles. The aggregate plan indicates the number of
police vehicles to be allocated to each functional area. After the
number of police vehicles, an& other resources, allocated £o the patrol
function has been established, the staff sizing problem emerges. In
other words, the staff sizing problem begins where the aggregate plan
leaves off.

The staff sizing problem is one of apportioning the total amount of

manpower and vehicles allocated to the patrol function across each




precinct in such a manner that conforms to the existing variable demand
pattern. The patrol function itself consists primarily of two activities:
(1) response to calls-for-service and (2) administrative and crime
prevention activities. The latter category includes the presence of
patrol units as a crime deterrence and the availability of emergency
units to provide reasonable response times for high priority calls-for-
service. The demand for services provided by the patrol function varies
among districts as a result of the geographic and demographic factors
that are particular to each district. A major contribution to the
decision-making process at this first level of disaggregation would bé
an investigation of the relationships that are present between these
geographic and demographic factors and.the resulting demand for service
they place on the patrol function.

The Second Level of Disaggregation

In the second level of disaggregation, as shown in Figure 1, man-
power and vehicle tour schedules are developed. A tour represents a time
period during which a patrol officer can be on duty dpring a twenty-four
hour period. A tour schedule represents a set of on-duty ﬁeriods which
extend over some planning horizon. ' Synonyms commonly used in lieu of the
term tour are shift or watch. The term "watch" will be used throughout
the remainder of this research in keeping with the terminology utilized
by the Columbus, Ohio Police Department.

The problem at this level of disaggregation is to systematically
vary manpower and vehicle levels to meet demand over some planning
horizon. Allocations will vary in terms of the particular watch per day

and day per week. The allocation decisions made here are done so in an
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LEVEL 1

LEVEL 2

LEVEL 3

STAFF _SIZING OF EACH DISTRICT

GIVEN ALLOCATION OF RESOQURCES TO PATROL

FUNCTION, ASSIGNMENTS MUST BE MADE ON

- PRECINCT-BY-PRECINCT BASIS.'

VEHICLE AND MANPOWER TOUR SCHEDULE

“RESOURCES ASSIGNED TO EACH PRECINCT

MUST BE SCHEDULED ACROSS WATCHES OF THE

DAY AND DAYS OF THE WEEK.

DESIGN OF PATROL BEATS

WITHIN EACH PRECINCT, MUST DESIGN
AREAS OF RESPONSIBILITY FOR INDIVIDUAL

PATROL UNITS.

FIGURE 1 THE PATROL ALLOCATION PROBLEM A: DISAGGREGATION»PROBLEM
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environment characterized by multiple objectives which in many instances
conflict with one another. Krajewski and Ritzman [55] have identified a
sample of various criteria that may affect the allocation decision: (a)
bounds imposed by the staff sizing decisions, (b) service standards, (c)
wage costs, (d) legal constraints, (e) labor contracts, (f) departmental
policies, (g) amount of departure from previous plans, (h) administrative
convenience, (i) attitudinal differentials caused by transfers between
watches, and (j) workload imbalances.

The services provided by patrol vehicles are characteristic of a
single stage scheduling environment. The customer, placing a demand on
a patrol vehicle, typically passes through only one phase of service,
meaning that only one operation is performed to satisfy the demand. This
is in contrast to the manufacturing sector where a product may flow through
many phases of production before completion and ultimate satisfaction of
demand. There are, however, a number of decisions inherent to the al-
location process across time periods which complicate decisions at this .
level of disaggregation.

The patrol planner must decide on the use of fixed or rotating
schedules. In a fixed schedule the patrol officer would work the same
watch per day and days of the week throughout the planning horizon.
Rotating schedules, as developed by Heller [47], would systematically
vary the watch worked each day and the days of the week over the time
horizon. A second decision area is concerned with the number of watch
options available. This includes the number of watches fielded per day,
their individual starting times, and the use of overlay watches. Finally,

there is the question of permanent versus variable assignments. With



regard to the patrol allocation problem, an officer and his vehicle can
either be permanently assigned to a cruiser district or beat, or he can
be assigned to different districts depending upon the varying demand

criteria. This last point leads us into the final level of disaggregation.

The Third Level of Disaggregation

The third and lowest level of disaggregation in the patrol allocation
decision hierarchy addresses the issue of designing specific patrol beats.
A patrol beat is an area of specific geographical bounds that is assigned
to a particular patrol officer or vehicle. It is the responsibility of
that vehicle to patrol the beét and provide the necessary services
rendered by the patrol function.

In designing patrol beats, also known as cruiser districts, two
types of information dominate the decision process, geographic and
demographic data. These are the same parameters that dictate the
workload levels placed on patrol vehicles. Therefore, the investigation
of these geographic'and demographic factors, which was mentioned in the
first level of disaggregation, not only will aid in the staff sizing
decision but also will provide information to be used in beat design
decisions.

1.2 Research ijectives

The police patrol system, like all other emergency service systems,
has the basic mission of providing the proper level of resources, at the
proper time, and at the proper place. With regard to the police patrol
function, the resources provided to fulfill this mission concern the
level of vehicles-and manpower which are made available. The number of'

vehicles and the amount of manpower available are largely restricted by



the amount of capital allocated to the patrol function. Therefore, like
any other productive system, either manufacturing or service, a major
problem facing the patrol planner is the efficient utilization of scarce
resources. The police patrol planner must effectively manipulate his
factoré of service, which are the vehicles and manpower levels available,
to accomplish his mission. An important objective of this research is

to provide some decision aids that will aid the patrol planner in the
accomplishﬁent of this mission.

In surveying the tradeoff between the objectives of minimizing costs
and maximizing service, the major issues encountered by the patrol planner
are detarmining what constitutes service and what are the appropriate
levels of service to provide. With‘regard to the first issue, "What is
service?", patrol planners tend to view service aé being described by
various performance measures. Some such measures include response times,
queue statistics for calls-for-service waiting for a response, patrol
frequencies, service times, and utilizatiori measures. The specific
number and type of performance measure used to describe service will
certainly vary among patrol planners. Once, however, specific performance
measures have been chosen by a patrol planner, the problem remains of
having to establish appropriate target levels for each performance
measure., This problem is compounded by the interrelationships that are
present between performance measures. One performance measure, the
utilization ratio, is a comparison between the amount of time patrol
units spend on calls-for-service and the total time they are on duty.

Mathematically the utilization ratio is represented by the following:




Call-for-Service Workload

Utilization Ratio = ~
Total amount of time on duty

One specific objective of this ;esearch is to establish the
utilization ratio as a key decision variable in the patrol allocation
problem.  This seems to be a natural action since the utilization ratio
not- only delineates the two primary activities of the patrol function,
but it also portrays the relationship between the major factors in-
fluencing the allocation decision, workload and available resource levels.
Furthermore, the utilization ratio is one performance measure where all
other measures can be directly related back to it. Finally, other patrol
allocation methodologies, such as the Patrol Car Allocation Model [15],
use the utilization ratio as a major measure of performance without really
knowing if a reasonable level has been attained or not. This tends to
lead to variation in the utilization rates exhibited by patrol vehicles
assigned to different areas which, in turn, causes other measures of
performance to vary. An objective of this research is to help alleviate
this problem of performance measure variation while at the same time
provide a comparative measure with which the relative effectiveness of
various methodologies can be judged.

In striving to establish the utilization ratio as a major decision
variable, two subobjectives must be accomplished. The first of these
subobjectives is the specification of the relationships that exist
between the Qtilization ratio and district-watch workload factors.

Patrol réédﬁrce allocations are not directly proportional to
computed vehicle workloads. If they were the planning environment would

be far less complex. However, the desired utilization ratio will



certainly vary by watch with the night watch utilization ratio typically
being lower than thg Zay or afternoon watch rati&é. This may be due to
the fewer number of calls-for-service received during the night watch and
the faster response time permit#s since traffic is lighter. It may be
that patrol planners wish to have léwer utilization ratics because calls-
for-service at night seem to be of a more»%@xious nature and require
longer service times.

For similar reasons, utilization ratios also vagzy between districts.
Previous research at The Ohio State University by Professc¢¥ Lawrence D.
Vitt [77] has found utilization ratios for districts to vary betwesn ten
and fifty percent. Several causes of these deviations are: (a) the
workload.per citizen by district, (b) the preventive requirements of the
area, (c) the population density, {d) the square miles per patrol unit,
(e} the street miles per district, and (f) the percent two-man vehicles
employed. The éirst subobjective is to investigate these and other
relationships present between workload factors and utilization ratios.
This will enable the utilization ratio to be estimated for any set of
workload factors.

The second subobjective is concerned with investigating the relation-
ships present between the utilization ratio level and levels of othir
performance measures. If these relationships can be expressed, then
they will act as a mechanism for both modeling and specifying con-
straints which in turn will act as a guide in allocating patrol vehicles.
Furthermore, by knowing how the utilization ratio reacts to various
workload factors, the patrol planner will be able to estimate the

reaction of other performance measures.
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A second major objective of this research is the development of a

decision~making methodéIOgy which will aid the patrol planner in the

.
patrol allocation problem at all three levels of the disaggrega;ion
hierarchy explained in Figure 1. The methodology is to be flexible enough
to allow adoption by any police department while at the same time
providing structure to the decision process. As a result of using thiQ
methodélogy the patrol planner will be provided with a schedule of required
vehicle hours on a per watch, per day, per precinct basis. This schedule,
coupled with the information processed to derive it, should aid the patrol
planner in establishing the appropriate staff sizes and designing the
patrol beats.

Present resource allocation techniques being employed. typically
confine themselves to solving only one phase of the total allocation
problem. For example, I.B.M.'s LEMRAS program [56] was mainly concerned
with the staff sizing problem where other techniques proposed by Capaul
et al [12], vitt [77], Heller [47], and Chaiken and Dormont [15] are
primarily interested in the second level of disaggregation, manpower and
vehicle scheduling. Finally, the Hypercube model [14] deals with designing
response districts for ambulances, police patrol vehicles, and fire-
fighting units.

What each of these techniques lacks individually is the recognition
that interactions are present between the levels of disaggregation. Each
of the forementioned techniques does generate information for the patrol
planners use; however, this information is not being fully utilized.
Information generated at one level in the disaggregation hierarchy should

not be limited in its use to decision~making ai that one level only.
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Levels of the disaggregation scheme should be linked together by these . i
information flows thus providing the opportunity to develop iterative
problem solving techniques whereby the output of one level contributes
to the solution of problems found at other levels in the structure.

This type of problem solving approach should result in the efficient use
of available information and is similar to the approach taken by
Krajewski and Henderson [54] in Post Office staff sizing research.

1.3 Scope, Assumptions, and Limitations of This Research

The problem of specifying the appropriate number of patrol vehicles
to schedule across both spacial and temporal bounds is the focal point of
this research. The primary output provided the patrol planner will be
the required amount of patrol vehicle hours to be allocated to each
watch, day, and precinct in order to attain designated performance
measure levels. Although the use of both one~man and two-man vehicles
is taken into consideration, the scheduling of individual patrol officers
is not addressed in this research. . This excludes the need to comnsider
micro level scheduling decisions, one of which is the choice between
permanent and variable assignments. Likewise, the issue of establishing
rotating versus fixed sc¢hedules is of no concern in this research.

The specification of patrol vehicle allocations 'is accomplished

.

through the use of a three stage methodology. A statistical analysis
provides information concerning the relationships that exist between
geographic and demographic factors and the workload that is exhibited

in a particular area. The modeling of these relationships enables
estimates of workload levels to be made for any combination of gecgraphic

and demographic factors. Given these estimates, expected utilization
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ratios can be derived. The second stage models the trade-off relationships
existing between the utilization ratio levels and the resulting levels

of other measures of performance. The final stage of the research

applies the information provided in the first and second stages toward

the development of a goal program model which generates an allocation

of péﬁrol vehicle hours on both a spacial and temporal basis. In~-
formation derived from the modeling of the trade-off relationships is used
to construct the constraint sets of the goal program model while the in-
formation from tﬁe first stage coficerning workload estimation is used to
establish appropriate goal levels for each constraint set modeled.

All relationships which are modeled, decisions which are made, and
vehicle hours which are allocated are done so based on data collected
with respect to the Columbus, Ohio Police Department. The data base
reflects actual data pertaining to the third quarter of 1975. Columbus,
Ohio at this time was comprised of two-hundred and twelve census tracts.
The Columbus,'Ohio Police Department was structured into fifteen precincts
and sixty-three cruiser districts. For reasons described later, this
research is eventually limited to allocating vehicle hours across only
eight precincts.

The assumptions made that are not specifically validated throughout
the course of this research primarily pertain to the use of the Patrol
Car Allccation Model [15]. The Patrol Car Allocation Model (PCAM)‘is a
queuing based simulation model requiring certain technical assumptions
to be made. These assumptions permit PCAM to estimate the fraction of
calls that will have to be placed in a queue to await an available patrol

vehicle and the average length of time that calls in each priority level
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will have to wait in queue. The assumptions are [15, p. 29]:
(1) Incidents occur according to a poisson process.

(2) All incidents have the same exponential distribution of
service time.

(3) The system is in steady state in each hour.

Besides the assumptions inherent in queuing based simulation models,
the use of PCAM places a number of limitations on modeling thg decision
environment. To begin, PCAM allows only three priority levels of calls-
for-service. The Columbus, Ohio Police Department has their calls-for-
service broken down into over seventy different ten-codes. Each ten-code
designates a different type of call-for-service. For example, a 10-28
call designates a homicide whereas a 10-45 call indicates a stolen auto.
Therefore, the patrol planner is forced to aggregate the ten-codes into
three priority levels.

Other limitations are corncerned with the manner in which calls-for-
service are serviced; PCAM makes no provision for intersector tra§el of
patrol vehicles. Each patrol unit is assumed to remain within its as-
signed area of ?esponsibility. Furthermore, each call-for-service is
responded to by only one vehicle, regardless of the severity of the call.
Finally, there is no mechanism for the preemption of calls-fbr-service.
This means that if a high priority call-for-service is received while all
patrol vehicles responsible for the area in which the cail originated
are busy, the high priority call will be placed in queue. This will
occur even if the incoming call-for-service has a much higher priority

than any other call presently being serviced.
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The limitations present in this research each represent new research
thrust for the future. The elimination of each limitation brings the
decision model one step closer to reality and thus opens up many new
avenues of research. It is hoped that this resgarch, by providing both
vehicle allocation decisions and the resulting interactions of these
decisions with the other levels of the disaggregation structure, will
open some new areas of research.

However, even though there are a number Qf limitations and
simplifying assumptions present that restrict the scope of this research,
they should not detract from it's significance. The patrol allocation
decision is a complex one characterized by a perplexity of multiple ob-
jectives and interactioms. This research nct only models some of the
important interactions that exist but, it also results in the development
of a structured approach for using the multiple objectives that are present
to arrive at patrol vehicle allocations across.time andﬁspace. To ensure
the conti;ued propagation of research in any particular area, a firm
foundation must be established from which to build. It is'hoped that
the information and decision alds resulting from this research will con-
tribute to the establishment of a firm foundation for future research
concerning the patrol allocétioh problem.

1.4 Outline of Research Presentation

In this infroductory chapter a general framework was described for
structuring the patrol allocation problem. That discussion helps provide
some perspective as to how this research fits into the overall allocation’
of patrol resources problem. Specific rgsearch objectives were then

presented followed by a discussion of the scope of this research, the
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limitations present, and the assumptions under which this research is
being performed.

Chapter II reviews the existing literature that is pertinent to the
research effort. Among the areas covered are police patrol allocation
theory, utility and multiple objective criteria theory, and goal
programming. Each of these areas has a major influence on this study.

Due to. the nature of this particular study, it is conveniently
structured into three stages. Chapter III describeé the first stage
which is a statistical analysis of the relationships present between
existing district-watch-workload levels and respective geographic and
demographic factors. Chapter IV discusses the second stage of this
research which pertains to the use of PCAM to model the trade-offs found
between utilization ratio levels and levels of other parformance measures.
And, Chapter V describes the development and use of a goal programming
model to derive patrol vehicle allocations.

Chapter VI‘presents an analysis of the results of this research.
Included in this analysis is a comparison of the existing and the
derived vehicle allocations along with the levels of performance each
exhibits. Chapter VII concludes this research by providing a Erief
summary of the research and it's results, a discussion of the contributions
that have been made by this research effort, and a statement concerning

possible extensions to this research.
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CHAPTER II
A REVIEW OF PERTINENT LITERATURE

The literature pertaining to this research falls into three distinct
categories. First, attention must be given to the development of
current police patrol allocation theory and the techniques being proposed.
Then; since the decision—make; utilizing the methodology proposed in this
research must deal with tradeocff curves and make value judgements, a
review of the literature concerning utility theory is appropriate.
Finally,‘due to the use of goal programming in this research, it is
essential to include a review of the literature in this area.

2.1 POLICE PATROL ALLOCATION THEORY

2.1.1 Hazard Formula

The foundation for the development of police patrol allocation
theory was constructed by O.W. Wilson [78]. 1In the 1930's Wilson
developed what is typically thought of as the "Traditional Allocation
Approach™. 1In this approach virtually all factors which are thought
to be relevant to the allocation.of patrol units are combined in a
subjective manner to create a workload or hazard formula. These
formulas attempted to balance the workload between patrol districts.
Wilson combined such factors as:

(a) number of arrests - :

(b) number of calls-for-service of particular types
(¢) number of doors zand windows to be checked

(d) number of street miles

(e) number of crimes
(f) number of licensed premises.
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The workload or hazard score was computed by taking a weighted
sum of the fractions of each of the factors used by each district. The
weights were subjective indications of each factor's relative importance.
Then the total number of men available were distributed to each
district in proportion to the workload or hazard score. See Figure 2
for examples of hazard and workload formulas.

In a recent application of this approach, the Los Angeles Police

Department [75] used the following factors to arrive at a hazard score:

Factor Weight
Selected Crimes and Attempts 5/19
Radio Calls Handled by Car 4/19
Felony Arrest 3/19
Misdemeanor Arrest 1/19
Property Loss 1/19
Injury Traffic Accident 1/19
Vehicles Recovered 1/19
Population 1/19
Street Miles 1/19
Population Density 1/19

Although at first glance this approach seems to accurately portray
the patrol allocatioﬁ problem, there are a number of flaws present. The
use of hazard and worklocad formulas is a deterministic approach to what
is essentially a probabilistic system. Another drawback in uéing these
formulas is their inability to demonstrate a direct relationship to
various performance measures. Measures such as response times, patrol
frequencies, and queue statistics can not be specified in the formulas
so there is no assurance that such measures will meet certain levels.
Furthermore, one can not predict the affects that a reallocation of

resources will have on various performance measures.
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Factor Precinct A Precinct B Precinct C Total
1. Violent Crimes 250 475 850 1575
2. Felony Arrests 725 1500 2200 4425
3. Other Calls-for-Service 5500 22000‘ 59000 - 86500

yazard Formula

|1}

h1 hazard weight for violent crimes

2 hazard weight for felony arrests

h
h3 hazard weight for other calls-for-service
H

250 + 725, 5500
1575 2 4425 3 86500

A hazard index for Precinct A = h1
Assignment to Precinct A = (Total Number of Officers) x HA/(h1+h2+h3)

Workload Formula

=
1]

1 workload weight for violent crimes

=
I

2 workload weight for felony arrests

=
1]

3 workload weight for other calls-for-service

=
1]

A workload index for Precinct A = (wl x 250) + (w2 x 725) + (w3 x 5500)

=
"

total workload = (wl x 1575) + (w2 X 4425) + (w3 x 86500)

Assignment to Precinct A = (Total Number of Officers) x WA/W

FIGURE 2 HAZARD AND WORKLOAD FORMULAS ~
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Finally, due to the subjectivity of the weights which are assigned

to the different factors, the final allocation may be contrary to the
results initially desired. For an example of this situation see

Figure 3 where presumably the decision-maker, weighing Violent Crimes

more heavily, wishes more officers be allocated to his district to
counteract this factor. As can be seen, this is not the case.
2.1.2 LEMRAS

In the late 1960's I.B.M. developed a computerized version of the
workload formula approach which they called, "Law Enforcement Manpower
Resource Allocation System', (LEMRAS) [16]. The basic features of this

I.B.M. package included the capability to predict the call-for-service

rate, travel time, and service time on an hourly, daily, and weekly basis
using historical data. Note that this program distingﬁishes between
travel time and service time. Also, formulas similar to Wilson's workload
formulas were used to weight various patrol related factors. Finally,

the allocation of patrol units among precincts was based on two criteria.

First, patrol units were assigned to equalize the amount of time spent

on dispatches. Secondly, allocations were made to precincts to ensure
that there was a sufficient number of patrol units present to respond
to 857 of the calls=for-service within a specified time period. The time
periods were established by the decision-maker by priority level. For
instance, when used by the Saint Louis Police Department, a three
minute time limit was established fof high priority calls.

LEMRAS alleviated one of the major flaws associated with workload

formulas by allocating patrol units to meet specified performance
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PRECINCT C: (FROM FIGURE 2.)
CASE 1

h, =1 850 2200 59000
1 c= I x3g7e) + (1 x 7558 + (1 X geeap)

oo
1

f=u
[}

1

=
n

1 o
3 Hg

Total Number of Officers x

{.71894

.
il

H
1+1+1

HAZARD ASSIGNMENT

HAZARD ASSIGNMENT

Total Number of Officers x .57298
THEREFORE, PRECINCT C RECEIVES 57.298 PERCENT OF THE TOTAL WORKFORCE

USING EQUAL WEIGHTS.

CASE 2
h, =7 . 850 2200 59000
1 Ho = (7 x 35750 + (2 x 7338) *+ (1 X §g5op)
hy =1 H. = 5.4542
C H
HAZARD ASSIGNMENT = Total Number of Officers x 7:§IT

it

HAZARD ASSIGNMENT = Total Number of Officers x ..54542
THEREFQRE, PRECINCT C RECEIVES 54.542 PERCENT OF THE TOTAL WORKFORCE.
A SMALLER PERCENTAGE EVEN THOUGH VIOLENT CRIMES AND FELONY ARRESTS

ARE WEIGHTED MORE HEAVILY.

