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ABSTRACT

Urban residential allocation models have been applied
to several metropolitan regions with limited success.

Re

search suggests that the primary reasons accounting for the
limited success of residential modelling deal with model
design, and empirical application of models.

Since residen

tial land use is the primary use in metropolitan regions,
determining where future residential development is likely to
occur is important for urban planning purposes.

Continued

development of residential allocation models is therefore
warranted.

With the intent of improving modelling methods for

urban planners, the procedures used to estimate a residential
allocation model are presented.

An econometric model is

applied to the Tucson Metropolitan Area, and is evaluated in
terms of its accuracy of specification and ease of implemen
tation.

The model estimates the demand for residential land

reasonably well, but the supply equation was not properly
specified.

An alternative supply equation is therefore

presented.

The empirical formulation of the model is rela

tively uncomplicated, and is operational for urban planning
purposes.
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CHAPTER 1

INTRODUCTION
A primary responsibility of urban planners is to
attempt to maximize the welfare of a city's inhabitants.
Ideally, this is accomplished through a planning process,
where the numerous elements, or subsystems that comprise an
entire urban system are coordinated and arranged in accor
dance with a General Plan.

To facilitate the planning

process, it is important to have prior knowledge of the
changes a city is likely to experience.

The field of urban

modelling, which attempts to predict the future spatial
arrangement of urban activities, has emerged in response to
the need for this knowledge.
The field of, urban modelling is quite broad in its
scope.

Some models have been designed to address specific

elements of urban systems, such as the conversion of vacant
land at the urban fringe to urban use (Willis, Cory and Cao,
1982), while others focus on modelling entire urban systems
(Forrester, 1969).

This thesis deals with residential allo

cation modelling, a particular type of model that determines
where households will locate in urban areas, given that a
city's population will increase over time.
1

In particular,

2

the methods used in the estimation of a residential alloca
tion model will serve as the focus of this thesis.
Residential modelling has been selected as an area
of study because it deals with residential land uses, the
single most significant land use in metropolitan areas.
Residential land uses account for approximately forty percent
of all developed lands in urban areas.

In addition, commer

cial and service establishments, as well as public facilities
such as schools, libraries, and hospitals, seek locations
near residential areas.

Since virtually all intracity travel

originates from, and terminates in residential districts,
transportation planning is fundamentally concerned with
residential location patterns (Romanos, 1976).

Thus, for

urban planning purposes, determining future residential
locations is clearly important.
This thesis is divided into seven chapters.

Chapter

1 provides an introduction to the field of urban residential
modelling.

Chapter 2 examines the reasons for the marginal

success of urban residential modelling.

Problems concerning

model specification and implementation are discussed.
Chapter 2 closes with a statement of the purpose of the
thesis.

To improve urban modelling methods, an indepth

explanation of the procedures used in the estimation of an
urban residential model will be presented.

The third

chapter evaluates the historical development of urban

residential modelling.

Three types of residential models,

ad hoc, gravity, and microeconomic, are identified.

This

review is warranted since awareness of past successes and
failures often directs future research.

In Chapter 4 the

model estimated in this thesis, the Silvers Land Use Model
(SLUM), is introduced.
SLUM will be discussed.

The theory and model structure of
Chapter 5 sets forth the process

used in applying the model to an empirical situation.

In

this thesis the model is applied to the Tucson Metropolitan
Area (TMA).

An explanation of the equations, variables, and

data used in the model will be provided.

In the sixth

chapter results of the parameter estimations, including the
coefficients, T-Statistics, and other statistical tests will
be presented.

Chapter 7 presents a review of the thesis,

and suggests some implications of the research.

CHAPTER 2

PROBLEM STATEMENT
During the last thirty years researchers from the
fields of urban geography, regional science, and urban plan
ning have developed the theoretical foundations of residen
tial location.

Models derived from theory have been applied

to several metropolitan and regional areas.

Some gravity and

microeconomic models have produced favorable results.

Most

models, however, have experienced limited success (Batty,
1979; Openshaw, 1979).

Romanos acknowledges the general

failure of residential modelling when he states, ". . . the
existing theories of residential location have not been very
successful in explaining actual locational patterns"
(Romanos, 1976, p. 4).

Even though residential modelling

has only been marginally successful, the critical need for
operational models suggests that research and development
should continue (Batty, 1979).

An examination of past model

ling methods is therefore warranted, so that problem areas
can be identified, and hopefully, rectified.
There are three fundamental reasons why urban
modelling has not encountered greater success.

First, many

models have not properly specified the causal relationships
4
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underlying residential location.

Most often these relation

ships have not been fully developed (Brown et al., 1972).
DRAM (Disaggregated Residential Allocation Model), designed
by Stephen Putnam, is an example of such a model.

DRAM uses

variables such as residential density, and accessibility, to
determine residential location.

These variables describe the

household demand for residential land, but factors determining
the supply of land, such as the amount of vacant land avail
able for development, are excluded from the model.

Deletion

of supply variables implies that the supply of housing is
unlimited and available at present market prices (Bradbury,
et al., 1977).
The EMPIRIC model, developed by the Traffic Research
Corporation, possesses problems similar to DRAM.

EMPIRIC

also uses accessibility, amenities, and site characteristics
to determine where households will locate, but ignores land
use accounting variables, such as the quantity of land avail
able for development, and land prices, in its formulation
(Lowry, 1964).

These factors, however, are essential

elements of the urban land market and are significant in
determining residential location.

