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FOREWORD

The urban trahspoftation problem is one.of the most serious pro=-

blems facing cities today. ~Urbaﬁvtransportation systems are failing to

. perform their fuﬁction;of providing for the efficient movement .of people,

goods, -and services' throughout cities; It is poésiblé‘that the problems
of traffic congestion in cities, unless solved; may lead to theé economic
decline of ¢ity centers.

To help solve the problems 6f urban transportation, transportation
studies are being made or have been completed in hundreds of cities.

These studies range in size from the Chicago Area Transportation: Study,

which spanned five years (1955-60), to studies for small cities, which

can be completed in a few months,

Transportation planning is a major concern of the-dity plaﬁner.

It is a specialized but integral part of city planning. City planners

become-involvgd with transportation studies in two ways: (1) they

attempt to implement the final results of a transportation study in a

city; and (2) they work with transportation planners in forecasting
future urban land use as a part of the transportation study. Therefore,
it is essential that city planners understand transporfation studies.
The purpose of this thesis 15 to describe and evaluate ;he vafious
techniques which are being used to forecast future land use in urban
transportation studiés and to make recommendations pertaining to the use
of these techniques in transportation studies. The thesis shbuld make

the city planner aware of the importance of land use forecasts in urban
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transportation studies and help the city planner to understand the basic

principles and strengths and weaknesses of various land use forecasting
téchniques.

-Chapter I of the thesis présents some backgrouna information;
Chapter II describes and evaluates some nonmodeling techniques of land
useuforecastingzwhich'haﬁe been used in transportation gtudies ; and

: i _ .
Chapter III describes and evaluates some modpling-techniques. .Chapter

-IV pertains to'concluSions about the use of land use-forecasting tech~-

i

-niques in urban transportation studies.

The author wishes to thank the members of his thesis committee
who have advised him in the preparation of this thesis. Special acknow-
ledgement is due Pfofeésbr,Anfﬁony'J; CgtahééE-who has served as thesis

advisor and chairman of the thésis committee,
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SUMMARY

The purpose of this thesis is ro describe and evaluate the land
use forecasting ;echniques which have been used in urban transportation

studies. In preparing this thesis the author investigated publis.ied

literature in the fields of fréﬁéportétion blannihg and city planning.

It was fouhﬂ that the ﬁon-modeling techniqués of intuitive judg~
ment and land‘usé accountiﬁg,.accessibilify models, - linear programming
models, simulation models and models derived through multiple regression
techniques have all been used to forecast future land use 'in urban trans-
portation studies. The thesis describes the procedures followed by
transportation plammers in utilizing the -above techniques and evaluates
the ﬁse of each technique to forecast future land use.

It was found that the following conclusions can be made pertain-

" ing to all of the techniques discussed in the thesis: (1) the large

volumes of land use data required for urban transportation studies of
large metroﬁolitan.areas and the complex nature of forces interacting in
the urban land development process require the use of mathematical
models to forecast future land use; (2) few significant tests have been
made comparing the use of various land use forecasting techniques in the

same city; {3) the use of mathematical models to forecast land use does

not exclude the use of human judgment from the land use forecasting

process; (4) the collection and analysis of land use data is an impor-
tant part of any land use forecasting technique; and (5) the developmental
process in an urban area should be thoroughly studied before the choice

among land use forecasting techniques is made,

R




CHAPTER I

THE TRANSPORTATION STUDY AND
THE GRAVITY MODEL
This chapter briefly presents background informgtion necessary to
an understanding of a discussion of land use forecasting in urban trans-
portation studies. The urban transportation study is described and the
relation of land use to the gravity model as used in urban transportation

studies ‘is discussed,

The-Tfansportation Study

The following section describes the purpose and histofy of urban
transportation studies. -It also briefly discusses the procedures
involved in urban transportation studies. |
Purpose

Urban transportation systems perform the function of providing
for the efficient movement of people, goods, and services in an urban
area. Elements of these systems consist of urban freeways, arterial
streets, collector streets, local streets, urban bus systems, and other
forms of mass transit, such as.rapid transit. The efficiency and effec=-
tiveness of an urban transportation system are measured by the ability
of its elements .to accommodate all of the desires to make trips which

‘are generated in an urban area.
The purpose of urban transportation studies is to determiﬁe present

and future demands, in terms of trip desires, for transportation services




in an urbanqarea and to analyze the existing urban transportation system
in terms of these demands, Transportation studies propose changes in
existing transportation systems or éntirely new systems to meet the
present and future tramsportation demands of urban areas.

History

Transportation planning in America has gone through three periods

'in the Twentieth Century (1). These periods involved the development of

statistical techniques utilizing traffic counts, the development of.
origin-destination studies, and the development of traffic models,

In the 19?0’3, procedures relating to traffic counting techniques
and to statistic;1 methods of projectiﬁg traffic counts were devised. As
the field of transportation planning developed it was recognized that

traffic counts alone could not accurately predict future travel desires.

.Thus, origin-destination surveys were initiated in the 1930's.

Origin-destination surveys, which consist of roadside, post card,
or telephone interviews of drivers to determine daily origins and destin-
ations of trips, measure existing urban travel patterns. However, they

do not provide information about future changes in travel patterns (2).

‘Changes in urban transportation systems and changes in land use as the

metropolitan area grows result in similar changes in travel patterns.

Since World War II transportation planners have experimented with a number

of techniques to fbrecast traffic generation and distribution in urban
transportation studies.

Therefore,. in the 1950'srmathemétical models aimed at overcoming

the deficiencies in older methods of traffic forecasting were formulated.

Traffic models haée been developed and successfully applied for




transportation planning purposes in a number of large urban. areas during
the last decade 3). Traffic models are mathematical formulas or sets of

formulas used to calculate a dependent variable, .such as the number of

trips between zones, based on its relationships to other variables, such

as the distance between zones. These models carry out what is essentially

a.simhlation of traffic flow throughdut the urban area under study during
a typical twenty-four period at one or more future target years (4).
Estimates of the distribution of population, employment, and other land
use activities in question are required as inputs to the traffic models (9).
Procedures

Modern urban transportation Studies utilizing tfaffi;'models
involve: (1) transportation study zomnes; (2) inventories; (3) analyses
of existing conditioﬁs and calibrations of forecasting techniques; (&)

forecasts; and (5) a systems analysis (6), -Figure 1 presents a block

diagram of the procedures of an urban transportation study. These proce-

-

dures are discussed below.

Transportation Study Zones. One of the first and most important

steps in an urban transportation study is the division of the u;ban study
area into a number of zones. These zones form the basis for all of the
work of tﬁe urban transportation study. They-provide workable study
areas for the collection and analysis of data sgch as the location of
origins and destinations of trips and the location of potential areas of
growth in the urban area.

Study zones also serve as locational bases for the description of
travel patterns in the urban area. Trip desires in an urban area must

be located geographicallj in order‘to'plan future urban transportation
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networks. For example, analysis of origin-destination data in a frans-

portation study might locate 200 trips per day as being generated between

a .residential zone and a zone which contains a small industrial park.
Because study zones serve as a basis for data collection anﬁ

trip descriptions in an urban transportation study, it is important for

the transportation'planner to understand how study zones are delineated,

. The following three:ru1es are considered in designating.the boundaries

of zones in.an urban transportation study:
‘(1) Zonal boundaries should correspond closely-tO‘boundarieé of

census tracts in order to facilitate the collection of data about popula-

‘tion characteristics within zones (7).

(2) Zonal boundaries should be designated to include areas of

homogeneoué land use wherever feasible (8).

(3) Zone# should be rectangular or cifcular in shape wherever
feasible. Transportation studies assume that all traffic generated.in a
zone ‘is generated at the zonal centreoid. If zones are.tectangﬁlar or
circular in shape, the computations locating the zonal.céntroid are more
easily made than if zones are irregularly shaped (9).

Inventories. The inventory phase of the urban transportation
study involﬁes the collection of data. Data about economic activities
and population, land use, travel characteristics, and transportation
facilities are gathered.

Data about transportation facilities provide the transportation
planner with a complete description of the physical elements of an exist~
ing transportation system., Such data aré obtained from inventory surveys

which catalogue all existing urban street and highway locations‘and

i



capacities as well as from surveys of.existing mass transit services,
showing the location of transit routes and the quality of services
offered (10).

Data about.travél characteristics are obtained from voiume counts
and from origin-destination surveys. Volume counts are made in order to
determine fhe existing number of vehicles utilizing specific-eleﬁenfs of
the transportation system., Volume counts are made either manually or by
mechanical devices on all of the major streets and highways of a trans-
portation.system. Origin-destination surveys are made in drder to
-determine the 6rigins and destinations of present trips being made in
the urban area. Surveys are made by interviewing drivers of vehicles at
interview stations placed along existing streets and highways, by mail
interviews, or by telephone interviews., The interviews usuaily provide
information such as location within the urban area at which a . trip origin-
ates, location within the urban area for which the trip is destined, the {
purpose of the trip, the number of people in the vehicle, and the time of - i
day of the trip.

Data about existing land use and existing economic activity and

population in'the urban area are obtained from inventory surveys. Often

such data are available from city planning staffs in the urban area under

study.

‘Analyses and Calibrations. The third phase of an urban transpor-
tation study involves.tﬁe development and calibration of forecasting
techniques to be used in determining future travel demands in terms of
future trips. Population and employment projection techniques, land use

forecasting techniques, and trip generation and distribution techniques




are chosén and calibrated.

