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ABSTRACT

Three different types of models, viz., the competing opportuni-
ties model, the intervening opportunities model, and the gravity model,
are developed and tested with a view to predicting the residential loca-
tion distribution of workers in relation to their places of work within
the framework of a specific community. Even though, for the purpose of
this study, communities in the City of Winnipeg are investigated, the
approaches advanced for the models can be used to predict residential
location distribution, leading to an assessment of the traffic generated
from various land development proposals in other urban areas.

An important feature of the study is that it includes socioeconomic
factors, such as income and occupational status of the workers, for the
analysis of their choice of a residential location in the cityf The
parameters of the models developed in this thesis clearly indicate that,
in general, workers with high socioeconomic status tend to live farther
away from jobs as compared to workers with low socioeconomic status. This
may occur because the distance or travel time to work is less of a con-
straint in their choice of household location for the workers of high
socioeconomic status. Another feature of the study is that the models
make use of standard census data to predict the behavioural choice of
residential location, instead of expensive and time-consuming data collec-
tion procedures (such as origin-destination surveys).

The analysis carried out for this study demonstrates that the
existing calibration procedure for the competing opportunities model may
not adequately simulate trip making or the behavioural choice of residen-

tial location in urban areas. A new calibration procedure, as introduced



in this study, can considerably enhance the predictive ability of the
competing opportunities model. The new procedure includes an additional
step for improving the accuracy of prediction of the dependent variable
for the study zones within the first time band. In this step, the total
number of residential locations (or trips) predicted for the first time
band are redistributed among the residential districts (or destination
zones) within the first time band by applying the competing opportunities
model. The repeated application of the concept of competing opportuni-
ties model confined only to the residential districts within the first
time band of the previous stage of application of the model is termed a
'nested model' for redistribution of residential locatioms.

This thesis also contributes to a better understanding of the
intervening opportunities model of spatial distribution. It is evident
from the results of this study and several other studies in the past that
this model, with a constant (or single) probability parameter, usually
known as the L-value, cannot, in most cases, accurately reproduce actual
trip (or residential location) distribution. An improvement in the pre-
dictive ability results when a variable L-value, instead of a constant
one, is utilized in the model. The variation of L appears to depend on
the hypothesis that the probability of a destination being accepted, if
it is considered, is a function of the number of destinations which have
already been considered. This probability is assumed constant in the
hypothesis of the original model, independent of the order in which
destinations are considered.

The gravity model, using the inverse power distribution function

. can successfully simulate the residential location preferences of differ-
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ent socioeconomic groups of workers in the City of Winnipeg. It is also
believed that simple distribution functions, such as the inverse power
and the negative exponential, can provide satisfactory results for other
medium and small urban areas.

The findings of this study, together with the future research as
suggested in this thesis, will contribute to the better understanding of
the spatial distribution of different activities in the urban areas.

Such an understanding will not only help in the selection of sites for
new land development proposals in the existing infrastructure of an urban
area, but also assist in decision making in the context of regional plan-

ning around urban areas.
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CHAPTER I

INTRODUCTION

1.1 Prologue

Land is used intensively in urban areas for a variety of activi-
ties. The people of the city house themselves in structures ranging from
apartments to large single-family homes; they work in places ranging from
small office structures to factory lofts to large suburbanvindustrial
parks. Transportation facilities in the city, including highways and
streets, provide links not only between the residential and employment
activities but also between schools, shopping centres, recreational parks
and other socioeconomic activities. If an urban system is to function
efficiently, its transportation system must be capable of moving people
and goods from place to place in a socially acceptable and economically
feasible manner.

During the past two decades a substantial amount of work has been
done towards the development of an understanding of the relationship be-
tween various kinds of land development in the urban areas and the demands
for movement which they generate. To forecast future traffic volumes,
the earliest urban transportation studies simply multiplied existing
traffic volumes by a growth factor. The inadequacy of such a technique
soon became clear, mainly from observation of the wide variations in
growth rates within the metropolitan areas, and transportation planners
began to search for improved methods. The planners thought of directly
relating urban traffic to land use. They recognized that the number of

trips originating in, or destined for, each part of the region depended




on the amount and kind of activity (land use) located there. This con-
cept became the basis of the land use and transportation planning method
that has been employed in all recent studies being conducted with an
overall view to developing the most efficient arrangement of city
services for the citizens.
Kashuba (1974) writes on the importance of residential models:

Obviously, if the planner could accurately predict

residential preferences, he could go on to determine

the most efficient arrangement of city services for

such a population.

The author supports the belief that urban residential location distribu-

tion models are a vital aspect of land use and transportation planning.

1.2 The Research Problem

Travel Demand of the New Development

From time to time, in urban areas, there are proposals to develop
available vacant land for nonresidential purposes, such as industrial
parks, hospitals, shopping centres and recreational parks. Such develop-
ments in any urban region are bound to generate new traffic and affect
the existing commuter travel pattern. In particular, the establishment
of a large activity centre in medium or small urban areas can cause
severe imbalances in the supply and demand relationship of the existing
transportation system. In situations of this nature, alterations in the
existing transportation facilities might be required to accommodate the
new travel demand. The extent of changes required in the facilities, or
in other words, the social cost to the environs (or to the city) will de-
pend on the location of the development, because the transportation system

is not utilized uniformly throughout the urban regions. An optimum




location of the development will obviously be the one corresponding to
the minimum social cost to the environs. A transportation planner re-
quires a procedure which he can use to predict the extra travel demand
on the network associated with the new development which may lead to an

assessment of the social cost to the community.

A Critique of the Conventional Transportation Planning Approach

The conventional urban transportation planning process begins with
analysis of the present transportation system. A most probable pattern
of land dgvelopment is predicted for the horizon year (usually 15-20
years ahead) and transport demands created by that land use are estimated.
A set of alternative transport plans is generated to accommodate the pro-
jected demand for the horizon year.

There are numerous shortcomings associated with the conventional
approach of urban transportation planning. These shortcomings are ex-
haustively reported by Domencich and McFadden (1975); Brand (1972),
Stopher and Lisco (1970). Therefore, no attempt is made to enumerate and
discuss them at full length here. Inétead the discussion that foiloWs

includes only those shortcomings which relate to the central theme of

N the thesis.

Land use forecasting of the urban region in a typical transporta-
tion planning study depends on the judgment of planning experts who are
supposedly well versed in the economic, social, and political character-
istics of the region. Forecasts with such judgmental input often lack in
reproducibility by other planning or research teams. Since the forecasts
cannot easily take into account. the multitude of possible combinations of

land use and transportation alternatives, the selected transportation




system must necessarily be generated based on a limited number of

possible land use plans. This, together with the lack of reproducibi-
lity of plans by different planners, may create situations where a
specific land development proposal is not included in the land use plan
or is not even contemplated at the time of study. For urban areas for
which a land use/transportation plan exists, or for areas with no such
formal plan, a suitable approach is required to deal with a new develop-
ment proposal.

It is conceded that area-wide land use studies with a large time
scale (usually 15-20 years) utilizing the computerized models, such as
the Lowry model (Lowry, 1964) are relevant. It is also desirable to
focus on specific locations in a short-to-medium time scale. In the
words of Bayliss (1977):

Ideally transportation planners want models which can,
at the very extreme, be operated in a rapid and coarse
fashion for sketch planning purposes yet are capable of
being increased in resolving power and comprehension to
deal with a particular area or aspect of policy. Simi-
larly it is desirable to be able to portray intermediate
periods between the base year and the +20-year horizon.
There are no major theoretical obstacles to the solution
of these problems yet little has been done in this area.

It can also be stated that the linear four-stage modelling proce-
dure of generation and attraction/distribution/modal split/assignment is
inadequate for analyzing the impact of a new land development proposal
that was not contemplated at the time of land use forecasting. If we
consider an example of a new industrial park, the traffic generated from
it will be in the form of work trips. The trip distribution model as

developed in the four-stage modelling procedure is not adequate to dis-

tribute the work trips or residential locations of workers in reference



to the industrial park, because the trip distribution model is a part

of the simulation package of urban transportation study in which the
study area is divided into small traffic zones, with each zone being con-
sidered as an imaginary traveller whose trips are generated, attracted
and distributed according to some mathematical relationship. When such
a simulation model is calibrated, it is the aggregate behaviour of the
simulated trip that is brought close to the actual aggregate travel be-
haviour. The associated trip length frequency distributions are assumed
to be constant for each zone of the study area. Researchers have shown
that this assumption is not valid and that significant variations occur
throughout the urban areas (Edens, 1970).

Another weakness of the approach is that the monetary and time
costs associated with the home-interview surveys for the comprehensive
urban transportation stﬁdies are so high that they often cannot be econo-
mically justified for many medium and small urban areas (Hajj, 1971;
Zaryouni and Kennel, 1976). Also, the level of accuracy of such surveys
is frequently so low that the interzonal trip forecasts based upon them
may not be reliable (Lang, 1974). This is why planning analysts now
seek to model travel demands by using other data sources, such as standard
census statistics.

The preceding arguments suggest that more effort is needed to in-
vestigate the interaction between the land use and transportation systems
of the urban region while incorporating the use of data sources such as
standard statistics. The central theme of this research is to develop
partial and disaggregated models which may be used to assess the impact

of the land use changes on the transportation network of an urban system.



Boundaries of Research

This study focuses on the effect of the location of a proposed
industrial park on its workers' residential distribution within an
urban area. The study assumes an urban area with an established distri-
bution of workers' residences and work places. It further assumes that
there is no excessive increase or decrease in the number of workers due
to high in or out migration, either before or after the proposed site is

* that the industrial park consists of

established as a planned unit,
numerous firms, most of which have been relocated from other areas of

the city, with a few relocating from outside the city limits, as well as

a few newly established industries. The introduction of this industrial
park is bound to affect the existing commuter travel pattern and probably
cause an imbalance in the supply and demand relationship of transportation
facilities of the urban system. The questions generated are: What could
happen to the system in terms of workers' residential distribution? Will
workers whose jobs are directly affected by the new industrial park move
to enhance accessibility to the new job or will they remain at their
present address and choose to travel the extra distance? Will they choose
to seek a new job near at hand? Will the location decisions be affected
by the socioeconomic characteristics of the workers? The most important

question is: Can the residential location distribution of the workers be

predicted using the available spatial distribution models, and if not,

The term 'planned unit'" implies a single large firm or a large number
of smaller, scattered firms. The restriction placed on scattered firms
is that they must all be established within a few years of one another
and all must be located in a relatively compact area of the city, so
that a common centroid can be used in the road network to denote a
focal point of traffic generation. ‘



what improvements can be made in these models to make them more suitable
for the purpose of workers' residential location distribution? Which is
the best model for the prediction of residential location choice behav-
iour? If a model is adequate for predicting the residential pattern of
those working at a particular industrial park, is it also adequate for
any similar park or employment centre? These are the questions which
serve as a guilde in establishing boundaries for the structuring of this
thesis.

In particular, this study concentrates on developing and testing
three different types of models, viz., the competing opportunities model,
the intervening opportunities model, and the gravity model, with a view
to predicting the residential location distribution of workers in rela-
tion to their place of work. The residential location models to be
developed here differ mainly in two ways from the usual application of
the above models for the trip distribution in urban areas. Firstly, the
residential models of this study reverse the frame of reference, in that
they still seek to distribute the trips, but from an employment centre
towards the residential districts with their socioeconomic characteris-
‘tics. Secondly, instead of including numerous origins and destinations,
only one employment centre is conéidered as the trip generator, with
residential districts as its numerous destinations. The trips are
generated from the employment centre in the form of work trips. It is
assumed in this study that the distribution of work trips is the same as
the distribution of residential locations of workers in relation to their
workplace. . A further assumption is that the distribution will be help-

ful in predicting the extra travel demand due to the new development




proposal. Indeed, a direction is indicated in Chapter VII as to how this
residential distribution could be used towards this purpose.

The residential models of this study are disaggregated by socio-
economic status of workers. Also, these models are partial because they
focus only on a specific location, the proposed site of an employment
centre..

The residential models are made a function of access to the work-
place. The importance of the work trip for locating the household was
first hypothesized by Kain (1561). The Lowry model (Lowry, 1964) perhaps
the most popular land use model, utilizes access to workplace as a deter-
minant of residential location. The proposed location of an employment
centre is considered to have an organizing effect on the choice of
residential location by its workers similar to the Lowry model, in which
the residential pattern is made a function of the basic employment in the
urban region.

Even though, for the purpose of this study, communities in the
City of Winnipeg are investigated, the approaches advanced for the models
can be used to predict the residential location distribution, leading to
an assessment of the traffic generated from various land development

proposals in other urban areas.

Research Objectives

The following are the specific objectives of this research
project:
1. to investigate the possibility of using census data sources for the
estimation of traffic generated from the new land development propo-

sals in the form of residential distribution.




to develop and test the partial and disaggregated models of residen-

tial location distribution using the approaches of (i) the competing

qpportunities model, (ii) the intervening opportunities model, and

(iii) the gravity model, in the following steps:

a) to test the adequacy of the existing model for the purpose of
modelling the residential distribution of workers in relation to
their employment centre,

b) to refine the basic hypothesis or its calibration procedure if
the existing model is not particularly adequate for the residen-
tial distribution,

c) to test the refined models using samples of other industrial
parks,

to investigate the effect of socioeconomic status of workers on their

residential location choice, |

to make a comparative evaluation of the above three modelling

approaches.




-10-

CHAPTER II

REVIEW OF LITERATURE

2.1 Introduction

During the past two decades, a wealth of literature has developed
relating to the theory and models to describe, explain or predict the
patterns of land use and transportation in urban areas. Models are sim-
plified representations of real processes, and mostly focus on illumina-
- ting a relatively narrow spectrum of interrelated events. Due to the
multiplicity of interrelated events in urban areas, a variety of trans-
portation models is reflected in the literature. It is not attempted in
this review to give an exhaustive description of existing land use and
transportation planning models. Instead, attention is focused on the
models of residential location in urban areas, which are directly related

to the central theme of this thesis.

2.2 The Origin and an Overview of Residential Models

The pioneer developments in land use modelling for the purpose of
more systematic planning and better forecasting came almost exclusively
from the United States. Increasing car ownership during the 1940s and
early 1950s led to the growing realization that cities with their tradi-
tional physical form could not simply cope with the new mobility.
Planners and engineers started to seek the understanding and solution of
traffic congestion and, by the late 1950s, the rudiments of the transpor-
tation planning process had been established. The early transportation

studies did not encompass land use forecasting. The interrelationship
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between traffic and land use was a subject of much practical and academic
debate during these years and the pioneering work of Mitchell and Rapkin

(1954) in their book Urban Traffic: A Function of Land Use did much to

convince engineers and planners of the need for integrated land use and
transportation planning.

The immediate success in operational and academic areas of trans-
portation planning and modelling led those concerned to begin to think
about the possibility of building land use models, and by 1960 several
land use models were in use. These earliest models were used mainly for
the prediction of population (households or families) distribution. The
CATS (Chicago Area Transportation Study) density-saturation gradient
model was felt to embody some of the most advanced techniques available
during that period. Naive, Stouffer's intervening opportunities, and
accessibility models are other examples of the earliest land use models.
A good description of all these models is given by Kashuba (1974). As a
sample, however, the CATS density-saturation gradient model is discussed
briefly in the following section of this chapter.

Another tradition apart from transportation planning had an effect
upon land use (or residential) modelling in the 1960's research activity
in urban and location economics. A series of theoretical models of urban
structure were developed at this time. The intra-urban location model
designed by Wingo (1961), and a similar but slightly more theoretically
oriented economic model proposed by Alonso (1960) established an economic
theory for urban systems, comparable to existing theories of economic
location in regional systems. Muth (1968) used the general structure of

Alonso's and Wingo's theory and developed a model of urban residential
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land and housing markets. Another attempt by economists (Herbert and
Stevens, 1969) was "A Model for the distribution of residential activity
in urban areas'". The Muth and Herbert-Stevens models are briefly dis-
cussed in the sample description of residential models in Section 2.3.

A landmark analysis of the relationships of the journey to work
and housing consumption and location by Kain (1961) had a profound in-
fluence on the development of resideﬁtial models in the early 1960s.

Kain persistently aimed for direct empirical testing and modelling of
the theories of urban housing markets using information on the behaviour
of individual households and his work led to the design of the NBER
(National Bureau of Economic Research, New York) urban simulation model.
A more detailed description of Kain's work is included below.

Conventional and well-established linear statistical techniques
were also used as a basis for several residential models, in particular
the Multiple Regression Model of the Traffic Research Corporation
(Kashuba, 1974), and the Empiric model of the Boston Region (Hill, 1965).
Both of these models are well explained by Kashuba (1974) and are there-
fore not described at length in this chapter.

"A Model of Metropolis' by Lowry (1964), perhaps the most success-
ful of all land use models, particularly the large scale models, was
originally calibrated for Pittsburgh. 1Its great popularity resulted in
many extensions to the model and its successors have embellished its
structure substantially. The Lowry model and its successors use journey-
to-work as a criterion and employ the gravity modelling approach. A more
detailed description of the Lowry family of models is given at a later

stage in this chapter.
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When one first encounters the land use models, their similarity
to trip distribution is striking. It was due to this similarity that
Lathrop and Hamburg (1965) presented Schneider's formulation of trip dis-
tribution (Schneider, 1960) as an opportunity-accessibility model for
allocating population growth. Since the intervening opportunities
approach is of main interest in this study, the Schneider model and its
revised forms due to Golding and Davidson (1970) are presented in consid-
erable detail at a later stage of this thesis. Another trip distribution
formulation which has been tried for the purpose of residential location
is the competing opportunities model proposed by Tomazinis (1962). This
model is also of main interest in this study and therefore is dealt with

in considerable detail.

2.3 A Sample Review of Residential Models

"It is only a slight exaggeration to claim that most existing land
use models are no more than models of residential location or population
distribution'" (Brown et al., 1972). Tﬁe author has concentrated only on
those models and ideas which provide good insight for modelling the resid-
ential-choice behaviour of individuals in the urban market. There are
some excellent sources of information on land use models and particular
reference may be made to Batty (1976), Kain (1975), Franklin (1974), Lee
(1973), Brown et al. (1972), Kashuba (1974), Harris (1968), and Lowry
(1968), who have provided useful summaries and interpretations of the most
important facets of the North American and European experience.

As indicated in Section 2.2, an appropriate sample of residential
(or land use) models for this review would appear to consist of the

following models:
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1. The CATS land use model;.

2. Muth's model of '"urban residential land and housing markets'';

3. Herbert-Stevens model for the "distribution of residential activity
in urban areas';

4. '"The journey to work as a determinant of residential location'', the
analysis of Kain;

5. The Lowry model and its extensions;

- 6. The NBER urban simulation model;

7. The Schneider model of intervening. opportunities;

8. The Tomazinis model of competing opportunities.

Certain points need to be made before describing the above models.
Firstly, some of the above listed models are described at a greater
length than the others simply on the basis of their relative importance
to this study. Secondly, Kain's empirical work on journey to work has
been reinforced by some other models of commuting. Finally, Schneider's
intervening opportunities model and Tomazinis's competing opportunities
model are not included under this section. Instead, the models are
appropriately reviewed in Chapters 4 and 5, respectively, at the point
of the development and testing of these models for the purpose of residen-
tial distribution of workers of large employment centres in Winnipeg, the

sample city of this study.

The CATS Land Use Model

The Chicago Area Transportation Study used the "density-saturation
gradient' model for forecasting 1980 land use in that study area,
(Hamburg and Creighton, 1959). Of the models included in this sample

review, it is the earliest known. It had a less formal structure than its
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successors, and ad hoc judgments were introduced at many points in the

forecasting process.

In simple terms, urban structure and growth in this model were

viewed in the following way (Kashuba, 1974).

1)

(2)

(3)

4)

(5)

(6)

The more accessible a site, the higher its cost
per unit of area.

The site will be built on as intensely as nec-
essary to offset the high per unit area cost.

Assuming no physical barriers the CBD (Central Business
District) is the most accessible place in an urban area.

Competing forces exist of need to be accessible
and ability to pay that result in regular and
gradual declines in intensity of use about the
CBD.

As more land becomes increasingly accessible,
the supply more nearly equals demand, resulting
in a decrease in initial site cost; which, in
turn, reduces the need to develop the site
intensely.