FIGURE 3 HAZARD FORMULA INEQUITIES
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standards for response times. However, a number of shortcomings
remained. As mentioned earlier, one of the basic features of the LEQRAS
package is the ability to predict future calls-for-service using
exponential smoothing techniques. However, it was found that the calls-
for-service could not be predicted with accuracy on a day-=to-day hasis
which led to overstaffing in the districts. Furthermore, LEMRAS
operated in a batch mode only and there wasvlittle éctual customer use
due to their desire to have an on-line capability. A final Ppoint that
should be mentioned is that LEMRAS, along with the hazard and workload
formulas, addresses only one level in the patrol allocation problem's
disaggregation scheme explained in Chapter I. 'This is the first level

dealing with the staff sizing of each district.

2.1.3 Queuing Theory

"The primary objective of all urban emergency systems is to reduce
to a low level the possibility that an urgent call will have to be placed
in queue for more than a few seconds" [10, p.66]. The queuing theory
approach has as its main objective minimizing the response time such
that the probability of an important call encountering a queue is less
than a specified threshold level.

A queuing model has been used by the City of Saint Louis Police
Department [62]. 1In this queuing model the city is divided into nine
districts and a call-for-service is assumeﬁ to enter a queue when all
cars in a district are busy and cannot respond. The Police Department
estimates, using a multiserver queuing model, the number of cars

needed so at most only fifteen percent of any district's calls are
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placed in a queue. This is done on a four hour time period. The major
problem here is that allocations are made using the minimization of queue
delay but these allocations do not insure that specified levels of

other performance measures areimet. For instance, performance levels
concerning total response time, which is composed of both queue delays
and travel times, and patrol frequency are not considered.

.The most advanced allocation model to date, which is gaining
widespread use, is the Patrol Car Allocation Model (PCAM) developed
by Chaiken and Dormont [15] for the RAND institute in New York. It is
a queuing model which allocates patrol units to satisfy various
performance standards. PCAM 1s capable of operéting in either a batch
or interactive mode. It does not estimate call rates or service times
as the LEMRAS package did. Here the past averages can be used or call
rates and service times can be determined using outside programs.

PCAM can be used as either a descriptive or a prescriptive program.
Used as a descriptive program, PCAM will display quantitative information
about various allocations of patrol units which are read into the
program. This permits the user to compare various alternative allocation
schemes.,

Utilized in the prescriptive mode, PCAM will determine tﬁe number of
patrol units necessary to meet certain standards of performance. It will
also indicate to the user the '"best" allocation of his existing re-
sources over either districts and/or time. "Best", of course, is a
relative measure which is dependent upon the amount of resources
available for the allocation procedure. 'Best" with respect to PCAM

can be defined in one of three ways:
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(1) The average percentage of calls placed in queue is 7
as small as possible.

(2) The average length of time calls of a given priority
must wait in queue is as small as possible.

(3) The average total response time is as small as
possible.

There are, however, some criticisms to be levied against PCAM
which for the most part concern simplifying assumptions. PCAM does
not éonsider the differing demographic strucﬁure of the various
districts and seems to be insensitive to the location of the patrol
unit within the district when gathering information orvallocating patrol
units. Only three levels of priority are specified for calls-for-
service while the dispatching practices on which the performance
statistics are based are unrealistic. Examples of these practices
include only one car ever being dispatched to any callffor-seévice, no
dispatching across district boundaries even for high priority calls,
and no preemption of service on low priority calls for high priority
calls, or the placing of low priority calls in queue to await the
availability of a local beat car.

As with other methodologies, PCAM deals primarily with one level
of the patrol allocation disaggregation scheme. In this case attention
is focused on vehicle and manpower scheduling.

There has been an attempt to bridge the gap between stochastic

queuing models and hazard formulas by Capaul, Heller, and Meisenheimer

[12]. Their work pertains to the allocation of police call-for-service

units to police districts in a manner reflecting the rate of physical

injury, property loss, and fear that is related to each incident in
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conjunction with stochastic response times. They attempt to show that

the demand for police service is multidimensional and that fairly reliable
ﬁoperational measures of each dimensional component can be developed to
assist in the allocation of police units.

Capaul et al [12]‘have proposed an interesting approach trying to
combine the best of>bo;h7§6£i&s. The major stumbling block the authors
face is the subjective nature of the development of the measures of
seriousness pertaining fd injury, property loss, and fear. These
seriousness measures are based only on the incidents reported and
eventually lead to an average measure for all districts. Furthermore,
there may be present upper class residential areas that have the ability
to apply pressure for more service even though the seriousness measures
are low for that particular area. Once again this approach caters to
one level in the disaggregation framework, the staff sizing of each

district.

2.1.4 Mathematical Programming

Larson [56] has developed a policy oriented dynamic programming
algorithm in which the allocation of patrol units is based on a set of
objectives to be fulfilled, rather than on some weighted workload or
hazard formula. It is structured such that police policy, in terms of
objective functions and constraints, can be input directly'into the
algorithm and these constraints are permitted to vary between districts.
The algorithm supplies each district with enough units to safisfy the
set of specified constraints while using a queuing delay equation as
the objective function to minimize thé use of any additional vehicles

beyond the minimum number required to satisfy the constraints. The
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actual list of objectives (cothralnts) is supplied by police ad-

minlstrators, however, examples ﬂf such constraints are the average

travel time, crime rate criteria, mlnimum number of uni*s to be assigned
to any one district, and preventive patrol frequencies. If the specified
constraints are too restrictive in that they are unobtainable with the
given resources, the algorithm will indicate the number of additional
vehicles required.

Larson's model does not predict calls-for-service or service times.
They must be input to the algorithm. It does, however, use a priority
system to rank important calls-for-service which permits each priority
level to have its own service time distribution. The program also
allows the service time to vary with the number of units busy.

Along with allocating patrol units on a district-by-district basis,
given hourly data the algorithm is capable of providing information
pertaining to the scheduling of personnel.

Vitt [77] has approached the patrol resource allocation problem
through the use of linear programming to develop manpower and/or
vehicle schedules of tour assignments by watch, day of the week, and
quarter. A set of technical constraints are specified which establishes
the relationship between on~duty working time, recreational time, and
vacation time. Given the workload requirements for each day and watch
and the relationships specified in the constraints, the linear program
determines the manpower level necessary to satisfy the workload. The
objective function is the minimization of the sum of the pernalties that
are assigned to each unit of recreation and demand overload. There is

a small penalty placed on recreation and a large penalty placed on
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demand overloads. In this respect, the program is very similar to a
goal programming formulation.

Using a linear programming‘approach, the author quickly runs into
a combinatorial problem which limits the degree df disaggregation that
can be obtained. The major problem, however, seems to be the determina-
tion of the percentage of time patrol units should spend servicing
calls-for-service.  Therefore, What is necessary to make this approach
more efficient is the determination of appropriate utilization ratios
for each district to be scheduled.

It is evident that many varied attempts have been made to solve
the police patrol allocétion problems of staff sizihg and manpower
scheduling. However, most of these approaches have concentrated on a
single stage in the disaggregation flow. This research attempts to
alleviate that short-~coming.

2.2 UTILITY AND MULTIPLE OBJECTIVE CRITERIA

2.2.1 Utility Theory

Fishburn [38], in his book, identifies the two most popular
decision~value theories as first the von Neumann and Morgenstern (1947)
theory of games and second Wald's (1950) statistiéal decision theory.
Neither of these theories have enjoyed much success in terms of practical
application. Wald has attempted to develop statistics into a science
of decision-making under uncertainty. Brownlee [9, p. 64] describes
the difficulty in applying Wald's approach in this excerpt: ‘

"Statistics is frequently defined as the science of making
wise decisions in the presence of unvertainty. To cite Savage's
example in his review (1951) of Wald's book (1950), the decision

to be made may be whether to take an umbrella on one's trip to
the office. This approach requires a knowledge of the relative
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costs of carrying an umbrella when the day turns out to be fine
and of getting wet through failing to carry an umbrella when the
day turns out to be wet. The practical usefulness of this ap-
proach has been severely hindered by the rareness with which one
can actually estimate with any confidence the cost functions.
Whether this obstacle can be circumvented sufficiently to bring

- this decision-theory approach into common use remains to be seen."

Both of these decision-value theories are dependent onr utility
functions to measure "gains'" or "losses". A utility function is taken

here to be "a real-valued function whose domain of definition is a

specific set and whose raﬁge lies in the real numbers, wheré.the w
functional values are unique except for an origin and unit measure,"
[38, p. 6]. One basis for obtaining utility was developed by von
Neumann and Morgenstern utilizing a system of axioms of rational:
behavior, which, if satisfied, would guarantee the existence of a
utility function.

Fisburn [38] has‘developéd a decision model related to the von
Neuman;-Morgenstern postulates that relies on the expected relative
value of a strategy as it's basis, where a stragegy is a course of action.
The expected relative value of a strategy is a weighted sum of the ‘
relative values of the consequences. A consequence is an outcome
brought about by chbosing a particular strategy. The weights are the
respective probabilities of the consequences occurring if a particular
strategy is adopted. As seen symbolically [38, p. 12];

E(8;) = PjqVi + PyoVy + o o o + Py VL ' (1)
where E(Si) = expected relative value of strategy Si'

Pij = probability that the jth consequence in a set of r con-

: T =
sequences will occur 1if strategy Si 1s adopted with 2:j=l Pij =1,



V., = relative value of the jth consequence j =1, . . ., r.

A

The decision maker's total expected relative value is defined by

g
EV(I) = 'Zl'cj_'E(Si) . (@)
i= |

where EV(I) = decision maker's total expected relative value,
C; = probability that the decision maker will adopt strategy Si’ and
t = the total number of possible strategies that could be adopted,
t

where 2:i=1 C; =1, €20, 1i=1, ..., t.

The major advantage of this additive utility function is its
simplicity since the assessment of an n-attribute utility funection can
be reduced to an assessment of n one-attribute utility functions. This
additive utility function is based on Fishburn's additive independence
condition [51, p. 295]:

"Attributes Xy» X9y « » ., X, are additive independent if
preferences over lotteries on X]s X9y » « +5 X depend only on
their marginal probability distributions and not on their joint
probability distributions."

Then the simplification to the assessment of n one-attribute
utility functions is performed by using the concepts of preferential and
utility independence [51, p. 284].

"Attribute y, where y € x is preferentially independent
of its complement ¥ if the preference order of consequences
involving only changes in the levels of y does not depend on
the levels at which attributes of ¥ are held fixed." :

"Attribute y is utility independent of its complement ¥
if the conditional preference order for lotteries involving
only changes in the levels of attributes in y does not depend
on the levels at which the attributes in ¥ are held fixed."

With this simplification, the key to the usefulness of this

decision model is determining the Vj”s, the relative values of the jth
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consequences. In order to accomplish this, a measure of the decision-
maker's preferences must be obtained.

It should be noted that an additive decision model as presented

above assumes that the decision-maker has knowledge of the true

probabilities present in the model. Also, the decision-maker is as-
sumed to possess exceptional and consistent: judgmental capabilities.
Fisburn [39] has reviewed twenty-four methods of estimating ad-
ditive utility formulations for risky and nonrisky multiple-factor
decision situations. The general case has n factors of interest where
X is the set of all vectors (xl, Xgs eees xn) and xi is a level of the
ith factor, i =1, 2, ..., n. To be consistent, elements in X will be
referred to as consequences. The additive utility mcdel for X is:
if x = (xi, xé, ceey xé) and y are any two conseﬁuences in X. then
(1) x is not preferred to y if and only if u (x) 2 u (¥),
(2) u (xi, xé, cees xﬁ) = ul(xi) + uz(xé) + ...+ un(x;)
for all x in X;
where u is a numerical utility function on X and uy is
a numerical utility function for the ith factor,
i=1, 2, ..., n, [39, p. 436].

2.2.2 Multiple Objective Criteria

[There has been a number of attempts to synthesize the approaches
to multiple objective criteria decision-making [32], [42], [51], [52],
[61], [67]. Keeney énd Raiffa [51] and Easton [32] begin their
ordering by describing the dominance approach. Dominance only exploits

the ordinal character of the relationships of the multiple criteria
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and does not formalize the preference structure of the decision-maker.
If x represents a consequence then x' dominates x" whenever [51, p. 69]
(a) xi.i xg for all i
(b) xi > x; for some i.
Truly dominant alternatives are superior to all others in the set no
matter what system of ordering is used or what criterion weights are
assigned [32, p. 169]. However, the situation rarely arises where the
ordering of alternatives can be accomplished by dominance alone.

A second choice procedufe that also does not formalize the
preference structure of the decision-maker is the concept of an ef-
ficient frontier [51], [67]. Quite simply, the efficient frontier is
a set of consequences that are not dominated, also known as the "Pareto
Optimal set". Keeney and Raiffa describe two ways to explcre the ef-
ficient frontier. The first is by the use of artificial constraints
where various aspiration levels are set and evaluated iteratively. The
procedure requires a series of creative judgments from the decision-
maker pertaining to first the arbitrarily imposed constraints and
second deciding when he is satisfied. The probing procedure invol;es
interaction between analyzing the "achievable" versus the "desirable"
[51, p. 74].

Methods which attempt to formalize the decision-maker's preferences
are also described by Keeney and Raiffa [51]. Lexicographic ordering
is a very simple and easily administered technique which is very similar
to ordering in a dictionary. Act a' is preferred to act a" if it

merely has a higher score on consequence xq regardless of how well it
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compares against other Xy evaluators. In other words, consequence x,
is only evaluated if the x; scores are tied. This approach is actually
too simple and rarely appropriate.

Indifference curves are a second approach to formalizing the
decision-maker's preferences. An act a' is preferred to an act a" if
the consequences of a' lie on a higher indifference curve. A major
prerequisite in using indifference curves is comparability among con-
sequences.

Keeney and Raiffa [51] propose the use of value functions as a
third alternative to specifying the preferences of decision-makers.

If a real number can be associated with each point %X in the evaluation
space, then a value function fepresenting the decision-maker's
preferences can be obtained. With a value function reflecting the
preférences, the problem can be put into a standard optimization problem
and solved.
Find a € A tomax v [X (a)],
where A - the set of gll feasible acts,
a - une feasible act or alternative
v [X (a)] - the value function for the X
vector of consequences associated
with alternative a.

Easton [32] proposes the use of a vector to scalar transformation
to arrive at the value function of available alternatives. This
procedure requires the amalgamation of the elements of eich alternative's
valuation score set of consequences into a single index number used as

a figure-of-merit (FOM). This prccedure is useful because we do not
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know how to compare multi-valued alternatives directly unless, ac-
cidently, they appear in a dominance, contradominance, or equality
relationship [32, p. 171]. Problems arise in deciding which particular
mathematical operation to use in arriving at the FOM. '"We cannot
properly state that one of a pair of unequal, nondominant alternatives
is superior, inferior, or equivalent to a second unless we first specify
the method for transforming the vector score-~set into a scalar (method
of amalgamation) because under one mathematical ordering system, a
particular alternative may be superior while under another system, it
may prove inferior," [32, p. 173]. Alternative amalgamation approaches

consist of summation where an arithmetic mean is used to arrive at

average ﬁtiiitf;.ﬁﬁltifiication‘whicﬁhis éiﬁilé£ to the use of émgéémétéic
meaﬁ; énd léﬁéths éf veéﬁg;é‘éhich‘iééaé téﬁa compoéite ufiii£§ of”£héli
alternative.

Mac Crimmon [61] in "An Overview of Multiple Objective Decision
Making'" describes various multiple objective decision models. By inter-

relatiqag some of the major approaches into four categories he indicates

the characteristics of decision problems to which each approach is most

. applicable.

The first category deals with Weighting Methods where the goal
is to determine the decision-maker's preference structure. Techniques
found in this category range from linear regression and analysis of
variance which are used to infer preferences from past choices to
directly assessing preferences by the use of trade-offs and additive

weightings.
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A second category of multiple objective decision-making methods
is the Sequential Elimination approaches. The techniques comprising
this category utilize a standard comparison in the decision making
process. Popular techniques surveyed‘include dominance, lexicography,
elimination by aspects, and the use of disjunctive/conjunctive con-
straints.

Dominance is usually used as an initial filter after which successive
attributes can be compared across alternatives using lexicography.
Elimination by aspects is similar to lexicography in that it examines
only one attribute at a time for each alternative. However, alternatives
are eliminated that do not satisfy some standard until only one al-
ternative remains.

In using disjunctive/conjunctive constraints, the decision-maker
sets standards which are applied to the values of the attributes of—
each alternative. If the constraints are conjunctive all the standards
must be met and if the constraints are disjunctive only one standard
has to be met.

A third category pertains to the use of mathematical programming
methodology. Techniques representative of this approach include linear
programming, goal programming, and interactive multi-criterion pre-
gramming. The use of interactive multi~-c¢riterion programming does not
assume a global objective function but requires the decision-maker to
provide local trade-cffs in the neighborhood of feasible alternatives.
These trade-offs are then used in local objective funétions to generate

optimal solutions for that objective. Given the solution, the decision-
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maker is then free to provide a new set of trade-offs and the procedure
continues until a satisfactory solution is reached.

An interactive multi~criterion approcach has been described by
Dyer [30] and used by Geoffrion, Dyer, and Feinberg [43]. Dyer des-
¢ribes the approach as a time sharing computer system which is
programmed to query the decision maker with a series of paired com-
parisons to which he is to indicate his preference or indifference. Theww
process continues until the point of indifference is reached. This
trade-off procedure is used to determine weights which are used in ap-
proximating the decision-maker's utility function which im turn provides
a direction of movement from an initial point. The decision-méker then
determines the optimal step size with which to move in the chosen
direction. - The mathematical programming technique used in this research
was the Frank~Wolfe method which is a large step gradient ascent
algorithm. The procedure is being used to help schedule teaching as-
signments for the academic faculty at the Graduate School of Management
at the University of California at Los Angeles.

Klahr [52] expounds on the problems faced when using mathematical
programming procedures when multiple objectives are involved. He
states that mathematical programming requires, before anything else, an
abstraction from a real situation to a model suitable for computation.
Furthermore, the most difficult aspect of the model development, in many
applications, is the choice of the objective function, not because it is
too hard, but because it is too easy [52, p. 849]. This is because
mathematical programming requires that a unique objective must be chosen
to specify the problem and in many real situations a number of economic
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quantities suggest themselves. ‘To choose only one is often restrictive
and arbitrary.

To help alleviate this problem Klahr describes some approaches for
using mathematical programming techniques. First, one can attempt to
bound the proklem by formulating a variety of problems concerning the
real situation, each of which is extreme in some sense., Then each
problem is solved individually and the solutions compared to help guide
the derisions. The trouble with this approach is that the real problem
is never solved.

Klahr also mentions the use of weighted averages where the weighted
average of the distinct individual objectives is used as the objective
function [52, p. 850]. This approach, however, imposes the requirement
of commensurability. A common denominator must be found and this often'
times is not possible.

Mac Crimmon's final category groups techniques utilizing spatial
proximity for decision making purposes when multiple objectives are
present. Approaches described within this category include indifference
mapping which is a more explicit form of trade-off graphs, graphical
overlays which can be used for location decisions such as where to put
a highway, and multi-~dimensional scaling with ideal points. In the
last approach, alternatives are represented by points in a multi-
dimensional solution space.

Gearing [42] extends the procedures of Mac Crimmon by using an
eclectic methodology to eliminate alternatives. In his procedure he
first eliminates alternatives using domipance, then he uses the

principles of bounding to .further reduce the number of feasible
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alternatives, Finally, a quasi-lexicography procedure is used to
determine a score for each remaining alternative to derive the optimum.
Benayoun, Tergny, and Keuneman [5] have developed the Progressive

Orientation Procedure (POP) which treats the case in multiple objective

functions where the various criteria are not interconnected. The

technique is a two phase approach where in the Choice Phase, the

decision-maker examines a pay-off table that is associated with the

.efficient solution for each criteria. There is no interaction and the

cbjective criteria are treated independently. The second phase, the
Reoptimization Phase, uses the decision-maker's input to find new
efficient soluticns within the individual subsets. More'constraints
can then be added and the decision-maker returns to step one. This
technique only considers subsets of efficient solutions.

Benayoun, Montgolfier, Tergny, and Laritchev [6] have developed an

approach similar to POP called STEM. STEM is useful if the declsion-

maker is unable to give enough information about the relative importance

of the obJective function to specify an ordering. It is an iterative
exploration procedure which strives to reach a compromise. There are
basically three stages in its development the first being the construction
of a pay-off table using the optimum solution with respect to each ob-
jective. Then a calculation stage seeks feasible solutions from the
pay-off table data. Finally, in a decision stage the solution from the
calculation stage is examined and new information is developed in terms

of various trade-offs and relaxations of certain objectives until a

compromise solution is obtained.
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2.3 GOAL PROGRAMMING

"In his eagerness to use some quantitative methods, the decision-
maker often ignores the limitations of these techniques. He con- , ?
veniently derives an arbitrary estimate of intangible outcomes in terms
of costs or profits and solves the problem," [57, p. 173]. This
statement in many instances is indicative of linear programming. The
primary difficulty with using general linear programming is that it
requires cost and/or profit information which is often very hard to
obtain. Goal programming is a modification and extension of linear
programming. The goal programming approach allows the simultaneous
solution of a system of complex objectives rather than concentrating
on a single cost or profit objective. The user may also specify non-
homogeneous units of measure in the goal programming objective function.

Goal programming, as an approach itself, was developed by Charnes
and Cooper and named as such iﬁﬁtheir test-;; linear programming in
1961 [58, p. 16]. When using goal programming, the objective function
tends to cause the deviational variable to "drive'" the values of the
choice vafiables as opposed to a regular linear programming approach
where the choice variables '"drive" the slack wvariables [58, p. 22].