.Forecasts. The fourth phase of an urban traﬁsportation study
involves the application of the forecasting techuiques developed in the
third phase to the data collected in the seqond phase. Prédictions of
future population and.employment are made and used as inputs to the
technique used to forecast future 1énd use, The land use forecast is
used as an input to the forecasting technique used to predict future

‘trip generations and distributions. The output of the fourth phase is
a forecast of future trip patterns in the urban area.

SystemslAnalvsis. The final phase of an urban transportation

study is a systems analysis. The existing transportation.system-is
analyzed in terms of its‘aBility to accommodaté'the trip patternsforecast
in the fourth phase, and a future system which will meet future demands
is planmed.

The urban transportation planning process should contain.a féed-
back step in which the effect of planned transportation systems on future
land use is considered. Naw elements in urban transportation systems

generate changes in urban land patterns which, in turn, generate future
y

trips. Thus, the effect of planned systems on land use and trip genera-

tion must be considered.

The Gravity Model

Gravity models, intervening opportunity models, and competing

opportunity models have been employed in the procedures of forecasting
and distributing trips in recent urban transportation studies. Gravity

models have been used in most urban transportation studies because the




inpﬁt.requirements ére.relatiﬁéi§ siﬁple;and because they can approximate
within acceptable limits of accuracy; mass automobile movements (11).
-Also, the Bureéu of ?ublic Roads:has'published a ﬁumber of manuals related
to-tﬁe use of gravity m@delé in transportation studies, thus facilitating
and encouraging the use of gravity models.

Theory

All gravity models are based on an analogy of the theory exhibited
in Newton's formula for the attraction between two bodies. Objects are
said to attract each other with a force directly proportional to the mass
of the objects and inversely proportional to the distance between the
objecfs.

In 1955, Alan Voorhees recognized the similarities between -the
Newtonian concept of the attraction between two bodies and the competition
among zones in aﬁ urban area for the attraction of trips. He developed a
traffic gravity modellto describe the attraction of trips to zones in an
urban area.

A gravity model applies the Newtonian concept of gravitational
attraction by -representing mass as the trip attracting and trip producing
powers of zones and'by-representing distance as the travel time between
zones. Thus, traffic between zones in an urban area is.directly propor-
tional to the trip producing and attracting powers of zones and inversely
proportional to travel time between zones,

; -Sample Model

An example of a simple transportation gravity model is explained

below.




Where T,y

tab =

A. =

tai =

In order to

_ Pa X gb X tab
b T (Ai X tai)

T

the total numbef‘of trips generated from zone "a"
to zone 'b";

a trip production index for zone "a", which is an
indicator of the trip producing potential of that
zone ; ;

a trip attraction.inde# for zone "b",_which is an
indicator of the trip‘attracting_potential 6f that
zone;

a tfavel tiﬁe(factof-indicating the difficulty of
traveling from zone "a" to zone '"b";

a trip attraction index for any zone “i”; and

a travel time factor indicating the difficulty of
traveling between .zone '"a" and any zone "i".

improve the accuracy of transportation studies, differ-

ent trip types have been devéloped. Many studies:classify trips by

purpose, such as work trips, shopping trips, and social-recreational

trips. Separate production and attraction indices are derived for each

trip type for each

zone, and the gravity model is then used to calculate

the number of interzonal trips of each type.

Trip Indices and Land Use

As shown above in the sample model, the calculation of future

travel patterns in

an urban area, which is the output of the gravity model,

is based on trip production and trip attraction indices for zones. This
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section describes how these indices came to be based on land use data and
projections. It also describes types of land use information which have
been used for trip indices in recent urban transportation studies.

Trends Towards Utilization of Land Use Data. Urban transportation

studies have used a number of techniques to obtain the trip production
Vand atﬁradtion indices used in the gravity model. In the past these
techﬁiques have consisted of the calculation of growth indices for zones.
These growth indiceé for zones were then applied to existing trip pro=
ductions and attractioﬁs-for zones ‘as ‘estimated from origin and desfina-
tion studies, Growth indices were calculated by techniques such as the
ratio method in which the growth of zones was likened to that growth
anticipated for the city or state; the three factor method which expressed
éonal growth as propertional to anticipated population growth and increases
in motor vehicle registrations ip zones ; and the driver population method

which expressed zonal growth as proportional to driver population growth

‘in zones,

However, as the number of urban transportation studies  increased
and analyses of urBan transportation systems grew in number it became
evident that trip generation and distribution in an urban area were a
function of the land use pattern of the urban area. A study conducted by
Shuldiner illustrated this fact by showing how trip generation rates
varied in urban areas.. Table 1 showé the results of Shuldiner's survey.

In recent years urban transportation studies have found that three

- factors related to land use influence trip generation and distribution:

(1) intensity; (2) character; and (3) location.

Intensity of land use is the amount of a given land use activity

=l ey
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Table 1, Summary of Trip Generation Rates for
Ten Metropolitan Areas

Metropolitan Residential ‘Commercial Industrial

Area A B A B A B
Tucson 18.2 13.0 134.3 112.6 3.9 4.3
Twin Cities 26.5 15.2 187.9 118.7 12.6 9.3
Corpus Christi 30.5 19.7 174 .4 127.7 10.6 8.6
‘Pittsburg 23,9 4.6 157.8 . 110,6 24,6 21.7
Chicago 48,5 26.1 181.4 144.6 22,0 16.0

Detroit 29,1 - 271.2 -- 37.2 -
Hutchinson - 3.3 - 63.3 - 2.5
Ann  Arbor - 12,1 - 75.6 - 5.9
Flint - 11.8 - 16.1 - 20.1
Baltimore 18.7 -- 121.4 -~ 8.2 -
Metropolitan - ‘Public & Quasi ‘Public Public Open

Area " Public Buildings Space

A B A B A . B
Tucson 14.3 8.8 - -- - -
Twin Cities 17.4 7.5 - - 3.5 1.5
Corpus Christi 35.3 22,0 - -~ - --
Pittsburg 15,9 6,8 21.3 35.0 2.3 1.3
-Chicago 12 .4 6.0 8.6 -10.2 4,2 3.1
Detroit 16.5 - -= - 3.4 -
Hutchinson - . 9.8 - ¢.9 - -—-
Ann Arbor - 28,1 -- -- -- -
Flint -- 1.6 - -~ -- --
Baltimore 9.4 - - - -- -—-

A
B

Source: -Shuldiner, Paul, W.
Trip Generation," Origin and Destination.

= person trips generated
= vehicle trips generated

"Land Use, Activity, and Non-Residential
Highway Research

Record 141. Washington; Highway Research Board, 1966, p..75.
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found in a given areal unit and is usually stated in terms of density
variables such as dwelling units per acre. Variations in intensity of
land use affect trip generation. Fbr instance, resideﬁtial areas with
high populétion densities tend to generate fewer trips per dwelling unit
than areas with low population densities.

Charécter of land use refers to the type of activity performed on
a given areal unit of land. For instance, character could be-reflected
in variables such as manufacturing versus commercial employment or retail
versus wholesale floor area. -Again, Table 1 illusttﬁtes how trip genera-
tion rates in urbap areas vary for different types of laﬁd use,

Location refers to the spatial distribution of lapd uses and land
use activities within the urban study area. The location of residential
land use activity in the urban area has a definite effect on the number
of trips generated by residential areas. For instance, dwelling units on
fringe areas of the urban area generate more trips per day than dwelling
unifs adjacent to the ceéntral business district.

Because of the discovery that intensity,‘character, and location
of land uses affect trip generation and distribution in urban éreas,
trip production and attraction indices based on land use data and pro-
jections were developed to replace the older trip indices based on
simple growth fbrmulas.

Types of Indices. Trip production and attraction indices utili=-

zing many types of land use data projections -have been developed. Table
2 shows types of land use data which have been recommended by Voorhees
to calculate trip indices in gravity models. Grévity models in transpor-

tation studies have used many -types of land use data other than those
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Land Use Data Used to Calculate Trip Indices

Purpose of Trip

Type of Land Use Data

Work

Social

- Shopping
Convenience

Comparison

Business

Recreation

Number of Employees

Number of Dwelling Units

Retail Floor Area for Food & Drugs
Retail Floor Area for Apparel Goods
Business Floor Area

Recreational Floor Area

Source: Voorhees,

Alan M. "A General Theory of Traffic Movement,"

Proceedings of tte Institute of Traffic Engineers. New Haven:
The Institute, 1955, p. 54,
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listed in Table 2 to calculate trip production and attraction indices.
Appendix A lists some of those types of land use data.

| A knowledge of the calculation of trip attraction and production
indices is necessary to an-undefstanding of the relationship betwéen trip

generation, as calculated by the gravity model, and land use data and

:projections. ~Many of the formulas used to calculate trip attraction and

production indices are quite complex. Howevef, Appendices B and C .
illustrate some relatively simple formulas based on land use forecasts
which were used to calculate these_indices in the Nashville Transporta-
tion Study‘and the Forf Worth Transportation Study.