Developed sites resist change in accessibility
and sometimes they may even force new means of
transportation to serve them, even at high cost,
in order to maintain this accessibility and,
hence, value.

The observed patterns of population and worker (employment)

densities provided evidence for the above theory for the Chicago area.

There was a systematic decline in the densities as distance from the CBD
increased (Figs. 2.1 and 2.2). These observed regular declines in densi-

ties for 1956 served as the base for the estimation of population density

and worker density for 1980.

The model was built around a strong system of land use accounting

for small areas (or zones) of the study area.

the future estimates of land uses were extrapolated from the initial

For each such zone in turn,
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patterns according to norms (modified by judgment) specific to a kind
of use. Different types ofvland use were recognized: residential,
commercial, manufacturing, transportation, public buildings, public open
space, etc. Vacant land was classified as residential, commercial, or
industrial, according to its status under local zoning ordinances.

The procedure of land use forecasting for the 1980s as carried
out by the CATS may be summarized in the following simple steps (Lowry,
1968) :

1. Specific parcels of land in some zones were desig-
nated for conversion to public open space and
transportation uses (e.g., a new airport). The
designations were based primarily on existing plans
of public agencies for such developments.

2. Commercially zoned vacant land in some zones was
designated for shopping centres and heavy commer-
cial uses. These designations were based on
announced private plans and staff judgements.

3. Residentially zoned vacant land was designated for
residential use. The amount of such a designation
depended on the location of the zone and its resid-
ential holding capacity at existing or slightly
modified net densities. The percentage of a zone's
capacity to be filled by 1980 was defined as a
function of distance from the CBD, with sectoral
and local modifications based on staff judgments.

4. For residentially oriented uses, per capita norms
were applied to the estimated 1980 population of
each zone as determined in the third step. Thus
space for streets, local commercial facilities,
public buildings, and recreation was set aside in
each zone.

5. Industrially zoned vacant land was designated for
manufacturing use. The amount so designated in
each zone depended on the location of the district
and its manufacturing holding capacity. Trends in
net employment density in manufacturing establish-
ments, both over time and by distance from the CBD,
served as the basis for 1980 forecasts of such
employment density for each zone; this projected
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density, in conjunction with the amount of indus-
trially zoned space, determined the zone's holding
capacity. The percentage of this capacity to be
filled by 1980 was defined as a function of
distance from the CBD, with sector and local mod-
ifications based on staff judgments.

The CATS approach of land use forecasting has been criticized for
several reasons. First, the procedure is not objective and it is neces-
sary to use subjective judgments. Second, the process is not completely
amenable to machine processing; every time a subjective evaluation is
required, the machine is useless until the evaluation is made. Third,
the model theory places too much emphasis on the import of accessibility
and ignores factors such as skills and services that may be responsible
for a district's value. Another criticism of the model is that it avoids
systematic comparisons of zones with respect to their merits as locations
for establishments belonging to a given activity group; such comparisons

are either highly generalized (distance from CBD) or else embedded in

undocumented staff judgments.

Muth's Model of '"Urban Residential Land and Housing Markets"

The general structure of Muth's model is similar to the models of
residential location choiée created by Alonso (1964) and Wingo (1961).
What primarily distinguishes Muth's model is the completeness with which
it is developed using the utility-maximizing approach. As a preliminary
step to a description of the salient features of this model, it is worth-
while to dwell briefly on the utility-maximizing approach.

Consider a household with utility function U = U(x,q), where q is
the quantity of housing services purchased, and x is its expenditure on

all other commodities except transportation. The household is subject to




-19-

the budget constraints.
B=x+pl)q+ T,y) -y <0 (z.1)

where p, the price per unit of housing service, and T, the household's
expenditure on transportation, are functions of the distance, r, of its
location from the CBD. T is assumed to include the value of time spent
in travel and therefore is made a function of money income, y. T is
defined tokinclude the money value of travel and leisure time. Differ-
entiating the Lagrangian function G = U -y (B), where y is the undeter-
mined multiplier, with respect to x and q, yields the following well-
known proposition (Muth, 1968): to maximize its utilfty, the household
consumes housing and all other commodities in such proportions that the
marginal utility per dollar spent is the same for both. Differentiating

with respect to r, one finds:

dp _ dT -dp/dr) _ (dT/dr

mas g or D (2.2)

The first form of Eq. 2.2 states that at its equilibrium iocation the
marginal cost of purchasing space at r is equal to the marginal savings
in transportation cost. Figure 2.3 illustrates the condition stated in
Eq. 2.2.

The city depicted in Muth's model is a theoretical city in which
all jobs are located in a sort of CBD. Households within this city
choose a residential location and a quantity of housing services which
maximize their utility in a manner described earlier. There are several
important implications of the model for metropolitan structure. First,

due to a positive marginal transport expenditure with respect to distance,
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Eq. 2.2 implies that the price per unit of housing services must decline
with distance. Second, under reasonable assumptions, Muth's model
implies that more wealthy households will choose to live at greater
distances from the centre of the city. Savings in housing expenditures
depend not only on reductions in the price per unit of housing‘services,
but also on the quantity of housing the household desires to consume.
More wealthy households consume greater quantities of housing than do
poorer ones, so that the potential savings on housing resulting from unit
price difference are greater for wealthy households. This effect is par-

tially offset by the fact that transportation cost will be greater for

dr

dT

dr

DOLLARS

MILES FROM CBD , r

Fig. 2.3 Functions of Marginal Costs of Space and

Marginal Cost of Transportation.
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wealthy households to commute for increased distances, but according to
Muth, reasonable empirical estimates of the relationships of income and
housing expenditure and travel costs suggest that the former should be
more powerful. On the basis of a decrease in housing price with dis-
tance, Muth demonstrates that the density of residential land use should
diminish with distance from the CBD.

Another important feature of the model is that 'by specifying the
relationships controlling the supply of urban land, the housing produc-
tion function, transport costs, and a number of other aspects of urban
areas, Muth is able to account for the origin of slums, the likely
effects of housing allowance schemes on urban housing and land prices,
the likely impact of secular imprdvements in urban transportation systems
on aggregate land rents and urban density, and a wide range of other
facets of urban housing markets' (Franklin, 1974).

The assumptions of monocentricity and uniformity of utility be-
tween individuals are the main limitations of Muth's model (as well as
other theoretical models). Such assumptions will have to be relaxed for
designing realistic residential location models. Although there have
been empirical tests concerning the form of the density and rent functions
on strongly monocentric cities such as Chicago, the models based on class-
ical approaches can never be operational in the sense in which discrete
urban models are operational. Indeed, it can be argued that the purpose
of the classical approach is to provide insight into certain basic condi-
tions which must be represented in any operational model if it is to be

at all relevant (Batty, 1976).
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The Herbert-Stevens Model

Herbert and Stevens (1960) proposed "A Model for the Distribution
of Residential Activity in Urban Areas" originally to simulate the
locational behavioﬁr 6f different household types in the Penn-Jersey
Transportation study. The model did not succeed in its role and was
therefore abandoned by the study. However, the failure of this model
was considered as instructive since its success might have been mainly
because it demonstrated the potential usefulness of linear programming
for the analysis of locational activities.

The Herbert-Stevens model of residential location was based on the
economic theory that individual households tend to maximize their local
advantage, and at the same time land was allocated to that group of house-
holds which could pay thekhighest price for it. The equilibrium location
of households based on maximization of satisfaction was generated within
the constraints posed by their budgets. Linear programming techniques
were used to transiate this process into an operational form.

Though this model was proved difficult to calibrate and is probably
one of the models that requires the greatest amount of data, there is
little doubt that the model builders gained good insight into the mechan-

isms of the urban development (Reif, 1973).

""The Journey to Work as a Determinant of Residential Location;

The Analysis by Kain

In the year 1961, John F. Kain completed his Ph.D. dissertation
entitled '""The Journey to Work as a Determinant of Residential Location'.
Kain's analysis (Kain, 1961) focused on the residential location choices

of a sample of working persons in the Detroit region in 1953. He divided
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the region into six conéentric distance rings around the central business
district. Each individual in the sample was identified by the workplace
ring of the person, the residence ring of the person and by race, sex,
family size, income, occupation and the type of housing structure the
person inhabited. The work-trip patterns of different types of workers
employed in the same ring, and of similar workers employed in different
rings were compared.

The central hypothesis as suggested by Kain's analysis was that
"households substitute journey-to-work expenditures for site expenditures
and this substitution depends primarily on household preferences for low
density as opposed to high density residential services'". The term site
expenditures in the hypothesis refers to the transportation cost of ob-
taining residentially oriented services within the immediate residential
area, i.e., groceries, elementary school, etc., and of obtaining other
services available only outside the residential area.

Kéin postulated that residential land rents, and thus housing
costs, decline with distance from the CBD, but at a decreasing rate:
i.e., the rent curve becomes flatter at greater distances from the CBD.
Such an assumption implies that the dominant work-trip patterns should
be from centrally located work-place rings to more peripheral zones, and
that the strength of this dominance should diminish as the work-place be-
comes more distant from the city centre. In addition, the assumption
implies that greater consumption of housing and residential space farther
away from the CBD enhances the absolute savings in housing expenditure
which accrue to a household as a result of variation in the price per

unit of housing and space. So long as transportation costs do not in-
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increase commensurately, greater housing consumption means longer work-
trips for centrally employed households; this implies that a greater
proportion of workers with high incomes, large families, or large
housing preferences will choose to live in peripheral zones.

Kain presented evidence for each of the above implications. Fig.
2.4 is taken from his analysis to show the proportion of high-, medium-,
and low-income CBD (Detroit) workers residing in each residential ring.
Clearly low-income workers have the least dispersed residential pattern;

the high-income workers, the most dispersed.

40

30

20

PERCENTAGE

RESIDENTIAL RINGS

Fig.2.4 Proportion of CBD's Low, Medium,and High lncome
Workers Residing in Each Residential Ring.
(Kain, 1961)
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Kain also found that the work-trip patterns of
...nonwhites, who because of housing market segre-
gation are unable to compete freely in the market
for residential space as we have defined, are
exactly the opposite. The longest trips by Detroit
nonwhites are made by those employed in outer rings
and the shortest by those employed in inner rings.
The findings of Kain's study support the importance of the
journey to work for residential location. It is therefore useful to in-
clude a description of past studies which relate to the separation of

home and work-places. The following is a presentation of some of the

main studies on this subject.

Models of Commuting

There have been many studies on the subject of separation of home
and work-place in urban areas. A detailed description of these studies
would appear to be beyond the scope of this thesis. Therefore, it is
intended here to highlight only some of the more important studies which
have generated the hypotheses regarding the separation of home and work.

The object of early studies on the subject was to minimize the
distance between home and work in order to reduce the consumption of
transportation resources, such as tires, metals, gasoline, and construc-
tion materials which were in critical shortages because of the second
world war (Mouchahoir, 1970). However, the results of some of these
studies were used later by several people for planning purposés.

Carroll (1949) used data from a survey of war production plants
in Massachusetts in his doctoral dissertation about the journey between
home and work-place. This thesis was considered as the first major study

to approach the problem from a broad view. In his findings, Carroll




-26-

hypothesized that the separation of home and work-place was the key to
understanding the physical structure and form of urban regions. He found
that families tended to locate their homes as close as possible to the
work-place of the head of the household. The reason for this tendency
was sought in the general behaviour theory of human activities, which
holds that people try to minimize work or effort wherever possible.
Carroll also showed that the distance between home and work-place was
directly related to the population of urban areas.

Beyer (1951) studied the effects of social and economic variables
on the separation of home and work-place. He noted that the families
which lived far from their place of work had higher incomes and were
younger than those which lived nearer to their place of work. Beyer also
mentioned that those who lived farther had better education and their
homes had larger lots.

Voorhees (1961) found in his investigation that the work-trip
length was proportionally related to changes in the population of metro-
politan areas and was a direct function of family income. Voorhees also
showed that there was a certain amount of statistical nonrandomness in
home and work separation which could be simulated.

Catanese (1969), for his doctoral dissertation, studied in detail
the separation of home and work-place. He stated that

Family income dominates as a socioeconomic force.
Such other variables as education, age, occupation,
status and race are more related to income than to
home-work distance.... The knowledge of family in-
come associations provides sufficient and necessary
conditions for explanation and prediction. This
becomes quite meaningful, in a cost reduction

sense, for analysis. In fact, through analytical
study, it is possible to use family income to
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generate other socioeconomic variables. This would
substantially reduce the costs of data collection
and processing.

The Lowry Model and Its Extensions

The Lowry model was developed by Ira S. Lowry in 1962-63 as part
of a modelling system to generate alternatives and decision-making in
the Pittsburgh Comprehensive Renewal Program (CRP). The object of this
model, as stated by Lowry (1964) was:

The development of an analytical model capable of
assigning urban activites to sub-areas of a bounded
region in accordance with those principles of loca-
tional interdependence that could be reduced to
quantitative form.

The model has a very well-defined structure. Batty (1970) refer-
ring to this model remarks:

The Lowry Model is the most complete for it is
extremely well documented and it is one of the
simplest models to construct in terms of its data
requirements.

The urban spatial structure in the model is seen as comprising
three broad sectors of activities; (i) a basic employment sector which
includes those industries whose locations are assumed to be unconstrained
by local circumstances of population distribution, market areas, etc.,
(ii) employment in population-serving industries, which covers all those
activities dependent directly on local resident population and purchasing
power, and (iii) the household or population sector, which consists of
the resident population, on which sector (ii) depends and which itself
depends on the total employment level (both (i) and (ii)) available.

The interactions between the three major sectors that take place

in the Lowry model system can be considered to be of the following three
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types:

(1) Between employees and residences;

(2) Between households and services;

(3) Between employees and services.
With the Lowry model, the spatial distribution and level of the basic em-
ployment activity is supposed to be known. The model derives the number
of dwelling units and the level of services required which are allocated
to zones of the system; that is, the model allocates households and pop-
ulation-serving employment. The allocations are subject to constraints
on the maximum number of households and the minimum population-serving

employment for each zone in the study area.

The Residential. Allocation Function

The conceptual elements of the model and its mathematical struc-
ture are very well documented by the originator (Lowry, 1964) of the
model itself and many others (Batty, 1976; Hutchinson, 1974). Therefore,
a formal presentation of the model structure is not given here. Only the
residential distribution element of the model, which is directly related
to the theme of this thesis, is described.

The distribution of residential location is considered to be in-
fluenced by the location of employment opportunities and the journey to
work is a criterion of locational choice. The model makes use of the
following mathematical relationship for the purpose of arranging popula-

tion around work-places:

i Dy Fyj

T., =+ J 1)

1] Y D. F.. 2.3)
j J 1]
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where Tij = the number of zone i employees who live in zone j
0i = the total number of employees who work in zone i
Dj = a measure of the attractivity of zone j for house-
hold location
Fij = the travel-cost factor between zones i and j which

reflects the manner in which the spatial separation
of zones influences the residential location choices
of employees
Eq. 2.3 is a gravity-type interaction model. The factor Fij has several
alternative functional forms, some of which are described at a latter
stage in the thesis.

The distribution of population-serving employment is dependent
upon the population distribution and is carried out by using the gravity-
type'approach analogous to the residential distribution. The coupling of
two submodels (i.e., the residential and the service employment) fogether
through different calibration procedures is exemplified in the literature
(Batty, 1976; Hutchinson, 1974).

The original Lowry model and even some of its successors (such as
the Garin-Lowry model) assume in their analysis that the spatial distri-
bution of activities in the horizon year has reached an equilibrium
condition. In other words, these models ‘have no time dimension, and they
generate what is called as "an instant metropolis'. Several researchers
in the past have suggested a number of dynamic extensions of the Lowry
model. Crecine (1964, 1968, 1969) has attempted to develop Time-Oriented

Metropolitan Model (TOMM) to turn the simple static Lowry model into a
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more complex dynamic model by specific consideration of system behaviour.
The first version of TOMM attempted to model changes in the stock of
activity over five-year time intervals using the same mechanisms as in
the Lowry model. 1In the second version, TOMM II, a more realistic formu-
lation of the measure of locational attraction, incorporating site rent,
amenity and transport costs, was provided, although the simulation proce-
dure remained similar to that used in the Lowry model. TOMM III, which
is still under development (Batty, 1976) concentrates on questions of
dynamics and mover behaviour in the model. A time interval of two years
is now being used in the model.

Rogers (1966), and Echenique (1969) have also contributed towards
the dimension of time in the Lowry model. Hutchinson (1974) presents a
convenient formulation of the model based largely on Echenique's work.

With regard to the operationality of TOMM (first version), Lee
(1968) reports that "a trickle of resources have gone into the model in
the past few years, but not enough to make the model usable'". A similar
criticiém'will perhaps hold good to TOMM II, TOMM III; and the Echenique

formulation.

Wilson's Disaggregated Residential Location Model

The original Lowry model incorporated very little behavioural con-
tent on the part of the household. The behavioural (or microeconomic)
component in residential location choice based on spatial interaction was
introduced by Alan G. Wilson of the Centre for Environmental Studies in
London. In a remarkable paper, Wilson (1969) proposed a residential

location model in which the focus was upon distributing persons earning
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income v to housing type k, rather than allocating persons to housing

in a particular zone. Using his own entropy-maximizing approach

(Wilson, 1967), Wilson derived a residential allocation model of the

following type (Hutchinson, 1974):

where

T, kv

1]

T_.kv
1)

k, v, k. v v ve ko v, (12
A; B; 0D exp (-8 Cij)exp{-u [p; -qp(v cij)] }

(2.4)

the number of workers who live in zone i in house type k

and who work in zone j earning wage v

the number of houses of type k in zone i

number of jobs in zone j offering wage v

model calibration parameters for employees of income group v

journey-to-work cost between zones i and j

the price of type k houses in zone i

the average percentage of income (after the deduction of

transport costs) that an employee of income group v spends

on housing

that component of the generalized journey-to-work cost cij

which is the actual money paid

1
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(2.5)

(2.6)
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The distribution of residential location in Eq. 2.4 is influenced
by what Wilson calls the "budget term': eXp‘{~pv[pik—q;5v—cij)]2}. This
term suggests that the average person balances his budget with regard to
what is available to him as his income and how much he spends for housing,
transportation, and a composite of all other goods, but that there are
individuals who ekpend more or less than their available resources
(Batty, 1976). The distribution around this average 1s assumed to be
normal with a mean value of zero.

Another type of disaggregation of residential location models by
Wilson (1974) relates to partitioning the residential locations on the
basis of four contrasting behavioural patterns. These reflect the behav-
iour of workers who are:

(1) locationally unconstrained, seeking both work-place and
residence;

(2) constrained to fixed residences, seeking work-place only;

(3) constrained to fixed jobs, seeking residence only;

(4) constrained to fixed residences and fixed jobs, seeking
neither residence nor job.

Wilson's formulation of the residential location model (Eq. 2.4-
2.6) and an inclusion of disaggregation of workers on the basis of the
above four contrasting behavioural patterns has obviously a tremendous
appetite for data. Wilson has himself noted: 'The data problems asso-
ciated with calibrating a model of this type are clearly immense. How-
ever, they are not intractable: on the one hand, the development of
this type of model should encourage the collection of the appropriate

data; on the other hand, even in the short run, proxy variables can be
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constructed for indices such as house type".

There is no doubt that Wilson's work on disaggregation has added
enormously to the elegance, comprehensiveness, and sophisitication of the
Lowry model. Unfortunately most of this work has been theoretical in
nature without much practical implementation. The main problem is per-
haps the additional requirement for data with any increase in the sophis-
tication of the model. Despite this, the model is becoming more and more
popular among other available large scale land use models. It may also
be noted here that this model has been more popular in countries outside
the United States, the country of its origin (Hutchinson, 1974). Some
applications of the model are being made in Canada (Hutchinson, 1976), as

well.