Ijiri's study of goal programming techniques presented a definition
of "preemptive priority factors' to treat multiple goals accg;ding to
their importance and to weight the goals within the same priority level
[58]. These é?eemptive factors and differential weights take the place

of the objective function coefficients, Cj's, as used in linear

programming. The preemptive priority factors are multi-dimensional,
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béing ordinal rather than cardinal values, which means these priority
fagtors at different levels are not commensurable. Therefore,  the
simplex criterion can not be expressed as a single row. Rather, a

m X n matrix must be employed where m refers to the number of priority
levels and n refers to the number of variables, both choice and
deviational [58, p. 48].

The most important advantage of goal programming is its great
flexibility, which allows model simulation with numerous variations of
constraints and goal priorities. The biggest disadvantage is that the
goal programming model simply provides the best solution under a given
get of constraints and priority structure; therefore, the decision-
maker must be careful to assure that the priority structure is in ac-
cordance with the organizational objectives.

Because goal programming is an extension of linear programming
ther;-are a ﬁﬁmg;£—of limitations imposed on the use of the technique.
Four key limitations are concerned with the principles of proportionality,
additivity, divisibility, and determinism [58, p. 32]. Proportionality
requires that the measure of goal attainment and resource utilization
be proportional to the level of each activity conducted individually.
Additivity ensures“iinearity by requiring the activities to be ad-
ditive in the objective function and constraints. Divisibility relaxes
the integer requirements for decision variables while determinism places
the burden of assuming constant and known-for-certain coefficients and
goal levels on the goal programming approach. Charnes and Cooper [17]
engage in a general discussion of goal programming explaining the
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progression from the use of absolute priorities through the development
of both relative and preemptive weights. The absolute value format is

as follows [17, p. 8]:

n
Min Z Z i3 X; =8 (3)
xeX 1iel j=1
where:
a,; represents the constraint matrix coefficients for
J row i column je
x. represents the decision variable associated with
J column j in the constraint matrix.
g; Trepresents the goal level one wishes to attain for
the ith goal.
The absolute value format can then be quickly converted to a format
using deviational variables which more closely resembles a linear
programming formulation.
Min ) (d’i' +d)) 4)
iel
Subject to:
n . _
g::l aij Xj - di + di =: gi (5)

di’ di > 0 for icl,

where:

g; represents the specified level of the goal.

d. represents the positive (average) deviation from the
specified level.

d. represents the negative (shortage) deviation from the
specified level.
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In Equation (4) the discrepancy relative to the ith goal is being
minimized and then the total deviation is arrived at by summing the
individual discrepancies. The next logical progression is the desire

to weight these dlscrepancies within each goal dlfferently. For in-

stance, 1f the goal is to respond to eighty—flve percent of all pollce

calls—for-serv1ce 1mmed1ately, then it may be more 1mportant to minimize

the negative deviation where we would be responding to less than
eighty-five percent than to minimize the positive deviation where we
would respond to better than eighty-five percent. Charnes and Cooper
[17, p. 10] show this formulation as the following:

Min ] (w; di +w d]) (6)
iel

Subject to:
7)

d;, d > 0 for iel

where:

+ - . .
W, and W, Tepresent the relative weights for the respective
positive and negative deviations.

The final step is to allow for the use of preemptive weights, Mj,

which are defined by the decision-maker to produce the de31red preemptlve

properties. These constants, Mi’ set up a priority structure such that

the group of goals contained in the highest priority category are
satisfied first and there is no substitutions across categories. This

property is represented by [17, p. 11]:
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to mean that no real number y, however large, can produce

M, .s E.Mi' | - _ . (9)

. The model is mathematically represented as follows [17, p. 11]:

n - -
win w33 of 0 & ® +w] ® 4 ®

iel T k=1 (10)
Subject to:
o +
§=1 235 (K) x5 - d; (K) +df (K) =g; (K (11)

d; (K), d] (K) > 0 for iel
where:

+ -
we (X), Wy (K) represent the relative weights associated with
each of the K goals within each preemptive category.

Equation (10) is the final model incorporating the possible use of hoth
relative and preemptive weights.

‘ Dyer [31] discusses recent developments in multi-attribute utility
thebry and approximation theory in mathematical programming which have
implications for applications of goal programming to problems involving
multiple objectives. It is his contention that the current attention
focused on goal programming is not warranted and that it should be
viewed as a useful and special case of several more general concepts.
The discussion is limited in that only problems with muitiples com-
pensatory objectives are considered for the goal programming methodology.
Non~-compensatory models involve the use of non-Archimedian, or

"preemptive priority," weights.
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Dyer shows, through the use of a simple example, how a goal
programming formulation is actually equivalent to an additive separable
nonlinear objective function. Since the choice of the goals and goal
intervals reflect the decision-maker's preferences, the goal programming
formulations of multiattribute mathematical programming problems
implicitly assune the existence of an additive separable utility function.
This conclusion poses two questions regarding the use of goal programming
formulations [31, p. 7]:

(1) Is the implicit assumption of the existence of an additive

separable utility function valic¢ in a particular application?
(a) Are the conditions for its existence satisfied?
(b) If these conditions are not satisfied, how mﬁch error is
1ikely to occur if we use the additive separable form
as an approximation?
(2) How should the piecewise linear approximations to the non-
linear conditional utility function; be selected in order
to minimize errors?

In addressing the first set of questions, Dyer reminds us that
goal programming applications generally allow the decision-maker to
select each goal independent of any consideration of the values for
other criteria. This, in turn, implies the existence of a cardinal
additive utility function under certainty [3l, p. 8]. The key con-
dition then that must be satisfied is called "difference independence."
"Difference independence" can be summarized by the following: The

preference differences between two pairs of alternatives that differ
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in only one component should not depend on the fixed values of the
other components [31, p. 8].

Dyer goes on to conclude that the additive separable form is a

robust approximation that will give satisfactory results in many ap-

plications; however, one should be very careful in his choice of
criteria in order to avoid violating the difference independence con-
dition.

Given that one has chosen his criteria so that the additive separable
form serves as a reasonable approximation, Dyer proceeds to provide
some guidelines for approximating the conditional utility functions.
The two cases presented consider monotonic functions exhibiting de-

creasing marginal utility and nonmonotonic functions also exhibiting

decreasing marginal utility. The optimal approximation occurs when

the maximum fundersyqppgf of each linear component from the utility
functions are equal. In summary, Dyer concludes that a goal programming
formulation of a multiple objective mathematical programming problem

is equivalent to the use of a piecewise linear approximation to an
additive separable utility function [31, p. 19].

2.3.1 Applications

Goal programming formulations have been applied to a wide array of
problem situations. The area of application, which specifically
relates to the research presently being conducted im this text,
concerns the problems associated with manpower planning. . Price and
Piskor [65] have applied goal programming to manpower planning preblems

found in the military personnel system for ocfficers in the Canadian
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Forces. The formulation is part of a control system for fixing
promotion quotas and strengths for the various rank levels in occupa-
tional classifications of the military for a three year planning
horizon,

Goal levels are specified in terms of the number of personnel who
can be supported for promotion for each classification. In this
research a computer program was developed called UPDATE which was designed
to be used in conjunction with I.B.M.'s MPSX program. The model then
uses a series of cascaded one-period models for the preparation of a
multi-period forecast which specifies the number of persomnel to be
promoted. The process must be repeated for each period in the planning
horizon.

Price and Piskor identify three sources of improvement gained by
using a goal programming formulation as opposed to a regular linear
programming model [65, p. 230]:

(1) All policies which are considered in the decision making
process must be formalized and clearly stated.

(2) The rapid response time of the automated model permits
the evaluation of a larger number of policies.

(3) All the information available to the decision-maker is
actually used in the calculation of the solution.

Krajewski and Henderson [54] present a goal interval programming
model to address the problem of aggregate maripower planning of postal
clerks in a Sectional Center post office. This problem entails
selecting optimal employee complements, where an employee complement
is the number of employees of a particular type employed for sorting

mail, over a horizon of one year. The model is used to analyze fixed

versus variable complement size policies [54, p. 254].
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The goal constraint set specified by Krajewski and Henderson contained
two goals, [54, p. 256]:

(1) Do not exceed a certain annual budget commitment,

(2) Do not fall below certain stated service levels.

The service level was expressed in terms of average working-in-process
inventory levels. By analyzing the trade-offs in service and employee
complement sizes at various mail volume levels, it was found that a
nonlinear relationship existed which necessitated the use of goal interval
programming.

Krajewski and Henderson concluded, 'that interval goal programming
models are capable of providing relevant information for policy
formulation and therefore should be considered as an important manage-
ment tool in the Public Sector,”" [54, p. 259]. Specific information
gained in employing this approach include:

(a) By solving a series of programs in which the goal level

for the budget constraint is increased, the cost/service

relationship can be developed.

(b) The model can be used to evaluate the eifect of various
management policies on both the cost and service goals.

(c) By solving the model for a series of upper limits, in- =
formation relative to the '"most appropriate" limit manage-
ment should impose would be provided [54, p. 258-259].
Dyer [29] provides an extension to goal programming in the form
of an algorithm which requires interaction with the relevant'decision—
maker. In this research, he is attempting to bridge the gap between
goal programming and other proposed interactive strategies used for

the optimization of the multiple criteria problem. Although the

procedure requires interaction with the decision-maker to obtain
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information regarding his utility functions, it does not require the
explicit representation of those functioms.

The procedure is a six step algorithm that leads to the formulation
of a one-sided goal program with multiple criteria which is equivalent
to the piece-wise linear approximation of an additive separable

utility function which was discussed earlier in this text.

2.4 Concluding Remarks

Chapter II has summarizéd tﬂevresearch efforts, in four major areas,
that are related to and affect the research described in this document.
Other golution methodologies which have been used to address the police
patrol allocation problem were reviewed. By studying these past at-
tempts to solve the patrol allocation problem, the strengths and
weaknesses of each methodology were identified. This information is
then to be used to develop an integrative solution methcdology.
Literature concerning multiple objective criteria was reviewed because
it accurately depicts the environment in which the patrol allocation
decision must be made. The basic principles of utility theory were
summarized due to their importance in weighting the multiple objective
criteria. And finally, literature pertaining to the goal programming
approach of solving multiple criteria problems was reviewed, which
established it's appropriateness for use in the solution of the patrol
dallocation problem.

Chapter II has provided a foundation from which to build a solution
methodology for the police patrol allocation problem. The remainder of
this document, beginning with Chapter I1III, presents the development
and results of such a methodology.

47




0

CHAPTER III
STATISTICAL ANALYSIS

This research is structured into three distincﬁ stages. The first
stage, described here in Chapter III, is a statistical analysis of geo~
graphic and demographic factors thought to influence the demand placed
on the patrol function. By studying the interrelationships present
between th;se factors and the resulting level of demand exhibited by a
particular area, an equation can be modelled which will enable one to
predict the level of demand expected to occur as a result of a particular
set of factors.

The importance of this statistical analysis is centéred in the
predictive capabilities which are acquired with respect to the call-for-
service workload of a particular area., The statistical analysis allows
for the estimation of workload levels. Since the utilization ratio is
the call~for-service workload over the total amount of time a patrol
vehicle spends on-duty, the ability to estimate workload translates into
the ability to estimate utilization ratios for any set of geographic
and demographic factors, given the total amount of patrol vehicle hours
spent on—~duty. In this research, the ability to estimate utilization
ratics leads directly to the modeling of relationships which exist between
utilization levels and other measures of performancé and the establishment
of target goals for these measures.

In cases where redistricting is not an issue the statistical analysis
step may not be necessary. In such cases historical demand of the
existing districts may be used to estimate utilization ratios. fhe
statistical analyses is important, however, when the redesign of precincts
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is being considered, since historical workload levels will, most likely,
not be available with respect to the new district boundaries. The
statistical analysis is also an important- step in that it could be used
to project workload levels for the future to aid in planning for various
factor changes such as population increases.

A specific objective of this research is the establishment of the
utilization ratio as a key decision variable to be used in the patrol
allocation problem. The statistical analysis helps achieve this objective
because of the direct relationship existing between workload and
utilization. Due to this relationship, the statistical analysis should
provide insights as to the causes of utilization variation between patrol
districts and, in turn, help establish appropriate staff sizes for each
distriet. Furthermore, a knowledge of the causes of utilization
variation will enable the patrol planner to design equitable patrol
districts. Therefore, the patrol planner is aided at the first and third
levels of the patrol allocation problem, as structured in Figure 1,
Chapter I.

3.1 Data Collection

Working closely with the research and planning division of the
Columbug Police Department in Columbus, Ohio, sixteen geographic and
demographic factors thought to influence the call-for-service workload
were identified. The following is a list of all sixteen factors:

(1) the total population of the area

(2) the percentage of growth of the population which
occurred hetween census

(3) the population density
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(4) the acreage of the area involved

(5) the percentage of the population that were black
(6) the total number of houses

(7) the héusiné density |

(8) ﬁhe‘ﬁ;mbégvgf ;;cAﬁﬁ hbuées

(9) the number of owner occupied houses

(10) the median rent payment

(11) the median value per house

(12) the number of substandard houses as judged by
the city housing codes

(13) the number of part one offenses committed within
- the area

(14) the total number of offenses committed within the area

(15) the number of persons charged with part one offenses

(16) the total number of persons charged with any offenses

For the most part these sixteen factors are self explanatory except
for the term 'part one offenses.' The Columbus Police Department
identifies 'part one offenses' as major crimes which would include such
things as murder, robbery, assault, and rape.

Data were collected which reflect the level of each of the sixteen
factors with respect to the two-hundred and twelve census tracts that
comprise Columbus, Ohio. Also corresponding to each census tract, the
call-for-service workload was derived. This was achieved by processing
call rate and service time data for the City of Columbqs as a whole with
the Patrol Data Analysis Program, which was developed by Dr. L.D. Vitt of
The Ohio State University. The Patrol Data Analysis Program is an
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information processing computer program which transforms aggregated
call-for-service workload into smaller spacial and temporal units.

The use of census tracts is a convenient unit for collecting data
concerning the geographic and demographic factors listed-previously.

The census tract is a stable unit of reference and acts as a building
block in identifying larger geographic areas. However, it is not a
good geographic uﬁit upon which to perform a statistical analysis for
this research. This research revolves around the use of the utilization
ratio as a key measure of service performance. If the statistical
analysis was performed using census tracts, the utilization ratio of
each tract would be very difficult to estimate. This is because the
denominator, reflecting the to.al amount of time a patrol vehicle 1s on
duty within each census tract, would be difficult to measure. The dif-
ficulty arises because each patrol vehicle patrols an area composed of
a number of census tracts and the amount of time spent in each census
tract can vary considerably depending on demand and service time
variability.

Therefore, the statistical analysis should be conducted with respect
to a geographic unit that will facilitate the estimation of utilization
ratios. The logical choice then becomes the use of cruiser'districts.
for this reason ﬁhévdéﬁa‘colleéted concerning factor levels for each of
the two-hundred and twelve census tracts was aggregated into sixty-three
cruiser districts for purposes of statistical analysis. The use of
cruiser districts provides a constant value for the denominator of the

utilization ratio; eight vehicle hours per watch or twenty-four vehicle
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hours per day. Therefore, by estimating call-for-service workload the
utilization ratio is aiso being estimated.

It should be understood that, although the objective of the statis-
tical analysis is the development of a predicting equation for the call-~
for-service workload for a particular district, it is also important to
study the factors themselves to gain some insight into existing
relationships and interactions thch ay aid in the decision process.

If all that was needed was the equation itself, a stepwise regression
procedure alone could have provided it. The use of a factor analysis,
however, helps provide these insights.

3.2 Factor Analysis

Upon completion of the data collection task, the statistical analy-
sis progresses toward the development of a workload predicting equation
based on the previously identified factors. However, the very nature of
these factors suggests the presence of strong relationships between the
factors themselves. For this reason a correlation analysis was performed
on the sixteen factors with the resulting matrix of correlation coeffi-
cients being displayed in Table 1. This matrix substantiates the fact
that certain factors are highly intercorrelated. For instance, the
population factor is highly correlated with the number of total houses,
exhibiting a correlation coefficient of .96603. The population density
and housing density are correlated at the rate of .80625, median rent
and median value register a .85026 correlation coefficient, and the
number of part one offenses are correlated with the number of total

offenses at a .99487 level.
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TABLE 1

CORRELATION COEFFICIENT MATRIX FOR GEOGRAPHIC AND DEMOGRAPHIC FACTORS

Population Percentage Total Housing Vacant
Population  Growth Density Acreage Black Housing Density Housing
- Population 1.0000 <245 L0131 .2359 ~.2504 .9660 ~,0192 -.0317
Growth .2456 1.0000 -.4993 .7215 = 3144 .1351 -.5044 -.3083
Population .
tﬂ Density .0131 -.4993 1.0000 -.3997 .1578 0771 ,8063 .2578
Acreage .2359 .7215 -.3997 1.0000 -.4020 .1395 ~-.5926 ~.3921
Percentage
Black ~.2504 ~.3144 .1578 ~-.4020 1.0000 -.2608 .2236 4679
Total .
Housing .9660 .1351 0771 .1395 -.2608 1.0000 .0955 ~.2201
Housing
Density -.0192 ~.5044 .8063 -.5926 .2236 .0955 1.0000 L4269
Vacant

Housing -.3017 -.3083 .2478 -.3921 L4679 -.2201 L4269 1.0000
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TABLE 1, (continued)

Population Growth Population Acreage Percentage Tatal Housing Vacant

Owner Occupied Density Black Housiing Density Housing
Housing .2278 .4965 -.4723 .6106 ~.2648 .1076 -.6299 -.7036
Substandard )
Housing -.2525 -.4948 .3969 -.5010 .3105 -.2507 .3997 . 3852
Median

E: Value .1549 .5962 ~.4357 .6484 -.4108 L1117 ~.4784 ~-.3478
Median K
Rent .2655 .5996 -.3529 5416 -.4499 .2056 ~.4113 -.3199
Part One
Offenses L7415 L1401 L1785 .0318 -.1007 . 7256 .1991 .0604
Total
Offenses L7769 L1475 .1739 .0485 ~.1273 . 7548 L1772 .0232
Persons Charged .-
Part One 2 . 3999 L0474 .0972 -.0412 -.0076 .3804 .1086 .1736
Total Persons
Charged .1031 -.2393 ,2493 -, 3100 .0989 .1304 .3164 «3710

'
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TABLE 1, (continued)

Persons

Owner Charged Total

Occupled Substandard Median Median Part One Total Part One  Persons

Housing Housing Value Rent Offenses Offenses  Offenses  Charged
Population .2278 -.2525 .1549 .2655 .7415 .7760 .3999 .1031
Growth 4965 -.4948 .5962 :5996 .1401 L1475 L0474 -.2393
Population ’
Density -.4723 .3969 ~.4357 -.3529 .1795 .1739 .0972 : 2493
Acreage .6106 -.5010 L6484 L5416 .0318 . 0485 ~.0412 -.3100
Percentage
Black -.2698 .3105 -.4108 ~-.4499 -.1007 ~.1273 -~.0076 .0989
Total
Housing .1076 -,2507 L1117 . 2056 .7256 . 7548 L3804 .1304
Housing : .
Density -.6299 .3997 -.4784 -.4113 21991 1772 .1086 .3164
Vacant
lousing -.7036 .3852 -.3478 -.3199 . 0604 .0232 L1736 .3710

Owner Occupiad
Housing 1,0000 -,6080 .5883 .5552 -.2212 0.1886 -.2680 -.5806
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TABLE 1, (continued)

Persons
Owner Charged Total
Occupied Substandard Median Median Part One Total Part Opne  Persons
Housing Housing Value Rent Offenses Offenses Offenses Charged
Substandard .
Housing ~-.6080 1.0000 -.6265 -.06499 L0314 .0333 .0111 4583
Median
ég Value .5883 ~.6265 1.0000 .8503 ~.1508 -.1457 -.1618 =.4072
Median
Rent .5552 -.6499 .8503 . 1.0000 .0020 .0031 -.0738 ~.4560
Part One
Offenses -.2212 .0314 -.1508 .0020 1.0000 . 9949 .7056 .5251
Total
Offenses ~.1886 .0333 ~ 1457 .0031 .9949 1.0000 .6866 .5107
Persons Charged
Part One -.2680 .0111 -.1618 -.0738 .7056 .6866 1.0000 +6559

Total Persons
Charged ~.5806 L4583 -.4072 -.4560 L5251 . 5107 .6559 1.00006
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The high degree of correlation indicated by the geographic and
demographilic factors lead to the problem of multicollinearity in estimat-
ing a multiple regression equation to predict call-~for-service workload.
When extreme multicollinearity exist, the initial set of independent
factors can not be used to perform a regression analysis for the follow-
ing reasomns:

(1) Extreme collinearity may make it impossible
to invert the correlation matrix of inde-
pendent variables.

(2) The regression coefficients that are derived
will be statistically different from sample

to sample.

(3) The reliability of the interpretation of the
independent variables is in question.

To overcome the problems imposed by multicollinearity two sé6lutions
are suggested:

(1) The creation of a new set of independent
variables with each new variable being a
composite scale of a set of highly inter-
correlated variables.

(2) Using only one variable out of a set of
highly correlated variables to_represent
that one particular dimension.

INie, Norman H., SPSS: Statistical Package For the Social Sciences,
Second Edition, McGraw-Hill Book Company, New York, New York, 1975,
p. 341
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The approach taken in this research concerns solution alternative number
one which refers to a factor analysis technique. The second altzrnative
was not chosen because at this point the actual relationships existing
between variables was not known and the researcher did not want to dis-

card any relevant data.

Factor analysis is most widely noted for its data=reduction capabili-

ties, Given a set of variables and the corresponding correlation coef-
ficient matrix, factor analysis attempts to identify underlying patterns
in the relationships between the variables. This enables the data to be
consolidated and reduced so that a smaller set of factors emerges that
represent the observed interrelations. These resulting factors are in-
dependent of each other and therefore may serve as input into a regres-
sion analysis without incurring the problems assogiated with multi-
collinearity.

Factor analysis is a generic term which encompasses a number of
factor-analytic techniques. The wvarious classifications of techniques
usually are ,associated with the three primary steps involved in a factor
analysis and the alternatives available at each step. The three steps
include:

(1) The preparation of the correlation matrix.