These examples illustrate

a crucial weakness shared by several allocation models.
Secondly, researchers, through their perspective and
approaches, have limited the successful application of resi
dential models.

This is evidenced by the manner in which

6

modelling schemes have been documented.

In many instances,

presentations of models exclude, or only partially include,
explanations of the theory and methods of parameter estima
tion.

As a result, practitioners are offered only limited

guidance as to model implementation (Brown et al., 1972).
Openshaw places the problem planners face in perspective when
he states, "In their efforts to use models, planners natur
ally look towards academic research for practical guidance
and ideas.

Unfortunately, it is quite apparent that very

little recent research has any practical relevance" (Openshaw,
1979, p. 879).

Compounding the problem, researchers have

spent little time empirically testing models (Muth, 1977;
McDonald, 1979).

Without adequate testing, it is difficult

for practitioners to assess the stability and applicability
of models.
Lastly, urban modelling has, to a great extent,
remained a theoretical discipline.

Although many applied

models have appeared over time, rarely have they reflected
the practical needs of urban planners.

This neglect of

practitioners1 needs has led to a definite distinction
between models as theoretical constructs, and models as
planning tools (Romanos, 1976).

Over time this distinction

has impeded the use of urban models in city and regional
planning.

The primary objective of this thesis is to explain
the procedure used in the estimation of a residential allo
cation model.

This will offer urban planners a detailed

description of how theoretical models are used empirically.
Specifically, the thesis will include:
1.

An explanation of the model's theoretical basis.

2.

A description of the equations, variables, and data
used to estimate the model.

3.

The results of the parameter estimations.

4.

Implications of the thesis.
In the next chapter a historical review of urban

residential modelling is presented.

CHAPTER 3

HISTORICAL DEVELOPMENT OF RESIDENTIAL
ALLOCATION MODELS
Residential modelling methods have developed sub
stantially over the last thirty years.

During this period,

three distinct modelling approaches have been used: ad hoc
techniques, gravity-potential models, and microeconomic
models.

Ad hoc techniques appeared in the early 1950's, and

were the first formal attempts at residential allocation
modelling.

These methods were primarily subjective and

judgemental, and used only a limited formal structure.

In

the mid-1950's, gravity-potential models were applied to
residential allocation modelling.

These models applied the

concepts of spatial interaction to forecast residential
location.

During the late 1950's and early 1960's research

ers applied microeconomic theory to residential modelling.
In these models, utility maximization was used as a theoret
ical basis to determine where households will locate. Pres
ently, microeconomic models are the most widely used
allocation models (Wingo, 1961).

In this chapter each of

these modelling approaches will be presented and evaluated.

8
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Ad Hoc Models
In the early 1950's, transportation planners in
Chicago noted that residential districts were the primary
source of urban traffic.

Thus to improve planning efforts,

it was deemed necessary to determine the future location of
residential development.

Ad hoc allocation methods were

developed for this purpose.
One of the first transportation studies to use ad hoc
methods was the 1956 Chicago Area Transportation Study (CATS).
Hamburg and Creighton outlined the methods used in CATS
(1959).

The study began by establishing the urban density

gradient for the Chicago area.

Since the density gradient

concept was fundamental to ad hoc modelling methods, an
elaboration of this technique is warranted.

Clark was one

of the first researchers to use the concept that urban popu
lation decreases with respect to distance from the Central
Business District (CBD) (1951).

A negative exponential was

used to model the decline in population density.

The equa

tion takes the form:
D(u) = de"Yu
where
D(u) = population density u miles from the city
center
e = the base of natural logarithms
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d = population density at the city center
Y = an indication of the rate of density decline
from the city center

This equation was used to explain the rate of popu
lation density decline as movement away from the CBD
occurred (Mills, 1972).

In Chicago, a series of concentric

rings, each two miles wide, was established to define the
density gradient.

In this preliminary stage, the Chicago

area was also divided into analysis zones for more precise
population allocation.
Estimating the quantity of land that would be avail
able for residential development was the second step in the
allocation process.

This was accomplished by first deter

mining the amount of vacant land currently zoned for indus
trial, commercial, and government uses.

If the estimated

future demand for these land uses exceeded the current
supply, additional land was taken from residentially zoned
land.

The remaining residentially zoned land was then used

to accommodate anticipated population growth.
Next, a holding capacity was calculated for each
analysis zone.

The holding capacity was determined by multi

plying the estimated residential density for each analysis
zone j by the amount of residentially designated land in zone
j, and then adding this product to the current zonal popula
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tion.

By taking the ratio of developed land to total devel

opable land, the residual holding capacity was derived.
The projected population increase for the study area
was then distributed to each analysis zone.

This was accom

plished by evaluating changes in the urban density over time,
and then projecting the location of the peak density for the
planning target date.

The density decline in rings between

the estimated peak location and the CBD (it was found that
the peak density was moving away from the CBD at a rate of
1.6 miles per decade), as well as the density gradient from
the peak location to the edge of the study area, were also
defined.

The expected density and available holding capacity

at location j were used to allocate the estimated population
growth at each zone.

The allocations were largely judge

mental, but used criteria such as nearness of the zone to
major arterials, and quality of available land in the zones
to locate households.

If the holding capacity for a zone was

exceeded, the excess population was shifted to the next zone.
Although this allocation methodology was a positive
step towards development of residential allocation methods,
it suffers basic shortcomings.

First, the ad hoc technique

did not actually model locational behavior.

Instead, it

combined some theory (urban density functions) with observed
regularities to project future residential location.