The NBER Urban Simulation Model

Two major approaches to representing patterns of urban spatial de-
velopment and residentiél location had emerged by the late 1960s. First,
a number of analytical‘models of urban structure arrived which tended to
be deeply rooted in the microeconomic theory and usually their formulation
was highly abstract and exceedingly elegant. Such theoretical models were
very much lacking from the operational point of view. Second, numerous
simulation models emerged which were usually formulated as computer algor-
ithms, representing a particular city, and had little or no theoretical
content. The NBER (National Bureau of Economic Research, New York),
initiated the development of an urban simulation model incorporating the
theoretical approach of traditional analytical models of residential
location and urban spatial structure into a framework with more Tealistic

and less restrictive assumptions (Ingram and Kain, 1974).
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The structure of the NBER model can be considered a direct out-
growth of the analysis by Herbert and Stevens (1960) of the usefulness
of iinear programming for the determination of land rent surfaces with-
in urban areas, and empirical analysis discussed earlier by Kain and
others of the relationships of the work-trip and housing consumption and
location (Franklin, 1974). The NBER model is believed to be innovative
in several respects. First, the NBER model relakes the monocentric
assumption of the analytical models and explicitly incorporates multiple
work-places. Second, the NBER model represents the standing stock of
physical capital and the processes of adjustment of the supply side and
thus abandons the long-run equilibrium framework used in the analytical
models. A third important characteristic of the model is the represen-
tation of interactions among decision-makers in the housing market. The
model includes the consideration of neighbourhood quality as a dimension
of the housing bundle.

The NBER model 1like others, is not free from criticisms. A more
famous critique is from Lee (1973) who asserts that the NBER model repre-
sents "more of the same', in the sense that the model is very complex,
has an enormous appetite for data, and its internal complexity makes its

comprehension and criticism difficult.

2.4 Summary and Comments

It is obvious from the review of residential models that an exten-
sive variety of approaches have been utilized involving a diverse selec-
tion of techniques ranging from linear regression and gravity modelling
to mathematical programming. Emphasis on theory has ranged from the

pragmatic to pure.
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Although a great deal has been learned from the modelling exper-
ience in the past, there have been many disappointments with previous
land use models. Reactions to the relative failure of these models
differ quite widely. For example, Lee (1973) considers the experience
to have been a salutary warning of the dangers of technocracy whereas
Ingram, Kain, and Ginn (1972) regard the modelling attempts as vindica-
ting the view that modelling is a large complex affair, which requires
far more resources than have been available in the past or are even now
available. Whether such reactions are true or not, it is worthwhile to
identify the main shortcomings of land use models of fhe past.

In 1974, Bouchard, reporting to a conference of the United States
Highway Research Board, identified sixishortcomings of the existing tech-
niques for the prediction of travel demand.

(1) The models are too time-consuming and too expensive
to operate. ‘

(2) The models fail, in many ways, to examine all rele-
vant points in decision-making process.

(3) Too much thought is given to the models and too
little to the things which are really important in
the selection of planning strategies.

(4) The models are geared too much to the 1990, or 20-
year situation, when in fact transportation problems
are now and projects are now.

(5) The technicians themselves do not always understand
the models.

(6) The models are too data-hungry.
All these criticisms were undoubtedly just for the land use models which
existed at the time of the conference. In this author's view, the situa-
tion in more recent years has not improved significantly. Nevertheless,

there is growing concern at present to build models in the light of the
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above shortcomings of the traditional models.

There has recently been a spate of literature suggesting disag-
gregate,vbehavioural demand models as a direction of great potential
(Richards and Ben-Akiva, 1975). The current research priorities appear
to go even beyond the inclusion of disaggregation and behavioural con-
tent in the models. Bayliss (1977) indicates a "need of very careful in-
depth analysis of travel behaviour of different types of people, in
different circumstances'". Reporting on the 'urban transport research
priorities" in the area of land use/transport models Bayliss thinks that

research in this area must move on from the classic

works of the regional scientist to deal with the

situations where land development and use are subject

to planning controls; most change will be in the

occupation of existing sites rather than the develop-

ment of open sites. This will require a fine analysis

of land usage, finer than represented in currently dis-

aggregated versions of Lowry-type models.
Arguing about the need to develop simple, and small scale (or partial)
models, Bayliss further suggests that, while area-wide studies are rele-
vant and still carried out, decision-making should be focused increasingly
on specific locations, such as the CBD, industrial parks and other large
employment centres, and particular corridors. Such a change in scale of
interest can take into account the increasing public concern, which is
naturally more specific than that of provincial (or regional) governments,
and of greater interest in the foreseeable future, in which local, rather
than area-wide change is feasible.

The residential models developed in this study are partial and
disaggregated. The models are partial in the sense that they are deve-

loped for predicting residential distribution of'the‘workers of specific

large employment centres in the context of the City of Winnipeg. These




-37-

models are socioeconomically disaggregated.

Three main approaches of trip distribution models, namely the
competing opportunities model, the intervening opportunities model, and
the gravity model, are utilized for the purpose of residential distribu-
tion. - At first, it appears that use of these rather well-known trip
distribution models for distributing residential locations (the term
"residential locations'' may also be replaced by work-trip distribution)
is likely to be very easy and may not produce significant contribution
to the existing art of modelling. The analysis carried out in this
thesis indicate clearly that this is not true. Indeed, the partial and
disaggregated approach of this study helps significantly in the better
understanding of the trip distribution models. An improved procedure of
calibrating the competing opportunities model and a new form of the in-
tervening opportunities model have been developed and tested in this

study.
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CHAPTER III

METHOD OF STUDY

3.1 Introduction

For the purpose of this study it was necessary to obtain data for
a specific community. The City of Winnipeg provided the data base.
Before describing the procedure and sources of data collection for this
study, a brief discussion of the type of data required for the develop-
ment of any spatial distribution model is introduced. A spatial distri-
bution model provides a description or forecast of human interaction
between concentrations of population. When the human interaction is in
the form of passenger trips and the concentrations of population are the
zones of an urbanized area, the spatial model is known as a general trip
distribution model which can be represented in the following mathematical

function:

(1y = £(0,D,F,K) (3.1)
where
(T) = a matrix containing the number of trips from each origin
zone to each destinatiqn zone,
0 = a vector containing the number of trip generations in
each origin zone,
D = a vector containing the number of trip attractions in
each destination zone,
F = a function which expresses the effect that spatial

separation exerts upon trip interchange between zones,
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K = a factor incbrporating the effect of socioeconomic
status of trip makers on the travel patterns.

The value of factor F, for the particular pair of origin-destina-
tion zones depends upon some measure of spatial separation such as travel
distances, travel time or travel cost between the zones.

The models of residential location distribution as developed in
the following chapters of the thesis are basically of the same form as
the general trip distribution (Eq. 3.1). The location of an employment
centre may be considered as the zone of origin for the purpose of distri-
buting residential location of its workers. Then, residential districts

in the region are the destination zones in which the workers would seek

their residences. In a problem where the objective is to predict how people

decide on their possible residential location, obviously there is a
multitude of reasons why one destination would be chosen over another.
The spatial location of a potential residential district with respect to
the employmént centre and the quality of housing, together with other
neighbourhood services are among the most important criteria.

It is obvious from the preceding discussion that the following
~data are essential for the development of a residential location distri-
bution model:

(1) The quality and number of housing opportunities which are
available in various residential zones of the urban region
for a particular socioeconomic group of people working at
the employment centre,

(2) A measure of spatial separation between the employment

centre and the residential zomes,
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(3) Socioeconomic status of workers of the employment centre
and their corresponding places or zones of residence.
These data are the actual or observed residential distri-
butions which are used along with information items (1)
and (2) to develop the model, and to test its predictive
ability.

Recently, some researchers (Schafer, 1974) have suggested the use
of "gross price", the sum of housing price and household transport cost,
to make a prediction of residential choice more realistic. The present
study, however, does not include housing price as a variable in simula-
ting residential location choice behaviour. This is partly because a
study (Carvalho et al., 1974) conducted in Winnipeg, the sample city of
the present study, indicated that the prices of similar types of housing
did not vary significantly with respect to distance from the CBD. The
authors point out that the decentralized nature of employment in the city
- was perhaps the main reason for such a uniformity of housing price. It
is useful to note here that these authors did not consider the effect of -
the location of other major employment centres on the housing price in
the city. The household transport cost of the term 'gross price' generally
includes the cost of journey to work, and of obtaining residentially
oriented services, such as groceries and school. This author's contention
is that for the majority of urban households the sum of transportation
costs to points other than work is small and the journey to work cost, by
way of contrast, is large and significant. For the sake of simplicity,
then, the models in this study use travel time (for household transport

costs) as a measure of spatial separation between home and the work place.
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Income, which was recognized in the literature (Catanese, 1969),

as the most dominant socioeconomic variable, is included in the analysis

for this thesis. The models of workers' residential location are dis-

aggregated by income groups of the workers. The occupational status of

workers is also considered, to a lesser extent.

3.2 Data Acquisition

The development and testing of residential location distribution
models requires socioeconomically stratified samples of workers from
numerous employment centres located in the suburbs of the Greater Winni-
peg Area. ‘As indicated earlier, the study also looks to data sources
such as census statistics to eliminate, in part, the requirement of expen-
‘sive surveys.

The Greater Winnipeg Area has six distinct industrial districts or
parks within its boundaries, excluding the Central Business District
(Winnipeg Economic Development Board, 1975). These are: (i) Fort Garry
Industrial Park, (ii) Canadian National Railway Yard and Transcona Indus-
trial Park, (iii) Inkster Industrial Park, (iv) St. James Industrial Park,
(v) East Kildonan Industrial Park, and (vi) North Kildonan Industrial
Park. Table 3.1 provides statistics of employment in Winnipeg's indus-
trial areas. East Kildonan Industrial Park and North Kildonan Industrial
Park were considered too small to be included in the investigation. From
the remaining areas, Fort Garry Industrial Park (FGIP), Inkster Industrial
Park (IIP), and Canadian National Railway Yard were selected to be in-
cluded in the analysis. St. James Industrial Park (SJIP) was excluded

from the analysis for the simple reason of limiting the effort of data
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collection. The exclusion of SJIP also appeared justified because it is
close to the IIP for which the work-place/residential location data were
already available from Saccomanno's (1972) study. Assuming that SJIP
workers may exhibit a residential location pattern of its employees
similar to that of IIP, other areas such as FGIP and CNRY, located in
different parts of the city, were chosen for the study in an attempt to
cover the entire metropolitan area of Winnipeg.

Table 3.1 Estimated Employment* in Winnipeg's

‘Industrial Areas (Winnipeg Economic
Development Board, 1975)

Name of Industrial Area Total Number of Employees
(1) Fort Garry Industrial Park 6,550
(ii) Canadian National Railway Yard and : 4,170
Transcona Park
(iii) Inkster Industrial Park : 5,350
(iv) St. James Industrial Park 11,360
(v) East Kildonan Industrial Park 690
(vi) North Kildonan Industrial Park 580

* Includes manufacturing, warehousing, commercial and service sectors

In the fall of 1974 a survey of FGIP in the Greater Winnipeg Area
was undertaken to acquire data for the development of the residential
location distribution models. All the firms of FGIP which were contacted
for data acquisition were established at the industrial site at least five
years prior to the survey date. The period of five years was assumed to

be sufficient for the equilibrium of residential locations of workers with
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permanently in FGIP, the information about their occupation, income, and

places of residences was obtained. Workers who lived in rural areas, who
accounted for approXimately»fin per cent of the total, were omitted from
the study. |

The development of various residential location distribution
models in the following chapters of the thesis uses the socioeconomically
stratified samples of FGIP workers. ' The testing of these models is
carried out using samples from CNRY (and also from IIP as obtained by
Saccomanno, 1972). The socioeconomically stratified data for CNRY employ-
ment centre were obtained in early 1975. The sample of CNRY contained a
total of 2,169 workers.

Census tracts as adopted by Statistics Canada (1971) are used as
the districts of residential opportunities in this investigation. Census
tracts are defined as ''permanent census statistical areas which are as
homogeneous as possible in terms of economic status and living conditions

.. Data available from these statistical units are of value in compari-
sons of social and economic factors within an urban community' (Statistics
Canada, 1971). Since census tracts are defined uniformly across Canada,
using these units may facilitate the expansion of the study to include
other urban areas in the country.

As stated earlier, while searching for a suitable housing location
in a residential district a worker is concerned about the quality of
housing, together with other neighbourhood services. Based on the assump-
tion of a significantly large correlation of these housing and neighbour-
hood variables with the income of the housing location seeker, the‘census

tract statistics of population distribution by income (Statistics Canada,
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1971) have been used as housing attraction estimates. This assumption is
fairly reasonable because a recent study (Kennel, 1973) concluded that
the income variable is strongly interrelated with several socioeconomic
variables, such as automobile ownership, quality of housing and occupa-
tional status.

Data on income distribution by census tracts for all the workers
in the City of Winnipeg were derived from the 1971 census (Statistics
Canada, 1971). The adoption of three groups was necessitated in order
to match the census income data with the income data obtained for FGIP
and CNRY employment centres. These income groups are: high, more than
$12,000 per year; medium, $9,000 to $12,000; and low, less than $9,000.
All these income figures refer to the 1974‘dollars. The breakdown of the
workers of various income groups at FGIP and CNRY is given in Table 3.2.
The occupational distribution by census tracts was not chosen for the
analysis due to the apparent difficulty of matching census occupational
data with the occupational data obtained for the employment centres.

Table 3.2 Breakdown of the Workers of Various
Income Groups at FGIP and CNRY

Number of Workers of Various Income

|

Low Medium High

Employment Centre

FGIP 778 471 237

CNRY 520 1,509 140
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Travel time is used as a measure of the cost of transportation
between a residential district and the employment centre. The travel
times from all census diétricts in the City of Winnipeg to the district
containing the employment centre were determined by the 'floéting car'
technique during the morning peak hours. In this technique an automo-
bile is driven over a predetermined course of streets attempting at all
times to 'float' with the traffic stream, while, at the same time, an
observer in the automobile records the travel times at preselected check
points.

The employment centres included in this study are located in the
suburbs of the Greater Winnipeg area (Fig. 3.1). There are no specific
public transportation services available for commuting to these centres.
As a result, most of the workers use private automobiles for commuting
to their work places. For this reason, only automobile trips have been
included in the analysis used for this thesis.

As pointed out earlier in this chapter, Saccomanno's (1972) data
of IIP (located in the Winnipeg area) are also used to test the models of
this study. Although acquired and classified in a slightly different
ménner than the author's data for FGIP and CNRY, Saccomanno's samples of
IIP workers provide additional validation of the findings of this thesis.

In his work on "A Predictive Model of the Residential Distribution
Pattern of Industrial Occupation Groups' for a Master's thesis,
Saccomanno collected the information about the occupation of IIP workers,
and their corresponding places of residences. For the purpose of studying
group behaviour with respect to residential/work-place location as it is

affected by socioeconomic conditions, he divided the workers into three
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broad occupational groups: managerial, clerical, and labour. Census
tracts were adopted as districts of work trip origin. Saccomanno
derived the data of occupational distribution by census tract from the
1961 Census (Statistics Canada, 1961). Although the 1961 Census divided
labour statistics into nine distinct classifications, the adoption of
the three categories, managerial, clerical, and labour, was necessitated
by the nature of sample data from the case study and other socioeconomic
factors associated with these three groups. For the more detailed dis-
cussion of the reasons behind the adoption of the three groups énd their
components, a reference may be made to Saccomanno (1972).

All the data acquired for this study are tabulated in Appendix A.

3.3 Approach to the Analysis and Development of Models

The development and analysis of the competing opportunities model,
the intervening opportunities model and the gravity model are described
in Chapters IV, V and VI, respectively, of this thesis. The development
and analysis of all the models are generally described in three stages.
The first stage presents the theoretical derivation of the model. The
second stage presents application of the model to a specific employment
centre and recognizes the shortcomings of its existing application pro-
cedures. This stage then proposes some changes which improve the predic-
tive ability of the model. The third stage tests the model using
samples from other employment centres to confirm the validity of the

model incorporating the proposed changes.
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CHAPTER IV

COMPETING OPPORTUNITIES MODEL OF RESIDENTIAL
LOCATION DISTRIBUTION

4.1 Introduction

The competing opportunities model for trip distribution was
developed by Tomazinis (1962). The model involves the direct applica-
tion of probability theory already introduced to the trip distribution
problem by Schneider (1959) of the Chicago Area Transportation Study.

As its name implies, the model is based on the concept that indi-
viduals compete for opportunities up to a destination, within equal
travel time, travel distance and/or travel cost bands as measured from
the place of origin. Within a given band, every opportunity has an
equal probability of acceptance.

The basic formula of the trip distribution procedure is

Ty = O x Py (4.1)
where
Ti-j = number of one-way trips from zone 1 to zone i,
Oi = total number of trips originating in zone i,
Pj = probability of stopping at destination j.

The theoretical derivation of this model and its application to
trip distribution are fully explained by Tomazinis (1962). However, in
order to present the model in reference to the problem of residential
location distribution, the model is derived in the following parts of

this chapter.
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4.2 Theory

Fig. 4.1 shows a universe of population N. There are two sub-
populations, H and S, within the universe. It is given that part of
subpopulation H is also part of subpopulation S, and vice versa. The
probability of randomly selecting from the population N a member of the

subpopulation H is

(]

P(H)

=z

]
Zln

Similarly, P(S)

The probability that the choice is a member of both subpopulations S and
H is
CHS

where CHS represents the members which are common in both subpopulations
H and S. By definition, the conditional probability that H is chosen
given that S has already been chosen is:

P(HS) _ CHS/N _ CHS

P(H/S) = P(S) S/N - 7S

This concept of conditional probability, which is treated suffic-
iently in most textbooks of probability theory, can now be adapted to

the problem of residential location distribution as follows.

4.3 Adaptation to the Problem and Derivation

The competing opportunities model derived by Tomazinis deals with
general-purpose trip distribution in the overall urban area. The model
derived here reverses the base of references, in that it seeks to collect
trips rather than to distribute them. Instead of having numerous destin-

ation points, only one point is considered (i.e., employment centre) to
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Fig. 4.1 Population Diagram (CHS = HnS)
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receive work trips from numerous points of origin (i.e., residential
districts). Trip makers in this analysis are the individual workers em-
ployed at a particular centre, who are categorized by their socioeconomic
characteristics. The type and number of these categories will depend on
the availability of an estimate, or projection, of suitable housing
opportunities for the workers of those particular categories within each
residential district of the urban area.

Fig. 4.2 illustrates the structure which underlies the derivation
of the competing opportunities model of residential distribution. The
employment cenfre A is shown as a focus for n residential districts in
the entire urban area. The centre is a source of employment providing
different kinds of jobs to the residents of the urban area according to
their skills and backgrounds. The residential districts which are
located at various distances from A are suppliers of suitable housing
opportunities to the workers of various socioeconomic groups.

Let the terms used in the model derivation be defined as:

0 = number of workers of a socioeconomic group employed
at A,
di = number of suitable housing opportunities for the

group available in district i,
D- = total number of suitable housing opportunities for

the group in the entire urban area,

n
= Zdi, where n is the total number of residential

districts in the area,
t. = travel time between centre A and residential dis-

tricts i, in minutes.



Xy SUBPOPULATION WITHIN
{4 TIME BAND | |

/ ®|

TCm

LEGEND

O RESIDENTIAL DISTRICT

O TRAVEL TIME ISOLINE




~5%-

The terms Hl, Hz’ etc., designate all housing opportunities for
the group available in the area bounded by the travel times TCI, TC,,
etc., respectively, between the centre A and the residential districts.
The travel times TC,, TC,, etc., define the residential area by the
proper ''time band'", or "time code'. Each time band can include any
agreed-on time interval in minutes. The H subpopulation is the total of
the cumulative housing opportunities in all time bands until the time
band of the residential district of the déstination is reached. The

cumulative nature of the subpopulation can best be understood by the

H,, etc. With reference to Fig. 4.2.

following expressions for H,, H,, H

H o= d +d (4.22)

H2=d1+d2+d3+d’++d5+d6
(4.2b)

= H. + d3 + dq + d5 + d6

Similarly,
H3 = H2 + d7 + d8 + dg + d10 (4.2¢)
Hu = Hs * d11 * d12 * dls * dlu * dlsy : (4.2d)
in general,
Hj = Hj—l + sum of opportunities in jth band. (4.2¢)

Given that the centre A employs O number of workers of a particu-
lar group, then choosing at random a worker of that group, the probabi-
lity that the chosen worker is a member of subpopulation H, is:

Hy

PH) = 5
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The probability that the chosen worker is also a resident of

residential district 1 (say R)) which is a part of H, is:

P(Rl) = ﬁ_--

By definition then, conditional probability of district R1 is:

P(R,/H) = -ff = P! (4.3a)
Similarly, ;
P(R,/H) = H-’li = P! (4.3b)
d3
P(Ra/Hz) = ﬁ;’ = P; (4.3¢)
and so on.