Thus, . in recent years the land use forecast has become an impor=~
tant part of the urban transportation study. Use of the gravity model
depends on trip production and attraction indices which aré based on

land use data and projections of those data.
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CHAPTER II
NON~-MODELING METHODS OF LAND USE FORECASTING

This chapter discusses and evaluates two non-modeling methods of
land use forecasting which have been used in urban transportation studies.
The use of intuitive judgment to forecast land use and the land use

accounting technique of forecasting are presented.

Intuitive Judgment
In many urban transportation studles for small or medium-sized

cities, the land use_forecést‘is based solely on planners' experience

with and knowledge of an urban area. This method of land use forecasting

is often referred to as intuitive judgmént-(lZ).

The Intuitive Process

In utilizing intuitive judgment to forecast land use, the trans-
portation planner distributes forecasts of future population and employ-
ment fof the entire city among the zones designated in the transportation
study. The steps which the transportation planner follows in the intui-
five procesé are described below.

Step 1. Forecasts are obtained of future population and'employment
for the entire urban area being studied. Such forecasts are usually
obtained from local city planming staffs, |

Step 2. A study is made of development policies which may affect
the future land use pattern of the city. An analysis of land dse plans,

official maps, and zoning ordinances often reveals such policies. The
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effects of urban renewal, slum clearance, and éentral business district
redevelopment, and of new residential, commercial, and industrial con-
struction on existing land use patterns are also considered.

Step 3. ‘A thorough familiarity with each zone in the study area
is obtained in order to estimate the potential of each zone for attract-
ing future development. This step often requires analyses of census
tract data and windshield or on~-foot surveys of each zone. |

Stég 4. Portions of the total urban area population and employ-
ment growth are assigned to each zone in the urbaﬁ area on the basis of
the analyses in Steps 1 and 2. Fof instance, zones whicﬁ are undeveloped
and designated for residential development in the land use plan mighf be
large portions of the anticipated urban populafion growth based on density
standards expressed in the zoning ordinancé. Residential zones which are
fully developed might be assigned minute portions of the anticipated urban
population growth, Likewise, zones which are undeveloped and designated
for commercial and industrial development might be assighed portions of |
the anticipated employmeht growth based on their accessibility to residen-

. tial areas or on the topography of the land or the availability of
utilities; and, commercial or industrial zones which are fully developed
migh;'be assigned portions of future employment based on the expansion
plans of existing_businessés and industries.

Step 5. Estimates are made of specificallyuwhat chénges in the
land use pattern in each zone might take ﬁlace due to the portion of the
future population and employment growth of the city assigned to ;ach zoné.
For instance, wvacant land in each zone is analyzed to predict what its

specific type of land use activity will be in the future (i.e. will a
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vacant parcel be developed as a shopping center or as a service station).
Also, built-up portions of zones are analyze& to determine whether they
are likely to be redeveloped, and, if so, what the redeveloped land use
activity will be,
Evaluation

The intuitive process is commonly used by transportation planners
to forecast land use patterns in urban transportation studies for small
gf medium-sized cities (13). In small cities which are not part of
metropolitan areas, changes over time intervals of fivé-or ten years may
not be very large. -Perhaps, only one or twbkindustries or one or two
housing subdivisions will be added to a small city in a five year period.
Because of the relatively stable land use patterns of theée cities, the
distribution of future populaéion, emp loyment, and.land use activities
among zones in an urban transportation study is most easily accomplished
through the use of the intuitive process,

Also, urban transportation studies are carried out on limited
budgets, especially in small cities. Because of the stable land use
pattermn existing in most of these cities, expenditures in transportation
studies to develop sophisticated techniqué&s for land use forecasting are
not warranted. Thus, the use of the intuitive prdcess to forecast land
use in studies of these cities is favored..

The intuitive process is especially adaptable for use in transpor-
tation studies of cities in which a considerable amount of city planning
has been done and which pésséss an experienced city planning'staff. In

such cities data, such as information about existing land uses in zones

and the location of parcels of vacant land, and projections, such as
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total urban population and eﬁpldjméht growth, can be obtained from the
city planning staff for use in:estimating future land uses in zones.
Often, local city:planning staffS'have_éiready carried out certain steps
'in.the intuitivé pfbcess, éuch}as therestiﬁéﬁion of total urban popula-
tion‘and emp loyment growth and analysés‘of existing developmental policies
in areas of the c¢ity; and, franSpartatidn planners only have to cérry
out a feﬁ of the steps of the process, such as the analyses of vacant
land in zones. In some cities local planning staffs have developed com-
plete forecasts of future laﬁd use activities in zones in the urban area
- which can be -easily adopted to the needs of the transportation study by
the transportation planning staff. |
The intuitive process shouid not be used to forecast :land use in
urban transportation studies of large urban areas. . The factors which
influence the growth and distribution of population, employment, and land
use activities in large urban areas, such as public and private policy
decisions, are so numerous and so complexly intermingled, that the intui—
tive process becomes difficult to apply. Also, in transportation studies"
of large cities, the study zones are numerous and the data pertaining to
land use patterns which must be collected and analyzed are voluminous.
For instance, in the Philadelphia metropolitan area there are over 800
transportation study zones and 250 districts; thus, there are over 60,000
possible.intefactions between pairs of such districts (14). Thus, no one
group of planners can analyze all the parcels of vacant land in a large
city and accurately predict the specific type of development which woﬁld
take place omn .each parcel.

-The calculations of trip attraction and production indices for
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gravity models in transportation studies of large urban areas require
detailed forms of land use data and projections., -For instance, Appendix

. A shows that population densities, dwelling unit densities, and commercial
employment are some of the data reqﬁired to calculate trip indices in
various urban.transportation studies. The ﬁse of the intﬁitive process
can supply forecasts pf-population and employmeﬁt growth in zones; but

the use of intuitive judgment alone cannot produce these detailed forms

of land use projections.

:. Land Uéé Accounting

Land use accounting is a technique of land use forecasting which
was ‘used in the Chicago Area Transportation Study and in the Pittsburg
Area Transportation.-Study. Basically, it is a trend projection technique.
Theory

In using the land use accounting technique past patterns and trends
of land use in an urban area are studied and principles governing'land
‘development for the urban area are developed. Future land use patterns
are forecast by applying these developed principles to the existing land
use pattern.

Land use accounting techniques have been ﬁsed in cities where the
following principles of land development have existed (15):

(1) A decline in density of land development as distance from
the central business district increases;

(2) A-decline in the proportion of land in use as:distance from
the ceptral business district increases; and

(3) A stability over time in the proportions of land devoted to
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each type of land use,
Procedures

The steps followed in the land use accounting technique of fore~-
casting future residential land use are described below (16).

Step 1. The metropolitan area is portioned into a set of concen=
tric rings (usually of one mile radii). Zones are established within the
boundaries of the rings.

Step 2. An estimate is made of the amount of vacant residential
land in each zone of the study area. This estimate can be made from
analyses of existing land use inventories or from actual surveys of land
use in the zones,

Step 3. Future densities for each zone are predicted. .These pre-
dictions are usually based on existing land use and zoning policies.

Step 4. A residential capacity for each zone 1s calculated. A
zonal residential capacity is defined as the existing number of residents
in the zone plus the product of future residential density of the zone
times the amount of vacant land zoned residential in the zone. Examples
of calculations of zonal capacities are given in Appendices D and E.

Step 5. The data about.existiﬁg residential development and zonal
capacitiés are analyzed and existingrrésidéntia;'satﬁrations for each
zone are calculated.. A residéntial saturation curve is plotted showing
percentage residential saturation versus distance from fhe central bﬁsi-
ness district. An example of the form of.a typical residential saturation
curve is given in Figure 2.

Step 6. A residential saturation curve is derived for the future

"study year by projecting the present density gradient for the urban area




PERCENTAGE
RESIDENTIAL SATURATION

100,

80

60

40

20

DISTANCE FROM CBD

Figure 2. Existing Residential Saturation Curve.

_ 100
=
=
< 80[
32
< <t R :
£ 60 FUTURE
= i SATURATION
e 40 GROWTH
| NH]
]
= 20F
Ll
e
0 . 1
0 1 2 3 4 5 6 7 8
DISTANCE FROM CBD
Figure 3. Future Residential Saturation Curve.
SOURCE: Swerdloff, Carl, N. and Stowers, Joseph, R. "A Teét '

of Some First Generation Regsidential Land Use
Models," Land Use Forecasting Techniques. Highway
Research Record 126. Washington: Highway Research
Board, 1966, p. L2, .

21




i

22

into the future. The only restraint on this projection.is that the area
betﬁeen the present and future saturation curves must equal the total pro-
jected population growth for the urban area. Figure 3 shows an example
of a future residential saturation curve,

Step 7. Future residential saturations for each conﬁentric ring
in the urban afea are obtained from the future residential saturation
curve,

Ste2.8. Projected growths for each ring are distributed to the
zones within each ring in proportiom to the residential capacities of
each zone.

Chicago Area Transportation -Study

A good example of the use of the above steps of the land use
accounting technique to forecast land use in urban transportation studies
is_illustrated by the forecasting method used by the Chicago Area Trané-
portation Study (CATS), which is one of the most publicized transportation

studies. The technique used in the Chicago Area Transportation Study

. resulted in a forecast for 1980 of zonal populations and employments and

of acreages devoted to each m2jor land use in each zone. A description
of the Chicago method of forecasting land use shows how the steps of the
land use accounting technique are applied in urban transportation studies.