(2) An extraction of the initial factors which
is the data reduction step.
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(3) And, the achievement of simple and
theoretically meaningful factor
patterns.

For this research the SPSS Factor Analysis Program [ 64, p.468] was
employed due to its general acceptance and wide spread use on various
types of computing equipment. The SPSS Factor Analysis Program [64]
provides the user with two major options at each of the three primary
steps in the factor analysis. In preparing the correlation matrix in
the first step the user has the choice of employing a R~-factor analysis
or a Q-factor analysis. The Q-factor analysis is based on associations
between individuals or objects. TFor instance, the association between
two objects may be the correlation batween cruiser districts themselves.
The R~-factor analysis refers to correlations between variables, for
example, the characteristics of the cruiser districts. Therefore, the
R-factor analysis option was chosen for this research.

The second step of the factor analysis, extraction of initial
factors, is afforded the option of utilizing either defined or inferred
factors. The use of defined factors is called principle-component

2

analysis& This is a relatively straightforward approach in which a

new set of independent (orthogonal) factors is formed by creating

B . . llll T N N EE O W N D e .

2Nie, Norman H., SPSS:  Statistical Package For The Social Sciences,
Second Edition, McGraw-Hill Book Company, New York, New York, 1975,
p. 470
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linear combinations of the original faétors in such a way as to account
for as much of the variance present in the data as a whole as possible,
In order to maintfin independence between each newly formed factor, each
successive lineark;ombination of original factors accounts for variation
in the reﬁidual variance only.

Classical~-factor analysis refers to the use of inferred factors.
This approach is based on the helief that the correlations present are
mainly due to some underlying regularity in the data. Here it is
assumed each variable can be broken into a common part and a unique part.
It is the common part of the variable that contributes to the relation-
ships present between other variables. Therefore, the factor analysis
tries to identify. the common elements which account for all the observed
relations and transform these common elements into a set of new factors.,
By using the inferred factor analysis approach one is betting that the
common variance will not cnly account for all the observed relations in
the dat;.but will also lead to a smaller number of variables. The in-
ferred factor approach was used in this research which replaces the main
diagonal of the correlation matrix with communality estimates before
factoring begins. a

Finally, the third step of the factor analysis procedure has the
option of employing either orthogonal or oblique rotation procedures.
The oﬁﬁhogoﬁai rotation précedures were used because of the

requirement of having independent factors as input to a regression

analysis.



3.2.1 Procedural Description

The factoring procedure began by using the principal factoring with
iterations (PA2)~method30f factoring with an minimum eigenvalue set
equal to one. The eigenvalue is a measure of the variange accounted for
between variables in the data by a particular factor. Since all the
variables were standardized, each had a variance of one and the total
variance was equal to sixteen. This preliminary factoring run settled
on four factors each having eigenvalues greater than or equal to onme.
The amount of variance accounted for by these four factors was 78.3% of
the total variance. The extracted factors were then rotated orthogonally
using three different rotation procedures. The varimax rotation centers
on simplifying the columns of the factor matrix, quartimax the rows, and
equimax combines the previous two methods together. The purpose of
rotating the factors is to improve the interpretability of the set of
factors.

In this research the varimax rotation procedure proved to exhibit
the best results. It defines a simple factor as having only zeros or
ones in the column, meaning it attempts to maximize the variance of
squared loadings in each column. Results of the preliminary factoring

run with each rotation procedure can be examined in Appendix A.

3Nie, Norman H., SPSS: Statistical Package For the Social Sciences,

Second Edition, McGraw-Hill Book Company, New York, New York, 1975,
p. 480
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With the four factor results established as a point of reference,
additional factoring runs were performed.which specified the extraction
of three, five, and six factors. Each of these follow-up runs were
performed using the PA2 method of factoring, as previously described,
and encompassed all three orthogonal rotation procedures. The aim was
to determine the best set of factors in terms of both the amount of
variance accounted for by the factors and their interpretability.

The factoring run in which five factors were extracted exhibited
the best results with respect to the percent of variation accounted for
and the interpretability of the loadings. The factors accounted for
83.7% of the variability. The varimax rotation procedure resulted in
a logical load pattern which was easily interpreted into the following
factors: population, density, affluence, arrest, and vacancy. The
factor names were derived in an attempt to describe the types of
variables which loaded on each particular factor. The results of the
five factor analysis are displayed in Appendix A.

In an attempt to clean up the data and strengthen the loadings of
the five factor results so that the variability accounted for by the
factors could be increased, Pearson Correlation Coefficients were
calculated to measure the association between call-for-service workload
of each cruiser district and the sixteen geographic and demographic
variables. As seen in Table 2, the percentage black coefficient of
.0544 and the growth coefficient of -.1337 exhibited low sipnificance
levels of association of .336 and .148 respectively. Thes¢ results led
to the conclusion that perhaps the percentage black and growth v;riables

were predominately unique variables in that they did not contribute much
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TABLE 2

Pearson Correlation Coefficients: Workload Versus Variables

Population Percentage Total Housing Vacant
Population Growth Density Acreage Black Housing Density Housing

Workload (coefficient) .5991 ~.1337- 2754 -,1744 . 0544 .5904 2542 .1764
e
T (cases) 63 63 63 63 63 63 63 63
(significance) .001 .148 .014 .086 .336 .001 .022 .083
o
Persons
Owner Charged . Total

Occupied Substandard Median - Median Part One Total Part One Persons

» Housing Housing Value Rent Offenses Offenses Offenses Charged
Workload (coefficient) -.4168 3475 -.3621 -.2639 .8475 . 8559 .6188 .6787
(cases) 63 63 63 63 63 . 863 63 63

(significance) .Q01 .003 .002 .018 .001 .001 .001 .001



to tﬂe overall variability present between the variables. Therefore,
the factor analysis was performed again deleting the percentage black
and growth variables from consideration. The results, shown in Appendix
A, led to 87.1% of the variability being explained by five factors which
also exhibited logical and easily interpretable loadings.

3.3 Regression Analysis

The purpose of the factor analysis was to reduce the sixteen inter-
correlated demographic and geographic variables thought to influence
workload into a smaller number of independent factors which could be
used as input for a regression analysis. The regression analysis, in
turn, leads to the development of a predicting equation for workload
levels and thus utilization ratios for any set of geographic and demo-
graphic variable levels. Regression analysis is a general statistical
technique whereby the relationships between a dependent variable, in
this case workload, and a set df independent or prediction variables,
the set of five extracted factors from the factor analysis, can be
analyzed. Specifically, factor scores are used as input for the
independent set of factors. A factor score is derived by multiplying
the factor-score coefficient matrix times the standardized value of the
original geographic and demographic variables. In this manner a set of
factor scores are calculated for each cruiser district. The factor
score coefficient matrix is a matrix of regression wedights that specify
the relationship between the factors and the original geographic and

demographic variables.
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The SPSS Multiple Regression Analysis:; Subprogram Regression 'w
[64, p.321] was employed in this research to perform the regression
analysis. A preliminary analysis was performed which entailed a regres-
sion analysis of the dependent variable, workload, with each of the five
extracted independent factors individually. The results and accompany-
ing scattergrams indicated that nonlinearities were not present. The
results can be examined in Appendix B. They indicate population as hav-
ing the most significant relationship to workload followed closely by the
arrest factor. Affluence displayed a high degree of significance with
vacancy being marginally significant and density exhibiting an dinsignifi-
cant relationship.
Satisfied with the assumptions of independent factors and the lack
of nonlinearities, a forward inclusion regression analysis was performed
between the call-for-service workload levels of the sixty-three céuiser
distriets and the corresponding factor scores of the five independent

extracted factors. A forward inclusion methodology permits independent

factors to enter the regression equation only if they meet certain

statistical criteria. The order ofinclusion is determined by each

factors relative contribution to the explained variance in the workload.
Three statistical griteria are used as a basis for judging the
appropriateness of eécﬁ factor for inclusion into the regression equatiomn.
The first criteria limits the number of independent variables allowed to
enter into the regression equation. The standard default level is eighty
and, therefore, has no bearing on this research. The second criteria is
an F-ratio test for significance of the regression coefficient. For this

criteria, the F-ratio is computed for each factor which has not already
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entered the regression equation. Only those independent variables whose
F-ratio conforms to a specified significance level are permitted to enter

the equation. The default level, which is used in this research, is a

significance level of .0l. The final parameter refers to the tolerance
of an independernt factor. The tolerance of a factor is defined as the ,
proportion of variance of that factor not explained by the other factors
already entered in the regression equation. On a tolerance index of O
to 1, where 0 is indicative of a perfect linear combination with respect
to the other factors in the equation and 1 indicates no correlation
whatsoever, the default level is equal to .00l. Given these default
levels for each of the inclusion criteria, the stepwise regression
analysis entered the factors in the following order:
(1) Population
(2) Arrest
(3) Affluence
(4) Vacancy | ;
(5) Density. |
The results of the regression analysis are displayed in Table 3.
A residual analysis was performed to substantiate the assumptions
of homogernity of the variances and normality of the standard error. A
chi-square goodness-of-fit test shows a 987% probability that the
probability distribution observed for the standard residual is a normal
distribution. A Spearman rank correlation test for the consistency of
variance does not reject the null hypothesis of no association at a
probability level of .4238. This implies that the residuals are homo-

geneous; the level the residual displays is not associated with the
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value of the predicted workload. The calculations and results of each

of these tests can be examined in Appendix B.

TABLE 3

Regression Analysis Results for Determining
Call~-for-Service Workloads

Factor R R2 ' R2 Change .. B
Population .63084 .39796 .39796 - 1.779654
Arrest .85211 .72609 .32813 1.731860
Affluence .90397 .81716 .09107 -.894288
Vacancy .91790 .84255 .02539 .484436
Density .91922 . 84497 .00242 .147832
Constant 5.348573

3.4 Concluding Remarks

The first stage of this research has been concerned with the
identification of geographic and demographic factors which influence
call-for-service workload levels within cruiser districts and the model-
ling of the existing relationships in the form of a regression equation.
The ability to predict workload levels, which in turn leads to the
derivation of utilization ratios, is important in designing patrol

districts, in setting staff sizes for precincts, and in scheduling

vehicles and manpower across tours. Since the focus of this research

is on the development of vehicle tour schedules, stage two of this
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research, explained in Chapter IV, demonstrates the significance that
being able to estimate workload levels has upon the development of these

schedules.
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CHAPTER I&
STRUCTURING OF PERFORMANCE MEASURES

The statistical analysis described in Chapter III resulted in the
specification of the relationships between a set of geographic and demo- -
graphic factors present in a particular area and the workload. The
forecasting of workload in this manner is particularly useful when new
districts are being established or existing districts are be re-
structured. In situations such as this, historical demarnds of previous-
ly defined districts are inappropriate for use in forecasting demands
for newly defined districts.

Although the statistical analysis, stage oné of this research,
provided a means of reducing the variability in the patrol planner's
decisions concerning the structuring of cruiser districts by allowing
him to compare the utilization ratios between districts, the structuring
of cruiser districts is not the major issue in this research.  The major
concé}n is the scheduling of vehicles and manpower among the cruiser
districts. The utilization ratio, whether estimated for a set of
characteristic factors or from past demand, is a key measure of per-
formance used in determining those schedules. However, it is not the
only measure of performance. As utilization ratios change within cruiser
districts the levels of other performance measures are in turn affected.
It is the purpose of stage two of this research to identify other ap-
propriate performance measures to be used in the scheduling decision and
to structure the relationship between them and the utilization ratio.
Therefore, stage one and stage two of this research are linked together

in that the statistical analysis provides the oppeortunity to predict
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workload and thus estimate utilization ratios while stage two provides a
means of determining the expected levels of performance associated with
those utilization ratios.

4.1 Patrol Car Allocation Model

In order to identify relevant performance measures and structure
their relationship to the utilization ratio, a simulation technique was
employed. The simulation vehicle used was the Patrol Car Allocation
Model (PCAM) which was developed by Chaiken and Dormont [15]. PCAM.is
a queuing based simulation model. Because of this, certain technical
assumptions must be made in order to estimate the fraction of calls-
for-service that have to be placed in a queue to await an available
patrol vehicle and the average length of time a call—for-service in each
priority level has to wait in the queue. The assumptions are as follows
[15, p. 29]:

(1) 1Incidents occur according to a poisson
process.

(2) A1l incidents have the same exponential
distribution of service time.

(3) The system is in steady state.

PCAM has the capability of being operated in either the prescrip-
tive or the descriptive mode. Since the aim of this stage of the re-
search is to structuré relationships between the utilization ratio and
other performance measureé, the descriptive mode is the appropriate
choice for this research. While operated in the descriptive mode, PCAM
provides facilities for displaying both the data items which are input
and the performance measure outputs derived from these inputs. Infor-

mation provided to the user include the following [15, p. 71]:
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(1) The number of patrol vehicles assigned to
- each geographical command at each time of
day. )

(2) Information concerning the call-for-
service workload of the patrol cars.

(3) Information about the amount of preventive
patrol in which the patrol vehicles are
engaged.

(4)  The average length of time from the
dispatch of a patrol vehicle to the
arrival of the vehicle at the scene
of the incident.

(5) The percentage of calls-for-service
that have to wait in queue until a
patrol vehicle is available to be
dispatched to the incident.

(6) The average length of time (minutes)
that calls-for-service of various
priority levels have to wait in the
queue.

(7) The average total response time.

In order to implement PCAM into this research three categories of
input data are required and can be classified under the general headings
of geographical control data, time of day data in terms of call-for-
service rates and service times for each of the twenty~four hours in a
day, and patrol car operational data. The necessary data concerning
each category was acquired from the Columbus Police Department, Columbus,

Ohic and is described in the next section.

4.2 Input Data For PCAM

The data required for the operation of the PCAM simulation origi-
nates solely from the Division of Police, Columbus, Ohio. It is a result
of extensive personal interviews with the Planning and Research Division,

the Annual Report, Division of Police, Columbus, Ohio 1975 and 1976
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Statistical Summaries, and actual call-for-service workload data collect-
ed by the Division of Police and processed by the Patrol Data Analysis
Program which was developed by Dr. L. D. Vitt and described in Chapter

I1T.

4.2.1 Geographical Control Data

The Coiumbus, Ohio Division of Police is structured into three
decision-making levels; the division, the precinct, and the watch. At
the time of this research there was one division, fifteen precincts, and
three watches. Each watch is a consecutive eight hour tour with the
first watch beginning at 7:00 A.M. There were no overlay watches being
utilized at this time. An overlay watch is one that begins during ome
watch and is compieted during another watch.

For each precinct it is necessary to input the area in square
miles and the number of street miles contained within this area. Also,
for each precinct certain "unavailability parameters'" must be specified.
These unavailability parameters, labeled Bl and B2, are constraints which
are used to estimate the fraction of time that a patrol vehicle will
spend on non-call-for service activities and therefore, are unavailable
to respond to calls-for-service. This fraction of time is estimated by
the following equation [15, p. 27]:

(fraction of time on non-CFS work) =
Bl x (fraction of time on CFS work) + B2

To calculate the values of Bl and B2 data must be available that
reflect both the fraction of time a patrol vehicle spends on non-call-
for-service work and the fraction of time it spends on call-for-service

work during each eight hour watch. Non~call-for-service work includes
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such activities as roll call, meals, court time, activity sheet paper-
work, and the filiné of reports., 1If such data were available, the non-
call-for-service value for é particular watch, day, and precinct could

be graphed against the corresponding call-for-service value. Letting
non~-call-for~-service fractions represent the y-axis and call-for-~service
fractions the x-axis, a straight line could be drawn through the data,
the slope of which would equal the Bl parameter. The intercept of this
line would then be the B2 parameter. Unfortunately, the data necessary
to perform these estimates were not available for this research. There-
fore, a second option was used which sets Bl, the slope, equal to zero
and establishes B2 equal to the average fraction of time a patrol vehicle
spends on non-call-for-service work during each watch. A value of thirty
percent was estimated, by the Planning and Research Division, to be a re-
presentative value for B2 and was incorporated in this research across %
all watches, days, and precincts. The level which is specified{for the |
B2 parameter does influence the levels displayed by other measures of E
performance in the PCAM simulation results; however, the relationships §
which exist between these measures should not be affected. Since it is

the modeling of these relationships that is the primary concern at this 5
stage nf the research, the thirty percent estimate of the B2 parameter |
should not affect the simulation results pertinent at this time.

4,2,2 Time of Day Data

The time of day data is concerned with both call-for-service rates
and service times. TFor each category a daily per hour average must be
derived followed by a breakdown of the hourly percentage variation from

this overall daily per hour average for each of the twenty-four hours
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in every day. The ayerage call-for-seryice rates were calculated on a
daily basis for every precinct by dividing the total daily frequency
count of calls—for-service by twenty-four hours. The average service
time was calculated by dividing the average workload per liour for each
day and precinct by the average frequency of calls—~for-service per hour
and multiplying by sixty minutes per hour. Finally, the breakdown of
the hourly percentage variations exhibited by the call-for-service rate
and the service time were calculated by dividing the hourly averages by
the overall daily per hour average. For purposes of this research a
PCAM week begins on day Sun.-Mon. at 7:00 A.M. and each day runs from
7:00 A.M. to 7:00 A.M,

4,2.3 Patrol Car Operational Data

The last set of data necessary to operate PCAM must be input on a
per watch basis. This data set describes the activity takiné place dur-
ing each watch and the parameters under which patrol vehicles operate.
For each watch the average number of vehicles on duty, their average
response speed, and their average preventive patrol speed must be
specified. This data was obtained directly from the Planning and Research
Division and reflects the situation during the third quarter of 1975,

PCAM allows calls-for-service to be sectioned into three priority
levels. As part of the operational data, the fraction of priority one
and the fraction of priority two calls-for-service received must be
specified. This information was obtained from the Patrol Data Analysis

Program output.
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Finally, statistics concerning the number of suppressible crimes
which occurred need to be supplied. A suppressible crime is ome that
has the possibility of being detected, and thus suppressed, by a
patrolling vehicle. The total number of suppressible crimes on a per
watch per precinct basis was obtained from the Division of Police
Statistical Summary. The yearly totals were divided by 365 days to
arrive at a daily average which was, in turn, adjusted to reflect the
per watch percentage breakdown.

This concludes the input data necessary to operate PCAM. Table 4
displays the data for one day, Sun.~¥on., for precinct one. Due to
space limitations the entire input data for each day :in each precinct
is not displayed. With fifteen precincts and seven days of data re-
quired for each precinct, there would be 105 different daily data sets

displayed.

4.3 Operation of the Patrol Car Allocation Model

Operation and control of the Patrol Car Allocatioun Model (PCAM) is
achieved through the use of a set of user commands. The simulation can
be carried out in either a batch or interactive mode, This research
utilized both the batch and the intéractive mode interchangeably. The
user commands are used to initiate three types of actions. The first
type of user command imitiates a data selection and/or modification
action. Examples of this type of user command are the READ and the SET
command. The READ command causes PCAM to select a specific part of the
input data upon which to operate the simulation. For example, data con-~
cerning a specific precinct can be retrieved. If this is dome then all

other user commands will result in actions taken with respect to that one
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TABLE 4

PCAM Input Data for Sun.-Mon. Precinct One
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TABLE 4 (continued)

Precinct designation, refers to Precinct One.

Division .name, Columbus, Ohio only has one divisiomn.

Area in square miles.

Number of street miles.

Bl unavailability parameter, slope.

B2 unavailability parameter, intercept.

Average daily call-for-serwvice rate,

Average service time per call-for-service.

Overlay watch designation, zero indicates no overlay watches, one indicates presence of
overlay watch.

Percentage deviation in call-for-service rate on an hourly basis, 24 three digit values
beginning at 7:00 A.M.

Percentage deviation in service time on an hourly basis, 24 three digit values beginning
at 7:00 A.M. '

Number of cars assigned to the first watch.

Response speed for first watch vehicles.

Patrol speed for first watch vehicles.

Percentage of calls-for-service during first watch that are priority one.

Percentage of calls~for-service during first watch that are priority two.

This line indicates corresponding values of number 12 through 16 for the second watch.
This line indicates corresponding values of number 12 through 16 for the third watch.
The number of suppressible crimes during each watch beginning with the first watch and
reading across in three digit groups.



precinct only until another READ command is issued. The SET command
allows original input data to be modified such as changing the call-for-~
service rate to another wvalue,

A second set of user commands causes PCAM to operate in 'a descriptive
manner. The LIST command is an example of this and its use causes the
display of the input data. The DISP command refers to a display command
and initiates the display of various performance measures calculated by
PCAM from .the input data provided.

Finaily, there is a set of. user commands which allow PCAM to operate
in a prescriptive mode. This:set of commands ‘is composed of the MEET,
ALOC, and ADD-commands, Th?_MEET command causes PCAM to allocate suf-
ficient vehicle-hours to satisfy specified~comnstraints such as an |
average travel time of five minutes, The ALOC command, representing an
allocate command, causes PCAM to allocate a specified number of vehicle-
hours in a manner which optimizes a specific measure of performance.

O;e such measure of performance may be the average length of time calls-
for-service are delayed in queue. The ADD command is very similar to the‘
ALOC command except that the ADD command assigns vehicles to selected
watches in addition to those already assigned, in order to optimize a
specific measure of performance. A complete description of all available
PCAM commands and their uses can be found in the Patrol Car Allocation

Model: User's Manual written ®y Chaiken and Dormont [15, p. 41].
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4.3.1 Structure of PCAM Simulation

The goal of the simulation stége of this research is the structuring
of the relationships which exist between levels of utilization and other
performance measure. levels relevant to the patrol scheduling problem.
Through the specification of these relationships, a patrol planner can
transform an estimated utilization ratio, as derived in stage one, into
expected levels of performance for an entire set of performance measures.
The structure of the PCAM simulation is directed toward the development
of a series of trade—off curves to display these relationships.

There are seven measures of performance calculated by PCAM which g
the Planning and Research Division of the Columbus, Qhio Police Départ—
ment felt were relevarnt to the patrol scheduling function. They are as
follows:

(1) Utilization.