The above expressions for conditional probabilities of various
residential districts, P;, P;, P;, etc., imply that the probability of
finding a housing location in a residential district is equal to the
housing locations available in the district divided by the total housing
locations inside the area delineated by the time code of the district in
consideration. This concept can be termed 'concept of competing opporé
tunities", in which the probability that a worker will find a housing
site in a district depends on the ratio of the housing opportunities.

It should be noticed here that the equating of opportunities depends on

an equal or lesser travel time or travel cost experienced by a worker.

Since the total number of housing locations sought by the compet-
ing workers should equal the total number of jobs available at the employ-
ment centre, the summation of the probability of each district within the

area should be unity; hence:
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where i represents residential districts 1, 2, 3, 4, 5, ...n. Here n
is the total number of districts in which residential locations are
sought.

To obtain ZPi = 1, the conditional probability of each district
(Egqs. 4.3a, 4.3b, 4.3c) is divided by the summation of all conditional

probabilities of each district (i.e., ZPi), giving

Pl
Pr= 391
P'
2
Pz - ZPi
1
P = %
3~ YP!

and so on for all the remaining districts.

| The required summation of conditional probabilities of all dis-
tricts can be found by using the relationships in Eqs. 4.2 and 4.3. To
start with, dividing Eq. 4.2a by H, 4.2b by H,, 4.2c by H,, etc.,
results in the following equations:

Eq. 4.2a divided by H, gives

1 = — 4 —— (4.43.)

1 2 3 I 5 6
1 = e et ot e b — e
2 2 2 2 2 2
or (4.4b)
H d dL} d d6
1 = et et —
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Eq. 4.2¢ divided by H, gives

H, d7 ds de le
1 = —I_T—+I-_I—-+H—+—H—-+—‘—H (4.4(:)
3 3 3 3 3
Eq. 4.2d divided by Hu gives
H d d d d d
A R AL (4.4d)
H, H, H, H, H, H,
and Eq. 4.2e divided by Hj gives, in general,
L. Hj-l + sum of all opportunities in jth band (4.4¢)
H.
J

Adding Eqs. 4.4a, 4.4b, 4.4c, 4.4d, and 4.4e, and also taking m as the

total number of bands results in:

H H H H H
m o= e 2 Sy oy I 4 -l
H, " H " H H H
d d d d d
+ _E. + _.2.. + _.?_. o4 _i —-—— ....D'..
H "~ H ~H ~H H
or
H H H H H
I S R j-1 L m-1 '
ms g 'y ty 1 gt R
2 3 4 j m
or
, n H
P! = m - ) 4= (4.5)
1 . H.
j=2 7j

The probability of a residential district being chosen as a housing

location can be calculated by using the above expression as follows:
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Writing the above expression for a socioeconomic group and multiplying
it by the total number of workers of that particular group employed at
the employment centre results in the following residential location

distribution model:

4.7

where Ti = number of workers of the group who reside in district i when
employed at A.

Other terms have previously been defined.

4.4 Calibration and Analysis of the Model

Discussion of Existing Calibration Procedure

The competing opportunities model is calibrated by varying the
width of the attracting time bands until there is an agreement between
the actual and predicted values of the dependent variable. A review of
the literature shows that only a limited number of attempts have been made
to calibrate and use this model. As a result, no simple procedure is
available at present to calibrate the model successfully.

To this date, only two major attempts have been made to use this
model, one by Tomazinis (1962) of the Penn-Jersey Transportation Study,

and the other by Heanue and Pyers (1966) of the Washington Transportation
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Study. Attempts by Bell (1970), and Soliman and Saccomanno (1972) are
felt to be important to an understanding of the problem, and some of
the controversy surrounding it.

Tomazinis (1962) reported that application of the competing opp-
ortunities model provided satisfactory results for most of the samples
tested for distributing trips in New Jersey. He indicated, however,
that the success of the model depends upon the manner in which opportun-
ity districts are aggregated into time codes. Some guidelines, which
underlie the selection of the width of time bands, are well explained
by Tomazinis:

Before the width of time codes can be decided, an-
other thought should be explored. The objective
here is to simulate human behavior in choosing the
destination of a trip within a complex set of trip
destinations of a region. This takes place on the
basis of two elements of experience; e.g. exper-
ience with the transportation system considered,
and the ability and sensitivity to count and uti-
lize time in small increments. What is implied is
that one cannot have a first time code of 5 min
for a mass transit system where "waiting time"
alone may be more than 5 min. It also implies that
for auto travel or mass transit travel one should
not have time codes of odd increments (of say,
6.25 min) but of blocks of time that are easily
conceived and frequently used by people in their
everyday activities; e.g., time codes of say 5 or
10 min.

This consideration of simulating human behavior

has proven of substantial importance where the best
results were achieved with time codes of 5 min
driving time in distributing auto trips. In the
case of mass transit trips the first time code was
20 min in most of the area and 30 min for the dis-
tricts at the outskirts of the metropolitan region.
The rest of the time codes were of 5 min riding
time. This variation of the width of the first
time code was in response to the variation of '"wait-
ing time" in the system, which ran up to 12 and 18
min, respectively.
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The preceding paragraphs imply a need to introduce
a dichotomy between auto trips and mass transit
trips. For a small city without major mass transit
facilities, this is not an important dichotomy and
need not be carried out. However, when such facil-
ities exist in a large scale, then there is a
substantial distortion of reality if the various
districts would be arranged from a given point of
origin on the basis of a single minimum path used
on highway facilities. This is true because 'com-
bined" (all modes) minimum paths are difficult to
estimate objectively. Thus, it became evident that
suitable time codes by auto and mass transit should
be established in each case on the basis of the
pertinent minimum time paths.

The competing opportunities model proved to be very difficult to
calibrate when applied to 1948 Washington survey data by Heanue and
Pyers (1966). Since it was only the second major attempt to use this
model, no systematic calibration procedure was available, and therefore,
the researchers tried many alternative approaches for obtaining a simu-
lated trip distribution with the same trip length characteristics as the
survey data. Initially, uniform time bands were tried with little
success. Next, varying-width time bands were utilized and the results
became somewhat more meaningful. Two such attempts were: (1) a 24-minute
initial time band followed by uniform 2-minute time bands and (2) a 40-
minute initial time band followed by uniform 2-minute bands. Even with
this approach, however, it was not possible to obtain a trip-length fre-
quency distribution approaching the survey trip length. A comparison of
these results with those of the present study is included later in this

- chapter.
A study was undertaken by Bell (1970) with the objective of cali-

brating the COM.* He reported that the method was able to simulate trip

*

Competing Opportunities Model
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making behaviour in Sydney, Australia, reasonably well. Due to some
discrepancies, however, Bell concluded that some kind of attraction trip-
end balancing procedure would have improved its accuracy of simulation.
Soliman and Saccomanno (1972) used the COM to predict and simulate
patterns of commuter travel generated by the introduction of a proposed
industrial site. Their application of the model to an industrial park
in the City of Winnipeg, Canada, has proved to be successful within
reasonable limits. However, the authors have called fér a more extensive
testing and refinement of the model. A more detailed discussion of the
results of the study by Soliman and Saccomanno is presented in the latter

part of this chapter.

Development of an Improved Calibration Procedure

The foregoing review of the literature dealing with the COM shows
that only a few attempts have been made to calibrate and use the model.
Consequently, no systematic calibration procedure is available. It is
evident, however, from the work of Tomazinis (1962), Heanue and Pyers
(1966), and Bell (1970) and the experience of this author's preliminary
work with the COM that any attempt at model calibration must comprise
three distinct steps:

i) selection of a suitable uniform width of time bands for
the study area,
ii) determination of the width of first time band to achieve
the best possible results,
iii) improvement in the accuracy of prediction of the depen-

dent variable for the districts within the first time band.
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A calibration procedure, which integrates all the above steps de-
veloped in this study, is described in full detail in the following

sections of the thesis.

Uniform Width of Time Bands

Some guidelines which underlie the selection of width of time
bands were cited in the preceding section. Based on these guidelines,
and taking into account the experience of other researchers with this
model, several uniform time-band widths were tested using the COM (Eq.
4.7) and the data from FGIP for various income groups of workers. A uni-
form time width of 5 minutes was selected for further development of the
model from among various possible widths for two specific reasons: 1) be-
cause travel time is commonly weighted in multiples of 5 minutes, and ii)
in a medium sized city like Winnipeg, S5-minute bands give an appropriate
level of aggregation of housing opportunities.

For the initial attempt using S-minute uniform time bands, the
number of predicted and actual residential locations (for various group)
are shown in Fig. 4.3. Clearly the predicted numbers of residential
locations in most of the time bands are not close to the actual number
for any income group of workers. However, a definite pattern of discre-
pancy exists for all the groups. For the first few bands, the model
shows a high positive deviation from the actual results in each case. The
remaining time bands, as a result, have moderate to high negative devia-
tions. The results obtained for any other uniform width of time bands
(e.g., 2, 3, 4, 6, 7, 8 minutes, used in the study) were similar in nature
to the results of 5-minute uniform width. Therefbre, it was decided to

continue the calibration of the model using 5-minute bands for the reasons
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stated in the preceding paragraph.

The results of this study, using uniform width of time bands,
are also similar to the results of other researchers in the past.
Soliman and Saccomanno (1972), who classified the work force of Inkster
Industrial Park in Winnipeg into three broad groups - managerial, cleri-
cal, and labour - for the purpose of studying their behaviour with
respect to residential/work-place location, encountered the same kind of
‘ discrepancy using uniform 5-minute time bands. Fig. 4.4 and 4.5 show
fheir céléulated and observed residential.locations for the labour and
clerical groups, respectively. Fig. 4.6 is a comparison of trip-length
distribution - actual vs. COM with uniform time bands as obtained by
Heanue and Pyefs (1966).

The discrepancy in COM prediction using 5-minute uniform time
bands requires some explanation at this point. The high positive devia-
rtions for the first few time bands (Fig. 4.3) ana the resulting negative
deviations for the remaining time bands are essentially due to the basic
objective of the '"theory of competing opportunities', which is the con-
figuration of a function expressing a rate of diminishing probability of
residential choice at increasing travel time from the given employment
centre. The model assigns ovefly high probabilities to the residential
districts in the first'few timé bands. It is obvious that this situation
is due to an excessive overlap‘in competition for residential locations

with these time bands.

Width of the First Time Band

The failure of the model using uniform time bands necessitated

further trial and adjustment in the prediction procedure. From the over-
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prediction of residential locations in the first few time bands, it was
obvious that the probabilities assigned by the model to residential
districts in these bands were higher than the actual probabilities.
Experimentation involving variation in the width of time bands made it
clear that the probability function (Eq. 4.6) is significantly affected
by inéreasing the width of the first time band. Fig. 4.7, for example,
shows the effect of increasing the width of first time band, W, on the
cumulative probability function of residential locations for the low in-
come group. As W, increases, the probability assigned to the residential
districts close to the employment centre decreases. This decrease in
probability values is due to the fact that when W, increases, more and
more residential districts lying in first band share the advantage of
competitiveness of opportunities over residential districts in remaining
time bands.

The width of the first time band, W,, was varied from 5 to 25
minutes, followed by a uniform width, W, of 5 minutes for all the groups
of workers. The attempts at varying W, resulted in a better agreement
between the actual and the model values in all time bands for each socio-
economic group. The first time band widths are: 10 to 15 minutes for
low, 15 to 20 for medium, and 20 to‘25 for high income group. Fig. 4.8 shows
the comparison of actual and predicted residential location distribution
using W, of 15 minutes for low, 20 minutes for medium, and 25 minutes for
high income workers. All the first time band widths in the figure are
followed by the uniform widths of 5 minutes.

The calibration results of this study are in agreement with the

results of Heanue and Pyers (1966). These authors were more successful
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in finding an adequate solution with a 24-minute first time band fol-
lowed by uniform 2-minute time bands than with any other combination of

time bands they used.

Adjustment in Prediction Within the First Time Band

Using a 'Nested Model'

In the previous analysis of COM calibration we were concerned with
the performance of the model with respect to the time bands. It was
noticed that a model with the first time band wider than other bands
could provide adequate prediétion for most of the time bands. A wider
first time band, required to achieve satisfactory prediction, may cause
a problem of high aggregation of opportunities, especially in medium and
small urban areas. For example, a first time band width equal to 25
minutes for the high income group of FGIP in Winnipeg results only in 3
time bands; first, from 0 to 25 minutes; second, from 26 to 30 minutes;
and third, from 31 to 35 minutes. Most of the housing opportunities in
such é case fall in the first time band. Any comparison of actual and
predicted values at sﬁch high aggregation does not provide any clue about
the adequacy of the model, especially for the residential districts with-
in the first time band. The model, when applied in this manner, becomes
less useful for planning or prediction purposes. The following analysis,
which was carried out to make the model more useful for prediction (by
réducing the degree of aggregation), is based on travel time comparisons
instead of time band comparisons of actual and predicted numbers of re-
sidential locationms.

It is evident from Fig. 4.8 that the predicted residential loca-

tions in most time bands are reasonably close to the actual values. How-
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ever, when the residential locations are plotted against travel time, as
shown in Fig. 4.9, discrepancy between the actual and predicted distri-
bution is clearly noticeable for travel time less than W1 minutes

(width of the first time band). For the low income group, for example,
the COM with a first time band width of 15 minutes followed by 5-minute
uniform bands (say COM/15/5 model®) underpredicts for a travel time in-
terval of 0 to 5 minutes, and overpredicts for a travel time interval of
11 to 15 minutes. The results for a 6-to 10-minute time interval are in
better agreement. This type of disagreement for time intervals falling
within the first time band occurs because the COM/15/5 model does not
provide any competitive preference to the residential districts which are
located closer to the employment centre (0 to 5 minutes) over the other
districts farther from the centre (6 to 10, and 11 to 15 minutes). A
similar discrepancy may be noticed for the medium group. The high income
group, however, does not exhibit any large systematic disagreement (Fig.
4.9).

To improve the accuracy of prediction, the total numbers of resi-
dential locations predicted for the first time bands of all the income
groups were redistributed among the residential districts within these
first time bands by applying the competing opportunities model. The re-
peated application of the concept of competing opportunitieg, confined
only to the residential districts within the first time band of the pre-

vious stage of the application of the model, could be termed a 'nested

. 4
COM/15/5 model specifies a competing opportunities model with a first
time band of 15 minutes followed by 5-minute uniform bands.
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model' for redistribution of residential locations. Time sub-band*
widths of a nested model for various groups of workers were determined
by utilizing the same procedure as described previously under the titles
"Uniform Width of Time Bands'", and "Width of the First Time Band'". The
nested model, with a first time sub-band width of 5 minutes followed by
S-minute uniform sub-bands (say NEST/5/5 model), produced reasonable re-
sults for the low income group. For the medium income group, NEST/10/5
model and NEST/15/5 model were found to be appropriate for prediction
within the first time bands of COM/15/5 and COM/20/5 models, respectively.
In the case of the high income group, appropriate models were NEST/lS/S
and NEST/20/5, corresponding to COM/20/5 and COM/25/5 models, respectively.
Fig. 4.10 demonstrates the improvement in accuracy of prediction (as com-
pared to Fig. 4.9) for travel time less than W, minutes, achieved by a
nestedbmodel using first time sub-band widfhs of 5 minutes for the low,
15 minutes for the medium, and 20 minutes for the high income group. It
is clear from the figure that a nested model improves the predictions for
the low and medium groups. No further improvement is clearly exhibited
by its application to the high income group.

| In general, the. predicted results, after introducing the nested
model, are close to the actual results for all the groups of workers.
The remaining variation between the actual and the predicted values can
be attributed to various factors, such as the error in samples, the lack
of precision in the values of independent variables, and some variables

not included in the analysis.

*
The term 'sub-band' refers to time band of a nested model.
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The model of Heanue and.Pyers (1966), with a 24-minute first time
band followed by 2-minute uniform bands, also produced results within
the first time band which show a resemblance in nature to the results of
this study. Fig. 4.11 displays an underprediction in short trips and an
overprediction in long trips within the first time band of 24 minutes.
The predicted results for the remaining time bands, however, are in good
agreement with the actual results. It appears that the technique of
applying the nested model for this case as well should bring the actual

and predicted trip distribution into closer agreement.

4.5 Testing of the Model

Table 4.1 summarizes the results obtained during the calibration
process using data for FGIP in Winnipeg. It is necessary, after having
developed a residential location distribution model using data from a
specific employment centre in an urban area, to confirm its validity,
before it can be used for prediction purposes. The model (Table 4.1) de-
veloped in this study was tested for (i) Canadian National Railway Yard
(CNRY) and, (ii) Inkster Industrial Park (IIP). Both of these industrial
parks are located in suburbs of the City of Winnipeg.

As mentioned in Chapter 3, data were collected from CNRY to test
the developed model. The workers of CNRY were classified into high,
medium, and low income groups as defined for FGIP while developing the
model. The sample of CNRY contained 140 high, 1,509 medium and 520 low
income workers. The actual and predicted residential location distribu-
tion for all the income groups of workers at CNRY is shown in Fig. 4.12.

This figure utilizes the first time band widths of COM as 10, 15, and 20

minutes for low, medium, and high income groups, respectively. The adjust-
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Table 4.1 Summary of Model Calibration and
Analysis of Results
COM/W, /W*MODEL NEST/w, /w**MODEL
INCOME PARAMETERS PARAMETERS
Wl’ in W, in W in w, in
Minutes Minutes Minutes Minutes
LOwW 10 5 5 5
15 5 5 5
MEDIUM 15 5 10 5
20 5 15 5
HIGH 20 5 15 5
25 5 20 5
*COM/Wl/W specifies a competing opportunities model with first time
band width of W1 minutes followed by uniform bands of W
minutes.
**NEST/wl/w specifies a competing opportunities model (called a nested

model), applied only to the residential districts within
the first time band of COM/Wl/W, with first time sub-band
of v, minutes followed by uniform sub-bands of w minutes.
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ent in prediction within the first time band of the COM is carried out

by using the nested model with the first time sub-band widths of 5 min-
utes for low, 10 minutes for medium, and 15 minutes for high income

groups of workers. The predicted results of residential location dis-
tribution are in fairly close agreement with the observed results for all
the groups of CNRY workers. It is worth noting, however, that the model
which was developed using only FGIP data underpredicts the residential
locations in 0-5 minute interval. It may be surmised that such devia-
tions are quite understandable, considering that we are trying to simulate
human behaviour by mathematical relationships.

The procedure of calibration and analysis of the COM was also
tested using the data obtained by Saccomanno (1972) for IIP fbr his study,
"A Predictive Model of the Residential Locational Distribution Pattern of
Industrial Occupation Groups'. Saccomanno's classification of industrial
workers is different from the classifications in this study. As mentioned
earlier, he considered three occupational groups - labour, clerical, and
managerial. Assuming that these occupational groups might correspond to
the low, medium, and high income groups, respectively, the model was
applied to the data of Saccomanno. Fig. 4.13 compares the actual and the
predicted residential locations using the first time band width of the
COM as 15 and 20 minutes for labour and clerical groups, respectively.

The adjustment in brediction within the first time band of the COM is
carried out by using the nested model with the first time sub-band widths
of 5 minutes for labourers and 15 minufes for clerical workers. These
model parameters correspond to the low income group (for labour), and

medium income group (for clerical) in Table 4.1. The closeness of the
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actual and predicted results in the figure demonstrates the success of
the model in predicting the residential location of workers of various
socioeconomic status in Winnipeg. vThe managerial group could not be in-
cluded in testing the model since the sample size of 52 managers was

considered too small to indicate a pattern (Soliman and Saccomanno, 1972).

4.6 Discussion of Results

Table 4.1 summarizes the results obtained during the calibration
process. The width of the first time band, Wy, in the case of various
income groups, may be considered as a demarcation line which splits the
entire study region into two areas of competition for residential oppor-
tunities: (i) the area within W; minutes time of the employment centre,
as the low competition area, and (ii) the area beyond W, minutes time,
as the high competition area. Due to the existence of a range of W, for
each group, no clear distinction can be made between these areas. It is
evident from the values of W, obtained for different groups that, as the
income of the worker increases, the line of demarcation of low and high
competition areas (i.e., W;) moves outward from the employment centre.
For example, it is obvious from the values of W, that the high income
workers compete for housing location more discerningly beyond 20 to 25
minﬁtes of travel time from their job place as compared to 10 to 15 min-

utes for the low income group.