Input Data. The first step in the Chicago technique was the
collection of data. The basic data required were descriptions of the base
year land use pattemns, information about existing zoning and development
policies pertaining to the use of vacant land, and forecasts of the 1980
population and employment in the Chicago area (17).

Phases. After the collection of data the Chicago technique of
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land use accounting consisted of the following three phases (18):

(1) An examination of the stability of the existing land use
pattern to determine which zones would probably remain stable in the
.future;

(2) A classification of vacant land in the study area accordiﬁg to
ité possible types of future development; and

(3) A distribution of future population, employﬁent; and land uses .
through the.calculation of zonal capacities and saturation curves as
described above.

Evaluation

The land use accounting technique of forecasting is a trend pro-
'jection method, It examines past trends in land development, assumes fhat
these trgnds will continue in the future, and predicts future land use.on
the basis of these trends. The technique is insensitive to changes in
public and private policies which may produce changes in past trends,

An example of the insensitiveness of the technique to changes in
trends is<jlYustrated by the calculation of residential zonal capacities,
described above in Step 4. Residential zonal capacities, which are
essential to this forecasting technique, are based on estimates of future
population densities which are based on existing 2oning policies. How-
ever, these zoning policies are subject to change. Thus, changes in past
trends over the .time span of a forecast may result in inaccurate forecasts.

The land use accounting technique requires:the use of much judgment
on the part of transportation planners, especially in the projection of

- saturation curves, described above in Step 6. For example, the projection

of saturation curves in a land use accounting technique developed for
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forecasting land use in the Greeﬁsboro, North Carélina area involved the -

| .
following assumptions on the part of the transportétion planning staff
(19):

(1) The bulk of residential growth would occur in the two, three,
and four.mile rings. | |

{(2) The inner ring (Eore ring) would Suffér a slight decline in
residential population.

(3) The shape of the density gradient would tend to bow out in the
one, two, and three mile rings.

(4) The sharp transition found in the existing saturation curve
would be less abrupt.in the projected curve.

{(5) Areas five miles or further from the core would'exhibit-some
growth, but the projected curve would be flat beyond five miles.

The land use accounting technique has some weaknesses. ﬁike the
intuitivé judgment technique, it requires the analysts to become intimate-
ly familiar with the zones ‘in .a study area in order to'calcuiate future
zonal densities and capacities. This process of familiarization is time-

consuming. Also, the output data from_the-teéhnique is fairly.general.in

form, consisting usually of estimates of zonal population, employment,

and various land acreages. More detailed information about future land
use, such as intensities of future development, cannot be obtained.
‘The land use accounting technique should only be used in cities
which exhibit a fairly uniform decline in density of land development
as distance from the central business district increases and a decline
in the proportion of land in use as distance from the central business

district increases. Declines in density and per cent capacity result

—_———
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from the operation of the competitive land market, a mechanism which
might not exert the dominating influence upon spatial organization in all
cities (20). The basis for the land use accounting - technique of fore-
casting lies in the projection-of saturation curves for future years
based on the shape of saturation curves from past years, as is explained
above in-Steps 5 and 6. If saturation curves from past yéars do not
exhibit uniformity in shape, they cannot be accurately projected to the
future. |

The land use accounting technique of land.dsé forecasting was used
in some of the earlier metropolitan transportation studies, such as the
Chicago Area Transportation Study, when the techniques of trip projection
being used did not require detailed estimates of future land use activi-
ties. As shown earlier, .in Table 1, the first gravity models relied only
on such indicators of land use intensity as the number of employees in a
zone or the number of dwelling units in a 2zone to calculate the number of
work and social trips in an urban area. Land use'accounting techniques
can provide those types of projections. However, the development of
gravity models requiring sophisticated calculations of trip attraction
and production indices has required detailed forms of land use data, such
as those listed in Appendix A. Existing land use accdunting techniques

do not produce these forms of projections.
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CHAPTER III
MODELING METHODS OF LAND USE FORECASTING

‘This dhapter describes and evaluates some of the mathematical

modeling techniques which have been used to forecast land use in urban

‘transportation studies. Accessibility models and the modeling methods

of multiple regression, linear programming, and simulation .are présentéd.

The chapter begins by describing the development of land use models in

‘the field of urban transportation planning.

The Development of Modelg_

Mathematical models were developed to forecast land use in many

-transportation studies in order to avoid basing sophisticated transporta-

tion studies on inputs of. land use data which had been'pfodﬁced.by trend
projection methods such as land use accounting (21). Trend projections,
modified by judgment according to the expected impact of transportation

and other public policies, are not easily reproducible,.eicept by the

‘same -planning team (22), Also, the actual preparation of trend projec-

tions is time consuming, often spanning many calendar months (23).

Description of Models

Land use models are mathematical formulas of sets of formulas
capable of forecasting detailed urban development patterns based oh
existing patterns of development and on changes in "policy variables'
(such aé trénsportation facilities, open land policies, zoning policies,

and taxation policies) (24). Models use mathematical relationships to
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show how "located variables" (such .as population, employment, and struc-
tures) are influenced in their locational patterns by "locator variables"
(such as accessibility to various activities, zoning, quality of public
utilities, taxes, and population densities) (25).

"Policy variables" are quantified descriptions of the various public
policies which affect land development. Examples of policy'variables are
described as follows: ' ' .

(D) quicytvariables describing transportation policies might con-
sist of data about the capacities of streets in azgiven zone or of data
about capacities and frequencies of bus-serﬁice to a zone.

(2) Policy variables describing zoning policies might consiét of
data about allowable densities of development in zones or of indices des~
cribing the types of development allowed in a zone.

(3) Policy variables describing public policies pertaining to
extensions of utilities might consist of data about the cost to developers
of having utilities supplied to a zone or of data about the capacities of
existing water and sewer lines.

(4) Policy variableé describing taxation policies might consist 6f
data about the average property taxes in zoneé.

The purpose of policy variables is .to describe the. effects which

"~ various public policies have on a given zone. For instance, a change in

zoning 'policy which increased the allowable densities in a fesidential
zone would change the value of the zoning policy variable of the zone.
This change in the zohing policy variable would reflect the increased_
potential of the zone. for residential development.

"Locator variables" are quantified descriptions of existing elements
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in the land use pattern of zones which affect the potentiél.of‘zones for
future.development. -Some examples of locator vafiabies are:descriBed as
follows:

(1) The éccessibility of a residential éone might be .described by
the capacities of transportatiqn.routes between the: zone and the central
business district or between the zone and industrial areas.

-{2) The rail service to a potential industrial zone might be
deécribed by the miles of track which border vacant land.

(3) The drainage characteristics of certain zones might be des-

cribed by coefficients of runoff or by the slope of the land.

(4) The amenities of a residential zone might be measured by the

air pollution.content found in the atmosphere or by the acreages  of park

‘land in the zZone.

"Located variables" are the outputs of models. They are variables
which are placed in future locations throughout the urban area. .Located
variables consisf of all forms of information about intensities of popu~

lation, employment, and land use in the zones of an urban area.

'.Advagtages of Models

Mathematical models have many characteristics which have made their

use advantages to the use of older forms of analysis and forecasting.

‘Their greatest advantage is their adaptability to computers. .Computers

can analyze the tremendous amounts of data required by metropolitan,

.regional, and state transportation studies; apply those :data to equations;

and solve the equations in a matter of hours. Analyses by humans in simi-

lar situations are impossible. For example, a study by Traffic Research

~Corporation for the Boston Regional Planning Project developed five
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fﬁfecaéting_equations.for each of five located variables (white collar
population, blue éollaf population, retail-wholesale employees, manu-

. facturing employees, éll other employees) in each of 29 zones in Boston,
or 145 forecasting equations (26). These equations were solved simul-
-taneoﬁsly.on.an IBM 7070 computer in one<half hour. A solution of these
équations by a team of humans would have been nearly im?oésible.

| vAnofﬁer advanfage of models is that through-fhe'use of computers
they can receive changes in raw data over time and, accordingly, produce

-changes in‘oﬁtput forecasfs over the span of a transportation study. An
urban transportation étudy may sSpan many years, as the Chicago Area Trans-
portation Study did (1955-1960), and factors affecting land use in urban
areas-afe very,likelf-to-change over time. For instance, zoning policy
vafiables may change between 1965 and 1970 due to political pressures,
and located variables such as street capacities may change due to increaées
in traffic volumes over time. However, because models are adaptable to
computers, modelg.can be. recycled through computers with sets of updated

data pertaining -to changes in policy and located variables, and updated

forecasts will be produced. Thus, models allow forecasts to keep up with
,the dynamic patterns of urbaﬁ development.

Modeling techniques ﬁave the advantage of assuring that the fore-
casting procedure is internally consistent (27). All.projecté involving
comprehensi@e-plaﬁhing“for any-large:aréa_result in volumes of detailéd
work ﬁhich fépidly:become unmaﬁageéblé (28). As a result? interrelations
are overlooked, simpiifying_assumptions are made, and detailed consis~-
tency checks are abandoned in the interest of ''getting the job done" (29).

However, the use of modeling techniques assures that the same process and
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gsame set of formulas and assumptions will be followed in calculating

Similar located variables in different zones. There is no chancé that a

locaﬁed-variable, such as retail floor area, will be calculated one way

~ in one zone and differently in anofther zone because the same weighted

factors are applied in the same relationships in each caleulation.