Next,

since the model is based primarily on observations made at
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one point in time, changes in urban policy (zoning, density
requirements, etc.) are not taken into consideration (Wingo,
1961).
The ad hoc method did, however, establish a useful
basic relationship.

The interdependency of residential

density and accessibility was defined as a key factor in
residential location.

This relationship has remained a major

influence in urban modelling (Romanos, 1976).
Gravity-Potential Models
Gravity models are based on the theory that spatial
interaction is determined by the attractive force of two
population masses, and is inversely related to the distance
separating these population groups (Hoover, 1975).

The

magnitude of the attractive force is a function of relative
population size, while the friction of distance impedes the
interaction.

The gravity model is expressed as (Batty,

1972):
,-X
T•. = KP•P.d..
IJ
i J ij

where
Tij = interaction between location i and location j
K = normalizing constant
P^,Pj = population of location i and location j
djj = distance between location i and location j
X = a parameter

13

The theory of potential interaction states that for
an individual at location i, the possibility of interaction
with location j is a function of the population size at loca
tion j.

The potential for interaction is diminished by the

relative spatial distance between the individual at location
i and the population at location j (Stewart, 1948).
sense, potential models are destination-specific.

In this

Mathemati

cally, this relationship is expressed as:
P.

where
= interaction potential of an individual at location
i with the population group at location j
K = normalizing factor
Pj = population at location j
= distance between location i and location j
Gravity-potential models were first introduced for
residential modelling by Hansen (1959).

The equation used

to determine residential allocation took the form (Silvers,
1974):

14
where

Gj = residential population increase allocated to
location j
Gt = total city population
Lj = vacant land
Aj = accessibility to employment, defined as:

A.J = 4L
J

1

D•
ij

where
= number of employees in location i
= distance from location i to location j
The accessibility equation intentionally resembles
the interaction potential equation.

Hansen states " . . .

accessibility is defined as the potential of opportunities
for interaction" (Hansen, 1959, p. 73).
The Hansen model was applied to the Washington, D.C.
metropolitan area, and also was used for the Hartford Traffic
Study (Hartford Area Traffic Study, Report Vol. 1, Hartford,
Conn, July, 1961). The model, however, displayed considerable
instability in its predictive capabilities (Romanos, 1976).
Despite its marginal performance, the Hansen model
did advance urban residential modelling methods significantly.
First, unlike the allocation technique, the Hansen model did
not use subjective judgements to allocate population growth.
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Secondly, the model expressed some behavioral relationships
that influence residential location.

Lastly, since the

Hansen model used a specific form and variables, the model
was readily subjected to evaluation and testing (Wingo, 1961).
While working for the Rand Corporation, Lowry applied
the concepts of spatial interaction to derive a land use model
for the Pittsburgh Metropolitan Region (Lowry, 1964).

The

Lowry model is perhaps the best known gravity-potential model,
and became the predecessor for several other gravity alloca
tion models (Garin, 1966; Crecine, 1964; Goldner, 1968).
The Lowry model uses basic employment, which is
assumed to be exogenously determined, to predict increases
in, and the location of, residential land uses by analysis
zone.

Residential activity was used to forecast the loca

tion of commercial services (Goldner, 1971).

The Lowry

model is unique in that it estimates increases in population,
and locates the population within the same model structure.
Since this thesis deals with residential location, only the
equation used to allocate population growth will be discussed.
The Lowry model uses a gravity-potential equation,
similar to the Hansen equation, to allocate residence to
zones (Batty, 1972).

The allocation equation is:

PIE.f(cij)
Pj =

EIE^f(c±.)
ij
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where

Pj = population allocated to zone j
P = total population
= total employment
fCc^j) = a function of travel cost

Households were allocated to zones subject to a
maximum density limit of sixty-five dwelling units per acre.
Density functions, used previously in residential modelling,
were not used in the Lowry model (Goldner, 1971).

Through an

iterative process, the population increase and service activi
ties were located to zones.
Gravity-potential models have received several criti
cisms.

First, gravity models have their own theoretical

basis, and do not necessarily model the behavioral relation
ships underlying residential location (Anas, 1982).

Secondly,

gravity-potential models assume that the urban spatial
structure is static.

The dynamic behavior of cities, how

ever, is not accurately depicted by cross-section analysis
(Batty, 1972). Lastly, although it is difficult to model
individual consumer behavior, it is possible to model
behavior of groups of individuals.

The level of aggregation

used in the Lowry model, however, is excessive, reducing the
model's predictive ability (Romanos, 1976).
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Microeconomic Models
During the late 1950's and early 1960's, the theor
etical focus changed from spatial interaction models to
microeconomic models.

Alonso was largely responsible for the

introduction of these models (Alonso, 1964).

Expanding on

fundamental concepts presented by Beckmann (1957), Alonso
used the theories of economic land rent presented by Von
Thunen and Ricardo to model urban land uses (1825; 1817).
Alonso specified a microeconomic model which used a monocentric city and a utility function to determine the density
gradient and location of the urban fringe.

Residential

location was a function of travel costs to the city center,
and household utility maximization at location j„

Equilib

rium occurred where location yielded optimal household welfare.
Alonso's research is considered a pioneering effort in the
development of urban economic modelling.
After Alonso's work, the field of urban residential
modelling burgeoned, and during the 1960's a multitude of
theoretical concepts appeared in the literature.

Major

contributors included Mills, Muth, Beckmann, Casetti, and
Papageorgiou, as well as others.