Inclusion of the first time sub-band width of the nested model
into the discussion suggests the existence of a very low competition area

within the low competition area for each income group. These very low 4
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competition areas for housing opportunities are: 0 to 5 minutes for the
low income group, 0 to 15 minutes for the medium income group, and 0 to
20 for the high income group of workers.

The magnitudes of the first time band width of the competing opp-
ortunities model and the first time sub-band width of the nested model
derived in this study for various groups indicate that, in general, the
workers of the high income group live farther from their place of employ-
ment than do the workers of the low income group. The desire of the low
income group to live closer may be linked with their concern for the fact
that the farther they live from their place of work the greater the share of
their income-that is spent on.commuting and less is available for other expenses.

Since the predicted number of residential locations agreed with
the actual numbers for the labour and clerical group of workers at IIP
(Fig. 4.13) using different values of the width of the first time band,

W, of the COM, and first time sub-band width of the accompanying nested
model, W the above discussion of travel time sensitivity may also be
applied to the occupational status of the workers. It appears that the
workers of low occupational stafus are more sensitive to the travel time,
and thus the travel distance (or expense), as compared to the workers of

higher occupational status.
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CHAPTER V

INTERVENING OPPORTUNITIES MODEL OF RESIDENTIAL
LOCATION DISTRIBUTION

5.1 Introduction

The intervening opportunities model is the name given to the
mathematical procedure developed by Morton Schneider (1960) to distri-
bute, over all possible destinations, the actual destinations of all
trips having a stated origin. The distinguishing feature of the model
is its unique independent variable, intervening opportunities. Although
new to the urban transportation field when proposed By Schneider, this
Variable had been used earlier for population migration and intercity
travel studies (Stouffer, 1940). The model has been used successfully

in several urban transportation studies in recent years.

5.2 Model Theory

The hypotheses and mathematics underlying the intervening oppor-
tunities model are given briefly as a prelude to the discussion of inter-
pretations of the model and its parameters. The intervening opportunities
model of trip distribution (which the existing problem of residential
location distribution resembles in nature) is based on the following
hypotheses (Ruiter, 1967):

1. Total travel time (or distance) from a point is minimized,
subject to the condition that every destination point has
a stated probability of being accepted if it is considered.

2. The probability of a destination being accepted, if it is
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considered, is a constant, independent of the order in
which destinations are considered.
It can be shown that the above hypotheses lead to the following
mathematical formulations, in terms of limitingly small quantities

(Fisk, 1974):
dP = L[1-P(D)]dD (5.1)

where
dP = the probability that a trip will terminate when con-
sidering dD possible destinations,
P(D) = the probability that a trip will terminate by the

time D possible destinations are considered,

D = possible destinations already considered, or sub-
tended volume of destinations, and

L = the constant probability of a possible destination
being accepted if it is considered.

Assuming L to be constant, the solution of Eq. 5.1 gives:
P(D) = 1 - exp(-LD) (5.2)

Thus the probability, Pj’ that a trip will terminate in opportunity band
j (or volume of destination that falls into jth travel time or distance

ranking), for a given origin zone, is:

P. = P(D.) - p(D.
3 (D5) - p(D;_y)
= exp(—LDj_l) - exp(—LDj)
where
Dj—l = trip destinations considered before reaching oppor-

tunities band j,




-85-

Dj = Dj~1 + trip destinations in opportunities band j.

The expected number of trip interchanges, Tj’ between opportunity band

j and the origin zone equals the number of trip origins at the origin

zone multiplied by the probability of a trip terminating in j, i.e.,

Tj = 0x Pj
or
Tj = 0x [exp(—LDj_l) - exp(-LDj)] (5.3)
where
0 = the total number of trip origins at the original zone

under consideration.

Interpretation of the L-Value

Eq. 5.2 cén be changed to a linear form by rearranging and taking

logarithm of both sides. This procedure results in the following:
-LD = Ln[l1-P(D)] (5.4)

Observed values of D and Ln(1-P(D)] for a given origin zone, when plotted
on a semilog graph paper, will theoretically result in a straight line.
Then the parameter L can be viewed simply as the slope of the straight
line which best fits this set of empirical D and In[1-P(D)] data.

Mathematically, the L-value can be expressed as:

-Ln[1-P(D)]

) (5.5)

P(D) is always smaller than unity so that L is always positive and has
units of 1/opportunities. Experience in past studies indicates that L is
always very small, usually of the order of 10_5, and always much smaller

than one.
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The above characteristics support the interpretation of the L-
value as a modified probability quantity. Just as for other probability
quantities, L lies between zero and one. Unlike more common probabili-
ties, L is not unitless. It can be thought of as the probability, per
individual opportunity or trip end, of destination acceptance (Ruiter,

1967).

Calibration of the Model

Calibration of the intervening opportunities model involves deter-
mination of the L-value such that its use in Eq. 5.3 generates a trip
interchange pattern similar to the actual interchange obtained from the
survey. A number of calibration procedures have been utilized by re-
searchers (Catanese, 1974) in the past, depending on the nature of the
trip distribution problem. Out of these existing procedures, the single-
L-value method is appropriate to the existing problem.

The single-L-value calibration method involves the use of some
initial value of parameter L and then adjustment through an iterative
process to bring the estimated trip exchange frequency as close as poss-
ible to the survey data. More specifically, in the first step, an
initial estimate of L is used to calculate the estimates of trip inter-
changes which are then compared with the actual interchanges. 1In the
second step the value of L is changed by a certain increment and the de-
pendent variable is re-estimated, and compared with the actual trip inter-
change again. This latter step is repeated until a most satisfactory
value of L is found which results in as close an agreement as possible

between the predicted and the observed results.




-87-

To ensure that all the trips available at the origin zone are
distributed among the destination zones, the summation of the probab-

ility of all opportunities bands within the area should be unity, hence:

The formula for the intervening opportunities model (Eq. 5.3) lacks a
built-in process to ensure that all the trips will be distributed
(Pyers, 1965). For a given set of trip destinations in a study area,
any particular L-value used in the formula will determine the number of
trips sent from any zone or origin. The percentage of trips that will
actually be sent from a particular zone with a given L and number of
trip destinations can be calculated by solving Eq. 5.3. By summing both

sides for all opportunities bands or destination zones j, we have:

ZTj = 0x Z[exp(—LDj_l) - exp(—LDj)] (5.6)

Dividing the above equation by O gives
ZTj/O = Z[exp(—LDj_l) - exp(-LDj)] (5.7)
The quantity on the left of this equation is the ratio of the trips

actually distributed from the origin zone and those available to be sent.

The quantity on the right side may be expanded as follows:
VZ[exp(—LDj_l) - exp(—LDj)] = [exp(—LDo) - exp(—LDl)]
+ [exp(—LDi) - exp(-LDz)] + [exp(—LDz) - exp(-LDg)] + ...
+ [exp(—LDm_l) - exp(—LDm)] = l-exp(—LDm)

where

D., the total study area destinations which are known.
1

v/
1}
I 18

j
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Thus Eq. 5.7 may be written as:

ZTj/O = l-exp(LZDj) (5.8)

It appears that by setting Z(Tj/O) or fraction of trips sent at
0.95 or any desired level, the required L can be calculated using the
above equation. However, an L-value so calculated to assure sending
the correct number of trips may not provide a satisfactory trip distri-
bution. To overcome this problem, the U.S. Bureau of Public Roads
suggests that an L-value shoUld be sought which would give a satisfactory
trip-length distribution after each of the probability terms, i.e.,
{exp(-LDj_l) - exp(—LDj)] in Eq. 5.3, is adjusted so that the summation
of the probability terms becomes unity (Pyers, 1965). The adjustment in
the probability terms can be carried out by dividing éach term by
[1—exp(—LZDj)], resulting in the following modified intervening opport-

unities model:

=3
1t

0 x [exp(—LDj_l) - exp(—LDj)]/Af (5.9)

where

>
11

adjustment factor

l-exp(-LZDj)

The Golding-Davidson Extension to the Model

Golding and Davidson (1970) have provided an interesting exten-
sion of Schneider's intervening opportunities model. The main purpose
of their extension was to overcome the shortcomings of the Schneider
model, to be discussed later in this chapter, associated with the assump-

tion of a constant L magnitude. The Golding and Davidson model is
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based on the hypothesis that the desirability of a destination declines
uniformly with increase in the opportunities considered. The model is

expressed as:

D -D. d b -D. d

T. = 0 x [(_E;ﬁlll. - (2 ] (5.10)
J D D
m m
where
Dm = total area destinations
d = calibration parameter

This model can also be calibrated using the iteration approach as de-

scribed earlier for the Schneider Model.

5.3 Application of the Existing IOM* to FGIP

This section describes the inadequacy of the IOM, in its existing
state of art, for the modelling of residential location distribution of
FGIP workers in Winnipeg. Examples from several other studies (Bell,
1970; Ruiter, 1967) are cited to exhibit the limitation of the model for
distributing spatial activities in. urban areas. A comparison of the
Schneider model and the Golding and Davidson model is also made in terms

of their practical ability for prediction purposes.

Application to the Schneider Model

In the context of determination of residential location distribu-
tion of workers of any socioeconomic group around their place of employ-

ment the variables of the intervening opportunities model (Eq. 5.9) can

*
Intervening Opportunities Model
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be redefined as follows:

Tj = number of workers who reside in housing opportunities
band j,
0 = total number of workers who seek residences in the urban

area under study,

[wo]
1l

housing opportunities considered before reaching oppor-

j-1
tunities band j,
Dj = Dj-1+ housing opportunities available in band j,
L = the constant probability of a possible housing location

being accepted if it is considered.

As mentioned earlier, an iterative procedure of the single L-
value calibration was employed in this investigation to develop the
model for various groups of workers at the FGIP. The algorithm on this
procedure began with the determination of an initial value of parameter
L to provide a basis for the iteration process. This was done by arbi-
trarily setting Z(Tj/O) = 0.9, and substituting the total number of
housing opportunities in Eq. 5.8. In the case of the low income group

of workers, for example, an initial value of L was obtained as follows:

0.90 = 1-exp(-LX109,945)
(ZDj = 109,945 from the data)
or |
-LX109,945 =V'Ln(.10)
or
L 2.30258
109,945
or
L v 2x107°
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The use of this initial value of L in the intervening opportuni-
ties model (Eq. 5.9) provided estimates of residential locations, which
were then compared with the actual values from the survey. The principal
measure used as the criterion for the predictive ability of the model

was the relative deviation S, defined as:

S = %Z(Tj—Tj)z (5.11)
where
Tj = predicted number of residential locations in opportunity
band j, |
%j = actual number of residential locations in opportunity
band j.

The next step of the algorithm was to change the value by adding
(or subtracting) a constant value of 1 x 10—5, re-estimate the dependent
variable, and calculate a new value of S. This step was repeated until
S failed to decrease. The magnitude of L corresponding to the lowest S-
value was considered the best fitting model parameter.

The above procedure was used to determine the best fitting values
of constant probability parameter L of the model (Eq..5.9) for various

5

income groups of workers. These are 2 x 10—5 for the low, 4 x 10 ° for

> for the high income group of workers. Since the

the medium, and 2 x 10~
magnitude of L for a group is dependent on.the number of destinations
available for that group in the region (Eq. 5.5), the best fitting L-
values cannot be used as such to conclude any pattern of variation in the
behaviour of different income groups relating to their residential loca-

tion distribution. This aspect of behavioural difference in the choice

of residential location is discussed at a later stage in the chapter.
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Because there is no guarantee that the IOM using the best fitting
L-value would necessarily provide adequate simulation results, model
evaluation was carried out by comparing the predicted and surveyed resi-
dential location frequency distribution for each group. It was noticed
from the comparisons that the model with a single value of parameter L
could not accurateiy reproduce actual residential location distribution.
Fig. 5.1 emphasizes the inadequacy of prediction for the low income group
with the use of a single value of L in the IOM. Since spatial separétion
for the IOM is measured in terms of the number of intervening opportuni-
ties or destinations, the actual and predicted number of workefs seeking
residences are plotted as a function of opportunity bands. For conven-
ience in following the distribution patterns, the entire study area is
divided into 10 opportunity bands. Band 1 includes all the possible
destinations which fall into the 0-10 percent range of cumulative (by
travel time sequence) housing opportunities from the employment centre.
Similarly, bands 2, 3, 4, ... 10 include destinations into 11-20, 21-30,
31-40, ... 91-100 percent ranges of cumulative opportunities.

It can be seen from the Fig. 5.1 that the actual and predicted
residential distributions are not in close agreement throughout the
region when only a single value of L is used in the model. For example,
the use of L = 2 x 10—5 (the best fitting value for the low income group)
results in underprediction for band 1 and overprediction for band 2 and
3, followed by moderate predictions for some bands and underpredictions
for the remaining bands. It is also evident from the figure that as the
value of L is increased, more residential locations are assigned to the

destinations close to the employment centre.
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The above examination of Fig. 5.1 indicates the presence of a
systematic error in prediction with a single value of the probability
parameter of the IOM. The nature of such an error is further clarified
from Fig. 5.2, in which error factors for the different opportunity
bands are plotted for different values of the parameter L. The error
factor in the figure is defined as the ratio of the actual and the pre-
dicted number of workers who seek residence in a particular opportunity
band. It is obvious that the errors in prediction are not random but
are related to the opportunity bands or the intervening housing opportun-
ities. Similar error patterns were observed for the medium and the high
income groups of workers when a single value of L was used for the
analysis.

The inadequacy of the IOM using a constant probability parameter
L can be more clearly understood by plotting the percentage of total re-
sidential locations which are sought at or beyond a specified destination
(plotted on a logarithmic scale) against the percentage of all housing
opportunities in the intervening space up to that destination. As stated
earlier, such a semilog relationship should be of linear form if the
intervening opportunities relationship is to prove valid for the data of

any study. Fig. 5.3 shows the distribution of residential location of

the various groups of workers and the intervening residential opportunities

about the FGIP in‘Winnipeg. It can be observed from the figure that the

distribution of workers' residences cannot be very well explained by the

'straight line, semilogarithmic rule' for any of the income groups.
Several other studies of the IOM also observed the nonlinear

nature of the semilog relationship between the remaining percentage of
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Fig. 5.3 Intervening Opportunities Analysis of Residential

Location Distribution of FGIP Workers by Income.
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trips vs. the percentage of intervening opportunities. The work of
Ruiter (1967) and Bell (1970) may be taken as evidence of this fact.
Ruiter cites the example of CATS zone 487 to demonstrate the nature of
the semilog relationship for total trips. It is clear from Fig. 5.4
that a straight line (single L-value) would be a poor fit to the rela-
tionship. Fig. 5.4 also includes a plot of the relationship for the
distribution of trips from a sample employment area of Bell's study.
Again, the relationship is of a nonlinear nature which cannot be approx-

imated by a straight line.

Application to the Golding and Davidson Model

The Golding and Davidson model was calibrated using an iteration
approach similar to that used for Schneider'slmodel. The value of para-
meter d in the model (Eq. 5.10) was varied in order to obtain a predicted
residential location pattern as close as possible to the actual pattern.
The best fitting value of d was chosen on the basis of minimum deviation
S as given in Eq. 5.11. When the model eﬁaluation was carried out by
plotting the predicted and the actual residential location distribution,
the Golding and Davidson model was found inappropriate for all the income
groups of workers at the FGIP. Fig. 5.5 clarifies the inadequacy of pre-
diction for the low income group. The figure uses several values of
calibration parameter d, including its best fitting value of 1.5, to show
the nature of error in prediction. The model with d = 1.5 results in a
Very large underprediction for opportunity band 1, and mostly overpredic-
tions for remaining bands. It is evident from the figure that, as d

increases, more residential locations are assigned to the destinations
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close to the employment centre. The value of d = 4 is required in order
to bring predicted results close to the actual results in case of band
1. But such a value of d results in large discrepancies for the re-
maining bands.

The inadequacy of the model of Golding and Davidson can also be
demonstrated for the examples of CATS zdne 487, Randwick Area, and even
for their own study sample of Ipswich City. Fig. 5.6 shows a comparison
of the observed probability distribution for CATS zone 487, and Randwick
Area (Fig. 5.4) with the theoretical probability distribution as provided

by the model. The model distribution of probability is defined in the

figure as:
Dm—D d
m
or (5.12)
£D) = 1 - (1-x)¢
where
£(D) = the probability that a suitable destination has been
found by the time D opportunities are considered,
Dm = total area destinations,
D = number of opportunities considered,
X = D/Dm’ the fraction of opportunities already considered,
d = model parameter.

It is apparent from the pattern of probability distribution curves
in the figure (each curve corresponding to a particular value of parameter
d) that the model cannot produce results similar to the observed results

for CATS zone 487 and the Randwick Area. The inadequacy of the Golding

and Davidson model for their own study sample of Ipswich City is shown
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in a later part (Fig. 5.14) of this chapter. It is worthwhile to make
the following points in context of the model failure:

(1) 1In the derivation of their model, Golding and Davidson
assume that the desirability of residential location (or any other
activity allocation) declines uniformly with increase in the opportuni-
ties considered. While such an assumption may hold true for a very
limited number of cases in urban activities allocation, it will be dif-
ficult to justify that it is general in nature. The author's study of
the FGIP, CNRY, and IIP (which is included in a later part of this chap-
ter), the work of Ruiter (1967) and Bell (1970), and all those studies in
which the IOM with a constant L-value was found appropriate may be cited
as examples to show its lack of general applicability.

(2) It may appear that the Golding and Davidson model has
simulation capability better than the Schneider model with a constant L-
parameter since the former utilizes a variable probability concept in
the intervening opportunities model. Because of the fact that both
models involve only one parameter in their probability functions they
should have approximately the same predictive ability. The probability
functions of these models are: e—LD for the Schneider model, and
[(Dm—D)/Dm]d for the Golding and Da&idson model.

The failure of the existing IOM to adequately simulate the residen-

tial or trip distribution justifies a further investigation of the subject.

The following section describes the development of the IOM with a new pro-
bability function which is believed to be a definite improvement over the

existing models.
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5.4 Development of the IOM with a New Probability Function

The new IOM, as proposed below,is an extension of the Schneider
model. Instead of the constant L-value, the proposed model utilizes a
variable L-value (say Ld), which is a function of the number of destina-
tions which have already been considered. The idea of using a variable
probability originated from the residential or trip distribution curves
of Fig. 5.3 and Fig. 5.4. Each of these distribution curves generated
discernable L-value curves when the L-values, as calculated by using Eq.
5.5 corresponding to a particular point on the distribution curve, were
plotted against the intervening opportunities or destinations. These
discernable patterns of L-value curves clearly indicated the possibility
of finding a relationship between the probability parameter L and the
number of destinations already considered. Incorporating the use of
variable probability parameter, Ld in the Schneider model, we get the

following distribution model:

Tj = 0 x [exp(-LdDj_l) - exp(—LdDj)]/{1—exp(—LdZdj)} (5.13)

where Ld is a function of D, the number of destinations which have al-
ready been considered. The other terms of this equation have been defined

previously.

Calibration of the New Model

The calibration of the new model largely consists of curve fitting
using data similar to those in Fig. 5.3 and 5.4, and determining methods
of predicting the parameter needed to relate the variable Ld value to D,

the number of destinations which have already been considered.
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The least squares procedure of curve fitting which was utilized
in this study can be explained in the following manner:

First data points Ld and D for fitting an appropriate curve were
obtained from Fig. 5.3 using Eq. 5.5. It may be noted that the distribu-
tion curves of Fig. 5.3 (and 5.4) are the plots of remaining percentage
of destinations to be sought or 100[1-P(D)], vs. percentage of inter-
vening opportunities considered or 100(D/Dm). Corresponding to a part-
icular point on the plot of the figure, the value of Ld was determined

- as follows:

-Ln[1-P(D)]
D

Secondly, these data points were plotted on a graph paper to identify the
type of equation that would fit this data. It appeared from such a plot
that a relationship of the following form (known as Hoerl's special func-

tion) would fit the data (for all groups of workers),

Ly, = apP &P (5.14)

The next step was to find constants a, b, and c in the above relationship.
This was accomplished by using the least squares technique after Eq. 5.14

was changed to a linear form by taking the logarithm of both sides as:

LnLd = Lna + bLnD + c¢cD

For the different groups of workers, the least squares technique resulted

in the following Ld models:
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(i) Low Income Group

0.5827 x 107> x~0-6717_1.7277X

L, = (5.15)
[coefficient of determination, R® = .9222]
(ii) Medium Income Group
L, = 1.5520 x 107> x 0-4382,1.6736X (5.16)
(R* = .9401)
(iii) High Income Group
L, = 2.9578 x 107 2el-1536X (5.17)

d
(R* = .9149)

where X is a fraction of the opportunities already considered for a suit-

able destination, i.e. X = D/total opportunities in the region.