Also, modeling techniques of forecasting reduce omissions of

factors affecting land use and mis-statements about land development by

making necessary the explicit statement of all assumptions (30). Land
use models must be structured by planners; and, model bullding requires
that all assumptions about the effect of factors on land development be

clearly defined in order to be included in the structure of a model.

Accessibility Models

Accessibility models are of historical significance_becauée they

were the first type of land use forecasting model developed. The National

Capitol Transportation Agency and the Hartford Metr0politan Area Transpor-

tation Study developed models which related future land use development
accessibility. The following model, developed by Walter Hansen for the

Washington, D.C. area, is typical of an accessibility model (31).

By a0,
P, 2.
t ZAj TOJ
Where: Pi = increase in residential population In zone "i",
Pt = total increase in metropolitan population,
Ai = an accessibility index for zene "i' based on its

adcessibility to future employment centers,

to




31

0.

; = number of acres of developable land in zone "i",

and . ...

EA§'70j = sum of the products of A2'7fénd.0 for all zones.

In the above modéi-thé eiponent "2,7" was developed empirically
from test data for the Washington area. |

Accessibility models did not prove to be sufficientiy accurate
forecasters of land use. The above model was tested against data for the
Washington area for 1948-55. Data describing vacant laﬁd in zones and
accessibility of zones in 1948 were used as input for the model, and
forecasts of population growth in zonmes for the period 1948-55 were

obtained as output. .These: forecasts were éompared with actual zonal popu~

~lation growths for the time period. It was found that the model forecast

population. increases for 40 per cent of the zones within =30 per cent of
the actual increases and that it forecast population increases for 70 per

cent of the zones within =60 per cent of the actual increases (32).

‘Multiple Regression

Multiple regression is a technique which is used to derive land

use models. Basically, models derived from multiple regression techniques

are. trend projections. Multiple regression. techniques were used to derive
land use forecasting models in order to base these models on many locator

variables, rather than. on one or two locator variables, as in. the accessi-

. bility model.

~Theory

Multiple regression is a statistical technique. -An example of the

simplist form of regression is the use of the method of least squares to

-fit an equation to a set of data points about two different variables,
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‘thus establishing a mathematical relationship between the two variables.

‘Multiple regression is an expansion of the techniques used in the method

of least squares; and equation is developed through complex statistical

techniques which fit the equation to data about a number of variables,

‘rather  than .only two wvariables.

Through the use of computers which have been programmed.to perform
multiple regression techniques, data about factors which contribute to a
certain type of variable to be forecast (such as white collar -employment

in a zone) are reviewed; the factors most clearly associated with white

 ¢01lar employmerit are selected; and, a forecasting equation relating
.those factors to white collar employment is developed,

" Procedure

In utilizing multiple regression techniques to develop a land use

model the steps listed below are followed.

-Step 1. The variable to be forecast is chosen . (located. variable).
" For inétance, a forecast of retail floor areas in all zones in 1980 may

‘be desired.

-Step 2, Those factors which .contribute -to the development of the

located variable are selected. These factors are the locator variables.

-For instance, average family income, acres .of vacant land, accessibility,

and ‘automobile ownership patterns may be selected as factors contributing
to the amount of retail floor area in zones.

Step ‘3. Data abou£ the changes. in the located variable over a

recent time period are gathered. For instance, data about the changes

in retail floor area in all zones for the period of 1955=65 might be

collected.
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Step 4. Dafa abouf the changes in locator variables over the same
time period are collected. _ |

Step 5. _All éf the data about'fhe located and locator variables
are placed into a computer which has been programmed to perform multiple
regression techniques,

Step 6. The computer berforms the actual mﬁltiple regression

procedures. It is programmed to proceed step-by-step through the several

locator variables and determine the degrees of correlation of each locator

variable to the located variable. It keéps.track of the inter-related

| effects of all the locator variables oon the located véfiables and develops

a forecasting equation relating the variables,

Baltimore Model

In a study'made by the Baltimore Regidnal Planning Council, mulei-
ple regréssion‘was used to derive models for forecasting land use. The
models which were derived to forecast zonal population growth and zonal

manufacturing growth are described below (33).
P = 0,5A + 9364B + 283C =~ 1.5D + 36,089E ~ 34,837

Where: P =.growth in population ¢f a zone,
A = acres of available vacant residential land in a zone,
B = an index describing accessibility of the éone,
€ = the percentage of land in the zone with water and
sewer facilities available,
D = the total value of residential structures in the

zone, and
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E = the relative income of the zone.
M=1,7A + 0,88 4+ 31C - 1839D - 625E -~ 6493

Wﬁere: M = growth of manufécturing employment in a zone,

A = acres of available vacant industrial land in a
‘zone,

B = the totél value of industrial structures in the
zone,

C = the percentége of land in the zone with water and
sewér services available,

D = the miles of rail service per acre of industrially
zoned land in the zone, and

E = the miles of deep water frontage on industrially

zoned land in the zone.
The large regression congfanfs,(34,837 and ~6493) found in the
above equations are not unusual in equations derived from multiple
.regression (34). However, the analyst should-récbgﬁize that difficulties
arise in utilizing equations.deriﬁed,ﬁrogﬁmultiplé'regreSSion wheﬁ_large
coefficients-océur in equations in which the values of the other coeffi-

cients are relatively small (35). In the Baltimore models the values of

the coefficients (A, B, C, D, and E) and of the dependent variables (P.
and M) were large enough to avoid difficulties-due to the large regression
constants. |

| -Most models which have 5een devéloped by multiple regression tech-

niques to forecast manufacturing growth have used locator variables
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similar to those used.in the Baltimore Model. Appendix F gives an
example of a model developed to forecast manufacturing growth in the
Hartford Metropolitan Area Transportation Study. This model used high-
way and airport accessibility,-téx‘fates, and promotional indices as
locator variables, in addition to those variables used in the Baltimore
Model.

‘It is important to understand the steps with wﬁich transportation
planners become invﬁlved when. developing models such as the Baltimore or
Hartford Models. A description of the procedures followed by‘transporta-
tion planners from Traffic Research Corporation in developing land use
modeis for the Boston Regional Planning Projéct gives ‘an illustration of
the application of the steps describéd“above to the actual development
of models.

Boston Project

In May of 1963, Traffic Research Corporation began a project of
land use model development for the Boston Regional Planning Project. The
purpose of the project was to develop models to predict the amounts of
several urban land use activities in each zone at the end of a given fore-
cast period. The procedures followed in developing the Boston Models are
as follows:

(1) The Boston Region was divided into zomnes.

(2) The land use activities to be forecast were chosen (located
variables).

.(3) The factors whose,locatidn_and;intgnsityéwere related to land

develqpment’were-established (locator variables),

(4)  The object of the multiple regression techniques was decided
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upon, The modgl which was tO[beudéyelgped would predict =zonal shares of
land use activities proportional to.the change in zonal share of all other
land use activities, the change in share of locator variables, and the
absolute value of locator variables in the zone.

(5) One equation for each land use activity Qasrestabiished by
computer multiple:regréssion analysis of data from two past points in
time (1950 and 1960). |

.{6) The equations Were.uséd to estimate future zonal shares of
iand use activit& byssubstiﬁuting the present §a1ues of locator variables

into the equations and solving them.

-Evaluation

Multiple regression techniques of developing land use models have
the advantages of being able to handle large inputs of data and of flexi-
bility. Multiple regression techniques can take large amounts of data
in raw form, analyze them, and produce a set of land.usé forecastipg

equations. These equations are flexible because the multiple regression

-technique can be re-run to include new data for the production of up=-

dated equations.

In reality, multiple regression techniques of developling models
for land use forecasting are complex methqu of trend projecting. Data
froﬁ the past are analyzed by computers in order to establish.a mathe-

matical relation between locator and located variables, ‘These mathemati-

cal ralations based on past data are used to forecast future land use

I
patterns.

If trends in land development change, forecasts based on multiple

regression models will be inaccurate. For instance, the Hartford models,
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derived by multiple .regression, did not adequately describe-the-distribu-
tiqﬁ of growth in the Hartford area between 1950-38 due to changing
trends (36). Much indust:iai development was not predicted in a certain
traffic corridor, population gfowéh tended_to be underéstimated in the
suburbs, and, because oflthe development of large-shopping-éenters, retail
empioyment bétterﬁs:did not correspéndZto-the'pétterns of distribution
predicted'(37).' |

The main problem in the ﬁse bf multiplé regression techniques is
the use of locatdf variables. . If i; difficult to identify and measure all

of the factors which contribute to land development in a metropolitan area.

Often certain factors affecting land development an be recognized but not

easily quantified. For instance, it is :known that the decision making
process‘of.families concerning -household locatidn definitely affecfs pat-
terns of land use. However, it is difficult to measure this decision
process in drder to incorporate it into a model.

.Thus, the selection of locator variables is the most. important and
most critical of the steps in deriving land use models by multiple
regression. The accuracy of the forecast depends on the identification

of the most important factors affecting the development of land use

‘patterns. The.following criteria govern the selection .of locator varia-

bles for land use forecasting equations derived by multiple regression
techniques (38}):

(1) Variables should be functionally related to the type of

development to be forecast.

- (2) Variables should be directly and universally-descriptivé of

the factors which they are describing so that relationships established
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in one zone might be translated to other zones,
(3) Variables should be sﬁbject to prediction or projection
within the desired planning range.