(2) Probability of a call being delayed.
(3) Average travel time.

(4) Average Patrol frequency.

(5) Patrol hours per suppressible crime.
(6) Average number of cars available.
(7) Average total delay.

PCAM provides two measures of utilization. First, there is an
actual dverage utilization ratio defined by the equation:

actual average _ expected number of call—for—service work hours
utilization = total number of vehicle-hours fielded

The second utilization measure relates an effective average utilization

ratio where the numerator is the same as in the actual utilization;
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however, the denominator is changed to represent the total number of ef-
fective vehicle-hours fielded. The effective average utilization ratio
reflects the influence of the unavailability parameters by depicting, in
the denominator, only that fraction of the time a patrol vehicle is
available to respond to call-for-service work. It is the effective
utilization ratio figure that is used in this research. This is because
PCAM's queuing calculations are all based on the average utilization of
an effective car, and not on that of an actual car.

The probability of a call being delayed reflects the chance, that
any call-for-service entering the system has, of being placed in a
queue to await a response by a patrol vehicle that becomes available to
respond. The average travel time covers the period of time from when a
patrol vehicle is actually dispatched to respond to a call-for-service
up to the point in time it arrives at the scene. The average total de-
lay is then the amount of time a call-for-service spends in a queue
awaiting a response plus the travel time needed to respond.

The final three measures of performance summarize the preventive
patrol characteristics of the system. The average patrol frequency re-
flects the average number of times a patrol vehicle passes a particular
point each hour throughout the course of its' watch. The patrol hours
per suppfessible crime represent the total number of hoﬁrs a patrol
vehicle spends on preventive patrol during the watch divided by the
number of suppressible crimes which took place during the same period
within that patrol vehicle's area of responsibility. A suppressible
crime is one that is considered to be detectable by a patfﬁling vehicle.

Finally, the average number of cars available reflect the number
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of cars that will be available to respond immediately to calls-for-
service, pn the average, at any one point in time.

The simulation incorporates the actions of data selection and

modification and that of description. It is run on a precinct-by-

precinét basis using the READ command to specify each individual precinct.
The entire system encompassing all fifteen precincts could have been run
at one time; however, PCAM is structured such that all summary statistics
are calculated and displayed by precinct. Statistics summarizing the.
system as a whole are not available. Once the precinct is selected, the
SET command permits the number of vehicles assigned to each watch for
each day to be systematically increased by one unit in every watch. This
sequential procedure begi#s with a very small number of vehicles and
progresses until the resulting performance measures, which were previous-
ly listed, reach the point where they level off. By monitoring the
changes which take place in each performance measure, the trade-offs

that occur between the utilization ratio and the other measures of per-
formance as the utilization ratio changes can be structured.

After each iteration, when the number of vehicles assigned to each
watch each day is increased by one unit, the descriptive action PCAM
possesses is used to display the corresponding levels of the performance
measures. This action is achieved by employing the DISP command to dis-
play two tables. Examples of these tables showing actual ;esults are

displayed in Table 5 and Table 6.
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PRECINCT:

WATCH

FIRST

SECOND

THIRD

~ AVERAGE

TABLE 5

TABLE 1 Display for

One; Day: Mon.-Tue

Avg.
Util,

(EFF)
.646
.512

. 247

469

Avg.
Util. Ave.
Trav.
(ACT) Time
449 2.9
.358 2.5
173 1.9
.32? 2.6

PCAM Siﬁulation

Patrol . Avg,
Hrs. Per Patrol
Supp. Cr. Freq.

5.03 0.33
4,31 0.54
10.54 - 0.70
6.09 0.53

Avg, Pat. Freq.
Times Supp.
Cr. Per Hr.

0.084
0.259

0.175

0.173

Avg.
Cars
Avail, -

1.26
2.05

2.64

1.98
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TABLE 6

TABLE 2 Display for PCAM Simulation

PRECINCT: One; Day: Mon.-Tue.

PROB. AVG. AVG.

ACT. CAR CALL SERV, CALL P2 P3 AVG. TOT.

CARS HRS. RATE TIME DELAYED DELAY DELAY DELAY
WATCH
FIRST 5.0 40.0 4.6 29.2 .460 5.56 23.00 18.84
SECOND 6.0 48.0 4.6 27.8 .271 : 3.08 10.66 9.19
THIRD 5.0 40.0 2.0 25.7 L13% 1.44 2.97 3.94
AVERAGE 5.3 42.7 3.8 28.0 . .323 ©3.59 15.48 12.19

TOTAL 16.0 128.0
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Table 5 and Table 6 show the results of a PCAM simulation run as
they are actually displayed in the output. Not all the results shown
are of concern to this research. Such measures as the average priority
two call-for-service delay (Avg. P2 Delay) in Table 6 and the average
patrol frequency times the number of suppressible crimes per hour (Avg.
Pat. Freq. Times Supp. Cr. Per Hr.) were of no importance to the Planning
and Research Division of the Columbus, Ohio Police Department and there-
fore, are disregarded here.

4.3.2 Results of PCAM Simulation

The PCAM simulation was performed for each of the fifteen precincts
as described in Section 4.3.1 Structure of PCAM Simulation. The results
of each iteration were collected from output exhibited in the form de-
picted in Table 5 and Table 6 and aggregated into one table. The actual
results for Precinct One are shown in Table 7 through Table 14. Due to
space limitatisns the %esults of only a single precinct are displayed.
In order to display the entire set of rasults for every precinct, 120
tables would be required.

The analysis of the PCAM simulation results led to the elimination
of seven precincts from further consideration. It was felt, by the
Planning and Research Division, that Precinets 2, 3, 7, 9, 10, 14, and
15 posed only minor decision-making problems when it came to scheduling
patrol vehicles. The geographic and demographic factors that combrised
these precincts resulted in each precinct displaying a low and relative-
1y stable workload. This caused the performance measure levels of these
precincts to exhibit only minor variation and level-off quite rapidly

as patrol vehicles were added. Since there was a managerially imposed
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Average
Actual Cars

Car Hours

Actual
Utilization

Effective
Utilization
Call Rate

Service
Time

Probability
Call Delayed

Average
Total Delay

Average
Travel Time

Patrol Hours/
Suppress Crime

Average

Patrol Frequendy

Average Cars
Available

TABLE 7
PCAM SIMULATION RESULTS
PRECINCT 1
First Watch - 4 Cars

Second Watch - 5 Cars
Third Watch - 4 Cars

SUN MON TUE WED

THU

FRI

SAT

AVG

4.3 5.3 4.7 5.0

5.3

5.3

4.7

5.0

34.7 42,7 37.3 40.0

42.7

42.7

37.3

39.6

27.5% 32.9% 32.5% 35.27%

31.4%

35.2%

34.5%

32.8%

39.2% 46.9% 46.5% 50.3%

44,87

50.2%

49.27

46.9%

2.8 3.8 3.2 3.7

3.6

4.0

3.6

3.5

25.8 28.0 28.1 28.5

28.0

28.2

26.6

27.7

22.9% 32.3% 26.8% 30.7%

25.5%

33.9%

29.87%

29.27%

7.21 12,19 8.04 10.62

8.26

14.02

8.90

10.09

2.5 2.6 2.6 2.6

2.5

2,6

2.6

- 2.5

5.67 6.09 5.38 5.36

6.34

5.72

5.10

5.67

49 .53 46 .46

.55

.49

A4

»49

1.84 1.98 1.75 1.74

2.06

1.86

1.66

1.84
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Average
Actual Cars
Car Hours

Actual
Utilization

Effective
Utilization
Call Rate

Service
Time

Probability
Call Delayed

Average
Total Delay

Average
Travel Time

Patrol Hours/
Suppress Crime

Average
Patrol Frequency

Average Cars
Available

TABLE 8

PCAM SIMULATION RESULTS

PRECINCT 1

First Watch -~ 5 Cars
Second Watch - 6 Cars
Third Watch - 5 Cars

SUN MON TUE WED THU FRI SAT AVG
5.3 5.3 5.3 5.3 5.3 5.3 5.3 5.3
42.7 42,7 42,7 42,7 42,7 42,7 42,7 . 42.7
22.3%..32.9% v28a5% 33.0% 31.47% 35.2% 30.2% 30.5%
31.9%2 46.9% 40.77% 47.1% 44.8% 50.2% 43.1% 43.5%
2.8 3.8 3.2 3.7 3.6 4.0 3.6 3.5
25.8 28.0 28.1 28.5 28.0 28.2 26.6 27.7
11.0%2 32.3%2 17.8% 28.3% 25.5% 33.9% 19.67 24.8%
3.54 12.19 5.19 10.01 8.26 14.02 5.87 8.77
2.1 2.6 2.3 2.5 2.5 2.6 2.3 2.4
7.83 6.09 6.82 6.08 6.34 5.72 6.54 6.49
.68 .53 .59 .53 .55 .49 .57 .56
2.54 1,98 2.22 1.97 2.06 1.8 2.12 2,11
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Average
Actual Cars
Car Hours

Actual
Utilization

Effective
Utilization
Call Rate

Service
Time

Probability
Call Delayed

Average
Total Delay

Average
Travel Time

Patrol Hours/

Suppress Crime

Average

Patrol Frequency

Average Cars
Available

TABLE 9

PCAM SIMULATION RESULTS

© PRECINCT 1

First Watch - 6 Cars
Second Watch - 7 Cars
Third Watch - 6 Cars

SUN MON TUE WED THU FRI  SAT  AVG
6.3 6.3 6.3 6.3 6.3 63 63 6.3

50.7 50.7 50.7 50.7 50.7 50.7 50.7 50.7
18.8% 27.7% 24.0% 27.8% 26.4% 29.6% 25.4% 25.7%
26.8% 39.5% 34.2% 39.7% 37.7% 42.3% 36.3% 36.7%
2.8 3.8 3.2 3.7 3.6 40 3.6 3.5

25.8 28.0 28.1 28.5 28.0 28.2 26.6 27.7
4.6% 17.67 8.3%7 15.0% 13.2% 18.7% 9.4% 12.9%
2.27 5,19 2.95 4.59 4,04 5.66 3.12 4.08

1.8 2.2 2.0 2.1 21 2.2 2.0 2.1
9.98 8.25 8.97 8.23 8.5 7.87 8.69 8.64
.86 .71 .78 .71 .73 .68 .75 .75
3.24  2.68 2.92 2.67 2.76 2.56 2,82 2.81
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Average
Actual Cars
Car Hours

Actual
Utilization

Effective
Utilization
Call Rate

Service
Time

Probability
Call Delayed

Average
Total Delay

Average
Travel Time

Patrol Hours/
Suppress Crime

Average
Patrol Frequency

Average Cars
Available

TABLE 10

PRECINCT 1

PCAM SIMULATION RESULTS

First Watch - 7 Cars
Second Watch - 8 Cars

Third Watch - 7 Cars

SUN MON TUE WED THU FRI SAT AVG
7.3 7.3 7.3 7.3 7.3 7.3 7.3 2.3
58.7 58.7 58.7 58.7 58.7 58.7 58.7 58.7
l6f22 23.9% 20;7% 24.0% 22.8% 25.6% 21.9% 22.2%
23.2%. 34.1% 29.6% 34.3% 32.6% 36.5% 31.3% 31.7%
2.8 3.8 3.2 3.7 3.6 4.0 3.6 3.5
25,8 28.0 28.1 28.5 28.0 28.2 @ 26.6 27.7
1.9% 9.5%2 3.9%2 8.0Z 6.9% 10.4%. 4,572 6.7%
1.78 3.07 2.12 2.83 2.60 3.27 2.17 2.59
1.6 1.9 1.8 1.9 1.8 1.9 1.7 i.8
12.13 10.40 11.12 10.38 10.65 10.03 10.84 10.79
1.05 .90 .96 .90 .92 .87 .94 .93
3.94 3.38 3.62 3.37 3.46 3.26 @ 3.52  3.51
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TABLE 11

PCAM SIMULATION RESULTS

PRECINCT 1

First Watch - 8 Cars
Second Watch - 9 Cars
Third Watch - 8 Cars

SUN

MON TUE WED THU FRI SAT AVG
Average
Actual Cars 8.3 8.3 8.3 8.3 8.3 8.3 8.3 8.3
Car Hours 66.7 66.7 66.7 66.7 66.7 66.7 66.7 66.7
Actual
Utilization 14,37 21.0% 18.2% 21.1% 20.1% 22.5% 19.3% 19.5%
Effective
Utilization 20.4% 30.0% 26.0%Z 30.2% 28.7% 32.1% 27.6% 27.9%
Call Rate 2.8 3,8 3.2 3.7 3.6 4.0 3.6 3.5
Service
Time 25.8 28.0 28.1 28.5 28.0 28.2 26.6 27.7
Probability '
Call Delayed 8% 5.0%4 1.8%2 4.1% 3.5%Z 5.6% 2.2% = 3.4%
Average
Total Delay 1.55 2.19 1.74 2.07 1.96 2.28 1.75 1.96
Average
Travel Time 1.5 1.7 1.8 1.7 1.7 1.7 1.6 1.6
Patrol Hours/
Suppress Crime 14,29 12.56 13.28 12.54 12.80 12.18 13.00 12.95
Average
Patrol Frequency 1.23 1.09 1.15 1.08 1.11 1.05 . 1.12 1.12
Average Cars
Available 4,64 4.09 4,32 4.07 4,16 3.96 4,22 4,21
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Average
Actual Cars
Car Hours

Actual
Utilization

Effective
Utilization
Call Rate

Service
Time

~Probability

Call Delayed

Average
Total Delay

Average
Travel Time

Patrol Hours/
Suppress Crime

Average
Patrol Frequency

Average Cars
Available

TABLE 12

PCAM SIMULATION RESULTS

‘PRECINCT 1

First Wat¢h - 9 Cars
Second Watch = 10 Cars

Third Wat¢ch - 9 Cars
YSUN MON‘ TUE WED THUO FRI SAT AVG
9.3 9.3 9.3 9.3 9.3 9.3 9.3 9.3
74.7 74,7 7417 74.7  74.7  74.7 74,7 74.7
12.7% 18.8% 16.3%Z 18.8% 17.9% 20.1% 17.2% 17.4%
18.27% 26.8%. 23.2% 26.9% 25.6% »28.7% 24.6% 24.9%
2.8 3.8 3.2 3.7 3.6 4.0 3.6 3.5
25.8 28.0 28.1 28.5 28.0 28.2 26.6}! 27.7
3% 2.3% ‘.7% 1.9% 1.5 2.7% 9% 1.6%
.41 1.75 1.52 1.69 1.64 1.79 1.52  1.63
1.4 1.6 1.5 1.5 1.5 1.6 1.5 1.5
16.44 14.71 15.43 14.69 14.96 14.33 15.15 15.10
1.42 1.27 1.33 1.27 1.29 1.24 1.31 1.31
5.3 4,78 5.02 4.77 4.86 4.66 < 4.92 4,91
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Average
Actual Cars

Car Hours

Actual
Utilization

Effective
Utilization

Call Rate

Service
Time

Probability
Call Delayed

Average
Total Delay

Average
Travel Time

Patrol Hours/

Suppress Crime

Average
Patrol Frequency

Average Cars
Available

TABLE 13

PCAM SIMULATION RESULTS

PRECINCT 1

First Watch - 10 Cars
Second Watch - 11 Cars
Third Watch ~ 10 Cars

SUN MON

TUE

WED

THU FRI

SAT

AVG

10.3 10.3

10.3

10.3

10.3 10.3

10.3

10.3

82.7 82.7

82.7

82.7

82.7 82.7

- 82.7

82.7

11.5% 17.0%

14.7%

17.0%

16.2% 18.1%

15.6%

15.7%

16.47 24.27%

21.0%

24.3%

23.1% 25.9%

22.2%

22.5%

2.8 3.8

3.2

3.7

3.6 4.0

3.6

3.5

25.8  28.0

28.5

28.0 - 28.2

26.6

27.7

1% 1.1%

9%

J7%  1.4%

7%

1.31 1.52

1.40

1.49

1.46 1.55

1.38

1.45

1.3 1.5

1.4

104

1.4 - 1.5

1.4

1.4

18.60 16.86

17.58

16.84

17.11 16.49

17.31

17.26

1.61  1.46

1.52

1.46

1.48 © 1.43

1.50

1.49

6.04 5.48

5.72

5.47

5.56 5.36

5.62

5.61
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Average
Actual Cars

Car Hours

Actual
Utilization

Effective
Utilization

Call Rate

Service

Time
Probability
Call Delayed

Average
Total Delay

Average
Travel Time

Patrol Hours/
Suppress Crime

Average
Patrol Frequency

Average Cars
Available

TABLE 14

PCAM SIMULATION RESULTS

" PRECINCT 1

First Watch - 11 Cars
Second Watch - 12 Cars
Third Watch - 11 Cars

SUN MON

TUE

WED

THU

FRI

SAT

AVG

11.3 11.3

11.3

11.3

11.3

11.3

11.3

11.3

90.7 90.7

90.7

90.7

90.7

90.7

90.7

90.7

10.5% 15.5%

13.47%

15.5%

14.8%

16.5%

14. 2%

14.3%

15.0%2 22.1%

19.1%

22.2%

21.1%

23.6%

20.37%

20.5%

2.8 3.8

3.2

3.7

3.6

4.0

3.6

3'5

25.8 28.0

28.1

28.5

28.0

28.2

26.6

27.7

17

YA

.3%

7%

.27

.3%

1.24 1.39

1.31

1.37

1.35

1.40

1.29

1.34

1.2 1.4

1.3

1.3

1.3

1.4

1.3

1.3

20.75 19.02

19.74

19.00

19.27

18.64

19.46

19.41

1.79 1l.64

1.71

1.64

1.67

1.61

1.68

1.68

6.74 6.18

6.42

6.17

6.26

6.06

6.32

6.31
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constraint requiring at least three vehicles to be assigned to each
watch, the scheduling of patrol vehicles for the eliminated precincts
was constrained not by performance levels but by management. This left
Precincts 1, 4, 5, 6, 8, 11, 12, and 13 for this research to focus upon
as its primary concern.

Using the results represented by those exhibited in Table 7 through
Table 14, the relationships present between utilization levels and other
performance levels can be structured for each precinct. This was done
by graphing the weekly average value of the utilization ratio against
the weekly average value of each of the other performance measures
individually. The values exhibited at each iteration when graphed
visually depict the trade-off relationship present between the utiliza-
tion ratio and another performance measure. The relationships found to
exist in Precinct One are presented in Figure 4 through Figure 10.

Each figure visually portrays the relationship between varying
levels of utilization and the corresponding expected levels of another
particular measure of performance. Although the results of Precinct
One are the only results presented, an identical analysis was performed
on each of the eight precincts designated earlier in this section as be-
ing of primary concern .to this research. In order to present the tables
and graphs associated with all eight precincts, 64 tables and 56 graphs
would be required. It was felt the marginal value of presenting this
massive amount of information would be relatively insignificant in so
far as the research could be adequately explained with the use of the

output from one representative precinct.
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The results of Precinct 1 are indeed representative of the
relationships displayed in each of the other seven precincts. In each
precinct, as the utilization ratio was decreased by increasing the car
hours fielded per watch, the probability of a call being delayed, the
average total delay, and the average travel time all decreased. How-
ever, at the same time, the patrol hours per suppressible crime, the
average patrol frequency, and the average number of cars available were
increased. The major conflict between these measures of performance
seems to be between the desire to increase the utilization of patrol
vehicles and to reach desirable levels for each of the performance
measures. :

4.4 Concluding Remarks

The results of the second stage of this research have provided the
patrol planner with a vehicle whereby the expected level of a relevant
performance measure could be determined given a specified utilization
rate. This is valuable information to the patrol planner but it alone,
in this form, is not enough to solve the vehicle scheduling problem,

The trouble ig‘that these performancé'measures conflict with one another.
The move toward a desired level of one measure of performance may cause
the levels of other measures to move away from their prescribed desgired
level. Therefore, the patrol planner must be able to arrive at the
proper mix of performance attajinment. The final stage of this research,
described in Chapter V, begins with the trade-off relationships developed
by the PCAM simulation to model a goal program. The goal programming

model captures the conflicts among performance measures and ultimately

arrives at a schedule for patrol vehicles.
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CHAPTER V
GOAL FROGRAMMING MODEL
The aim of the final stage of this research is the specification
of a patrol vehicle schedule whereby vehicle hours are assigned across
all watches, days, and precincts in accordance with established re-
quirements and performance levels. Up to this point this research has
provided a means of establishing requirement levels Fhrough the ability

to estimate call-for-service workload, and has related these werkload

estimates to various measures of performance by employing the utilization

ratio as a key decision variable and structuring its relationships to
other measures of performance. The ability to relate the utilization
ratio, which is dependent not only upon the workload of a particular
area but also the vehicle hours assigned to that area, to levels of
other performance measures is a valuable aid to the patrol planner in
assigning vehicle hours across watches, days, and precincts. At the
same time, however, this ability complicates the patrol planner's
decision-making environment. It creaFes a set of multiple criteria
upon which the assignment of' patrol vehicles can be based that directly
conflict with one another. Therefore, in order to strive toward an
optimum assignment of vehicle hours, a methodology must be found that
can integrate the conflicting nature of the performance measure
relationships with other managerially imposed constraints to derive
vehicle schedules.

Following a decision-making process that parallels Mac Crimmon's

Method Specification chart [61l, p. 37], a goal programming methodology
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was arrived at an an appropriate methodology for the final stage of
this research. The response to a series of six questions, related to
the decision environmeni in which the methodology is to be used, led

to this choice being made. The purpose of the method employed is
normative rather than descriptive and an assessmeht of the decision-
maker's preferences is valid and reliable; as evidenced by the presence
of both difference and utility independence discussed in Section 5.3.2.
The final results of the methodology will not be determined by only

the best (or worst) performance measure values. Finally, the results
are to be designated rather than chosen from a list of alternatives

and the most valid kind of preference information concerns geal levels
and their respective deviations, as opposed to a global objective. As
Mac Crimmon [61] suggests, goal programming is the proper method to
employ in the decision environment just described. It is a normative
model that prescribes vehicle hour allocations through the solution of
a system of complex objectives which may display nonhomogeneous units -
of measure. The problem then is the specification and structuring of
the goal programming model itself.