5.5 Behavioural Interpretation of the New Model

The R? values for Eq. 5.15;, 5.16 and 5.17 indicate that the form
of Eq. 5.14 provides a good fit for the variable probability parameter
Ld and X, in all income groups of this study. Also, it is worth noting
that the structure of this model appears to express an understandable
relationship between the variables involved. Let us consider the com-
ponents Xb and eCX in the expression to make a behavioural interpretation
of the model. Since b is less than or equal to zero in any of the above
models (Eq. 5.15, 5.16, or 5.17) the component Xb tends to decrease the
value of Ld as X.increases. The eCX component tends to increase Ly with
an increase in X because of the positive magnitude of the constant c in
all the cases. It is clear from the curves of Fig. 5.3, and Fig. 5.4

that a decrease in Ld-value has a lessening effect on the rate of accep-

ting a destination when it is considered. The component Xb may therefore
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be considered as a factor which diminishes the rate of accepting a des-
tination as X increases. On the other hand, eCX may be interpreted as

a factor which increases the rate of accepting a destination. The
structure of the variable probability parameter model resulting from the
multiplication of Xb and eCX components can be viewed then as a relation-
ship describing the behaviour of people in terms of two independent ob-
jectives that they are trying to satisfy simultaneously. One objective
is concerned with a desire for the proximity of a destination, mainly in
order to keep their transportation costs in line with their income. The
‘other objective may be concerned with an abhorrence of proximity. With-
out regard to the level of income, or even the type of employment (as
illustrated from other studies), certain people seemingly choose to live
a long way away from the place of work. This may perhaps be related to
childhood training, experience and cultivated life style, and other psy-
chological variables determining the taste of the individual. The values
of constants a, b, and ¢ in the probability model will depend upon trip
makers of a specific type and for a specific purpose, and may vary from
one type of origin zone location to the other type of location in any
urban region.

A comparison of the models of Ld—parameter for various income
groups is made in Fig. 5.7. The plots of cumulative probability of res-
idential location distribution in the figure utilizes Eq. 5.15, 5.16, and
5.17 corresponding to the low, medium, and high income groups, respect-
ively. It is clear for the community under investigation that the
workers of the low income group live closer to their places of employment

as compared to the workers of the high income group. This fact is also
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corroborated in the application of the model for CNRY and IIP data which
is discussed later in the chapter. The low income group may choose to
live closer to the place of employment depending upon neighbourhood
affiliation, land use infrastructure, type of housing, or merely because
the part of the income spent on commuting seems disproportionately large.
The medium income group would appear comparatively less susceptible to
the influence of the cost of transportation in choosing a residential
location; the high income group perhaps may be considered completely un-
affected in this respect.

Fig. 5.8 and 5.9 are included to show the adequacy of the IOM pre-
diction results using the variable Ld—value for various income groups of

workers of FGIP.

5.6 Testing of the Model

As was done for the competing opportunities model, the intervening
opportunities model as developed using the data from FGIP was also tested
for other employment centres located in the City of Winnipeg. Fig. 5.10
exhibits a comparison of the actual residential distribution of CNRY
workers with the predicted results employing the IOM developed using
specific data from FGIP. It is obvious that the model does not provide
a very close agreement with the surveyed residential distribution for
workers of CNRY. Specifically, the observed number of residential loca-
tions in the first opportunities band is considerably greater than can
be predicted by the model for any of the income groups. For most other
bands, as a result, the observed number is lower than the predicted

number of residences. Such a discrepancy between the actual and the model
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’distribution can perhaps be attributed to the locatioﬁ of CNRY employ-
ment centré in the City of Winnipeg. There is an apparent discontinuity
in the residential development between Transcona community (where the
CNRY is located) and other nearby communities such as East Kildonan, and
St.'Boniface. This discontinuity of residential development probably
forces some additional workers to choose their residences in Transcona
because otherwise they would have to choose from other communities which
mignt be located too far for their cénsideration.

In testing Qf the COM for IIP it was noticed that the residential
location distribution models developed for low and medium income groups
of workers at FGIP were also found adequate'for labour and clerical
groups of workers®, respectively at IIP. Therefore the low group IOM
was tested for labour and the medium group. IOM was tested for clerical
workers of IIP.  However, a corregtion ih the IOM developed for FGIP, was
required before testing for IIP data collected by Saccomanno (1972). From
Eq. 5.5 it is clear that magnitude of the probability parameter is inver-
sely proportional to the available opportunities in a zone and since the
~ housing opportunities for low and medium income groups are classified in
a different manner than Saccomanno's classification (Chapter III), the

.Ld~values for the two classification can be brought into relation as

follows:

L. = —x1L | (5.18)

where

*
The managerial group of workers is not included in the testing since
its sample of 52 was considered too small to show any pattern.
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L, L, = parameter values for classification 1 and 2, respectively

lw}
)
il

number of classified opportunities according to classifi-
cation 1 and 2, respectively.

Employing the above relationship and Eq. 5.15 and 5.16 (corresponding to
low and medium groups, respectively) residential locations of labour and
 clerical groups were predicted and compared with the observed locations
as shown in Fig. 5.11. The predicted values appear to be fairly close
to the actual values with the exception of fairly large overprediction
in the first opportunities band for labour group. The disagreement may
be due to the different nature of Saccomanno's classification, the loca-
tion of IIP in the study region, or other variables not included in the
model. A further interpretation of the disagreement between the actual
and the predicted distribution for CNRY and IIP is included in Chapter
VII.

It may be appropriate at this stage to compare the semilogarith-
mic residential distribution of CNRY and IIP workers with FGIP distribu-
tion as shown in Fig. 5.3. It is noticable from Fig. 5.12 that a higher
percentage of CNRY workers than FGIP workers lives in residential areas
nearest to the employment centre. On the other hand, Fig. 5.13 showé
that a lower percentage of IIP labour workers than FGIP low-income
workers live in the residential areas nearest to the centre. It may be
said that workers at curves for CNRY and IIP are otherwise, in general,
quite comparable to that of FGIP.

It is worthwhile now to comment briefly on the general applicabi-
lity of the model proposed in this chapter. The IOM with variable

probability parameter can also adequately simulate -the trip making be-
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haviour as observed in the cases of CATS zone 487, and Randwick Area.

The use of a total number of destination opportunities in the area,
Dm = 100,000 resulted in the following Ld models for these two cases:

(i) CATS zone 487

6 ,-2.0456 3.5603X
X e

Ly = 6.07 x 107 (5.19)
(R* = .9943)
(ii) Randwick Area
L, = 3.344 x 1070 x7/->10113.0234K (5.20

(R? = .9979)

The R*-values for Eq. 5.19 and 5.20 indicate that the form of probability
parameter Ld’ as suggested in this study, can explain very well the var-
iation in the probability parameter as a function of the fraction (or
number) of opportunities considered before reaching a destination for the
two examples. The prédictive ability of the new model and its superiority
over the existing models is further exemplified in Fig. 5.14. It is
obvious from the figure that, when applied to the Ipswich City data of
’Golding and Davidson, the new model produces much better results than the
Schneider model and the Golding and Davidson model.

The validity of the new model can be further highlighted by con-
sidering yet another example. Fig. 5.15 is a comparison of actual and
predicted distribution of work trips using the Schneider model for
Washington, D.C. The comparison which was performed by Pyers (1965)
shows that the use of a constant value of L (2.85 x 10_6) does not pro-
vide a close agreement between the actual and the predicted distribution.

However, it is apparent from the figure that a systematic error exists
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between the distributions. The nature of such an error is clarified in
Fig. 5.16, in which error factor (actual percentage/predicted percentage)
is plotted as a function of travel time. The shape of this plot is
generally similar to the error plots in Fig. 5.2 for the sample of the
present study and suggests that the IOM with a variable probability

parameter, as introduced in this study, would provide better agreement

in Pyers's case, as well.
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CHAPTER VI

GRAVITY MODEL OF RESIDENTIAL LOCATION DISTRIBUTION

6.1 Introduction

The earliest use of the theory of gravity in the field of trans-
portation planning was an application to studies of intercity travel
(Astrom, 1953). Martin, Memmott, and Bone (1961), Olsson (1965), and
Smith (1971) reviewed the uses of the gravity model in urban transporta-
tion studies, migration research, and commodity flow studies respectively.
Further work on the model By many researchers has appeared in the liter-
ature frequently in recent years. Considering the variety of viewpoints
and the numerous studies undertaken, any attempt at reviewing the liter-
ature covering the transportation-related use of the gravity model would
constitute a major study in itself. The present author will include,
therefore, only those findings on the gravity model which are pertinent
to the analysis and development of the gravity model of residential

location distribution.

6.2 Analytical Derivation with Adaptation to the Problem

In the initial portion of this section the general form of the
gravity model is derived from the theory of probability. The derivation
is a combination of the methods introduced to the transportation field
by Cohen (1959), Wilson (1967) and Zaryouni (1974). Here, other than
conceptual clarification of the model in the context of the present prob-
lem, no claim of originality is made for this derivation. Next, using

some hypotheses on the concept of marginal perceived travel cost, dif-
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ferent forms of the distribution function of the gravity model are
derived.

Let us consider an employment centre A which provides jobs to
individuals who seek suitable housing opportunities in the entire urban
area comprised of numerous residential districts. Neither the workers
nor the opportunities in the residential districts are homogeneous ;
therefore, a given individual prefers a given opportunity over the other
opportunities available to him. While searching for a suitable housing
location in a residential district, the individual is concerned about
such considerations as the quality of housing, transportation cost be-
tween the location of housing and the employment centre, and availabil-
ity of other neighbourhood services, such as shops, churches, schools,
parks, and similar local foci of gctivity in the district. Let Py be a
preference function which is proportional to the probability that a
worker (employed at A) of a particular socioeconomic group would choose
a suitable housing opportunity in residential district i if the cost of
reaching all opportunities were the same and there were no limitation on
the number of available opportunities for all the districts in the urban
system. In other word.s,~Pi is a certain intrinsic preference that a
worker gives to locate his household in a given residential district.

Of course, this preference will be a function of other neighbourhood
services as mentioned earlier.

The probability that an individual worker seeks a residence in
district i is by definition proportional to P> if transportation were
not costly and there were no restrictions on the number of available

housing opportunities for each district. In the real world, however, the
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resources used in transportation and the number of available opportuni-
ties are limited. Therefore, the probability of choosing a residence in
district i (while employed at a particular job place) is not simply P;-
The problem then is to find the best estimator for Ti’ the residential
locations sought in district i, given the probability P> the transpor-
tation cost and the available opportunity constraints. The following
notations are used in the analysis:

T. = number of workers of a socioeconomic group who reside in

1

district i when employed at A,

0 = total number of workers seeking residences in the urban
area,
di = number of suitable housing opportunities for the group

available in district i,
C; = perceived cost of travelling between district i and the
employment centre A,
C = total resources (cost) spent in transportation within the
'system;

The limitation of resources means:

c = % C. T, (6.1a)

and the restriction on available opportunities means:

0 = I (6.1b)

The development of the residential distribution model requires the
best estimator for T,, given the probability P;» the availability of the

housing opportunities di, and the constraints of Eq. 6.la and Eq. 6.1b.
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Other distribution problems of this type have been handled in different
ways but conceptually with the same objective, i.e., to minimize bias
when some prior information about the behaviour of the system exists.
One of the ways is the maximization of the likelihood function of the
system (Sasaki, 1967) as in the general probability theory.

According to the likelihood theorem, the best estimator is the
one which maximizes the likelihood of Ti where the likelihood function
of Ti is a joint distribution of all Qbserved Ti's (Kendall, 1946). To
determine this joint probability distribution, let us first consider a
specific arrangement of workers on household sites. The probability
that a given worker lives in the ith district is proportional to the
number of suitable sites in that district times the preference factor
P;- 1In that case, the probability of the specific arrangement of all
the workers over their household sites is simply the product of the

probability of finding each worker in the district in which he lives

T.
T (d; py) (6.2)
However, we are not interested in the probability that a specific group
of Ti workers is in the ith district but only in the probability that any
Ti workers are in the ith district. Hence, to get the required joint
probability distribution, say Z, we must multiply Eq. 6.2 by the number
of ways in‘which one can partition O objects into groups containing Ti

objects each, which is

0! (6.3)



Multiplication of Eq. 6.2 and Eq. 6.3 gives the desired result for Z,

T.
z = 2 o opoyt (6.4)

IT.0y ~iFi : ’

i i
The method of Lagrangian multipliers can now be used to obtain the set
of Ti's for which Z, or equivalently Ln Z, is a maximum. The problem is
to maximize the Lagrangian ¢ (here ¢ = Ln Z) subject to the constraints
of Eq. 6.1a and Eq. 6.1b:

= |-
¢ = In O! § In T, + % T, Ln(di pi)

(6.5)
+ B, (C-IT; Cp) + M- 1)

where B, and | are Lagrangian multipliers.

By taking the first derivatives with respect to Ti and equating then to

zero, we obtain

9 _ -
ET;- = - In Ti + Ln(di pi) - 61 Ci -u=0 (6.6)
The derivative'of Ln Ti! is obtained by using Stirling's approximation

(Wilson, 1967) to estimate the factorial terms:
In T.! =T, In T. - T,
i i i i

(6.7)

o In T.! T
i

Tm—— = Ln T. + -
0 Ti i

1
T-l—L‘ﬂTi
1

Solving Eq. 6.6 gives

T, = d; p; exp(-1) exp(-6, C,) (6.8)
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The optimum value of Ti obtained by Eq. 6.8 maximizes ¢, and therefore,
Z, because the second derivative of ¢ with respect to Ti is always

negative:

0 _
7 = 57;‘ (-Ln Ti) = -

slls

It can be shown now that the residential location distribution
model given by Eq. 6.8 is the conventional form of the gravity model.
Let us first consider the value of 1 equal to unity for all i's as in
the conventional gravity model (and also in the derivation of Wilson,
1967), and therefore omit it from Eq. 6.8. This omission of P; from the
model assﬁmes that the neighbourhood services other than housing are un-
iformly distributed throughout the region. Moreover, it can also be
assumed that, although the workers have particular preferences for some
districts, these differences are averaged out.

The model (Eq. 6.8) without using p; can be written as:

Tl = dl eXP("U) eXP(“BICi) (6'9)
or
§ Ti = 0 = exp(-1) ? di exp(—BICi)
or
0
exp(-1) = -
| ? di exp (-8, Ci)

putting the above value of exp(-H) in Eq. 6.9:

Ti = A diO exp(-B1 Ci) (6.10)

where

-1
A = [% di exp (-8B, Ci)] (6.11)
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A may be called a normalization factor because its value is such that
the total number of housing locations sought by the workers is equal to
the total number of workers at the employment centre.

The above analysis shows that the use of the gravity model for
distributing residential locations of workers of a large employment
centre has a sound base in statistical theory. This theory is effecti-
vely stating that, given the total number of housing locations being
sought and the number of available housing opportunities for each dis-
trict for a homogeneous group of workers, and given the cost of trans-
portation between employment centre and each zone, there is a most pro-
bable distribution of residential locations between the empioyment centre
and the residential districts, and this distribution is the same as the

one normally described as the gravity model distribution.

Mathematical Forms of Distribution Function

The expression exp(-B, Ci) in Eq. 6.10 is known as the distribu-
tion function. As mentioned earlier in this chapter, Ci in this expres-
sion is the cost of transportation as perceived by the seeker of the
residential location and not the cost as decided by the planning author-
ities. It is difficult to know how a worker perceives the cost of travel
between home and job because the mattef is subjective and complex. It
is therefore more appropriate to formulate the distribution function in
terms of the actual travel cost ti (usually expressed in terms of travel
time or travel distance), by hypothesizing about the perceived cost, Ci'
Let the distribution function in terms of actual travel cost be called
F(ti). Some of the distribution functions which are utilized in this

study can be derived as follows (Zaryouni, 1974):
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i) Negative Exponential Function

To derive distribution functions in terms of actual travel cost,
let us assume that there exists a predominant form of perceived cost for
a given urban system and this predominant perceived cost can be stated

as a function of the actual cost. To state this mathematically:

where

Ci is perceived cost of travel between home and work place,

g is the predominant functional form for a given urban
system,
ti is actual travel cost between home and work.
The form of function g(ti) decides the form of distribution func-
tion. For example, if it is assumed that the perceived cost is propor-
tional to the actual travel cost ti, the exponential form of distribution

function is obtained. Mathematically:

or ‘ (6.12)

which gives the distribution function:

F(ti) exp(—B1 Ci) = exp(—aBlti)

]

exp(—Bti)

Tt must be noted that this negative exponential form of distribution
function will hold good only when the marginal perceived cost, MCi, is

constant, i.e.,
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dc.

i
MCi = EE;' = a (from Eq. 6.12)

The situation of constant marginal perceived cost may or may not be true

for individual cases.

ii) Inverse Power Function

Intuitively, it appears that a unit of cost should be perceived
as higher when the cost of transportation is small and as lower when the
cost of transportation is great. In other words, the marginal perceived
cost is a decreasing function of actual travel cost. This hypothesis

can be stated mathematically in the following form:

where b is a positive constant.
Integration of the above gives

C. = blnt.
i i

Then the distribution function becomes:

F(ti) exp(—B1 Ci) = exp(—BlbLn ti)

ti"u where o = B,b

This is the well-known inverse power function of the gravity model.

Many other mathematical forms of distribution function have been
suggested and used by researchers in the past. Morrall (1971) presents a
brief description of such forms of functions, including their advantages
and disadvantages. None of these forms can be considered as a univer-

sally acceptable form. This deficiency has often been regarded as a
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shortcoming in the forecast of the future travel in urban areas.

A more detailed discussion of the different forms of distribution
functions is omitted from this thesis not only for the sake of brevity,
but also because it has little direct bearing on the present work. How-

ever, it is important to note the work of Ashford and Covault

(1969), Morrall (1971), and Zaryouni (1974) in this field.

6.3 Model Development and Analysis of Results

Selection of Distribution Function

The residential distribution function, F(ti), expresses the
effect that spatial separation exerts on the worker in the search of a
suitablé housing site. The main problem in developing a distribution
model is the selection of the form of this function. Researchers in the
past have suggested both simple and complicated functions. As mentioned
earlier, no universally accepted function(is available at present to
distribute the trips or residential locations -successfully. Examination
of small and medium-sized cities has revealed that there is no need to
use a complicated distribution function for such areas. Zaryouni (1974)
has demonstrated that the inverse power and negative exponential functions
provide practically the same goodness of fit for the gravity model as any
more complicated function does.

The inverse power and the negative exponential forms of distribu-
tion functions which were investigated for various socioeconomic groups
of workers may be written as:

i) Inverse power function,

-a
F(ti) = ti (6.13a)
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ii) Negative exponential function,

F(t;) = exp(-Bt,) (6.13b)
where
t, = travel time between the employment centre and resid-
A ential district i,
o and B are model parameters for a particular group of workers.
Using distribution function F(ti) in Eq. 6.10, the gravity model

of residential location distribution for a particular group can be

written as:

0 d. F(t.)
T, = —0=> 17 (6.14)

n
igldi F(t,)
where all the variables are the same as defined previously in this

chapter.

Calibration Procedure

The determination of‘the parameters o or B provides the calibra-
tion of the distribution model. The essence of calibration technique is
to find o or B such that Ti (the number of residential locations sought
by a group of workers in district i) as computed by using Eq. 6.14 agrees
with the observed number of residential locations. The calibration
methods are generally iterative processes.

In this research, an iterative procedure was utilized to determine
~ the valﬁes of the travel time (cost) parameter o of the inverse power
function using the sample for FGIP. The algorithm on this procedure be-
gan with a random distribution model with o = 0 in the power function and

B = 0 in the exponential function. This random model provided the
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initial estimates of residential locations, which were then compared
with the actual values from the survey. The principal measure used as
the criterion for the predictive ability of the model was the relative

deviation S, defined as:

n N '
S = ) (T. - T.)? (6.15)
. i i
i=1
where
Ti = predicted number of residential locations in district
i, and
T. = actual number of residential locations in district i.