Research efforts during

this period defined a series of models which were predicated
on select fundamental issues (Anas and Dendrinos, 1976).
These models applied the concepts of household utility
(welfare) maximization to determine residential location.
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Each household was assumed to have the same income, tastes
and preferences, and consumed the same composite good.
Additionally, residential land prices and transportation
costs were included in the household budget.

Utility maxi

mization was achieved by residential location, since all
other aspects of the households were equal.

Households,

therefore, locate where utility is maximized.

Since resi

dential density at the urban fringe, or less developed areas,
is low (at first), housing costs do not increase by locating
at these areas, but welfare does increase since amenities are
assumed greater at these locations.

However, as the demand

for housing at alternative locations rises, densities
increase, forcing housing costs to increase.

At the same

time, since households have abandoned previous locations,
densities at these locations decline, and prices decrease.
Thus some households will return from the periphery and
residential bid rents will reach equilibrium.

Utility

functions used in residential modelling usually take a
log-linear form:
Pi1„pBo
2
U1

eoFltF2t

£
• • •

ut

e
F;
kt

where
U1 = household utility
Fif.-Fkt

= vari-ables

to

be selected
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$0...$k = parameters to be estimated
e = base of natural logarithms
Other characteristics of models during this time
included: (1) models were partial equilibrium in that only
a segment of the urban system was evaluated (Alonso, 1964);
(2) models assumed a monocentric city (Casetti, 1971; Casetti,
and Papageorgiou, 1971); and (3) models did not address
public policy issues in their modelling schemes.
During the 1970's, a second definable series of
papers surfaced that led the design of residential allocation
models to a more complex, (perhaps) more effective level.
First, models adapted a multi-nucleated city structure (Mills,
1972; Papageorgiou, 1971).

Next, models began to encompass

greater segments of the urban system, and in this sense
became general equilibrium models (Mills, 1967).

Lastly,

models began to consider the effects of public policy issues,
such as urban densities and zoning (Mills and De Ferranti,
1971).
This section has presented the different approaches
to residential modelling that have emerged during the last
thirty years.

These approaches were: (1) ad hoc models;

(2) gravity-potential models; and (3) microeconomic models.
Historically, each type of model has contributed to the
understanding of urban spatial structure, and in particular
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to residential location.

In the next section the residential

allocation model used in this thesis will be presented.

CHAPTER 4
THEORY OF THE MODEL
The Silvers Land Use Model (SLUM) is designed to
distribute increased population throughout a metropolitan
area.

It is assumed that the population is composed of

various households, each seeking residential land.

SLUM is

an econometric model that uses a demand equation to determine
the amount of land households will demand, and a supply equa
tion to determine the quantity of land that will be offered
by landowners for residential uses.

When the demand and

supply equations are combined, the amount of land that will
be converted for residential uses can be estimated.

The

theory underlying the demand and supply equations is dis
cussed below.
The Demand for Residential Land
The demand for residential land is specified by using
a general utility function, which consists of economic,
demographic, and site characteristic variables.
function takes the form:
ULj -

g(HHSj,

NIj. Aj,
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Ej, Zj)

The utility

22
where

ULj = household utility at location j
HHS• = the household size at location Ji
J
NI. = annual income net of travel costs at location Ji
J
(Yj - PdDj)

Aj = accessibility at location j
E. = environmental amenities available at location i
J
Z - = a composite good consumed by households at
location j
Household consumption at location j, however, is
constrained by the household's budget.

The budget is speci

fied as:

*3'Vj +

pdDj +

where
Y = household income
p

= price per unit of composite good Z
= price per unit of distance

P-^(D^jE^) = price per unit of land at distance j with
environmental amenities
Households maximize their welfare by consumption of
the composite good

, which consists of all goods other than

residential land, and by consuming residential land.

The

amount of residential land demanded is determined by the
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utility function.

Household consumption, however, is con

strained by the household budget.
SLUM can be used to estimate the demand for residen
tial land at two levels of aggregation.

The first level

aggregates all households in terms of household characteris
tics and tastes and preferences.

At this level, metropolitan

population is viewed as being homogeneous.

The second level

disaggregates the household demand into two categories:
households seeking single family housing, and those seeking
multi-family housing.

Within each of these categories, house

holds are viewed as being homogeneous.
The Supply of Residential Land
Two theoretical models were tested to estimate the
supply of residential land.

The first approach, which is

from SLUM, uses a probability function to determine the amount
of land that owners are willing to sell for residential
development.

The equation takes the form:

PS. = B + VDLD.B-, + D.B2
9 +
J
o
j 1
2

J

J

where
PSj = the probability of selling land at location j
VDLDj = ratio of vacant land at location j to vacant
land at location j-1 in 1976 (j-1 = the
analysis zone adjacent to location j, and
closer to the Central Business District (CBD)
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Dj = the straightline distance from location j to
the CBD
2
Dj
= distance squared

3 O...Bo
J = parameters to be estimated
This equation expresses the concept that the proba
bility of land being supplied for residential development is
a function of the vacancy rate at location j, distance to the
CBD, and the ratio of the vacancy rate at location j to the
vacancy rate at location j-1.

As land in the adjacent loca

tion, j-1 is developed, the probability of land being devel
oped at location j increases.

The distance variable controls

for the occurrence of urban sprawl.

Since households seek

residential locations that maximize accessibility to urban
activities, locations closer to the CBD are preferred over
remote locations.
The second equation uses supply variables to deter
mine the rate of residential development at location j
(Willis, 1982).