5.1 General Structure of Goal Program Model

For this research a Charnes and Cooper [17] formulation was adopted
due to its use of both relative and preemptive weights in the objective
function and its flexibility in modelling nonlinear constraint relation-
ships. The use of this type of formulation implies the existence of a
cardinal additive utility function under certainty. = The key condition
of difference independence, necessary when making this assumption, will
be addressed later in this chapter when tﬁe objective function is

developed.
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A peneralized mathematical representation of the model is presented

in Chapter II, equations (10) and (11). The decision variable for the
goal programming model utilized in this research is designated ag Vijp‘
This represents the effective vehicle hours allocated to watch i, day j,
precinct p where i goes from one to three watches, j goes from one to
seven days, and p goes from one to eight precincts. The use of ef-
fective hours as thé basic unit of measure for the decision variable

is due to the PCAM simulation where it was assumed that thirty percent

of the time patrol vehicles would be unavailable to respond to calls-
for-service. This nonavailability parameter is used.to translate actual
vehicle hours fieided into effective vehicle hours available which,

in turn are used by PCAM to galculate the values associated with the
measures of performance. Since the performance measures are based on
effective vehicle hours, it is appropriate that the decision variables
follow suit. The use of effeﬁtive vehicle hours poses no problem in
scheduling vehicles since the value of Vijp can be transformed easily
into actual vehicle hours my multiplying by 1.4286. This value is
equal to 1/.7 which is the reciprocal of the effective vehicle hour
percentage.

The representation of three watches, seven days, and eight
precincts totals 168 decision variables. The model in its final form
contains eleven constraint sets totalling 1725 constraints. The model
is structured to operate on a quarterly basis. In tha sections that
follow, a detailed description of the goal programming formulation will

be presented along with the results obtained in running the model.
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5.2 Formulatiom of the Goal Program Model

Goal programming, being a special form of linear programming, has
the same basic structure,with an objective function attempting to be
optimized subject éo a set of restricting constraints. In the case of
goal programming, ﬁhe objective is to minimize the total deviations
from a set of specified goal levels.

As mentiéned in the previous section there are eleven constraint
sets associated with the goal program formulated for this research.
They are a combination of technical, managerial, and goal constraints.
A brief description of these constraint sets is presented in Table 15

along with the specified goal level where applicable., Each set will

subsequently be discussed in greater detail.

5.2.1 Mbnageriai and Technical‘Copstraint Sets

The first set of constraints is a technical set representing the
total number of‘éggfegéte patrol vehiclg hburs that are available to
be allocated during any partigg;arléima'pexiod. There are 21 total
constraints in this set reflééting three ﬁatches‘throughqut seven days.
Throughout the formulationcqf £ﬁ¢'model average quafter days were used.
This is why only seven days hégd;t6 be structured as opposed to all 91
days which comprise a‘quarterly based'modeif

In the timeiperioa fepresentEd by fhe data base used in this re-
search, third quarter 1975, the Columbus Division of Police had a total
of 128 patrol vehicles a;ailable. This numbgr{ mﬁltiplied by eight
hours per watch, provided 1024 ac#ual vehicle hours available to b=
assigned per watch. Converting actual hours to effective hours results
in 716.8 effective vehiqle hours available pér watch.
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constraints

constraints
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Goal Programming Constraint Sets

Represent total aggrégate
vehicle hours available at
any one time.

Managerial imposed constraint
of having at least three
vehicles on duty in each
precinct at all times.

Desired vehicle usage level.

Total available manpower
levels for each shift.

457% utilization ratio.

Probability of 257 that a call
is delayed.

Average travel time of 3
minutes.

Average patrol frequency of
once per hour,

Patrol hours per suppressible
crime, 5 hours.

Average of 3 cars available
at any point in time.

Average total delay (piece-
wise approximation using
four line segments).



As described earlier, seven precincts have been eliminated from
further consideration in this research. Due to a managerial constraint
of allocating at least three vehicles to each precinct at all times,

168 actual hours, or 117.6 effective vehicle hours, have already been
assigned. This leaves 599.2 effective vehicle hours per watch available
to be allocated across the remaining eight precincts. This first

technical constraint set then takes the following form:

pgl Vijp 5_599.2“ ”Yi’,#-li  _ . B (12)
The second constraint set reflects the managerially imposed con~
straint of requiring at least three patrol vehiqles to be assigned to
each of the eight precincts at all: times. This three vehicle require-
ment translates into twenty-four actual and 16.8 effective vehicle
hours allocated per watch per day per precinct. The constraint set

then totals 168 constraints and is structured as follows:

Vigp 2 16.8 ¥y, ¥y, ¥ . (13)

The third set of twenty-one constraints represent the desired
vehicle usage level the Division of Police wished to maintain in the
third quarter of 1975. Across all precincts during any particular
watch, the goal was to assign no more than 85 patrol vehicles. These
85 patrol vehicles per watch at eight hours each made available 680
actual patrol vehicle hours per watch. When adjusted to reflect ef-

fective patrol vehicle hours, 476 hours were available. Finally, after
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subtracting the 117.6 effective vehicle,héurs‘already allocated to the
seven precincts that are no longer involved in the decision-making
analysis, 358.4 effective vehicle hours are available to be allocated
to any one watch across the remaining eight precincts. Since this is
a managerially imposed goal rather than a nonviolatable constraint,
deviations may occur from the specified goal level. Therefore, the

constraint set is structured as follows:

8 e e e C .
- _ 4+ - an
pil Vigp t dyg,1 = 91,1 = 3584 B ?if._?j - (14)
The terms d . and df, represent the positive and negative deviations
ij,1 ij,1

that may occur during watch 1 and day j. The subscript number 1
indicates that this is the first set of deviational variables in the
goal program model. All in all, there will eventually be 11 sets of
deviational variables in the goal program model.

Constraint set four comtains three constraints which relate to the
manpower available to be allocated to sach of the three watches.
During the third quarter, 1975, the Division of Police had available
for the patrol function, 118 men for the first watch, 177 men for the

second watch, and 143 men for the third watch. When each of these

manpower levels were multiplied by 40 hours per week and again by a

factor of .7 to reduce the actual hours to effective hours, there are
3304, 4956, and 4004 effective manpower hours available per week
respectively for the first, second, and third watch. This constraint

set, as does the first set of constraints, establishes maximum
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available resource levels. These levels concern manpower in the

fourth constraint set and patrol vehicles in the first constraint set.
These ceilings were established to conform to the third quarter, 1975
levels in order to allow for a comparison of the vehicle allocations
existing at that time to the wvehicle allocations derived from this
research. It was felt that a more valid comparison could be achieved if
the resources available in each case were equal.

Once again remembering that seven precincts have already been al-
located manpower levels, the total available manpower must be adjusted
to reflect the level of manpower hours remaining for assignment to the
eight precincts of concern. Table 16 shows the number of manhours that
have been assigned per watch per week to the seven allocated precincts.
Note that precincts 7 and 15 each oﬂly have two vehicles assigned,
contradicting constraint set two. This is due to their very low
population levels, about half the size of the next smallest precinct's
level, and the low workload levels that, in turn, result. The workload
levels average only 6.08 and 6.81 hours of workload, respectively, in
a 24 hour day. After the 1344 manhours indicated in Table 16 have been
adjusted to reflect effective manhours, it is found that a total of
940.8 effective manhours have already been allocated on a per watch per
week basis. Therefore, the remaining effective manhours available to be
assigned to each of the three shifts on a weekly basis are 2362.2,

4015.2, and 3063.2 effective manhours respectively.
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Patrolman Manhours Already Allocated Per Watch

TABLE 16

Total

Number of 8 Hours 7 Days S 2-Man* ‘Manhours

Precinct . Vehicles. . .x. Per Watch. x . Per Week. .=.. . Manhours +. ..Vehicle. = .. Per Week
2 3 x 8 x 7 = 168 4+ 56 = 224
3 3 X 8 x 7 = 168 | = 168
7 2 X 8 x 7 = 112 = 112
9 4 X 8 X 7 = 224 + 56 = 280
10 4 x 8 x 7 = 224+ 56 = 280
14 3 X 8 X 7 = 168 = 168
15 2 x 8 X 7 = 112 = 112
Total Manhours Per Watch Per Week 1344

* Indicates precincts where one vehicle per watch is a 2-man vehicle.



R EHE N I ..

»

- s

A final consideration that must be made in structuring constraint
set four is the percentage of two-man vehicles assigned to each watch
throughout the remaining eight precincts. It was discovered that seven-
teen percent of the first watch vehicles, thirty percent of the second
watch vehicles, and thirty-two percent of the third watch vehicles are
two-man vehicles. Therefore, the three constraints associated with con-

straint set four are structured as follows:

7 8 N

jil pil L.17 Vy, o +dy , - d] ) = 2363.2 (15)
7 8

jil pil L3V, +dy, - d, = 4015.2 (16)
7 8 } . .
I £ 1.32 V., +d,,-d,, = 3063.2 (17)

j=1 p=l 3Jp 332 3,2

R s - -+ .
The deviational variables d, and di represent the negative and
b4

i,2 2
positive deviations that occur in the number of effective manhours as-
signed to watch i summed over all seven days and all eight precincts.

They are the second set of deviation variables,

5.2.2 Performance Measure Constraint Sets

The last seven constraint sets, as displayed in Table 15, are con-
cerned with the structuring of performance measure relationships and the
establishment of appropriate goal levels for each measure. All goal
levels were specified by the Planning and Research Department of the

Columbus Police Department and represent target values.
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Constraint set five, pertaining to the utilization ratio, evolves
from within the PCAM simulation but is the only constraint set of the
last seven that is not; directly structured from its output. This set
identifies target levels for the effective utilization ratio that occur
during each watch, each day, and in each precinct. This requires 168
constraints, all of which were targeted for a forty-five percent ef-
fective utilization rate.

As described in Chapter IV, the effective utilization ratio is
equal to the wquload divided by the effective number of vehicle hours

assigned. The general relationship can then be structured as:

Effective _ Workload/watch/day/precinct 18
Utilization Ratio Viio . (18)

With the Columbus Division of Police interested in maintaining a forty-
five percent utilization rate, the general relationship can be changed

to read:

457 = Workload/gatch/day/precinct ] (19)

ijp

And, with a minor mathematical transformation the relationship is

changed to:

_ Workload/watch/day/precinct
V,. = -
ijp 45% * (20)
By estimating the workload for each watch, day, and precinct the right-

hand side of equation (20) becomes a scalar value and a set of goal con-

straints can be modeled by the addition of a third set of deviational

variables. The resulting set of constraints are modeled as follows:
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- + Workload/i/3/p
V. +d, ., -d,, = M
L Vigp ijp,3 ijp,3 -45

i, Vj’ va (21)

Constraint sets six thrcﬁgh ten represenfing five measures of per-
formance, (see Table 15), were all modeled directly from the output ob-
tained from the PCAM simulation iterations. The target levels of goal
attainment were individually specified by the Planning and Research
Deparﬁment of each goal, but the formulation of each set of constraints
is exactly the same. Using the utilization ratio as a standard of com-
parison, because of its direct relationship to each of the other measures
of performance, a series of tradeoff curves were drawn which reflect the
average change in each performance measure with respect to averaga
changes in wutilization ratio levels. Data from the PCAM simulation
iterations, in which vehicies aésigned to each precinct were system-
matically increased, were used as a basis for these curves. Examples
of ‘this output can be seen in Chapter IV, Table 7 through Table 14.

The tradeoff curves were drawn on a precinct-by-precinct basis using
average daily data, averaged over .the seven days. The curves as-
sociated with the data in Table 7. through Table 14 are exhibited in
Chapter IV, Figure 4 through Figure 10. Due to space requirements only
Precinct One data are displayed.

A regression analysis was performed on each tradeoff relationship
for each of the eight precincts. These equations were developed on a
precinct-by-precinct basis because the different geographic and demo-
graphic factors exhibited in each precinct affects the performance
measure relationships existing within each precinct. These factors

do not change across watches or days; therefore, individual equations
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for each watch or day are not necessary. ' The results, exhibited in
Table 17, indicate that for all but one performance measure, average
total delay, the tradeoff curves could be very closely approximated by
a straight line for each precinct. Therefore, mathematically these
relationships can be modeled as follows:

P = a + b(Effective Utilization Ratio) (22)

where P equals the value of the particular
performance measure being modeled.

Since it has been established earlier that the utilization ratio is a

measure of workload divided by vehicle hours, if Wij were to represent

P

the call-for-service workload of watch i, day j, precinct p then

equation (22) could be written as:

P=a+bW,, /V,. ).

( lJp/ 1Jp) (23)
Through a simple mathematical manipulation equation (23) becomes:
b x Wi,D

Visp TP a (24)
Because the term on the right-hand side of equation (24) is known; a
and b are the derived regression coefficienté of the tradeoff curves;

P is determined by the Planning and Research Department and represents

desired goal levels; and Wi is either predicted from the regression

jp
analysis of factor scores for a new district or derived from past

data for an existing district; equation (24) simplifies into V being

ijp

set equal to a known scalar value.  Since Vijp is the decision

variable in the goal program model, the addition of deviational

variables on the left-hand side of equation (24) causes the formulation
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TABLE 17

REGRESSION ANALYSIS OF PERFORMANCE MEASURE CURVES

Total Average Patrol Hours Average
Probability Average Travel Per Suppressible Patrol Average Numbar
Car Hours c:llynelay Delay Time Crime Frequency Available Cars
97554 97742 .95043 .9979 .97533 97537 9785
.95167 .953548 ,90341 .9958 .95127 .95135 85161
«1.8653 1.13742 33996 .04696 -.50178 . «,04343 -.16318: |
122.6757 ~26,2486 -6,8305 .3303 28.008 2.4235 9.1078
.97798 .9791 .96276 .99854 .97793 .97847 97807
.95644 +95863 . 9269 .99709 .95635 ,9574 .95661
-1,771908 1.179166 .307166 .06551 -.,243114 -.027696 -.155136
115.3111 27,285 «5,44105 .469792 13,4257 1.523541 8,56466
.97272 .98049 +96972 .$3827 .97289 .97212 .9729%
.94619 .96137 .94036 .99655 94651 .94502 94671
-1,801524 1,166865 .33338 .088408 =,274338 -.02809 -.157885
117.1077 -26.09267 =5,22727 .69305 15,1749 1,5513 8,73325
.93675 .96316 .8706S .99362 .9366 L9371 .93646
.87751 .92768 .75804 .98728 .87722 .87816 87696
-1.8475 1.142824 .504012 .05343 -.461612 <,0431127 -,161317
106.6762 -21.0091 -8,4537 .6301 23.38367 2.18018 8.181153
95144 .97336 91307 .99455 L9815 .95263 L9513
.90523 ,95172 .8337 .98912 90533 .90753 .90535
-1,64972 1.19321 .48956 .076038 «,46187 ~,038525 -.144334
96,80265 -22.2723 -7,51QS5 .954565 23.6443 1.96757 7.53901
.967389 .98666 .89362 .99297 .96801 .96788 .96801
. 93681 97351 .79856 .98539 93705 ,93679 .93705
«1.60856 1.205574 491263 ,038s3 -.33791 -.0350199 -.140796
103.2938 -25,37829 «10.1946 L4131177 18,.53478 1.65736 7.72949 4
+97049 .9348 . 38987 .99773 .97054 97216 .97034
.94186 .96983 .79187 .99547 L94154 .94509 ,94156
~1.,577883 1,19199 +431245 .0373539 -.318524 -.029498 -.137993
104,1334 -26,1077 -9,1604 .387035 7.88406 1.65802 7.749752
,95937 .98085 L9417 .9976 .95949 .95943 .95947
.9204 .96207 .88679 .99521 .92062 ,9208 .92058
-1.74548 1,155179 .484127 .12068 -.3943 -.0403698 -.152713
90.35085 -19,51814 «5.26955 1.46399 18,1599 1.866425 7.03815
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of constraint sets for each of the performance measures,. except the
average total delay. A general formulation of these constraints is

as follows:

_ + b x Wi'
vV,, +4d., - . = —— 2P
ijp dl:-p,n din,n P~-a ¥ vj’ vp (25)

where n = 4, 5, 6, 7, and 8 and designates the deviational

variables associated with constraint sets 6 through 10.
The target levels for each performance measure, P, are specified in
Table 15, Chapter V. The call-for-service workloads inputed for each
watch, day, and precinct, Wijp’ were the actual values which occurred
in the third quarter, 1975, derived from the Patrol Data Analysis
Program discussed in Chapter III, Section 3.1l. The use of actual
workload levels enables the model to take into consideration the
variation workload exhibits across watches and days.

The final constraint set, number eleven, is concerned with the
modeling of the average total delay performance measure. The regression
analysis results of this performance measure were the only ones to
exhibit a R? value below the .8 level. ' Because of these low RZ levels
as compared to the other results, the decision was made to model this
non-linear tendency by the use of a plecewise approximation method.

The approach taken 1s described by Charnes and Cooper [17, p. 17]. To
facilitate the apéroximation and since the decision variable Vijp

specified in units of effective vehicle hours, the average total delay

, is

in minutes was graphed against the effective vehicle hours assigned.
An example of this graph for Precinct One is exhibited in Figure 11.

The data points in Figure 1l represent the relationships displayed by
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the PCAM simulation iterations between the average minutes of delay
and the average effective vehicle hours assigned to Precinct One. The
values were averaged across both watches and days.

The functional relationship for each precinct was approximated
using three goal levels which results in four linear line segments.
The use of three goal levels, which are specified directly from the
graphing of the functional relationships, result in a tripling of the
necessary number of constraints needed to model the average total delay
performance measure. Furthermore, the required number of deviational
variable sets is increased to three for each precinct. This results
in 504 individual constraints and 24 pairs of deviational variables.

A generalized constraint is structured as follows:

V.., +d.. -4, =¢ ¥.,¥,¥%,¥ (26)
1jp 1]p,n i1jp,n m 1 J P n

where: n =9, 10, 11, and m = 1, 2, 3.

In this formulation n, ranging from 9 to 11, represents the three pairs
of deviational variables associated with each of the three goal levels,
Gm’ specified in the piecewise apprbximation.

This concludes the description of the eleven constraint sets
formulated for the goal programming model. A summary.of each of these
sets can be found in Appendix C, Goal Program Model and Matrix Generator.
The constraints presented in both this section and Appendix C represent
the general structure of the constraints. actually used in the goal
program runs. Actually, before the deviational variables were added
to any constraint, each constraint was divided through by its right-hand

side value. This takes away the effects of the magnitude of each
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deviation and provides percentage deviations. Also, it was easier for
the police personnel to think in these terms. The final step in the
structuring of the goal program model is the formulation éf the ob~
jective function, discussed in the next section.

5.3 Objective Function Formulation

The objective function of a goal programming model is generally
comprised of the deviational variables specified in the goal constraint
sets. The objective is to minimize the sum of all the deviational
variables. The Charnes and Cooper [17] formulation allows the user to
prescribe both relative and preemptive weights for the deviational
variables in the objective function. Relative weights indicate the
relative importance the user places on the positive versus negative
deviations from within a particular goal. Preemptive weights, on the
other hand, indicate the degree of importance the user perceives to be
present between the different goals that have been established. The
objective function formulated for this research contains a total of
3240 variables, of which 168 are the decision variable, Vijp’ with the
other 3072 being deviational variables. The decision variable, Vijp’
is incorporated into the objective function due to the piecewise ap-
proximation of the average total delay constraint set. The formulation

of the objective function, using a piecewise approximation technique,

is discussed in the next section.

5.3.1 Formulation of the Objective Function for a Piecewise Approximation

Charnes and Cooper in their article, "Goal Programming and Multiple

Objective Optimizations," articulate the following theorem [17, p. 17]:
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Any polygonal (i.e., piecewise linear and continuous)
function, £(x), may'be represented :

N
£(x) = Z ay|x - g;| +Bx+E (27)
i=]1
where:
K - K . u
i+l i
R R (28)
+K
Aty
and:

In this representation, x refers to the decision variable Vijp’ Ky

equals the slope of the ith

linear line segment, and g4 equals the
specific goals established at the intersection of the approximating
linear line segments. Since E is a constant which does not enter into

the optimizing choice lx - gi] can be rewritten in the form (d; + dz),

and eqﬁation (27) can be expressedvés'follows:

+ -
f(x) = a; (di + di) + Bx (30)

o1

i=1 .
with the requirement that dtd™ = 0.

In applying the general representation of equation (30) to the
average total delay constraint set for each precinct, the average total
delay in minutes was graphed against effective car hours. The results
found in Precinct One are displayed in Figure 11. This function was

then approximated for all eight precincts using three goal levels and
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four linear line segments, with the finél ilne.éegmént having ;r;iopé
of zero. Given égé establlshed goal lé;éls éé; ;;;gﬁé;;c;é;;;-u‘kh-’“_—7—-
functional relationship, a simple linear regression was performed on
each line segment for each precinct. This series of linear regressions
provided the line segment slopes, Ki’ necessary to calculate ay and B
in equation (30), and thus formulate the portion of the objective
function associated with the average total delay performance measure.
The results of the linear regressions are exhibited in Table 18, Linear
Regression Results of Average Total Delay Functions, while Table 19
summarizes the entire set of values necessary to pilecewise approximate
all eight precinct relationships. A sample of the portion of the ob-

jective function associated with the average total delay function for

Precinct One only is as follows:

) + .0762 (d + d ) +

Minimize .2921 (lel g t 1 1 9 ij1,10 ij1,10

.01845 (d + d; ) + (- 38675)V . ¥

131,11 T di41,11 i Yy (1)

The objective function section associated with each of the other seven
precincts is formulated in the same manner. These eight sections,
together with the first eight sets of deviational variables asscciated
with the other measures of perfprmance, comprise the entire objective
function as exhibited in Appendix C, Figure 21.