1

The second step of the algorithm was to increase the value of o by
adding a cdnstant of 0.10, re-estimate the dependent variable, and calcu-
late a new value of S. This latter step was repeated until S failed to
decrease. The value of o corresponding to the lowest S value was chosen
as the model parameter for the power function. Similar steps were fol-
lowed to determine the model parameter for the exponential function by
adding 0.01 to the value of B.

The above procedure was used to determine the values of o and B
for various socioeconomic groups of workers at FGIP. Fig. 6.1 demon-
strates the relationship of model parameter o and the deviation S for the
low income group of workers at FGIP. The figure shows that the best
fitting value of 0 equals 1.2.

Table 6.1 compares the magnitudes of minimum deviations achieved
for different groups at FGIP with the inverse power and the negative ex-
ponential function. It may be noted from the magnitudes of the devia-

tions that the power function yields better results as compared to the
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exponential function for all socioeconomic groups of workers of the comm-
unity under investigation. The better performance of the power function
in this investigation is quite consistent with the findings of other
studies. Tomlin (1968) compared the conventional inverse power function
for Adelaide, Australia. The power function produced better prediction
when he considered the whole Adelaide area including the suburban commun-
ities (similar to the present study in which the whole of the Greater
Winnipeg area is considered). But when he considered only central
Adelaide, the negative exponential form did better than the inverse power
form.

Figure 6.2 demonstrates the closeness of the agreement between the

actual and the predicted residential frequency distribution using the in-

verse power function for various groups of workers at FGIP.

Table 6.1 Comparison of Deviation S with
Different Distribution Functions
for the case of FGIP

' - Inverse Power Function, Exponential Power Function
Income Group of F(t.)=t -0
Workers (t;)=t; F(ti)=eXp("Bti)
o S B S
Low 1.2 1,315 .13 2,301
Medium 0.9 829 .08 947
High 0.5 424 .04 473

Discussion of Model Parameters of Various Income Groups

Fig. 6.3 shows the distribution functions which use the values of
o for different income groups. The concept of function F(ti) as used in

the gravity model for spatial distribution is considered as a basic will-



-136-

250

"NUMBER OF WORKERS

ACTUAL @ LOW INCOME
———— PREDICTED @ MEDIUM INCOME
200 : o ‘
» O HIGH INCOME
\.\ \\\ A
\ ‘ o )
No /
\ B~ N
100 -] Y / Sy > B A
/ // "
>~ . //
50 - 0 = By ' ’ — Fod e ~ n .
e N | '\e\
I 1 R *
0-5 6-10 IH-15 16-20  2I1-25 26-30 OVER?30

TRAVEL TIME-, MIN.

Fig. 6.2 Actual and Predicted Residential Location
Distribution of FGIP workers by Income.



RESIDENTIAL LOCATION DISTRIBUTION FUNCTION, F (t;)

O
o

o
D

fe
W

O
n

o

O
o

-137-

O F(t;) tfo's, High Income

® F(tj) = t;"°° Medium Income

;72 Low Income

5 10 5 20 25 30 35 40 45
TRAVEL TIME, MINUTES .

Fig. 6.3 Residential Location Distribution Function of
Various Income Groups '



-138-

ingness to travel for various groups of workers. The distribution func-
tion F(ti) decreases as the travel time between the residential location
and the employment centre increases. In other words, F(ti) may be inter-
preted as a measure of the decrease in attractiveness of a particular
location of residence as the travel time to that location increases.

Fig. 6.4 demonstrates the effect of travel time parameters of
various groups on the distribution of residential location. This figure
uses the total number of workers in a residential district as an attrac-
tion variable di for all the values of a. The plots of trip length dis-
tribution in the figure clearly indicate (for the community under inves-
tigation) that the workers of the low income group live closer to their
places of employment (a = 1.2) as compared to the workers of the high
income group (o = 0.5) in the figure. This fact is also corroborated in
the application of the model for other employment centres to be discussed
in the following section of this chapter. For example, 51% of the low
income group live within 15 minutes from their work place as compared to
only 33% of the high income group. As mentioned in the previous chapter,
the low income group may choose to live close to the employment centre
depending on neighbourhood affiliation, land use infrastructure, type of
housing, or merely because the part of the income spent on commuting seems

disproportionately large.

6.4 Testing of the Model

Similarly to the competing and the intervening opportunities models,
the gravity type of residential location distribution model was also tested
for CNRY and IIP.

The actual and predicted residential location distribution of CNRY
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workers is shown in Fig. 6.5. The prediction utilizes o = 1.2 for the
low, d = 0.9 for the medium, and a = 0.5 for the high income group of
workers. The closeness of observed residential location distribution of
CNRY workers to the predicted results using the model (that was develo-
ped by using data from FGIP) suggests that this model can successfully
simulate the behaviour of the workers of different socioeconomic groups
in choosing residential location in the City of Winnipeg.

The developed model was also tested using the data of Saccomanno
(1972) for IIP. It was noticed in the testing of the COM and IOM type
of models that the model parameters of the low and the medium groups of
this study were found appropriate for the labour and clerical groups,
respectively, of Saccomanno's classification. Expecting the same be-
haviour for the gravity model parameters, o = 1.2 for the labour group,
and o = 0.9 for the clerical group were used to predict the residential
location distribution for IIP. The closeness of the actual and the
predicted results in Fig. 6.6 demonstrates the adequacy of the model for
predicting the residential location of the workers of various socioecono-

mic categories in the City of Winnipeg.




400

NUMBER OF WORKERS

300

200

100

0-5

-141-

—— ACTUAL
———— PREDICTED
B LOW
® MEDIUM
O  HIGH
/ =~
- .~
/ S
/ S
/ B
/ ~N

o oY
-
l

— ~=

Mn-15  16-20 21-25 26-30 OVER 30

TRAVEL TIME , MIN.

‘Fig. 6.5 Actual and Predicted Residential Location

Distribution of CNRY Workers of Various
Income Groups. '



NUMBER OF WORKERS

-142-

250 |
. ——— ACTUAL
———— PREDICTED

@  LABOUR GROUP
®  CLERICAL GROUP

0-5  6-10 II-I5 16-20 21-25 26-30 OVER 30
' TRAVEL TIME INTERVAL , MIN.

F1g 6.6 Actual and Predlcted Residential Locatlon
Distribution of IIP Workers



-143-

CHAPTER VII

A FURTHER INTERPRETATION OF THE MODELS

7.1 Introduction

Chapters 4, 5, and 6 described the development and testing of the
competing opportunities model, the intervening opportunities model, and
the gravity model, respectively, for the purpose of distributing residen-
tial locations of employees working in large employment centres in Winni-
peg. This chapter expands further on the interpretation of these models
in terms of (i) a comparative evaluation of the three models, and (ii)
their use for planning purposes. Before embarking on the description of

~these items, a discussion of the effect of location of the employment
centre in the study region on the residential distribution is included.
Such a discussion will be useful to the subsequent interpretation of the

models.

7.2 The Effect of the Location of the Employment Centre

on the Residential Distribution

The development of different types of residential models in pre-
vious chapters used the data from FGIP. The testing of models was
carried out for the sample of CNRY and IIP. Figs. 4.12, 5.10, and 6.5
were drawn to compare the actual and predicted residential distribution
using the COM, the IOM, and the GM, respectively, for workers at CNRY
employment centre. The effect of the location of the employment centre
can be conveniently discussed by taking the example of CNRY's location in

Winnipeg and examining the actual and predicted patterns of residential
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distribution for this employment centre in the above-mentioned figures.

It is obvious from Fig. 4.12, 5.10, and 6.5 that, for all the
models, underprediction results to a varying degree for the residential
districts nearer to thg employment centre. For most other bands, there-
fore, an overprediction is caused in the distribution. As was also
mentioned in chapter 5, such a discrepancy between the actual and the
model distribution can perhaps be attributed to the location of CNRY
employment centre in Winnipeg. There is an apparent discontinuity in
residential development between Transcona community (where the CNRY is
located) and its nearest neighbouring communities such as East Kildonan
and St. Boniface. This discontinuity of residential development proba-
bly forces some additional workers to choose their residences in
Transcona because otherwise they would have to choose from other commun-
ities which might be located too far for their consideration.

This type of discrepancy in results may also be attributed to the
presence of another major employment centre in the vicinity of the em-
ployment centre under consideration. The CNRY does not have any major
employment centre in its surrounding districts, unlike the FGIP, which is
near the University of Manitoba. It is perhaps this absence of a major
employment centre near CNRY which makes Transcona less sought after by
the workers from any other employment centre, thus making it less compe-
titive for seeking residential location. Such an explanation of the
discrepancy implies that the ratio of the number of households and the
number of jobs available in a locality should affect the residential
location pattern of the workers in that locality. While a low value of

this ratio may drive the employees to seek household location away from
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this high competition area, a high ratio may encourage workers to seek
residences in the vicinity of the employment centre.

The preceding explanation may be supported by including the
example of IIP. An examination of Fig. 5.11 (and, also of Fig. 6.6)
reveals that, in contrast to the CNRY sample, an overprediction is
observed for residential districts nearer to the IIP. The St. James
Industrial Park and several other small and medium-sized employment
centres are located close to the IIP. Due to the competition from
workers of these nearby employment centres, it becomes harder for IIP
workers to find a suitable household as near their workplace as they
would wish.

The location of the employment centre with respect to the CBD is
. another aspect which may be included at this point. Several studies in
the past have indicated that residential patterns of persons employed in
suburban workplaces are different from those employed in the CBD. For
example, Carroll (1952), and Bell (1970) found that residences of workers
employed in non-CBD workplaces are concentrated most heavily in the
immediate vicinity of the place of work. Since all the employment centres
of the present study, namely, FGIP, CNRY, and IIP are located in the sub-
urbs of Winnipeg and all have approximately the same travel time (or
distance) from the CBD, the effect of employment centres location with
reépect to the CBD could not be recognized for the community under in-

vestigation.

7.3 A Comparative Evaluation of the Models

A great deal has been written about the comparison of trip distri-

bution models in the past. The advantages and problems associated with
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the use of the gravity model, the competing opportunities model, and the
intervening opportunities model for the purpose of distributing aggre-
gated trips in urban areas are well known (Hutchinson, 1974; Finney,
1974; Bruton, 1971; Heanue and Pyers, 1966). The general conclusion of
most studies on comparative evaluation has been that the gravity model
possesses the most desirable properties of the three trip distribution
models. In the present study these models have been used for residen-
tial locations. In this context models are used at a finer aggregation
level than in the past studies for trip distribution. It is intended
therefore to include a few comments about their predictive ability with-
in the framework of the community under investigation.

It appears from Fig. 4.10, 5.8 and 5.9, and 6.2 corresponding to
the COM, the IOM, and the GM, respectively, that all the three models
produce approximately similar prediction results when the models are de-
veloped for the FGIP. However, when the developed models are tested for
CNRY employment centre, Fig. 4.12, 5.10 and 6.5 suggest that the GM
produced the best results, and the COM produces better results than the
IOM. Before making any firm conclusion about the superiority of one
model over the other it is useful to consider the sensitivity of these
models to travel time.

At the time of developing the different types of residential
models in this study it became apparent that the performance of these
models when used as such would be more sensitive to travel time (the
measure of spatial separation between the employment centre and residence)
than in their conventional use as trip distribution models. When the area-

wide trips are aggregated by travel time for all the origin zomes any
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inaccuracies in travel time that may exist are averaged out. However,
when the residential-distribution pattern of a large employment centre
(single origin zone) is analyzed, a small variation in travel time value,
especially between the employment centre and the nearest residential
district, may significantly affect the simulation or prediction results.
Since the gravity model makes the most explicit use of travel time, it
should be more sensitive to travel time than the other models.

An example of CT 122, a residential district in the Transcona
community may be quoted in support of the gravity model's sensitivity to
the travel time. This residential district is located very close to the
CNRY employment centre. While making travel time measurements for this
project, 'CT 122 appeared to be located 2 to 4 minutes away from the CNRY.
Such deviation in the travel time value, which was (or may be) caused due
to variation in traffic conditions, can now be used to show its effect
on the model prediction results. Using a = 1.2, in Eq. 6.13a and Eq.
6.14, for distributing residential locations of the 520 CNRY-workers of
low income group the following results are obtained, corresponding to the

two values of travel time:

T = 54 , when t1

2 min :
129 minutes;

22

4 minutes;

It

T = 25 , when t
122 122

where T122 is the predicted number of low-income workers seeking residen-
ces in CT 122, and t122 is the travel time between CNRY and CT 122. These
predicted numbers compare to the observed number of 60 workers.

The above example clarifies that the prediction of residential

location for districts nearest to the workplace may be affected consid-
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erably due to slight variation (in the absolute sense) in the travel
time measurement. Indeed, this example points out the limitation of
using travel time as a measure of spatial separation for the analysis of
residential locations using the gravity model employing a simple inverse
power function. This limitation can be rectified by using an objective
measure of separation, perhaps travel distance or some generalized
travel cost function which may require a more complex distributién func-
tion in the model. It is obvious that the competing opportunities model
and the intervening opportunities model will be much less sensitive to
travel time. As a matter of fact, a change of travel time from 2 to 4
minutes will not at all change the predictive results of this study.

As mentioned earlier, the gravity model of trip distribution has
provided, in general, better simulation and prediction results than other
models in the past. This success of the gravity model has been attribu-
ted to "the refined degree of adjustment made during the calibration
phase" of the model (Heanue and Pyers, 1966) . In other words, it is the
degree of sophistication, such as includihg socioeconomic adjustment
factors in the parent model, which is responsible for better performance
of the model. On the other hand, the competing opportunities model and
the intervening opportunities model still remain unexploited, even though
they are based on sound theoretical background. The attempt made in this
thesis towards their refinement points out that the opportunity models may
provide as good spatial distribution results as does the more accepted
gravity model. A particular reference may be made to Fig. 5.14 which
shows that, when applied to Ipswich City, the new form of the IOM (as de-

veloped in this study) provides superior results than the previous models
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of Schneider (1960) and Golding and Davidson (1970). As a matter of
fact, the closeness of actual and predicted distribution using the’new
model makes it certain that any other model, even the gravity model, is
unlikely to provide any better agreement for the Golding-Davidson sample

of Ipswich City.

7.4 Use of Models for Planning Purposes

The previous exposition makes it clear that the models of this
study are developed with a view to assessing traffic generated from new
land developments, such as industrial parks, hospitals, shopping centres
or high-rise office buildings. The main purpose of this section is to
indicate more specifically the manner in which residential location
models may be used to predict the traffic implications of new development
proposals.

A procedure for analyzing the traffic impacts of a new development
is proposed in Fig. 7.1. The simplified flow diagram of the traffic
assessment model in the figure is divided into two stages; first, model
development and simulation, and second, model application and prediction.
The first phase uses the existing land use and transportation character-
istics of an urban region for the development of the required model and
the second phase then uses the developed model for future prediction.

The following comments would further serve to clarify the flow diagram
which considers the example of assessing traffic génerated from a newly
proposed industrial park.

The location of an employment centre has appeared as an important

factor in the analysis of choice of residential location of its employ-
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ees. It is therefore essential to consider the factor of location while
selecting a sample, which may contain one or preferably more employment
centres, for the development of the residential distribution model. 1If,
for example, a traffic engineer is interested in knowing what effect a
new suburban-based industrial park would have on the existing transpor-
tation network he should preferably,include those existing industrial
parks or employment centres in his study sample which are situated in
suburban areas of the city.

A question which emerges at the prediction stage of the applica-
tion of the model is concerned with the future date at which the traffic
implications should be assessed. Of course there is no single answer to
such a question. A significant period of time can be envisaged to elapse
before the establishment or re-establishment of all the firms in the
newly proposed site of industrial park is completed. A shorter period
of time may be expected to elapse before the construction of a single
high-rise office building is completed. Once the traffic assessment date
is decided as a matter of policy, the future predictions for the indepen-
dent variables can be made by the traffic engineer.

The adoption of a traffic assessment date will naturally have im-
pact on other factors. For example, other land use and network changes,
as well as changes in the trip-making or residential-choice behaviour of
the population may occur by then. It is therefore essential that these
additional factors should be accounted for at the prediction stage by
the planner.

The final step shown in the analysis procedure of Fig. 7.1 is an

assignment of the predicted distribution of residential locations (or in
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other words, the work trip distribution predicted for’employees of the
proposed industrial park) to the existing road network between the deve-
lopment zone and residential zones of the urban centre. This task may
perhaps be carried out by a multipath assignment technique based on the
least cost principles in order to reveal the extent to which the roads
in the city will be affected by the development.

The preceding description briefly indicates a way in which the
models of this study may be used in land use planning with particular
reference to the site of a new industrial park in an urban area. As in-
dicated earlier, the residential models of this study are basically trip
distribution models, differing mainly at the level of disaggregation.
These residential models essentially simulate a work trip distribution
phenomenon associated with a single employment zone. Other types of
trips, such as shopping or récreational trips, may also be simulated at
a disaggregated level. It is also indicated earlier that the approaches
advanced for the models, particularly the competing opportunities model
and the intervening opportunities model, may be used to predict trip

distribution more accurately.
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CHAPTER VIII

CONCLUSIONS AND DIRECTION FOR FURTHER RESEARCH

8.1 Conclusions

The following conclusions can be made from this investigation:

(1) Residential location of employees in relation to their work-
places can be simulated and predicted by using any of the approaches
advanced for the competing opportunities model, the intervening opportu-
nities model, and the gravity model. Other than for the purpose of the
present investigation of large industrial parks, the models may be used
to predict the residential location distribution, leading to an assess-
ment of the traffic patterns generated by other types of land develop-
ment, such as schools, hospitals or shopping centres. One notable feature
of the study is that the models make use of standard census data to pre-
dict the behavioural choice of residential location as opposed to models
which call for expensive and time-consuming data collection procedures,
such as origin-destination surveys.

(2) Socioeconomic factors, such as income and occupational status
appear to affect significantly the pattern of residential distribution of
workers in relation to their workplaces. The parameters of the models
developed for this study indicate for the community under investigation
that, on the average, workers of the low income group 1ivebclose to their
places of employment as compared to the workers of the high income group.
The low income group may choose to live closer to the place of employment
depending upon neighbdurhood affiliatibn, land use infrastructure, type

of housing, or merely because the part of their income spent on commuting
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seems'disproportionately large. The medium income group would appear
comparatively less susceptible to the influence of the cost of transpor-
tation in choosing a residential location; the high income group perhaps
may be considered completely unaffected in this respect.

(3) The competing opportunities model calibration procedure (as
developed in previous studies), which consists of (a) selection of a
suitable uniform width of time bands for the study area and (b) deter-
mination of the width of first time band to achieve the best possible
results, may not adequately simulate trip making or the behavioural choice
of residential location in urban areas. A new calibration procedure, as
introduced in this study, can considerably enhance the predictive ability
of the competing opportunities model. The new procedure includes an
additional step for improving the accuracy of prediction of the dependent
variable for the study zones within the first time band. In this step,
the total number of residential locations (or trips) predicted for the
first time band are redistributed among the residential districts (or
kdestination zones) within the first time band by applying the competing
opportunities model. Such repeated application of the concept of compe-
ting opportunities'confined only to the residential districts within the
first time band of the previous stage of application of the model is termed
- a 'nested model' for redistribution of residential locations.

(4) The width of first time band, Wl, wider than the remaining
uniform bands in the competing opportunities model, may suggest an exis-
tence of two areas of competition for residential opportunities in the
entire study region: first, the area within W, minutes of travel time

from the Employment centre (or origin zone) as the low competition area,
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and second, the area beyond W1 minutes time as the high competition area.
It is evident from the values of W1 for different groups of workers at
the employment centres of this sStudy that, as the socioeconomic status
of the workers increases, the line of demarcation of low and high compe-
tition areas (i.e. Wl) moves outward from the employment centre. For
example, it is obvious from the values of W1 that the high income group
workers compete for housing location more discerningly beyond 20 to 25
minutes of travel time from their job place as compared to 10 to 15 min-
utes for the low income group. Also, the analysis of the choice of the
residential location of workers within the first time band of the compet-
ing opportunities model, which is carried out by using the 'nested model',
further suggests a hypothesis of a very low competition area for each
income group. These very low competition areas for housing opportunities
around the sampled‘employment centres of this study are 0 to 5 minutes
for the low income group, 0 to 15 minutes for the medium, and 0 to 20
minutes for the high incoﬁe group of workers.