The equation takes the form:

r>2c
= 3 + VR.B-, + VR*e, + Dt3
o + D.p. + VRQ.3c
CR..
J
o
jl
/
jj
j 4-

where
CRj = the change in residential development at
location j
VRj = the vacancy rate at location j

25
2
VRj
= the vacancy rate squared

D- = distance to the CBD from location Ji
J
2 = distance squared
Dj
VRQj = the vacancy rate in the adjacent zone, which
is closer to the CBD (j-1)
B 0 ---3s = parameters to be estimated
This equation uses the vacancy rates at location j
and location j-1, along with distance to the CBD as the
determinants of the supply of residential land.

The impor

tance of vacancy rates as an indicator of future price move
ments in the residential housing market is well established
(Bradbury et al., 1977).

Vacancy rates, therefore, enable

land owners to determine expected land prices.

In this way,

vacancy rates greatly affect the quantity of land supplied
since land price is primarily responsible for determining
when land owners will sell their land.

The distance variable,

as in the first supply equation, is a measure of the regional
accessibility.

Since accessibility is a significant loca-

tional factor, it determines where residential land will be
demanded, and thus, where land prices are likely to increase.
This completes the theoretical explanation of the
demand and supply equations used in this thesis.

In the

next chapter the procedure used to estimate these equations
will be described.

CHAPTER 5
APPLICATION OF THE MODEL
To estimate the demand and supply of residential
land, the theoretically specified equations defined in the
last chapter must be transformed into empirically implementable equations.

This chapter describes the procedures

employed to estimate the model.
methodology will be presented.

First the general estimation
Then the demand and supply

equations and the variables used in these equations will be
discussed.
Methodology and Data
Estimation of the demand and supply equations begins
by dividing the Tucson Metropolitan Area (TMA) into analysis
zones, or locations.
parameter estimation.

These zones serve as "observations" for
As such, they are sub-areas that

reflect the spatial variation of the factors' underlying
residential location.

The TMA was divided into fifty-nine

zones, which were defined by 1970 census tract boundaries.
Using census tracts as analysis zones is practical since
data are readily available at the tract level.

After the

equations are estimated, households are allocated to the
analysis zones.
26
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The data used to estimate the equations were obtained
from the 1970 and 1980 United States Census of the Population
and from the interim 1975 Census of the Population.

Land use

data were provided by the City of Tucson for the year 1976 and
1980.

Since estimation required data from two points in time,

the years 1976 and 1980 were selected.

Census data were

transformed from the years 1970 and 1975 to 1976 values.

The

methods used to transform data will be presented as each
variable is explained.
The Demand Equations
Assuming a well-behaved utility function, the aggre
gate and disaggregate demand equations may be derived from
the general utility function stated in the last chapter.

The

derived aggregate demand equation is assumed log-linear and
is specified as:
QLj = 3q HHS

where
QLj = quantity of land in acres demanded per house
hold at location j
HHSj = household size (median persons per household
at location j)
Nlj = median household income net of average annual
travel costs from location j to their employ
ment location
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Ej = environmental amenities available at loca
tion j
Aj = accessibility at location j
Zj = a composite good consumed at location j
= parameters to be estimated
The disaggregate demand equation uses the same vari
ables as the aggregate equation, except that the income and
person per household variables are disaggregated by singlefamily and multi-family households.

The disaggregate demand

equation takes the form:
3

3

0

QL.k.6o HHSjk KIjk Ej

3,

B_

A/ Z}

where
QLjk = the quantity of land in acres demanded at
location j for housing type k
HHSjk = household size in housing type k at loca
tion j
NI^

= median

income for households at location j

living in housing type k
E. = environmental amenities available at

J

location j
Aj = accessibility at location j
Zj = a composite good consumed at location j
k = housing type — single or multi-family
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$o•••$5
In estimation,

= parameters to be estimated.
is assumed to be nonvariant across obser

vations and is omitted from the empirical equation.
Explanation of the Variables
The dependent variable in the demand equation, QLj»
is a measure of the average quantity of residential land
demanded by each household at location j.

Data for this

variable were obtained from 1976 and 1980 land use data
supplied by the City of Tucson Planning and Zoning Depart
ment.

The disaggregate equation estimates the quantities of

single- and multi-family acreage demanded per household at
location j and is measured as follows:

DLj76-80
DUj76-80

where
DLjyg_gg = the total residentially developed land at
location j for 1976 and 1980
DUj7g_gQ = the total dwelling units at location j in
1976 and 1980
In the aggregate equation, QLj indicates the total number
of residential acres demanded by all households at location j.
The first independent variable, HHSj, is the size of
households at location j.

It is assumed that larger house
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holds demand larger housing units, and thus more residential
land (McDonald, 1979).

For the disaggregate equation, data

used for estimation of the variable HHSj^ had to be devel
oped.
1.

The following procedure was followed.
Generation of "b" factors for 1970 and 1980, using

the following equation:
W o " Tnp3sf7°/ Tiff""0

bso

" Tn^sf80!infjirf80

where
^j^jxt = persons per household for single (x = sf)
and multi-family (x = mf) housing units for
t = 1970 and 1980.

This data is available

from the 1970 and 1980 Census of the Popula
tion as median persons per household for
"owners" (used as a proxy for single-family
residents) and median persons per household
for "renters" (used as a proxy for multifamily residents)
2.

Interpolate bfor each location j for each housing

type from b-^Q and bgQ
3.

Calculate

First, interpolate 1976 population

by zone j from the 1975 interim census and 1980 census data.
Second, using City of Tucson land use data for 1976, the
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total housing units per zone j is determined.