5.3.2 Objective Function Weights and Results

An inherent problem in using a goal programming approach such as
the one formulated for this research is the determination of the ap-

propriate relative and preemptive weights for the objective function.
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TABLE 18

Linear Regression Results of Average Total

Precinct 1
31.531 - .7735x
10.798 - .1893x

3,683 - .0369x

Precinct 8
47.002 - 1.499x
10.5799 - ,1982x

4,443 - .0417x

H

Delay Functions

Precinct 4
26,638 - .62998x
10.174 - .1661x

4,504 - .0446x

Precinct 11
60.689 - 1,956x
15.995 -~ .3598x

3.617 - .044x

gyecinct 5 -

30.071 - .7182x
13.62 - ,2286x

5.78 - .0536x

Precinct 12
57.747 - 1.866x
14.685 - .3277x

3.497 - .0423x

——

Precinct 6
58.708 - 1.,9396x
10.15 ~ .2054x

3.15 - .0268x

Precinct 13
36.443 - 1.088x
11.29 - .1893x

6.18 - .0589x



TABLE 19

SUMMARY VALUES FOR PIECEWISE APPROXIMATIONS
OF AVERAGE TOTAL DELAY FUNCTION

IXAN

Precincts

1 4 5 6 8 11 12 13
35.49 35.49 33.6 28.0 28,0 28.0 28.0 28.0
46,69 46.69 44.8 39,2 39,2 29,2 39,2 39.2
63.49 57.89 61.6 67,2 56.0 56.0 56.0 50t4
-,7735 -.62998 ~-.7182 -1.9396 ~1.499 -1.,956 -1.866 -1.088
-.1893 -.1661 ‘ -.2286 -.2054 -.1982 -.3598 ~-.3277 -.1893
-.0369 ~.0446 -,0536 ~.0268 -.0417 -.044 -.0423 -.0589

0 0 0 0 0 0 0 0
.2921 .23194 .2448 .8671 .0504 .7981 .76915 .44935
.0762 . 06675 .0875 .0893 .07825 .1579 .1427 .0652
. 01845 .0223 .0268 .0134 02085 .022 .02115 .02945
-.38675 ~.31499 -.3591 -.9698 ~.7495 -.978 -.933 ~-.544
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The weighting is important in that it dictates the order in which the
specified gbals are attempted to be satisfied. The weighting of the
objective function variables in this research was done in an iterative
fashion which relied on a close interaction with the Planning and
Research Department of the Division of Police.

The first step was the establishment of the relative weights
which, as explained earlier, indicate the relative importance placed
on positive versus negative deviations from within a particular goal.
For the most part these weights were easily specified by the Planning
and Research Department. They can be examined in Appendix C, Figure 21.
The value 3 preceding deviational variable de,l’ the positive de-
viational variable set, as opposed to a coéfficient of 1 for d;j,l
indicates that it is three times as important to stay below the goal
level specified for this deviation variable set as it is to be above
the goal level. In other words, the penalty for staying above the
goal level is three times as harsh as that of falling below the level.
The relative weights concerning the average total delay measure are
indicated by the WR terms in the objective function in Figure 21. They

were calculated during the objective function formulation associated

with the average total delay as described in Section 5.3.1 and are the

a. and B values exhibited in Table 19.

i

The preemptive weights indicating the degree of importance placad
on different goals themselves, however, were much more difficult to
quantify due to the interactive nature of the individual goals. The

procedure used to develop these weights falls within the general
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category of “Generating Techniques" discussed by Cohon [23; Chapter 5].
It is an iterative procedufe which emphasizes the development of in—’
formation concerning the multiobjective problém. ‘Information is
presented to the decision-maker which depicts a range of alternatives
with the associated trade-offs concerning-these alternatives. ‘The
information provided the decision-maker, iﬁ both graphical and tabular
form, only éﬁproximates the noninferior solution set. Nonetheless,
this procedure has the advantage of placing a small burden on the
decision-maker. By emphasizing the demarcation of the range of choice,
he needs only react to the information provided and, therefore, an
explicit definition of his preferences is not required. The weights
used in the objective function are only used to generate noninferior
solutions to the problem and are not, as such, representative of the
utility of the decision-maker.

Specifically, to obtain appropriate preemptive weightings, the
goal program was initially run eight consecutive times. The goal
program was run at The Ohio State University utilizing IBM's
Mathematical Programming System, MPS/360 V2-M1l. Each one of the first
seven runs represented the situation where one performance measure was
designated as a dominant goal and accordingly was assigned a large
preemptive weight in relation to the other six performance measures.
The dominant goal, in this case, was assigned a weight of 1.0 while
all other goals were given a weight cf .0l. An eighth goal program
was run in which the preemptive weights for every performance measure

were set equal to .0l indicating the absence of a dominant goal.
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In each of the eight initial goal program runs and throughout
the remainder of the goal program analysis, the preemptive weights
associated with constraint sets three and four in Table 15, the desired
vehicle usage level and the total available manpower level, were set
extraordina;ily high at a value of 99.0. It was felt that this action
was necessary to ensure the same resource levels were available for
use as was available in the third quarter, 1975. It is important that
the resource levels of quarker three, 1975 be adhered to since it is
this period which acts as a data base for this research and will, in
the final analysis, be used as a standard of comparison.

The results of the initial goal program runs were examined by the
Planning and Research Department in terms of both the allocation of
actual vehicle hours across an average week for each precinect and the
percentage of goal attainment exhibited by each allocation pattermn.
The results are presented in Appendix D. Table 40 through Table 47
display the actual vehicle hours allocated across each precinct for
each of the eight initial goal runs. Table 48 through Table 55
present. the percentage goal attainment exhibited by each performance
measure in each precinct for each of the eight initial vehicle alloca-
tions. These percentage attainment values were presented to the
Planﬁing and Research ﬁepartment in a value path format and are dis-
played in Figure 22 through Figure 29, The value path format, as
described by Schilling et al. [72], provides a means of compéring
multiple solutions on a one dimensional scale.

The goal attainment values represent the average percentage

attainment level a particular measure of performance reaches with
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respect to its individually specified goal level. The values are a
composite average taken across all watches and all days for each
precinct. Specific values are‘calculated by first, determining for
each precinct, the average number of effective vehicle hours éllocated
per watch.  Then, the average number of effective vehicle hours re-
quired per watch to satisfy a particular performance measure goal in
each precinct is found by averaging the right-hand side of the con-
straints that are representative of the partﬁcular performance measure
and precinct being considered. There will be twenty-—one constraining
right~hand sides to average for each value. The goal attainment level
is the percentage value that results from dividing the average effective
vehicle hours required to satisfy the goal target level into the aver-
age effective vehicle hours actually allocated by the géal program.

In general, as the number of effective vehicle hours allocated
is increased, the goal attainment percentage increases, indicating
an improvement in the performance measure level. There is, however,
one exception to this rule. As the number of vehicle hours allocated
increase, the utilization ratio exhibited by patrol vehicles decreases.
The goal for the utilization ratio performance measure was set at forty-
five pefcent. In order to reach this level, the number of vehicle
hours allocated per average watch must be decreased because the average
utilization per watch is presently below the forty-five percent target
level. Therefore, to properly reflect the goal attainment percentage
for the utilization ratio, the average vehicle hour values must be
inverted so that the average effective vehicle hours actually alloca-

ted are divided into the average effective vehicle hours required to
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satisfy the goal target levels. This is the manner in which the goal
attainment percentages were calculated inm both Appendix D and Appendix
E.

Within the Planning and Research Department of the Columbus Poiice
a team of four policemen consisting of the Lieutenant in charge of the
department, two Sergeants, and a Patrolman reviewed the results that
are presented in Appendix D. The derivation of the goal attainment
percentages for each measure of performance was explained to each
member of the team along with a4 description of how the value path graphs

were constructed. The four policemen were then free to peruse the

‘results of the initial goal program runs without any further coaching

or prompting from the researcher. After reviewing the resulits, the
team of policemen selected four measures of performance that they felt
should be considered "important criteria' in the allocation of patrol
vehicles. The four measures of performance were average travel time,
utilization ratio levels, average patrol frequencies, and the average
number of caré available, The problem then became one of establishing
the proper preemptive weighting scheme for the objective function of
the goal program. A set of preemptive weights needed to be determined
for the performance measure constraint sets that would reflect the
importance o0f these four measures both between themselves aﬁd the other
measures of performance.

To gid in the selection of appropriate preemptive weights an
approach, similar to the one described by Huber [49, p. 446] as the
"client-explicated model” which he uses to estimate multi-attribute
utilities, was employed. Specifically, the team of four policemen from
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the Planning and Research Department were asked to rank, on a scale
from zero to one, the importance of attaining, individually, each per-
formance measure goal, given that it would be the only goal achieved
and all other goals would exhibit very low attainment levels.

" The use of an approach such as this relies on two conditions being
met. The first is preferénce (or difference) independence and the
second utility independence. Preference independence was validated by
choosing two performance measures,Aaverage total delay and the prob-
ability of a call being delayed, and finding a point of indifference
with respect to alternative levels of these measures. The set of alter-
naéives settled on were a_choice between a delay of six minutes and
probability of t%énty percent as opposed to a delay of four minutes and
a probability of thirty percent. Since the patrol planner was indiffer-
ent to either set of these alternatives, to satisfy the condition of
preference independence he should remain indifferent no matter what
the level of the other five performance measures, as long as they are
the same for each alternative.' This proved to be the case and the con-
dition was satisfied.

Utility independence was validated by using average travel time.
The patrol planner was given a choice between the alternative of having
a travel time of three minutes with certainty or having the alternative
of a fifty-fifty chance of incurring a one minute or five minute travel
time. Since the patrol planner was indifferent to either alternative

as long as the other six performance measures were held constant at any

other level, the utility independence condition was satisfied.
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In using the forementioned technique, the team of four practitioners
from the Planning and Research Department settled on two sets of rank-
ings to indicate the relative importance of the measures of performance.
For example, the team was asked to indicate the importance of the
average travel time goal, being it was the only goal that could be at-
tained and all others would exhibit very low attainment levels. The
team assigned this goal the highest possible rank of 1.0, indicating
the highest level of importance. Each of the other six performance
measures were ranked by the practitioners in the same manner; Two ‘sets
of rankings were specified because agreement could not be reached con-
cerning the relative importance between two of the measures of per-
formance; the utilization ratio and the average patrol frequency.

The four measures identified as being the most important, average
travel time, utilization ratio level, average patrol frequency, and
average number of cars available were given rankings of 1.0, .8, .6,

and .4 in the first set and rankings of 1.0, .6, .8, and .4 in the

=

second set, respectively. Each of the other measures of performance in
each case received a ranking of .l.  The two sets of rankings were
normalized by dividing the ranking of each performance measure by the
summation of all performance measure rankings and used as preemptive
weights in the formulation of two objective functions. The normalized
welghts are exhibited in Table 20.

Using the two sets of weights displayed in Table 20, two goal pro-

grams were run, The resulting allocations of vehicle hours arrived at

in each run, along with the corresponding goal attainment percentages
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TABLE 20

Normalized Weightings for the Goal
Program Objective Function

Performance Weights Weights
Measure Set 1 Set 2

Average Travel Time .303 .303
Utilization Ratio 2424 .1818
Average Patrol Frequency .1818 $2424
Average Number Cars L1212 .1212
All Other Measures .0303 .0303

and value paths, were presented to the Planning and Research Depart-
ment for examination. These results are displayed in Appendix E. As
can be séen, the vehicle hour allocations and the goal attainment levels
exhibited by each goal program run are very similar., A thorough study
of these results by the four member team frcm the Planning and Research
Department indicated that they were indifferent as to which set of
weights were to be used in the final solution procedure. They were
satisfied that the assignment of vehicle hours, which resulted in
either case, was valid and the respective goal attainment levels were,
in both cases, acceptable. Therefore, it was unnecessary to perform
further goal program runs due to both the similarity of the soclutions
and the satisfaction exhibited by the Planning and Research personnel.
As a final step, Planning and Research Departmeﬁt personnel trans-
formed the assignment of vehicle hours derived from the final goal pro-
gram runs into an integerized, feasible schedule of patrol vehicle allo-
cations. This was necessary to ensure five day schedules for patrolmen

and to provide a vehicle schedule to compare to the existing vehicle
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schedule present in quarter three, 1975. The actual vehicle al-
location which existed in quarter three, 1975, the actual integerized
goal program allocation, and the smoothed goal program allocation in-
dicating feasible schedules are exhibited in Appendix E.

The actual derivation of an integerized, feasible schedule of
patrol vehicles across watches, days, and precincts entailed the per=-
formance of two major tasks. First, the actual vehicle hours allocated
across each watch, day, and precinct by the goal program model were
integerized to reflect "whole" patrol vehicle unit allocations. The
final goal program run chosen to be used in this integerization process
was the one that assigned a preemptive weight of .6 (.1818 normalized)
to the utilization ratio measure of performance and .8 (.2424 normal-
ized) to the average patrol frequency measure. This particular goal
program run resulted in marginally better levels of performance for all
measures of performance except the utilization ratio. (See Tables 58
and 59). For this reason, this researcher took that particular
vehicle hour allocation output and rounded each individual allocation
upward to the nearest whole patrol vehicle. The only exceptions were
cases where the vehicle hours allocated exhibited a level less than
one hour above a "whole vehicle" level. In these instances, the
fraction of an hour above the whole vehicle level was dropped. For
example, if a particular watch was allocated 48.7 vehicle hours, then
the number of vehicles assigned to that watch would be six, and the
extra .7 hours would be dropped. If, however, the vehicle hours allo-
cated were 49.6 hours, then seven vehicles would be assigned. The
results of this intergerization process are exhibited in Table 61.
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The second task, necessary to arrive at the final vehicle alloca-
tion prescribed by this research, entailed the smoothing of the vehicle
schedule displayed in Table 61 to reflect "feasible'' vehicle schedules.
A "feasible" vehicle schedule is one that has smoothed the variatibns
in the number of vehicles assigned across each day, for a particular
watch, to permit the scheduling of individual patrolmen to conform to
continuous five-day periods. The establishmeﬁt of feasible schedules
for each precinct was undertaken by one Sergeant from the Planning and
Research Department. He was given Table 61, the integerized final goal
program allocation, and was asked to develop a feasible operating
schedule of patrol vehicles. The results of his efforts are shown in
Appendix E, Table 62. As an example of this smoothing procedﬁre, Table
61 shows the wvariation in the number of patrol vehicles allocated in
the first watch for Precinct 1 to range from a low of four vehicles on
Sunday to a high of seven vehicles on Monday. In order to provide a
consecutive five-day working schedule for patrolmen assigned to these
vehicles, the number of patrol vehicles assigned to the first watch
for Precinct 1 was smoothed to indicate six vehicles allocated to Mon-
day through Friday and five vehicles for both Saturday and Sunday. This
allocation is displayed in Appendix E, Table 62. This schedule requires
eight patrolmen two of which begin their tour of duty on Monday. The
other six patrolmen each begin their respective tours of duty on a dif-
ferent day of the week. With each patrolman working five consecutive
days, the vehicles allocated in Table 62 for the first watch in Precinct

1 can all be manned throughout the week.
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The Sergeant completing the smoothed vehicle schedule required one

full afterncon to complete the schedules for the eight precincts in-
volved. It should be noted, however, that anyone could have derived
a feasible operating vehicle schedule, given the time and patience,
since the only information required to complete one is an initial
integer vehicle allccation.

5.4 Concluding Remarks

Chapter V has described the development of a goal programming model
which was used to derive an assignment of patrol vehicle hours across
the watches of an average week for eight precincts. After the as-
signment of vehicle hours was determined, it was used to structure a
patrol vehicle allocation which reflected feasible operating schedules.
The arrival of feasible operating schedules for patrol vehicles across
precincts is the culmination of the three stage methodology developed
in this research. The only function remaining to be performed in this
research is an analysis of the results obtained through the use of the
outlined methodology. This analysis is discussed in Chapter VI. Ap-
propriate conclusions and future research directions are presented in

Chapter VII.
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CHAPTER VI
ANALYSIS AND SUMMARY OF RESULTS

In Chapter V the formulation of a goal ﬁrogram was presented which,
when initiated, resulted in the allocation of effective patrol vehicle
hours for an average week on a per watch per day per precinct basis.

As previously described, the effective vehicle hours were transformed
into actual vehicle hours in drder to take into consideration the as-
sumption that thirty percent of the time patrol vehicles are unavailable
to respond to calls-for-service. This assumption was made in Chapter IV
when the input data for PCAM was described. This actual vehicle hours
allocated per watch per day per precinct for the final goal program runs
are displayed in Table 56 and Table 57.

Given these actual vehicle hour allocations, attainment level ratios
were derived for each measure of performance and are displayed in Table
58, Table 59, and Figure 30. Finally, given the patrol planner's
satisfaction with the results of the final goal program allocations and
the corresponding attainment levels of the performance measures, the
actual vehicle hours allocated were translated into the number of
vehicles to be assigned to each watch on each day for each precinct.
This action resulted in the development of two sets of vehicle assign-
ments. Both of these assignments, the actual goal program allocation
and the smoothed goal program allocation, are discussed in Appendix E
and displayed in Table 61 and Table 62 along with the actual Columbus

allocation shown in Table 60.
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It is the aim of this chapter to analyze the results presented in
Appendix E and to summarize the resultant findings.

The results of this research can be conveniently sectioned into
two categories. First, there are the actual vehicle allocations which
were developed and second, there are the expected levels of performance
associated with these allocations. The categorization of results in this
manner provides both the researcher and the reader with a simple
straightforward structure in which to review and analyze the large
amount of output generated by this research. In keeping with this
structure, the wvehicle allocation results are first analyzed followed
by a discussion of the performance measure results.

6.1 Vehicle Allocation Results

The analysis of the vehicle allocations concentrates on Table 60,
Table 61, and Table 62 in Appendix E. These tables represent,
respectively, the actual vehicle allocation Columbus, Ohio maintained
during the time period the data-base represents, the actual vehicle
allocation derived from the goal program model, and the vehicle al-
location arrived at by smoothing the actual goal program results in
order to develop feasible working schedules.

Preliminary analysis indicates that the total number of vehicles

“allocated to the system are almost identical. Table 21 indicates that

the average number of vehicles allocated at any point in time is 47.3
vehicles for the actual Columbus allocation, 46.2 vehicles for the goal
program, and 47.0 vehicles for the smoothed goal program allocation.

The increase in the average number of vehicles in the smoothed allocation
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TABLE 21

THE TCTAL NUMBER OF VEHICLES

ALLOCATED IN ALL EIGHT PRECINCTS

Actual Columbus Allocation

Day :
;;;EE‘\\\§9nday Monday Tuesday = Wednesday  Thursday Friday - Saturday Average
First 40 41 41 41 41 41 40 40.7
Second 55 S5 58 56 56 58 58 56.6
Third 46 44 42 43 45 46 46 44.6
Total 141 140 141 140 142 145 144 47.3

Actual Goal Program Allocation
First 36 54 40 46 42 47 41 43,7
Second 46 73 56 62 59 67 65 61.1
Third 42 28 28 31 29 34 45 33.9
Total 124 155 124 139 130 148 151 46.2
Smoothed Goal Program Allocation
First 41 47 47 47 46 46 41 45.0
Second 58 61 63 63 63 65 62 62.1
Third 33 31 30 31 31 34 42 34.0
Total 138 139 140 141 140 145 145 47.0
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as compared to the actual goal program allocation was necessary to ac~
commodate the need for feasible schedules.

The results displayed in Table 21, therefore, show the total
amount of resources allocated in each schedule are of a comparable
level. This being the case, any differences that are present between
the three allocation schemes must be due to the specific allocation of
resources across watches, days, and precincts.

6.1.1 Analysis Across Days

A visual analysis of Table 21 shows the goal program allocation
reducing the number of vehicles assigned tc Sunday, Tuesday, and
Thursday and, in turn, increasing the number of vehicles assigned to
Monday, Friday, and Saturday, as compared te the actual Columbus al-
location. This is an expected result when one looks at Table 22, Total
Hourly Workload Per Watch Per Day Per Precinct. The values in Table
22 represent the total number of workload hours which occurred in each
of the eight hour watches for each day and precinct in quarter three,
1975 in Columbus, Ohio. Monday, Friday, and Saturday exhibit con-
sistantly higher workload levels and, therefore, should command a
greater share of the resources.

Table 22 shows that for Wednesday the total hourly workload was
greater than the overall average across all days in Precincts 1, 5, 8,
12, and 13. Lower totals were displayed in Precincts 4, 6, and 11. The
total hourly workload for an average Wednesday was 31.63 hours. This
compares to an overall average level for all days of 31.17 hours.
Therefore, in terms of workload levels, Wednesday seems to be a

relatively average day. The goal program allocations have recognized
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this and have allocated patrol vehicles accordingly. ' The average total
number of wvehicles allocated to any day for the actual Columbus, actual
goal program, and smoothed goal program allocations were 141.9 vehicles,
138.7 vehicles and 141.1 vehicles, respectively. As shown in Table 21,
the Wednesday allocations for both goal program allocations compare
favo:ably to these averages.

These obvious differerices in the total daily vehicle allocations
become rather minimal when the goal program results are smoothed in
order to provide feasible working schedules for the patrolmen. For the
most part, the differences between the total daily vehicle allocations
of the actual Columbus allocation and the smoothed goal program al-
location are only one or two vehicles with the largest discrepancy
being three vehicles on Sundays. When one considers the fact that
these totals represent the sums of eight precincts, the one or two
vehicle difference is a minor one.

6.1.2 Analysis Across Watches

When the allocations in Table 60, Table 61, and Table 62 are
compared on a per watch basis, the differences prove to be significant.
Table 21 indicates that substantially fewer vehicles were allocated to
the third watch while more vehicles were allocated to the first watch
and the second watch in both the actual goal program and its smoothed
counterpart, as compared to the actual Columbus allocation. To test
for the significahce of these differences a Wilcoxon Matched-Pairs
Signed-Ranks Test was performed.