(4) Variables should show a strong and direct statistical

"~association with land use.

“(5) Data about variables should be.relatively inexpensive to

" obtain.

Co-linearity of variables is another major problem associated
with the use of multiple regression. Multiple regression techniques do
not take into account the effect that one locator variable has on

another locator variable in the forecasting equation. - For instance, in

. the Baltimore Modei_presented above, the locator variable "D" (the miles

of rail service: per acfe of industrially zoned land) might have some
effect on the locator variable "C" (the percentage of land in the zone
with watef and sewer services available), Thus, a change in the variable
"p" in'the‘future'would have effect on both '"M" and "C". Hﬁwéver, ﬁse

of the forecasting equation would only show .the change in '"M" due to the
change in "D" and.would not show the change in "M" resulting from the
change in "C'" due to "D".

| Difficulties with co=-linearity of wvariables havg caused inaccura-’

cies in multiple regression land use models. No successful attempts have

been made to determine the optical number of locator variables to include

in a land use forecasting equation. However, in many studies it has been

determined that the accuracy of models derived from multiple regressioﬁ

-does not increase as more than three or four locator variables are used.

Also, the use of multiple regression techniques requires
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utilization of some built-in control to assure that the sum of forecasts

of zonal growths does not exceed the. total forecast of metropolitan

.growth. In many instances, zonal forecasts must be ad justed so that the

sum of zonal forecasts does not exceed forecasts for the entire metropoli-

tan area.

Linear Programming

Linear programming is another technique to modeling. The adapta-

‘bility of linear programming models to land use forecasting has been

experimented with in urban transportation studies, such as in the Penn-
Jersey Transportation Study, in order'to base land use forecasting on an
understanding of the forﬁes behind urban dévelopmént rather .than on
statistical trend projeétions as in the use of multiple regression.
Towards this end various types of land use forecasting linear programming

models have been conceptualized.

-Theory and Operation

Linear programming is a technique of modeling through which some

objective, usually profit or cost, is optimized (maximized or minimized).

-Linear programming models allocate scarce resources within the framework

of restrictions known as constraints in a manner which maximizes profits

or minimizes costs., Linear programming models are most widely used in

the field of industrial manégemént to allocate scarce resources such as
raw materials, labor, and services within the framework of constraints
such as total availability or raw materials, wage scales, and production
schedules in a manner which maximizes the total profits of firms,

The concepts of linear programming have been applied to the urban
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devélopment process in which the allocatién of a scarce resource, iand,
among various competing and, often, conflicting land use activities takes
place. The application of linear programming models .to land uée fore=-
casting is based on the theory that the urban development process results

from a number of decisions by land developers, city officials, and heads

.of households to minimize certain costs, such as the costs of developing

land, the costs of providing municipal services to areas, and the costs

of owning a home. Thus, given a set of land use demands, development
restrictions, land characteristics, and land development costs; a linear
programming model forecasts a land use pattern which minimizes total
costs related to land use {39). |

Input Dataf Input data for land use forecasting linear programming
models generally consist of the following information:

(1) The costs of land acquisition and land development costs for
each primary type of land use activity (These costs are usually obtained
from-engineering.estimates or from statistical analyses of the costs of
recent land development.,);

(2) The demand for each land use activity (Demand is usually
measured in terms of future population and employment forecasts.);

(3) Design standards reflecting the objectives of comprehensive
planning in a city; and

{(4) A land use inventory.

Constraints. Constraints are restrictions on land development

 which are placed in a linear programming model in the form of restricting

equations. .Comstraints in land use forecasting linear programming models

are generally of two types. Models contain restrictions, in terms of
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availability of land and zoning ord{nanges,'on thé7maximal or minimal
amounts of each land use activity which can be deveioped in a zone. -Also,
restrictions gqverning%refationshiﬁszEtween land use in a zoné-and
external land uses, such as the need to provide school sites within
walking distances of all neighborhoods, can be incorporated into models.

Output. The output of land use forecasting linear programming
models consists of allocations of amounts of various land use activities
to zones. These allocations result after computers carry out the complex
linear programming technique.

Sample Model. A simple example of a linear programming model

which might be used to forecast land use is presented below,

Minimize Ct = ¥y + CoX, +rc3x3*

HA

Subject to Comstraints: xqp + X, + X5 = X
X156

x2 = Go

1A
[
w

*3
Where: G, = total cost of future land development in a zone,
X, = amount of new industrial land developed in a zone
in a forecast period (output),
X, = amount of new commercial land developed in a zone
in a forecast period (output),
X, = amount of new -residential land developed in a zone
in a forecast period (output),

¢y = cost of developinglindustrial land (input),

*Phis model was constructed by the author.
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¢, = cost of developing-commefcial land (input),

cq = cost of developing residential land (input),

X, = total amount of wvacant land in a zone (input);

Gl = amount of vacant land zoned industrial in a zone
(input), |

Gy = amount of vacant land zoned commercial in a zoﬁe
(input), and

Gy = émani 6f7§acantjlaﬁd zoned fesidential in a zone
{input).

L

Penn-Jeréeﬁ Model

The largest scale attempt to develop a linear programming model
was developed to forecast residential development patterns based on the
economic theory that individual households ®end to maximize their loca-
tional advantage and that land is allocated to those households which can
bid the highest price for it (40). Thermodel.attempts to maximize the
rent-paying ability of households subject to the constraints that all
households are located and that the total residential development allo-
cated to each zone does not exceed the land available in each zone for
residential use (41).

The following data was used as input for the Penn-Jersey Model
(42):

1. Population locations and characteristics;
2, Inventory of structures;

3. Inventory of vacant land;

4. Accessibility'of zZones ;

.5. Public open space plans;
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6. Public redevelopment plans; and
7. Public land development and public service extension
policies.

Appendix G presents -equations describing the Penn-Jersey Model,

Garrison Model

‘The use of linear programming models to forecast land use in

urban transportation studies has much potential, An exémple of the

future possibilities for these models is illustrated by a conceptual

model developed by W. L. Garrison. 1In the Garrison Model‘theﬁlocation_
of firms around interchangQg is forecast by a linear programmiﬁg model
which minimizes tqtal-pfbduction costs ‘of the firms and total transporta¥
tion costs of ;he;employees of the firms {43).

The model uéés_the foilowing four constraints (44):

(1) Enough workers are;gmployed in each industry to meet the
total'deﬁand for its product; |

(2) The number of workers drawn from each residential-érea of -
the city does not exceed the total labor force available in that area;

(3) The capacity of the connecting roads between residential
areas and working areas is not exceeded; and

(4)--The-total amouht of land used at each interchange does not
exceed the amount available.

Appendix H presents some of the equations of the Gafriéon Model.

The Garrison Model is purely conceptual, The mqin problém in its

application to forecasting future land use in urban transportation

- .studies involves what are known as "dual" variables, which are variables

-representing resources and which are optimized by the linear programming
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technique, The dual variables in the Garrison Model involve the maximi-
zation of labor resources, and the resulting land use pattern forecast
relies on this maximization. -However, minimum wage controls-and union

restrictions involving labor are not accounted for in the model, thus

the resulting maximization of labor resources is not a real-life situation.

-Also, the model assumes each residential area is counected to each work
“area by a street of a given capacity, thus not accountipg-for thé joint
use of streets for different purposes.

Evaluation

Utilization of linear programming mbdels, like the utilization of
- models derived.through multiple regression, provides for the analysis of
large amounts of data quickly. For instance, a model for a regibn of
about 30 transportation zones with 60 constraints and 400 variables could
be solved on a larger IBM 7690 computer in about 30 minutes (45).

.One big problem in the utilization of linear programming land use
forecésting models involves the collection of data. Because these models
are based on economic'theory, the collection of land development cost
data .is necessary. However, the collection of this data is‘expensive;
and, in many cases, data are difficult to obtain (46). Land developers
‘are usually extremely reluctant to reveal their costs, and the cost data
rare of ‘uneven quality since many developers-do nét maintain complete
records of costs (47). .The Penn-Jersey Transportation Study has switched
from a‘linear programming model for land use forecasting to modelé derived
through multiple regression because of difficulties arising from data
collection (48).

One questionable property of the linear programming technique is
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that of maximizing or minimizing some aggregate function (such as total

rént-paying ability of all residential locators). Given that economic

-theory holds that all individuals are trying to maximize their economic

position, the linear programming -technique assumes that this ' theory is
reflected in the maximizing or minimizing of the aggregate economic

position of all individuals. It is questionable whether such a relation-

ship-betﬁeen the aggregate economic position and the individuals economic

position actually exists (49). Thus, the ability of linear programming
ﬁodels to simuiate locational behavior is doubtful, unless it can be
shown that the sum of all actions to maximize individual economic posi-
tions is synonymous with a maximization of the aggregate economic
position (50).

The weakpoint of linear programming models is-that they are based
on the assumption that decisions involving land development are based on
the optimization of some economic objective. The theofy of linear pro-
gramming is that each individual is tf&ing to maximize his economic
poéition,.and linear programming models exclude all factors which cannot
be translated into economic terms. Thus, these models may exclude some
non-economic factors which have a significant effect on urban development.