Then divide

the population by housing units at location j.
4.

Then:

^Ri76
HU
P2RiSf76
sf76 =
HU J
HU.sf76
HUjmf76
+ bj76-lu^-

Tnfjm£76 - bj76 J2£jsf76

The variable NI^ represents the annual median family
income at location j, net of annual average travel costs.
Travel costs were calculated for each analysis zone using the
following equation:
ATCj = (TTj x ATS)OC + (TT^ x AHW)NT
where
ATCj = average annual travel cost per household at
location j
TTj = average travel time from location j to work
locations. These data were obtained from the
census as average journey to work travel times,
ATS = average travel speed for journey to work trips
for the TMA.

For Tucson the average speed is

27 miles per hour.

This figure was obtained

from the Department of Civil Engineering,
University of Arizona.
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OC = vehicle operating cost per mile.

This figure

was set at $.25 for 1980 and $.20 for 1976.
The Department of Civil Engineering, Univer
sity of Arizona also supplied these figures.
AHW = average hourly wage for the TMA.

This wage

rate was set at $8.73 for 1980 and $5.33 for
1976.

This information was supplied by the

Department of Business and Economic Research,
University of Arizona
NT = number of annual work trips.

The figure

equals 500, since there are two trips per
day, five days per week, 50 weeks per year.
Median family income figures were taken from the 1970
and 1980 census and interpolated to 1976 values for the aggre
gate equation.

For the disaggregate equation, "owner" median

household income, and "renter" median household income were
used as substitutes for single- and multi-family incomes.
These values were also interpolated from 1970 and 1980 census
data.
Since accessibility is a significant locational vari
able, three different accessibility functions,

and

A.o were tested to determine which estimation approach offers
J^
the best results. The accessibility equations used the
distance traveled to each of nine employment centers from each
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of the fifty-nine zones to estimate the accessibility at
each location j.

The nine employment centers are listed in

Table 1.
Table 1.

Regional employment centers.

IBM
Gates Learjet
Tucson International Airport/Burr-Brown Corporation
Davis-Monthan Air Force Base
Tucson Medical Center
University of Arizona
Hughes Aircraft Company
Central Business District
Broadway Corridor (from A1vernon Road, east on Eroadway to
Wilmot Road)

The first accessibility function, A^, is defined as:

A. = I E.DT*
J
i i iJ
where
Aj = accessibility from location j
= number of employees at work locations
Dij = straightline distance in miles from location j
to work locations
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This function is based on a potential interaction
concept, where the size of the employment center (in this
case, size is measured by the number of employees at each
work location) is a potentially attractive force.

The travel

distance from location j to employment centers, however, is
inversely related to the size of the employment center.

This

concept is, therefore, destination- and not flow-oriented.
The second function uses a negative exponential to
determine accessibility.

A.. = I E±e
^
i

The function is expressed as:

^

where
e = base of natural logarithms
The second accessibility equation, A^, also uses a

\

3

potential interaction concept, but applies the natural loga
rithm to control for extreme variations in accessibility.
The final accessibility function, A^g, is expressed
as :
-D..

A. =

J

I
I E.D.-e
i iJ

This equation is designed to compensate for locations
close to larger employment centers so that region-wide
accessibility is not distorted.

Selection among the accessi

bility functions was determined empirically for the aggregate
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demand equation and the multi-family and single-family dis
aggregated demand equations.

The accessibility functions

were tested in a multiple regression equation along with the
demand variables previously presented.

In all instances the

accessibility variables were quite significant.

For the TMA,

however, equation

The results

yielded the best results.

of the accessibility estimations are listed in Table 2.
The environmental amenities variable, Ej, uses the
slope of the land at analysis zone j to quantify the natural
attractiveness of each location.

United States Geological

Survey maps were used to determine the slope of the land at
each zone j.

It is assumed that households maximize utility

by locating where natural amenities are perceived as being
most desirable.

Foothills locations, with their steep

slopes and scenie views, offer greater natural amenities than
other locations.
Much research has focused on the measurement of
amenities as determinants of residential location.

Although

it is well established that amenities should be considered
separate from the cost of the housing unit in considering
residential location, some doubt remains as to which ameni
ties, interior, exterior, or neighborhood (environmental),
are the most significant.

The literature abounds with

different findings and documented research on this topic.
This thesis has adopted an approach that stems from work done
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Table 2.

Accessibility functions (n = 117).*

Dependent
Variable

Accessibility
Function

Demand for singlefamily residential
land

V

A.2

Aj3

Demand for multifamily residential
land

*jl
Aj2
Aj3

Aggregate demand
for residential
land

Ajl
Aj2
A.i 3

Coefficients

T-Statistic

,24122

-4.8548

.01608

-1.1595

,04903

-3.5393

,18083

-2.9838

,04232

-2.5005

,04038

-2.3941

,01188

-1.3994

,03661

-2.2135

.03206

-2.9876

* One observation is missing from these estimations,
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by Kane and Quigley.