The Wilcoxon Matched-Pairs Signed-Ranks Test is a nonparametric

statistical test for location. A nonparametric test was chosen due to
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TOTAL HOURLY WORKLOAD

TABLE 22

PER WATCH PER DAY PER PRECINCT

Precinct 1
Watch Stinday Monday = Tuesday Wednesday Thursday ?fi&gx Saturday ~ All Days
1 8.62 16.69 12,91 15.57 13.98 15.34 10.78 13.32
2 9.03 16.86 15,31 16.68 17.37 18.99 15.05 15.60
3 10.94 7.36 7.48 8.73 8.44 9.62 12,54 9,33
Total 28.94 40,91 ° 35,70 40,98 39,39 43,95 38,37 38,24
Precinct 4
1 8.78 12.34 9.72 11.31 10.63 12.50 10.66 10.83
2 12,14 18.59 15.54 15.98 16,18 17.64 16.16 16.00
3 11.77 7.25 7.40 7.70_ ... 7.98 9.32 14.94 9.50
Total 32,70 38.18 32.66 7T.as 34.79 39.47 41,76 36.34
Precinct S
1 9.69 13.81 9.64 i1.90 10.25 10.57 11.92 11.08
2 13.74 17.43 14,95 17.50 ’ 16.77 17.71 18.70 16.68
3 11.35 6.66 6.86 7.35 6.94 7.29 11.44 8.29
Total 34.77 37.91 31.46 36.75 33.97 35.8 42.08 36,05
Precinct 6
1 7.68 10.29 7.50 8.10 7.63 8.59 7.65 8.18
2 10.79 12.89 11.43 11.66 10,938 13.80 12.83 12,05
3 9.62 5.74 5.49 5.82 5.75 7.37 8.28 6.88
Total 28.10 28.91 24.42 25.58 24.36 29,75 28.77 27,11
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TABLE 22 (continued)

Precinct 8
6.58 11.30 §.41 9.45 8.34 10.17 6.74 8.68
8.17 12,92 10.14 11.35 10.45 12.41 10.64 10.84
6.46 5.20 5.26 6.80 5.60 6.585 8.42 6.34
21.21 29.42 23.81 27.60 24.38 29.13 25.80 25.87
Precinct 11
6.39 13.63 9.54 9.67 10.11 10.94 8.97 9.88%
9.04 15.04 13.56 12,79 14,53 15,82 13.05 13.39
9,86 6.72 6.31 7.92 6.08 7.10 10.57 7.81
25.29 35.38 29.41 30.39 30.72 33.86 32.59 31.04
Precinct 12
9.01 11,36 9.36 12.24 9.07 10.82 9.06 10.12
12.47 14.60 14,17 13.54 12.85 16.92 15,78 ' 14.33
10.29 6.63 6,150 8.00 5.81 6.82 10.96 7.88
31,77 32.59 30,12 33.78 27.73 34,56 35.79 32.33
Precinct 13
5.48 8.94 5.86 7.37 6.81 7.79 6.80 6.99
8.02 11.81 9.91 10.51 9,27 10,65 10.77 10.11
5.87 4.07 3.68 5.13 4.76 6.97 6.31 5.27
19.37 24,82 19.45 23.02 20.85 25.42 23,88 22.37
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the less stringent population assumptions required for a valid ap-
plication of the test as compared to its parametric counterpart the
"Student's t test.'" Specifically, there is no reason to believe that
the vehicle allocations_follqw a normal distribution.

The specific Wilcoxon test employed was found in the SPSS Batch
Release 7, Update Manual;og March 1977 and was performed at the
University of Georgia Computer Center. It tests the differences.in
central tendency between paired observations. Both the sign and the
magnitude of the differences are taken into consideration. The dif-
ferences are first ranked ignoring their signs and, theoretically, if
the two distributions are the same, the sum of the raﬁks for the
positive and for the negative differences should be approximately the
same. The null hypothesis states there is no difference in the dis-
tributions of the variables while the alternative two-tailed hypothesis
states that the two variables differ.

The textbook procedure of the performance of this statistical test
is to directly compare the actual levels of the paired observations to
each other and then rank the absolute differences that result. Al-
though the Wilcoxon Matched~Pairs Signed-Ranks Test considers the
magnitude of these differences as well as the sign, the relative
importance of these magnitudes is not considered. For example, for a
particular watch, day, and precinct if the actual Columbus allocation
assigned four vehicles and the actual goal program allocation assigned
three vehicles, the difference would be one vehicle. If for another
particular Watch, day, and precinct the allocations assigned nine and
eight vehicles, respectively, the difference would still be only ovne
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vehicle. Therefore, the textbook procedure would assign the same rank
to each of these differences; however, the relative importance in each
case is not the same. A difference of one vehicle When;only three
vehicles are allocated is rélatively more important than the same
difference of one veﬁicie wﬁen eight vehicles are allocated. For this
reason it was necessé?y téAQ;éehow weight the differences with respect
to their relative importance.

The weighting of the differences was accomplished through the use
of ratios. A series of ratios was calculated by dividing the actual

Columbus vehicle allocation into each goal program allocation for each

.watch. Each observation then is weighted by the value of the denominator.

In the example above the differences in three and four, and eight angd
nine vehicles would be assigned the séme rank under the textbook
procedure., Using the ratio method, two ratios are developed, 3/4 and
8/9. 1If each of the ratios are paired with a value of one ‘the absoluta )
differeﬁces become 1/4 and 1/9. Since the differences né longer are
equal and the ranks are assigned from the lowest absolute value to the
highest, the difference of 1/9 would have a lower ranking than that of
1/4. Therefore, the use of ratios being matched-paired with a value
of.one to -derive the differences to be ranked, allows the relative
importance of the magnitude of the differences to be considered.

In applying the Wilcoxon Matched-Pairs Signed-Ranks Tests just
described to this research, two sets of tests were performed to judge
the significance of the difference between the three vehicle allocations
of Table 60, Table 61, and Table 62 on a per watch basis. In the first
set of tests, a series of ratios was calculated by dividing the actual
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Columbus vehicle allocation into the actual goal program vehicle al-
location for each watch. With each of the eight precincts encompassing
seven days a week, fifty-six ratios were calculated for each watch. In
other words, Table 61 was, item—-for-item, divided by Table 60. Each
of the fifty-six ratios for each watch were matched with the value ome.
This meant that for the first set of tests, three tasts were performed
which compared the ratios for each watch with the value of one. The
null hypothesis is that the ratio equals the value one while the two-
tailed alternative declares that the ratio is not equal to the value one.

By structuring the test in this manner, the SPSS program calculates
the differences such that a negative rank indicates a ratio value
greater than the value one. This, in turn, means that the allocation
derived from the actual goal program output from that particular
observation is larger than the actual Columbus allocation. If the
overall results of the test for a particular watch jindicate that the
null hypothesis. should not be accepted then the ratio does not equal one
and the allocations are presumed to differ. The direction of the
differénces is indicated by the number and mean of the negative versus
the positive ranks. If, however, the null hypothesis can not be rejected
then there is presumed to be no difference in the two allocations.

The second set of Wilcoxon tests compared the smoothed goal
program allocation to the actual Columbus allocation., As with the first
set of tests, a ratio is formed by dividing the actual Columbus al-
location into the smoothed goal program allocation across each day of

every precinct on a per watch basis. This results in three sets of
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ratios with fifty-six values in each set. The values again are paired
with the value one and the tests performed under the same set of
hypothesis and conditions. Table 23, Wilcoxon Matched-Pairs Signed-
Ranks Tests: Comparison of Patrol Vehicle Allocations, displays the
results of the six tests which were performed. The Ties column
represents the number of times the ratio, developed for the comparison,
exactly equaled the value of one. The Negative Ranks and Positive Ranks
columns indicate the number of times negative and positive differences
were derived, respectively, from the matched-pairs comparisons of the
ratios to the value of one. The negative rank mean was calculated by
summing all the rankings exhibiting a negative sign and dividing by the
total\number of negative ranks present to arrive at a mean value.

Larger mean values indicate larger differences in the comparisons of

the ratios to the value of one. The positive rank mean was calculated
in the same manner using the positive values. The two-tailed probabilities
represent the probability of obtaining the specific results indicated
for each test in terms of the number and mean of the negative versus the
positive ranks, given the null hypothesis is correct. These probabilities
are derived through the use of the standard normal curve, the asymptotic
approximation of the sampling distribution of a Wilcoxon signed rank
statistic for a large number of observatiomns.

Therefore, Table 23 indicates that there is a small probability
that the values, exhibited for the number and mean of the negative and
positive ranks, would occur given the ratios actually equal one. This
means that both the actual and smoothed goal program allocations ex~

hibit a significant difference from the actual Columbus allocation on
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TABLE 23
WILCOXON MATCHED-PAIRS SIGNED-RANKS TEST:
COMPARISON OF PATROL VEHICLE ALLOCATIONS
NEGATIVE POSITIVE
NEGATIVE  RANK POSITIVE  RANK TWO-TATLED
N WATCH  CASES  TIES RANKS MEAN RANKS MEAN z PROBABILITY
(=)}
ACTUAL GOAL PROGRAM ALLOCATION FIRST 56 11 23 27.96 22 17.82| -1.417 | 0.157
ACTUAL COLUMBUS ALLOCATION SECOND 56 9 23 32.17 24 16.17| -1.862| 0.063
THIRD 56 9 6 22.83 41 24.17} -4.519 | 0.000
SMOOTHED GOAL PROGRAM ALLOCATION | FIRST 56 17 21 27.29 18 | 11.50} -2.554| 0.011
ACTUAL COLUMBUS ALLOCATION SECOND 56 25 33.20 23 15.04| -2.482| 0,013
THIRD 56 4 31.25 43 23.33]| -4.646 | 0.000
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a per watch basis. The first watch test for the actual goal program
versus the actual Columbus ratio dees indicate a 15.77% probability of
occurrance which may be considered to indicate an insignificant dif- 'QJ
ference.

Specifically, for each set of tests, the first watch displays a
larger number of negative ranks and a much larger mean for the negative
ranks. This means that not only are there a larger number of instances E
where the goal program allocations have allocated more vehicles but the
differences in the number of vehicles allocated also tends to be greater.
The first watch results must be viewed cautiously due to the largef number
of ties. The ties reflect the number of observations that exactly

equaled a value of one and, therefore, indicate instances where the

allocations were identical.

The second watch results indicate that the number of negative
versus positive ranks are about the same. Comparing the actual goal
program allocation to the actual Columbus allocation shows the number of
positive ranks actually exceeds the negative ranks. The mean of eacli set
of ranké, however, overwhelmingly favor the negative ranks; this
indicates that differences in the allocations are greater when the goal
program allocations are larger.

The most definitive results are found in the comparisons of the
third watch for each set of ratios. In both casés the number of positive
ranks far surpass the number of negative ranks. This indicates that
there are decidedly fewer vehicles allocated in the goal program al-
locations to the third watch than in the actual Columbus allocation.

The negative rank means seem to be high in light of the small number of
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ranks present. Therefore, when the goal program does allocate more

vehicles to the third watch than the actual Columbus allocation, the

differences tend to be large. Table 23 tends to suggest that both goalv‘v

program allocations assign a larger number of vehicles to the first
and second watch and fewer vehicles to the third watch as compared to
the actual Columbus allocation.

These results are consistent with the information presented in
Table 22. The call-for-service workloads displayed here show that the
first and particularly the second watch exhibit consistently higher
values in every precinct. The only exceptions are the third watch on
Saturday and Sunday for each precinct. 1In these instances the recorded
call-for-service workload of the third watch is at least comparable and
in most cases slightly higher than that recorded for the first watch.
However, the call-for-service workloads averaged over all days for each
watch support the results of the goal program model in indicating,
across the board, higher workloads in the first and second watches as
compared to the third watch for each precinct.

»

6.1.3 Analysis Across Precincts

Finally, when analyzing the vehicle allocation results, one must
investigate the possible allocation differences occurring between
precincts. Data concerning the actual number of patrol vehicles al-
located across‘each watch for each day and every precinct are summarized
in Appendix F, Table 63 through Table 86. The values are also recorded
for each of the three allocation schemes of Table 60, Table 61, and
Table 62. A review of this data reveals that each of the goal program

allocations reallocated vehicles from precincts 1, 4, 6, 11, and 12 to
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precincts 5, 8, and 13. This reallocation is particularly ncticeéble
when examining the value paths created by each allocation across each
precinct. The value path analysis is presented in Figure 12.
In examining Figure 12, it is observed that the actual Columbus

allocation usually stayed in the range from five to seven vehicles.
The onl& two deviations occur in Precinct 8 and Precinct 13 when the
average number of vehicles allocated fell to 4.8 and 4.6 vehicles,
respectively. - Both goal program allocations, on the other hand, are a
stark contrast to the relatively level Columbus allocation. The goal
program allocations exhibit a wider range in the number of vehicles
assigned from a high of 8.3 vehicles in Precinct 5 to a low of 4.5
vehicles in Precinct 6. The average number of vehicles a;located for
both goal program allocations range, predominately, between 4.5 and 6
vehicles, which is lower tham the actual Columbus allocation range.
However, Precinct 5, Precinct 8, and Precinct 13 show considerably higher
average allocations than those displayed by the Columbus allocation,
especially Precinct 5 with 8.3 vehicles being allocated, on the average.

| -The réalloea£i6n of resources among precincts, that is highlighted
in Figure 12, éan be explained by investigating the interaction between
three contributing factors. The first and, perhaps, most imﬁortant
factor is the decision made by the Planning and Research Department
concerning the relative importance of each performance measure. Three
measures selected as having key goal levels to éttain were travel time,
utilization, and the average patrol frequency with the traﬁel time being
identified as the one most important measure to attain. This decision

was the basis for the weighting of the objective function in the final
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goal program runs; as indicated in Table 56 and Table 57. The second
interacting factor is the square miles‘each precinct encompasses and the
final factor relates to the average daily workload exhibited in each
precinct. These factors are displayed in Table 24.

To explain the reallocation of patrol vehicles that occurs between
precincts when the goal program model is employed, the interactions which
exist between the three stated factors ﬁust be understood. The average
travel time, singled out as the most important goal to satisfy, is
directly influenced by the square miles of area each precinct encompasses.
As the area of the precinct increases the potential distance a patrol
vehicle must travel to respond to a call-for-service also increases,
thereby increasing the travel time. Since the goal program attempts to
satisfy this number one goal to the best of its ability, it must allocate
a larger number of resources to those precincts that extend over a larger
area. In a similar fashion, in order to satisfy the average patrol
frequency goal which also exhibits a high degree of importance, a greater
number of vehicles must be allocated to those precincts having a greater
area to patrol. In looking at Figure 12, the three precincts where the
largest number of vehicles were reallocated are Precincis 5, 8, and 13.
These are the three precincts which also encompass a substantially larger
area, as evidenced in Table 24.

The utilization ratio performance measure comes into play by
acting as a counterbalancing measure of performance. The specified
goal was to maintain a utilization ratio of forty-five percent for each

precinct. Once a utilization rate of this level is reached, if patrol -
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TABLE 24

AREA AND AVERAGE DAILY WORKLOAD DATA FOR EACH PRECINCT

Area In Average Hours Of
Precinct Square Miles Worklosd Daily
1 4.96 38.24
4 8,08 36.34
5 ) 14, Sk2 36.05
6 5.92 . 27.11
8 10.30 . 25.87
11 3.48 31.04
12 3.36 32.33
13 16.95 22.37
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vehicles are continued to be added the utilization rate will fall below
forty-five percent. Because the utilization ratio was also identified
by the Planning and Research Department as having a high degree of
importance as a stated goal, it acts to limit the number of patrol
vehicles allocated to a particular precinct, once a utilization ratio
of forty-five percent has been attained. Therefore, for Precinct 8 and
Precinet 13, their large area caused a greater number of patrol vehicles
to be allocated to them, but, the allocations were limited by the low
average daily workload which, affecting the numerator of the utilization
ratio, enabled the utilization ratio goal of forty-five percent to be
satisfied with fewer vehicles. Precinet 5, on the other hand, nct only
exhibited a large area but also a high daily average workload and,
therefore, was allocated the largest number of patrol vehicles.

The same logic used to explain the increased vehicle allocatioms
in Precincts 5, 8, and 13 can be employed'to explain the lower vehicle
allocations Po Precincts 6, 11, and 12. Precincts 11 and 12 have a
small area relative to the other precinc¢ts thus requiring a lower
number of vehicles to attempt to satisfy travel time and average patrol
frequency goals. Precinct 6, although encompassing a larger area than
either Precinct 1l or Precinet 12, exhibits a smaller daily average

workload and thus, the utilization ratio goal limits the number of

vehicles allocated.

6.2 Performance Measure Results

The previous section analyzed the differences that prevailed between

the actual Columbus allocation of patrol vehicles being utilized in
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Quarter Three, 1975 and the allocations derived as a result of this
research. This analysis was directed toward the differetices in the
actual number of’vehicles assigned. The analysis presented in this
section concerns the differences exhibited by the measures of performance
which/ariseAfrom the various vehicle allocations. In proceeding through
this analysis, two sets of tables along with a corresponding value path

analysis of each set are analyzed.

6.2.1 Percentage Attainmeqt Levels

The analysis begins with the investigation of the percentage at-
tainment results presented in Table 58, Table 59, and Figure 30 of
Appendix E. These results are derived from and directly correspond to
the actual vehicle hours allocated by the final goal program runs on a
per watch per day per precinct basis. These vehicle hour allocations
for each of the two final goal program runs are displayed in Appendix
E, Table 56 and Table 57.

In reviewing Tables 58 and 59 and Figure 30, two important
findings are readily apparent. First, two measures of performance,
identified by the Columbus Division of Police as being important goal
measures to attain, do not reach their specified goal level. These
measures of performance are the utilization ratio with a goal of forty-
five percent and the average patrol frequency which had a goal specified
of once per hour. The only exception occurs‘in Precinct 13 where the
average patrol frequency measure exhibits a percentage attainment value
of over one-hundred percent. This exception is explained shortly.

Secondly, the results displayed in Tables 58 and 59 and in Figure
30 substantiate the presence of a direct trade~off relationship between
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"the utilization ratio level and the levels of the other measures of

performance. This relationship was first theorized in Chapter I,
Section 1.2 when tﬁe utilization ratio was proposed as the major
decision variable for the police patrol function and was later used
to mbdel the goal constraints in the goal program model.

Specifically, a review of Table 58 and Table 59 indicates that when

T ————

the utilization ratio measure is weighted at the .8 level as in Table
59, the percentage attainment for the utilization ratio exhibits a
higher level, which signifies utilization ratios closer to the forty-
five percent goal. However, Table 58 displays equal or higher percentage
attainment values for every other measure of performance. Even the
total average delay, which is expressed in minutes rather than percentage
attainment values, exhibits equal or better levels in Tabble 58. As shown
below Table 58, the utilization ratio measure was assigned a weight of
.6 for the results displayed therein. Therefore, as the weight of the
utilization ratio measure is increased, the level tends to approach the
goal of forty-five percent. However, this is accomplished at the expense

of a deterioration in the levels of all other performance measures.

On a precinct-by-precinct basis, the results of Table 58 and Table

.59 reflect the analysis of the actual vehicle allocations discussed

in the previous section. Those precincts having a large area were al-
located a greater number of vehicles to satisfy the average travel time
goal. These are the precinects that tend to exhibit low utilization ratio
levels and low percentage attainment values for‘the average travel time -
measure. However, because of the greater number of vehicles assigned

to these precincts, Precincts 5, 8, and 13, the percentage attainment
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levels exhibited for the other measures of performance were higher than
in the other five precincts. This tendency is best exemplified by
Precinct 13. Because Precinct 13 is the largest precinct, with an area
of 16.Y5 square miles, a greater number of vehicles was allocated to

it in an zitempt to satisfy the average travel time goal. This in-
creased allocation of vehicles coupled with the lowest ave?age daily

workload level exhibited by any precinct caused the utilization ratio

to become very low and the other measures of performance to reach very

high attainment levels.

6.2.2 Actual Value of Performance Measures

The analysis<presanted in this section concentrates on the actual
values each of the measures of performance exhibits with respect to the
actual Columbus vehicle allocation, the actual goal program vehicle al-
location, and the smoothed goal program vehicle allocation. The data
that is analyzed is displayed in Appendix F. As explained at the
beginning of the appendix, it is comprised of twenty-=four tables which

represent the expected levels of performance for each measure in every

precinct for each of the three vehicle allocation schemes. These expected

levels of performance are a result of each allocation scheme's per-
formance being simulated within the context of the Patrolvcar Al-
location Model, which was described in Chapter IV.

Due to the large amount of output generated by the PCAM simulation,
it is helpful to begin analyzing the results of Table 63 through Table
86 by means of a value path analysis. A value path for each of the three

allocation schemes being compared was developed for each measure of

156



performance and extends across all eight precincts involved in this
research.  The levels exhibited by the individual paths represent. total
average values which were obtained by calculating the overall average
that occured across the seven days of the week in each precinct. The
value paths, seven sets in all representing the seven measures of
performance utilized in this research, are presented in Figure 13 through
Figure 19.

lAn initial investigation of Figure 13 through Figure 19 quickly
establishes the presence of two prevailing characteristics found
throughout each of the seven value path sets. The first characteristic,
not surprisingly, concerns the behavior of the performance levels with
respect to Precincts 5, 8, and 13. As a group, the performance measure
levels associated with these precincts react in an opposite and more
extreme manner than those measures associated with the other five
precincts. Results of this nature are surely to be expected given the
analysis previously presented which has shown vehicles being reallocated
from Precincts 1, 4, 6, 11, and 12 to Precincts 5, 8, and 13. A second
distinguishable characteristic found to exist in the value paths of every
measure of performance is the very close relationship the levels of the
two goal program allocations exhibit. They are, for the most part,
mirror images of each othér. This characteristic gives some indication
that the "rough allocations" coming directly from a goal program model
can be molded into a "smoqthed allocation", which allows for feasible
worging schedule§"f§r patrolmen, without having a substantial affect on

the expected performance measure levels.
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