Numerous small decisions shape urban ﬁevelopment, and many of

these decisions are not economic. For instance, locational decisions of

households are not always based solely on rational considerations, such

as the Penn-Jersey Model assumes. .As a family's income rises, factors
such as aesthetics, socio=-economic environment, and accessibility to

schools and parﬁsfare all important factors in a family's decision on

-household location. However, these factors cannot be rated on an
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economic basis,

‘Also, the assumption that families attempt to maximize their rent
paying ability_may not be indicative of the decision making processes of
household location, For example,_the process of household location in
an urban area involves decisions by land owners in all parts of the
metropolitan area to place land on the market, decisions by real estate
men, mortgage financiers, and deveiopers on how to develop the land, and

decisions by heads of households as to whether to rent, buy, or build a

~ dwelling unit, Because of the inter-relatioﬁships'among all of these

decisions, it is difficult to say whether the maximization of rent paying

ability is actually descriptive of the locational process (51).

Simulafion Models

Like linear programming models, simulation models attempt to

reproduce the factors causing the deﬁelopment of urban land use patterns.

0pportunity models are the most common types of simulation models. How=
ever, other types of simulation models involving series of equatioms
developed by multiple regression techniques have been derived..

Theory and Operation

Simulation models are based onh tﬁe theory that the processes of
urban-development.Can be simulated through the use of mathematical
equations based on theories about principles which guide urban develop-
ment. By Integrating the results of statistical and substantive analyseé
of data for a particular city or region with various theories concerning
urban growth, decline, and/or dévelopment, it is assumed that mathematical

equations for forecasting urban development can be devised (52)., These
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‘equations produce an ouﬁput describing future land use patterns,

-Thus, two steps would be involved in the devélopment of a simula-
tion model to forecast land use, First, an analysis of data concerning
urban growth, decline, and development in .a city would be made in order
to devise_theoriés and concepts,ébncérning urban growth in zones of that
city.f.Nexf, mathéﬁéfiéal'équétiops describing these theories and con-
cepts wou1d be'dévelope&.

The equafions:de#eiépeé“act‘as a domplete theoretidgl framework -
for simulating'future.develoﬁment'in the:city.-lInput data describing
existing land development patterns are placéd into'a.comﬁuter.which-has
been programmed to solve the equations, an an dutputkdescribing future
land use patterns is produced, |
Opgortunitx'Mbdéls

Opﬁortunity models are a type of simulation model dommoniy used in
_urban'tfansportafion studies. They are based on expressing urban de#glop-
ment patterns are placed into a éomputar which has been programmed to
solve the equations, and an output describing future land use patterns

is produced.

Opportunity Mo@elg

Opportunity models are a type of simulatioﬁ'mbdel commonly used
in urban transportation studies. They are based'on-expressing urban
dévélopment through probability theory. In an urban area a probability
exists that each parcel of vacant land will be elther developed or remain
‘vacant., Based on this probability an opportunity model, through the use
of computers, anmalyzes data about vacant land in an yrban area and‘simu-

lates the urban development process by accepting or rejecting each parcel
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of land for future development. Parcels of land are investigated in
rank order, outward from the central business district.
An example of a simple opportunity model is described below. -In

this model opportunities for development would be represented by parcels

- of vacant land zoned residential. .Residential growth is simdlated'as

being directly proportional to the number of opportunitiés'for develop-
ment in the zone (expressed as a ratic to the total numbef of oppertun-
ities in the urban area) times the'probability‘that any given opportunity
will be developed,. | .

An. example of a simple opportunity model is described below.
"k (0p)
1R =0

Where: R = the'number of neﬁ dwelling units built in a zone

| during time périod "'p"; |

0_ = the number‘of opportunities to build dwelling -units
‘existing in a zone during time period 'p",

0 = the total number of opportunities to build dwelling
units existing in the urban area during tiﬁe
interval "p", and

'k-= a constant of probability-expfessing the_prbbability
that an opportunity to build in a zone will be
capitalized upon.

"The above example is a relatively simple application of the theoty
of probability to urban developﬁeﬁt. ‘Urban transportation studies héve

used more complex models to simulate urban development .through the
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probabllity of accepting opportunities'fbr development. Appendiﬁ I pre=-
sents a more complicated example of an opportunity model used in the
'Niagara Frontier Area.TransbortationvStu&y of the Buffalo, New York
Region.

Pittsburg Model

The other type 6f simulation model which has been uéed to‘foregast
land use is the type:which consists of a series of equations derived.
through multiple fegression techniques. These .equations are based on
‘theories concerning urban development. A model developed.aS‘part of the
Pittsburgh Community Renewal Prograﬁ illustrates this type of simulation
model. |
| "The Pittsburgh Medel was based on assumptions relating ufban
gfowth‘to emp loyment opportunities. The assumptions made in-devéldping
the Pittsburgh Model are as follows (53): |

(D Employment opportunities are directly responsible-for all
developmeﬁt decisions.. | |

(2) Various types of "site-oriented" eﬁployment gravitate to
specific areés of the city. This gravitatioﬁ is based on criteria such
as existiﬁg;empioyment clusters, land use policies, accessibility, and
taxation policies.

(3) Households . tend to-locate.at prescribed distanceé from work.

(4) Commercial serviée émployment tends to cluster at locations
within prescribed distances :rom.households; | |

" (5) Racial, occupational, and economic characteristics of house-
holds tend to constrain household locations.

Equations were developed which expressed the above assumptions.

Ll



' Pittsburg Model followed the following sequence of steps:

‘located within specified distances of employment centers by another set

centers.

ized itself.

30

The first set of equations located employment centers .in the urban
region; the second set of equations located households, and the third

set located commercial centers. Thus, the actual operation of the

(1) Employment centers were located by equations derived from
mﬁltiple-regression.

-(2). Based on the locafion of employment centers, households were

of equations.

(3) A set of equations located service employment within speci=
fied distances of employment locations and household locations.

(4) The location of service .employment generated new. households

which were located within specified distances .of service employment

(5) The location of households generated new service employment
which was located.

(6) The above steps continued in a cycle until the model stabil-

Evaluation
The main weakpoint of simulation models lies in their atitempt to

describe urban development as some orderly, structured process. This

weakpoint occurs in both 6pportﬁni£y models and models consisting of a
series of equations derived through multipie regression.

Opportunity mbdels describe drban.development ags a simple process
in ﬁhich31and is.developed outward from the central-business district

according to a certain probability, which in most models is constant for




than from the central businesé distri¢t (54) . -Also, in an urban area the

~ probability of:developmeﬁt for each paréel of land is not constant,

 to assuming that one type of urban activity begets another which in turn

~depends on the location of employment centers,

-were based on economic theories'supposedly underlying the urban develop~-

“ment process. Most recently, simulation models have been developed in
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each parcel in the metropolitan area., Neither of these theories describes
a real-life situation. In many urban areas land is developed outward

from numerous hubs,.such-aSrshopping_centers and employment centers rather

Different developmental assets and liabilities of parcels of land give
each.parcel a diffefehtiprobabilfty of deQelopment;

The use of series of individual equations derived through multiple
regrassion_to'forecast laﬁd uée requires the forecaster to choose which

equations should be first and which should be next. This is tantamount

begets anothef (55). Thus, the accyracy of these type of simulétion

modeis depends on the closeness of tﬁe actual urban development process
to.fhe structured steps 6f the model describing it. For instaﬁce, the
PittSburg:Mbdel-depends-on how closely development.af shopping centers

follows .residential development and how closely residential development

Simulation models -open the door to the future. As this chapter
has shown the trend in iand use model-develbpment_has been toward models
based'on a thorough understanding of the intermingled factors comprising
the urban land development process., The first attempts at model building
related future land deﬁglopment'to accessibility only., Then multiple
regression models relating future lénd.development to existing locator

variables were developed, followed by linear programming models which
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an attempt to actually simulate the entire urban land development process

in step-by-step procedures.
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CHAPTER IV
 CONCLUSIONS

The land use forecast is an important part of urban transportation
studies ‘because projections of future land use are inputs to. the gravity
model'which distributes future trips in an urban area. The methods of
intuitive judgment-and land_use-accounting_and accessibility, multiple-
-fegfession, linear programming, and simulation models have all been used

to forecast future land use in urban transportation studies.

Comparison of Techniques

.In urban transportation studies of large urban areas the use of

land use forecasting models has advantages over non-modeling forecasting

methods, The factors contributing to land development are so numerous

and so complexlylinterrelated.in:a‘large'urban area that analyses by

humans of the land development process are impossible. However, models,

-which are adaptable to computers, can analyze the large volumes of data

about land development. in an urban area and make predictions of future

land use in a matter of hours. ‘Also,-models allow forecasts to keep pace

with the changing structure of large urban areas because updated data can

be used as new inputs to modelg, and updated forecasts can be made.
-Land use accounting is also a forecasting‘metho& which can be

applied to large urban areas. However, it involves many manual éalcula—

tions and projections and much use of judgment. Also, it can only be

applied in certain types of cities and produces very general types of
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land use-&afa aé output.

-No modeling technique can be rated as more accurate'than.another,
.althéugh‘all_techniques have their strengths and weaknesses., Few models
have been tested historically, and in most ufban.t;ansportétion studies
the test is the.future (56). Only one significant test of the appii¢a~
tion of different modeling fechniques to the same urban area hgs been
made., This test was made by Swerdloff and Stowers in Greensboro, North
Carolina (.57).