After testing several types of ameni

ties, Kain and Quigley determined that it is difficult to
separate the effects of any specific amenity from other
amenities (1970). Thus, environmental amenities were selec
ted for the TMA since they offer a unique residential setting,
whereas other amenities, such as quality of schools and
neighborhood crime rates, are considerably more ubiquitous.
The First Supply Equation
The first supply equation takes the form:
PS. = 3 + VDLD.3, + D.B0 +
J
o
3 1
j /

j 3

where
PSj = the probability of selling land at location j,
and is defined by the equation:

<DLj80 "
DLj80

=

DLj76>/VACj76

residentially developed land in 1980
at location j

DLj^g = residentially developed land in 1976
at location j
VAC • *7£ = total vacant land in 1976
J 'O
VDLDj = ratio of the vacancy rate at location j to
the vacancy rate at location j-1.
used takes the form:

The formula
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VACj76

, VAC.1-176
DLj76
DLj-176

VACj7g

=

total vacant land at location j in
1976

DLjyg = residentially developed land at loca
tion j in 1976
VACj_-^yg = total vacant land at the location
adjacent to location j, and closer to
the CBD
= residentially developed land at the
location adjacent to location j, and
closer to the CBD
Dj = straightline distance from location j to the
CBD
o
Dj = distance squared
^o"*'^3 ~ Parame1:ers

to

be estimated

Description of the Variables
The dependent variable, PS^, is the probability that
residential land at location j will be offered for sale.
This is measured as the percentage of the vacant land in 1976
that was developed for residential purposes during the period
1976-1980.

This establishes the amount of land remaining at

location j for residential development, as well as the rate
of land conversion at location j.

Data used for this
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variable were provided by the City of Tucson, Department of
Planning and Zoning.
The independent variable, VDLDj, establishes the
inter-relationships between analysis zones by giving measure
to the spatial dispersion of the supply of residential land.
This is accomplished by comparing (in this case the comparison
takes the form of a ratio) the vacancy ratios of zone j to
that of zone j-1, where zone j-1 is adjacent to zone j and is
closer to the CBD.

It is assumed that the amount of develop

ment at location j-1 will impact development at location j.
As the vacancy rate at j-1 decreases, the price of land at
location j will increase.

City of Tucson land use data were

also used for this equation.
The distance variable, Dj, attempts to quantify the
effect that distance has on residential location decisions.
The last variable, D^, also uses the distance function to
measure accessibility.

This variable, however, estimates a

non-linear distance function.

The straightline distance

from the centroid of location j to the CBD was measured
using a large-scale United States Census Tract Map.
The Second Supply Equation
The second supply equation estimates the rate of
residential development at location j, and is expressed as:
CRj = $o + VR^-l + VR?62 + DjB3 + D^4 + VRQ^Pj
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where
CRj = rate of residential development at location
j and is measured by the expression:
(DLj80

~

DLj76) 1 DLj76

VRj = the vacancy rate at location j, defined

as:

vac.7,

oZi
J76

DL. ,

VR? = square of VR^
Dj = straightline distance in miles from location
j to the CBD
Dj = square of distance
VRQj - vacancy rate at location j-1, defined as:
VAC.1-176
DLj-176

= parameters to be estimated
Description of the Variables
While the first supply equation attempts to define
the causal factors that determine the probability of land
being supplied at location j, this equation is directed
towards defining factors that account for the spatial varia
tion in the rate of residential development.

The dependent

variable, CRj, uses a rate-of-change equation to measure the
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change for each zone j.

City of Tucson land-use data were

used for this equation.
Since the vacancy rate is a fundamental determining
factor of the supply of land, the independent variable, VR^,
provides the vacancy rate for each zone j.

2

The variable VR^

is the square of the vacancy rate at zone j, and is used to
define a non-linear relationship between distance from the
CBD and the vacancy rate.
The distance variables,

2

and D^ , serve the same

function in this equation as in the last supply equation.
Distance is used once again because of its extreme signifi
cance in determining residential location.
Lastly, the variable VRQ^ again is used to determine
inter-relationships between locations, and the effects these
relationships have on the amount of land supplied at location
j.

Data used for this variable were also provided by the

City of Tucson Planning and Zoning Department.

This completes

the discussion of the model's equations, variables, and data
sources.

In the next chapter the equation estimations are

presented.

CHAPTER 6
ESTIMATION RESULTS
This chapter presents the parameter estimations,
T-Statistics, and correlation matrices for the demand and
supply equations described in the last chapter.

Tables 3,

4 and 5 display information for the aggregate and disaggre
gate demand equations.

Estimation results for the supply

equations are shown in Tables 6 and 7.
Analysis of the demand equations indicates that the
aggregate and disaggregate equations produce significant
results.

With only one exception, the T-Statistics indicate

significance in all the variables.

The coefficient of

multiple determination for the aggregate and disaggregate
equations is strong, but the multi-family equation is less
significant.

Given the estimation results, the demand equa

tions are implementable as presented.
The supply equations produced both favorable and
unfavorable results.

The probabilities specification

(Table 6), used in SLUM, produced poor results.

The low

T-Statistics and coefficient of multiple determination indi
cate that the probabilities specification does not adequately
explain the behavioral relationships involved in the supply
42
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Table 3.

Estimation results of the aggregate demand
equation (n = 117).*

Dependent Variable:

QL,

Independent Variables

Coefficient

T-Statistic

-5.7875

-6.9890

1.0

-0.0120

-1.3990

6.2904

.1311

6.5010

HHS.

.3807

3.1385

1.0386

HIj

.4245

4.8928

9.3631

Constant
Aj
Ej

Coefficient of Multiple Determination:

Mean

.54042

.60

Correlation Matrix
Aj

Ej

HHSj

NIi

QL:

1.0000

HHSj
NIj

QL.

-0.0824

1.0000

.0278

.0821

1.0000

-0.3187

.3370

.0944

1.0000

-0.2313

.5856

.3136

.5388

* One observation is missing from this estimation.

1.0000
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Table 4.