(5) Schneider's intervening opportunities model with a constant
(or single) probability parameter, usually known as L-value, or Golding
and Davidson's extension of the intervening opportunities médel with a
probability function may not accurately reproduce the actual spatial dis-
tribution in urban areas. The predictive ability of the model can be
improved by using a variable L-value instead of a constant one. The
variation of L appears to depend on the hypothesis that the probability
of a destination being accepted, if it is considered, is a function of the
number of destinations which have already been considered. This probab-

bility in Schneider's original model hypothesis is assumed constant,
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independent of the order in which destinations are considered.

(6) The variable nature of the probability parameter can be form-
ulated mathematically by using Hoerl's special function, y = axb ecx,
where y and x are dependent and independent variables, respectively, and
a, b and ¢ are constants. This relationship explains the variation in L-
value rationally in terms of the attractiveness and repulsion to an
individual of the proximity of a destination. Hoerl's function can easily
take into account the variation of probability parameter due to socioec-
onomic status of trip makers, the purpose of the trip, and even the effect
of location of the trip origin.

(7) The gravity model using an inverse power distribution function
appears to produce better results than the two opportunities models when
applied to the industrial parks in Winnipeg. However, the use of gravity
model with such a simple distribution function requires more accurate
travel-time measurements compared to opportunities model, because of its
sensitivity to travel time, particularly for residential districts which
are very close to the employment centre.

(8) Any discontinuity in the residential development in an urban
area appears to cause a tendency for employees to choose residential
location nearer to their employment centre. Such a tendency is apparent
from the application of the developed models to the CNRY employment centre.
Generally for all the models, and particularly for the application of the
intervening opportunities model, an underprediction results for residen-
tial districts nearer to the employment centre. A discontinuity of res-
idential development exists between Transcona commmity (where CNRY is

located) and other communities, such as East Kildonan, and St. Boniface.
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Such a discontinuity may force a few additional workers to choose their
residences in Transcona as otherwise they would have to choose from other
communities which might be located too far for their convenience.

(9) A presence of other major employment centres in the vicinity
of the employment centre under consideration can also complicate the
choice of residential location. For example, the absence of any major
employment centre near CNRY makes it possible for the workers of this
centre to find suitable housing as near their place of work as they de-
sire without much outside competition from the employees of other work-
places. 1In contrast, FGIP and IIP have other major employment centres,
the University of Manitoba and the St. James Industrial Park, respecti-
vely, in their localities. Due to competition from workers of these
nearby employment centres, it becomes harder for the FGIP and IIP workers
to find a suitable household as near their place of work as they would
like to have. It is perhaps this presence of other major employment
centres which causes a more dispersed residential distribution for FGIP
and ITP as compared to CNRY in Winnipeg.

In summary, all the three models included in this study may be
used in locating the residences of workers while partly incorporating the
use of census data. In general, the gravity model provided better model-
ling results than the opportunities models for the purpose of this study.
However, the attempts made in this thesis towards their refinements point
out that the competing opportunities model and the intervening opportuni-
ties model have the potential to provide equally useful results.

This thesis embodies a number of significant contributions to a
better understanding of the three trip distribution models. Firstly,
different distribution parameters for the gravity model have been devel-

oped separately for different socioeconomic groups of workers for the
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community under investigation. These different parameters serve to in-
dicate clearly the effect that spatial separation may exert upon the
residential location choice of various socioeconomic groups of workers.
Secondly, an extension has been provided to the calibration approach for
the competing opportunities model which appears to improve considerably
the predictive ability of this model. Finally, a new form of the inter-
vening opportunities model has been introduced. The superiority of the
new intervening opportunities model over its existing forms has been
demonstrated clearly by applying the model for the data of this study as

well as the data of several other studies in the past.

8.2 Direction for ‘Further Research

Future work in the area of the éresent research may take several
directions. One would be to undertake similar studies in other urban
areas to generalize the findings of this research. These studies may
also be undertaken in the subject applied to the same metropolitan area
for different periods of time. In undertaking such an investigation, how-
ever, the researcher should be careful in bhoosing a proper measure of
cost associated with a particular housing location. If housing prices in
the urban area vary significantly from one location to the other, the
concept of '"gross price'" (the sum of housing price and household trans-
port costs) should be used in the analysis.

Another suggestion for further research is to investigate the ef-
fect of the presence of other major employment centres on the residential
distribution of employees of the centre under consideration. Such a
presence appeared to affect the residential choice in this study. Per-
haps, one way of taking the presence of other employment centres into
account would be to incorporate in the study a ratio of the number of

households and the number of jobs available in.a residential district.
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Yet another suggestion for further research is to investigate the
effect of the mode of travel on residential location decisions. The
present study did not include the mode of travel in the analysis because
only a very small proportion of sampled workers used public transport as
compared to the private automobile. An inclusion of CBD (Winnipeg)
employees and university (of Manitoba) employees in the analysis might
have provided some conclusions to this effect. The CBD and the University
were not included for the purpose of limiting the data requirements in
the study.

A possibility for further research in this direction would be a
further testing of the calibration procedures as developed in this study
for the intervening opportunities model and the competing opportunities
model. The testing of calibration procedures for trip distribution pur-
poses may be cérried out by utilizing the existing data collected for the
urban transportation study of any urban region.

Additional research may be‘required towards thé assignment of
predicted distribution of residential locations to the road network be-
tween the development zone and residential zones. It is merely indicated
in this study that this task may perhaps be carried out by a multipath
assignment technique based on least cost principles.

All of the preceding research directions will contribute to the
understanding of the spatial distribution of different activities in the
urban areas. Such an understanding will not only help in siting of new
land development proposals in the existing infrastructures of an urban
area, but also in the context of the préblem of regional planning beyond

urban areas.
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APPENDIX

TABLES OF (1) CENSUS TRACT POPULATION DISTRIBUTION

(2) OBSERVED RESIDENTIAL LOCATION DISTRIBUTION
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TABLE Al

METROPOLITAN AREA OF WINNIPEG

(SOURCE: STATISTICS CANADA, 1971)

POPULATION DISTRIBUTION BY INCOME

TRACT NO.
LOW GROUP MEDIUM GROUP HIGH GROUP
1 1065 495 395
2 1580 690 265
. 3 9w 620 . 180
4 2450 1110 [ % o R
5 720 425 1250
6 685 505 420
7 840 425 415
8 525 270 650
e 520 345 635
10 1525 505 T g5 T -
1 2210 715 870
12 1805 440 220
i3 470 80 30
: 18 1675 485 24’5
- 15 2610 400 270
. 16 1210 250 70 o
17 . 1585 430 130
18 940 335 160
19 915 410 165
20 840 305 110
,,,,,,,,,,,,,,,,,,,, 2y . 2255 565 150
2o —5%00 295 R —
23 1215 290 120
24 200 20 10
25 880 110 30
26 835 130 35
2T _ .. 850 230 80
28 47707 T g g e e g g e _
29 1380 440 125
30 995 840 110
31 580 315 170
32 1815 645 145
33 120 100 - 15
. a e qug Y E———
35 635 150 35
36 220 70 5
37 935 4§70 175
38 1435 545 170
39 B 1405 395 105
40 710 290 85
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POPULATION DISTRIBUTION BY INCOME

TRACT NO.

LOW GROUP MEDIUM GROUP HIGH GROUP
41 ’ 1000 410 215
42 900 . 230 75
43 - 1505 320 100
4y 790 190 ’ 50
L - 1855 610 130
“The T UTTRog T T qge e 30
u7 1275 495 , 245
43 1365 600 125
49 . 715 475 170
50 1715 760 245
B S 100 i 30 .30
o5 - c 5 e e
53 230 110 uo
54 . 1135 810 705
55 3015 1285 . 485
56 630 365 : 415
57 .. 845 w25 155
58 928 365 T T g e
59 930 580 505
60 770 665 595
61 : 1450 © 950 - 645
62 925 395 100
e ®3 03200 380 185
64 905 350 h -~ 385 0 T
65 , 1980 680 235
66 o 815 - 270 ’ 105
67 795 575 ' 225
68 535 395 230
70" 1025 G55 e g
A 1610 1060 470
- 72 - 1080 , 395 120
73 , 675 370 ' 405
74 1145 645 240
e IS W20 680 _5ho
e 170 -
77 2155 1110 610
78 1145 700 415
79 1620 726 ! 1278
80 175 635 735
82 . 680 370 7T Re0 T
83 - 270 65 790
84 , - 820 310 330
85 520 S 410 410
86 ] - 635 : 430 315

87 520 , 265 310
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POPULATION DISTRIBUTION BY INCOME

104

TRACT NO. A
LOW GROUP MEDIUM GROUP HIGH GROUP

- 88 1710 795 10¢

89 265 125 .55

90 1105 575 680

91 1190 510 500

92 745 625 530

L 93 ) 1085 580 1005

T 078 T 090 —— an1a

95 185 140 320

96 705 470 255

97 1390 1115 1140

98 170 115 10

99 BOO 275 75
503 B0 T e g e e

101 1790 790 380

102 1065 760 850

103 980 430 205

370 205 70
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TABLE A2

OBSERVED RESIDENTIAL LOCATION DISTRIBUTION OF
WORKERS BY INCOME, AND TRAVEL TIME DATA FOR
FORT GARRY INDUSTRIAL PARK (FGIP)

TRACT TRAVEL TIME OBSERVED NO. OF RESIDENTIAL LOCATIONS
NO. FROM FGIP,
MINUTES LOW INCOME MEDIUM INCOME HIGH INCOME
1 12 4 14 3
Y . - 31 10 2
2 o 21 e -
4 5 39 18 5
5 5 9 5 2
6 . 9 5 3 2 .
7 15 5 6 i
e 8 Ay R 0 o
9 11 I & D 2 2
10 10 18 11 11
11 13 15 12 10
12 14 16 9 i1
13 17 2 -0 0
14 15 15 1 1
15 16 10 g T 1 T
16 16 5 3 -0
17 16 5 7 0
18 17 3 2 1
19 18 5 4 2
20 18 4 3 0
21 18 107 T 1y B B -
22 18 11 3 1
23 18 5 4 )
24 20 1 0 n
25 19 8 2 0
26 19 9 2 0
25 T e — o
28 18 5 6 3
29 19 5 4 2
30 19 2 2 ¢
31 20 4 2. 1
32 22 14 4 0
— ~5 g g S NS—
34 22 7 6 0
35 22 3 1 0
35 21 1 1 0
37 26 2 2 0
38 24 9 2 1
35 e e - iy . 0 .
40 23 4 2 0
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TRACT - TRAVEL TIME OBSERVED NO. OF RESIDENTIAL LOCATIONS
NO. FROM FGIP,
MINUTES LOW INCOME MEDIUM INCOME HIGH INCOME
41 24 3 2 0
42 23 3 2 1
43 23 7 3 0
4y ‘ 23 0 2 1
ng e g _ - g . "o
46 24 4 4 "0
47 26 4 5 0
48 24 8 3 0
49 26 4 1 1
50 _ 28 . 5 4 1
20 ‘ " e T —— g .
52 30 0 0 0
53 17 3 / 0 1
54 18 15 8 6
55 19 22 15 7
56 T .A,1 3 e 5 S 2 5
57 ' 15 '3 N T B o
58 16 3 6 0
59 , 16 12 2 4
61 21 10 9 9
——_. €2 ' 21 2 2 1
63 R 1 1 ] g
55 20 1 2 3
65 4 21 4 6 1
6% ’ 21 2 7 S0
67 .32 '3 2 1
68 30 0 3 1
58 o 2 - — A —
70 32 2 2 .2
71 o 27 8 5 1
72 24 5 4 2
73 ' 26 2 1 3
— 2T 4 2 1 ,
13 - 48 8 .
76 30 0 2 n
77 29 5 7 6
78 " T 33 Ty 5 2
79 7 40 24 24"
- 80 3 73 29 4
a0 . e R e S EN—
82 5 16 11 5
83 8 2 1 9
84 20 12 10 3
85 20 7 6 4
85 ) 18 ! 3 4
e T —

87 T s
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TRAVEL TIME

OBSERVED NO. OF RESIDENTIAL LOCATIONS

TﬁgcT FROM FGIP,
: MINUTES LOW INCOME MEDIUM INCOME HIGH INCOME
88 16 10 1 2
89 17 4 1 0
90 18 8 2 3
91 21 8 3 2
92 21 1 1 1
e —— - e .
94 25 8 3 10
95 24 2 1 3
96 25 5 3 0
97 24 5 4 7
98 22 0 0 0
¢ o — 2 .
100 27 2 0. 0
101 27 5 4 no
102 29 11 3 o
103 29 1 2 1
108 26 2 9 2

i
{
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TABLE A3
OBSERVED RESIDENTIAL LOCATION DISTRIBUTION OF
WORKERS BY INCOME, AND TRAVEL TIME DATA FOR
CANADIAN NATIONAL RAILWAY YARD (CNRY)
TRAVEL TIME OBSERVED NO. OF RESIDENTIAL LOCATIONS
TRACT
NO FROM CNRY, : ~ N :
y MINUTES LOW INCOME MEDIUM INCOME HIGH INCOME
1 20 1 17 3
— 2 L Y A 18 2 ‘
2 20 L ) — .
4 25 8 21 1
5 28 9 . 5 0
6 29 1 3 1
7 29 3 2 2
8. 27 0 2 3
2 2 - e T —
10 25 3 8 a
11 19 5 15 0
12 18 5 2 0
13 17 1 2 0
L N 20 4 1 1
Ly 20 e S gt L
16 24 4 3 0
17 25 3 8 0
18 26 1 8 0
19 28 -2 4 0
.2 26 1 9 1
20 . 5 N B S S—
22 23 5 5 0
23 19 5 7 0
24 16 0 3 0
25 19 1 3 0
26 22 3 6 0
27 Ty IR S 6 N B R ——
28 24 3 6 0
29 25 4 7 0
30 26 2 5 0
31 28 2 3 0 ,
32 28 8 9 0
32 B T T ———
38 20 1 9 0
35 - 20 2 2 0
3% 16 0 2 )
17 11 9 35 1
I L S 12 29 1
39 14 7 17" e
80 17 3 11 0
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TRAVEL TIME

OBSERVED NO. OF RESIDENTIAL LOCATIONS

13801 FROM CNRY,
: MINUTES LOW INCOME MEDIUM INCOME HIGH INCOME

41 20 7 13 0

42 20 2 7 0

43 22 7 8 0

by 24 1 10 0
- R - b 9 b

46 22 3 5 0

47 23 1 11 0

48 25 4 11 1

49 25 3 7 3
- s0 26y 21 1

51 31 R B "0 o

52 21 0 0 0

53 21 2 3 0

54 21 2 13 3

55 19 15 53 2
56 17 .3 8 3

5 13 A e .

58 15 3 10 1

59 14 9 25 2

60 12 5 17 7

51 12 6 27 2
o022 7 12 0

53 18 ?l q 1T T o -

68 16 - 1 11 1

65 14 8 11 0

66 " 15 1 3 0

57 2 43 111 2
e 58 2 22 82 5

69 2 2 2 S

70 2 57 147 8

71 11 8 4y 6

72 15 4 18 1

73 18 2 9 5

74 s 5 22 2

75 16 B 57 T8 A T

76 12 1 14 1

77 17 7 23 0

78 19 9 17 2

79 26 6 11 5

80 28 4 13 3

o 28 s S

82 26 2 8 2

83 33 0 1 2

84 41 0 5 0

85 39 1 12 0
e 86 35 0 1 2

35 S S —— E—
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. TRAVEL TIME OBSERVED NO. OF RESIDENTIAL LOCATIONS
TRACT ,
NO. FROM CNRY, »
MINUTES LOW INCOME MEDIUM INCOME HIGH TNCOME
88 31 4 15 1
89 31 0 9 0
90 33 1 6 2
91 36 2 2 0
92 36 0 10 3
N S—. B =
94 39 0 12 3
95 43 0 0 0
96 43 0 4 0
97 ~ 80 4 14 5
98 3n 0 1 0
35 | S . g e e e .
100 _ 21 0 5 2
101 22 6 12 2
102 26 4 12 1
103 24 2 15 0
108 } 27 7 16 2
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TABLE A4

POPULATION DISTRIBUTION BY OCCUPATION, OBSERVED

RESIDENTIAL LOCATION DISTRIBUTION AND TRAVEL TIME

DATA FOR INKSTER INDUSTRIAL PARK (I1P).
SOURCE: SACCOMANNO (1972).

POPULATION DISTRIBUTION

OBSERVED RESIDENTIAL

TRAVEL
RACT X0 BY OCCUPATION TIME DISTRIBUTION

LABOUR CLERICAL FROM IIP LABOUR CLERICAL

1 966 500 5 i 9

2 615 379 ' 5 14 1

3 1200 540 . 5 14 7

—— & 6271 ey 5 4 0
5 1510 350 10 21 R

6 1701 626 9 23 4

7 1011 513 9 22 ¢

] 437 300 10 14 ]

9. 759 338 10 19 1

.Y 1072 186 . 10 12 0
; S 357 Ty T g g e A

12 857 156 15 5 0

13 687 4u3 10 19 2

in 418 306 15 7 2

15 694 390 15 3 3

L 16 870 819 17 10 0
e g g T g g e g — - ey

18 268 51 12 1 0

19 1044 194 15 9 0

20 627 452 15 1 3

21 1412 767 15 13 4

22 929 197 10 6 0
S — e TR g g - N o

24 552 322 ] 3 1

25 2114 1333 14 21 4

26 552 522 12 2 3

27 1203 751 7 5 0

28 388 317 11 7 1
—r R B O —.

30 533 446 16 7 0

31 369 455 14 8 1

32 1317 928 15 18 1

33 815 783 17 13 1

34 676 548 17 5 0

35 003 T R g g 3 -

© 36 203 168 18 2 1

37 920 19 2 3

356
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"POPULATION DISTRIBUTION TRAVEL OBSLERVED RESIDENTIAL
: BY OCCUPATION DISTRIBUTION
TRACT NO. TIME
LABOUR CLERICAL FROM IIP LABOUR CLERICAL
38 _ 489 740 18 5 2
39 u2y 514 23 1 3
o 834 680 21 9 1
1 TR T Ty g g ey —
42 425 572 17 0 2
43 . 380 656 17 5 3
uy 607 375 ' 24 u 1
45 88 251 21 0 0
u6 110 231 18 2 1
L L o
48 220 546 23 0 1
49 563 339 18 5 1
50 861 578 17 6 1
51 329 496 22 6 0
52 58: 547 , 17 6 1
o3 g B S S o
54 1247 665 , 22 5 3
55 0 0 29 0 0
56 622 320 - 29 2 1
57 91 20 29 0 0
S _— 58 v e e s s e e 39 - U . ‘, l" u - 3 0 1 o
2 700" qqg g g
60 349 161 26 4 6
61 261 189 26 4 1
62 257 163 35 0 1
. 63 265 173 25 0 0
.68 . 201 538 27 1 2
o o1 Eg Ty g ey e
66 ‘ 298 332 18 3 2
67 1230 1059 16 13 1
68 726 439 15 u 1
69 741 506 : 18 2 4
70 1199 u7s6 16 13 6
& e —
72 367 270 9 15 7
73 . 1333 845 10 43 13
74 440 355 : 10 8 0
75 154 65 7 5 1
7% 15 15 15 0 0.
7T Gy T g T T g e g e i g
78 876 752 16 2 0
79 139 271 17 1 0
80 371 653 22 0 0
81 564 758 22 5 u
0 1

82 ...3916 416 23
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POPULATION DISTRIBUTION OBSERVED RESIDENTIAL

BY OCCUPATION | Tgﬁng DISTRIBUTION
TRACT NO.

LABOUR CLERICAL FROM IIP LABOUR CLERICAL

83 B 158 374 23 ' 4 1

84 231 470 22 5 1

85 . 400 469 28 6 1

86 969 809 ' 27 12 3

87 234 118 20 0 1

88 ‘ 217 100 21 -3 1
gg T T GO e g e e 3 -

90 , 54 ' 93 31 1 0

91" 345 206 31 2 )

C 7 f

- 92 178 . 160 ' 33