Estimation of the disaggregate demand equation,
single family (n = 117).*

Dependent Variable:

Q*-jSf

Independent Variables
Constant

HHSjsf

Coefficient

T-Statistic

-2.4051

-2.7346

1.0

-0.2412

-4.8548

9.3304

.1361

8.1656

.5042

-0.3726

-3.2511

.9703

.3852

5.7937

9.4305

NI.
jsfr:

Coefficient of Multiple Determination:

Mean

.64

Correlation Matrix
Aj

Ej

HHSjsf

NIjsf

QLjsf

1.0000

HHSjsf
NIjsf
QLjsf

-0.2967

1.0000

-0.2811

.0477

1.0000

-0.3058

.2616

.1206

1.0000

-0.4963

.6527

-0.0389

.5390

* One observation is missing from this estimation.

1.0000
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Table 5.

Estimation of the disaggregate demand equation,
multi-family (n = 117).*

Dependent Variable:

QL
jmf

Independent Variables

Coefficient

T-Statistic

Constant

-3.3801

-3.2043

1.00

a

-0.1808

-2.9838

9.3304

.0337

1.6459

.5042

.0116

.1266

.9765

.2801

3.4255

8.8441

j

HHS f
Jm
NI f
Jn

Coefficient of Multiple Determination:

Mean

.259

Correlation Matrix
J

J

HHSjmf

"jmf

1.0000

HHSjmf
NIjmf

QLjmf

-0.2967

1.0000

•0.1576

-0.0026

1.0000

-0.3618

.2774

.0507

1.0000

-0.4171

.3023

.0669

.4349

* One observation is missing from this estimation.

1.0000
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Table 6.

Estimation of the probabilities supply equation
(n = 59).

Independent Variable:
Independent Variables
Constant
VDLDj
D.

J
D?
J

PS:
Coefficient

T-Statistic

Mean

.1691

1.9605

-0.0013

-0.7714

4.5515

.0056

.2172

5.3661

-0.0006

-0.3956

44.6740

Coefficient of Multiple Determination:

1.0

.022

Correlation Matrix
VDLDj
VDLDj

D?
3
p
Sj

Dj

Dj

pSj

1.0000
.3191

1.0000

.3002

.9411

1.0000

-0.1278

•0.0952

-0.1075

1.0000
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Table 7.

Estimation of the rate of change supply equation
(n = 59).

Dependent Variable:

CR.

Independent Variables
Constant

Coefficient

T-Statistic

-0.0178

-0.3970

.0303

8.2502

5.8696

-0.0002

-6.6230

538.4400

.0205

1.5345

5.3661

-0.0001

-0.1915

44.6740

-0.0219

-2.1112

1.1871

VRj

VR?
D:

VRQ.

Coefficient of Multiple Determination:

Mean
1.0

.784

Correlation Matrix
VRj
VRj
VRj
Dj

D?
J
VRQ.

VRj

D.
J

Di

VRQ.

1.0000
.9561

1.0000

.3342

.2515

1.0000

.3136

.2207

.9411

1.0000

.7183

.5493

.5532

.5427

1.0000
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of residential land.

Without re-specification, this equation

should not be used to estimate residential location.
The supply equation used to explain the rate of resi
dential development, however, produced much better results
than the first supply equations.
the exception of

2

For all variables, with

, the T-Statistics are significant.

CHAPTER 7
SUMMARY
This thesis has presented a procedure for estimation
of a residential allocation model.

The Tucson Metropolitan

Area was used to estimate the model's equations.
was divided into seven chapters.

The thesis

Chapter 1 presents a brief

overview of the thesis contents and an introduction to urban
modelling.

In Chapter 2 several reasons why residential

allocation modelling has experienced limited success were
discussed.

These problems included improper specification

of the behavioral relationships underlying residential loca
tion, inadequate presentation of modelling methods and proce
dures, and the lack of operational model design.

As a

solution this thesis estimated a residential allocation
model for the Tucson Metropolitan Area.

Empirical specifi

cations were based on the theoretical construct of the
Silvers Land Use Model. Through this process, an understanding
of the estimation methods used in residential allocation
modelling should be improved.
Chapter 3 presented a historical development of
residential allocation modelling.
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Three modelling approaches
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were identified: ad hoc, gravity-potential, and microeconomic.

Each modelling approach was discussed in detail.
Chapter 4 explained the theory underlying the SLUM

model.

SLUM is an econometric model that uses a demand and

supply equation to determine residential location.

The model

uses ordinary least squares regression to estimate the para
meters.
The model structure was presented in Chapter 5.

The

aggregate and disaggregate demand equations were first pre
sented, followed by an explanation of the variables used in
the demand equations.

The supply equations, and the variables

used in the supply equations were then described.
Chapter 6 listed the results of the parameter estima
tion for the demand and supply equations.

The aggregate and

disaggregate single family equations produced better results
than the multi-family disaggregated equation.

The rate of

development supply equation produced better results than
the probabilities formulation.
The results of the parameter estimation indicate that
SLUM may be applied to estimate the demand for residential
land, but the supply equations should be re-evaluated.

The

model structure of SLUM is relatively uncomplicated, and
uses ordinary least squares regression to estimate the equa
tions.

Implementing the model, therefore, is not difficult.

Most often data required for parameter estimation was readily
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available.

In some instances, however, data was difficult

to obtain.
For several reasons, interest in urban residential
modelling has diminished during the last few years.

Conti

nued development and refinement of modelling methods, however,
is severely needed.

Hopefully, in some way this thesis will

further the development of urban residential modelling.
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