‘In ‘the Greensboro test an accessibility model, a multiple regres-
sion mbdel,.two opportunity modeis, and the Iand ﬁse‘accounting_technique
were used to'forecast_ lapd uge. Swerdloff and Stowers found that all of
the méthods were sufficiently accurate to be,recommgnded for use. in metro~-
palitan areas of the size of Greemsboro (100,000 population), that all
the methods produced accurate results for levels of geogrgphic.aggregation
where the average-areai-unit contained a.poﬁhlation of about 2,000 persons,
and ‘that differences in accuracy among the five forecasting methods were
not 1arge-enough-to:warrant a strong recommen&ation for any single one in

preference to others- (58).

‘'The Use of Judgment

If is important to note .that all land use forecastingrtechniques,
even mathematiéal models, réquire the use of much - judgment on the part of
the planning team.

- The usé of the land use éccdunting technique requires .the most
judgment, as was explained in Chapter II. Judgment is used.in the pro-

cess of projecting the shape of the future saturation curve from the
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‘shape of the existing saturation cutve.

The use of multiple regressioﬁ requires - judgment from the planning
_team in the selection of locator variables. A computer which has been
programmed to perform multiple regression.techniques can only work with
. the data with which it is provided. The choice of what data to use is
based on a.thorﬁugh:analysis-of-the trends in the-urban area and a subse-
‘quent identifiéation of factors (locaior variables) re1ated.£0 urban
development. .This identification of locator variables is the responsi-
 bi1ity,of the planning team.-

Simulation models alse require much judgment on the part of. the
planning team. Before a simulation process can be structured and equa-
‘tions devised, a thorough analysis of the ufban-develbpmént‘process must
be made and the steps in the process: identified. -Again, this process of

analysis and identificationr is the responsibility of the planning team.

The Importance of Daté

Land use forecasting techniques are only as accurate as. the data
on:which they are based. A technique may be completely descriptive of
the urban-development process, but it may be useless-because.its.input
data are of poor qualify. |

Many techniques operate with some exogenous-factors‘such.as'fofe~
casts.of total metropolitan area-population.and employment as: inputs.
-Populétion and employment are then distributed among zones (such as in
.the land use accounting technique, the intuitive judgment technique, and
certain multiple regression models), The output from these type models

is only as accurate as the input forecasts on which they are based,

"
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‘The land usenaccounfing techqique.is only as good as the data
about wacant land in zones and zonal densities and capacities on which
the calculation and projection of saturation curves are based. Also,
simulation_models are'only as good as the data (such as employment
intensities and locatiens in Pittsburg) on which the assumptions about
the. land development process are based,

Mgdels derived from-muItiple_regression'are very sensitive to the
quality of dafa since .they are based on calculations of psst.interrela—
tions between locator and located-variablés in urban areas. if these
dsta are not completely descriptive of past trends, the output of the
multiple regression models will be misleading. |

As mentioned in Chapter III, many of the problems which have
hindered the utilization of linear programming models are due to the
difficulties of data collection. Data about costs of land development
" are difficult to obtain, and, for this ressos, a linear programming model
for forecasting land use in the Penn~Jersey Transportation ‘Study was .

_abandoned.

-The Type of City

‘ Tﬁe choice .of which method to use .in forecasting land use‘in'urban.
fransportation studies depends on the characteristics of the city in which
the study is being made.  Each .forecasting method is most sasily and
accurately applied to certsin types of cities, The‘utilization of a
forecasting method in a study of an ufban area requires a thorough study
and understanding of the land development prossss-in‘that urban use.

For instance, the land use accounting technique can only be
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‘applied'in'citieS‘which-exhibit decreasing densities in development out-

.ward from the central business_distriCt andtdeéreesing,proportions of
land in use as distance from the central business district increases;
Thus, the technique~was used in Chicago and Pittsbufg and in -the
Greensboro test, where these characteristlcs existed

Multiple regression techniques are most easily applled in cities
where certain trends are easily. identifiable and where factors relating
‘to these trends can be easily quantified, For instance, retail develpp~
ment trends inea certain city ﬁight.seem obviessly,relatedlto:acceSSi-
bility,.income, and population'of sones, thus, a multiple regression
modeLing~techniqﬁeﬂcou1d be easily developed; -or, as in the Baltimore.

exsmple, the factors relating to industrial development might be_easily

identifiable and a model subsequently devised.

Simulation medels must be based on a close investigation of the
city in:which the study is being made. For instance,;the basis for
deriviﬁg-a.series of equations describing the-development#l process in

a particular city is a close study of the city. Thus, the Pittsburg Model

was developed only after a study of the Pittsburg area revealed that the
~'key to -developmental growth was the location of employment centers.

-Also, opportunity models should only be used in areas where development

of' land seems like a random process which ocdurs‘outwaednffom ;he-central
business district.

Linear programming models should ohlﬁLbe‘esed inlcitieS'where-it
seems obvious that theeconomic optimizing theories on which they are based

exist., - For this reason, linear programming models are still in the devel-

'opmental stage. Much more research needs to be done to prove whether the




‘economic theories behind the adaptation of linear programming techniques

._studied and analyzed. The more one-knows about the urban environment,
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to-land use development really describe the real-life developmental
processes.
Thus, it seems that mathematical models should be used only,in

cities where the characteristics of urban development have been.thoroughly

the more one éan turn to mathematical models for forecasting land use

(59).

i .
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APPENDIX A
CALCUIATION OF TRIP INDICES

‘Variéus types of land use information have.been used in transpor-
tation studies:to-determine the trip generating powers of zoﬁes. Some
types of land ﬁse information used to Qetermine.géneration'of vafious
trip types are.listed below,

Work Trip Indices

Total .employment

‘White collar employment

Blue collar employment

Retail employment

Acres -of commercial land

Acres of industrial land

Acres -of public and semi-public land
Residential population density
Number of dwelling units
Dwelling unit density

Income per household
-Retail sales volume

Shopping Trip Indices

Population

Population density

‘Number of dwelling units
Dwelling unit density

Commercial employment

Retail .employment

Retail sales volume

Convenience goods sales volume
Personal service goods sales volume
Acres of commercial land

Spcial-Recreational Trip Indices

Population
Population greater than 5 years old
Income per household
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Socidl-Recreational Trip Indicés'(Cont.)
Number of dwelling units

Non~retail, non-manufacturing employment
Retail sales volume

-Truckizrip-lndicgé

_ Total employment
Commercial employment |
‘Retail employment
Manufacturing - employment
Non-retail, non-manufacturing employment
Spec1allzed -emp loyment
"Commercial acreage
Industrial acreage
Population
School enrollment
Income per household
-Number of dwelling -units

Source!: Shuldiner, Paul W. "Land Use Activity and Non-Residential Trip
Generation," Origin and Destination. Highway Research Record
141. Washington: Highway Research Board, 1966, p. 77.
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APPENDIX B

'NASHVILLE TRANSPORTATION STUDY
- CALCULATIONS OF TRIP INDICES

g 1960 _ g 1959 , 196051959

1960 _ o 1959 . , .1960,, 1969
T 1900 - 1 ? x4, 190/s

a trip attraction index for home-based work trips in 1960 for
a given zone
the number of home-baséd-erk_trips attracted to the zone in

1959 (data) -

‘the number of empioyeés in the zone in 1960 (projection)

-the: number of employees in:-the zone in 1959 (data)

a trip attraction index-fof home=-based shopping,trips.in'IQGO
for a_given zone

tﬁe number of home-based shopping trips attracted to the zone
in 1959 (data) |
total commercial acreage in the zone in 1960 (projection)
total commercial acreage in the zone in 1959 (data)
Shuldiner, P#ul W, "Land Use, Activity, and”Non-Residential

Trip Generation,'" Origin and Pestination., Highway Research
141, 'Washington: 'Highway Research Board, 1966, p. 80,
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-APPENDIX C
‘CALCUIATION COF TRIP INDIGES

The following formula was used in the Fort Worth Transportation

Study to calculate trip attraction indices .for zones.

Y; = 0,115P; +'0.04801.+ 0.0ZSIi + 0.150Ei

Y, = the "basic attractiveness" of zone "i" for
home-based tripsfin the urban area

P; = population of zone "i"

C. = commercial employment in zone "i"

I; = industrial employment in zone "i"

E. = other emp loyment in zone. "i"

Source: Shuldiner, Paul W. '"Land Use Activity and Non-Residential Trip

Generation," Origin and Destination. Highway Research Record
141, Washington: Highway Research Board, 1966, p. 82,

Loy
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APPENDIX D
CALCULATION OF RESIDENTIAL ZONAL CAPACITIES™
Cp =P +DA

C, = future residential capacity of a given zone

(number of persoms)

o
u

'-preseﬁt population of a given -zone

=
]

r = estimated future residential density of a given

zZone

estimated amount of presently vacant land to be

.
=
i

devoted to residential use in the future in a

given zone

% . . ; ,
This formula was constructed: by the author,
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APPENDIX E

- CAICUIATTON OF INDUSTRIAL ZOMAL CAPACITIES® .

C; = DiA + Dy(Ay = 4A)

1
. €; = future industrial capacity of a given zone (number
of employees)
B, = present employee density of a given zone
‘A7 = amount of present land devoted to industrial use
in a given zone
B, = estimated future employee density of a given zone
A, = estimated amount of land to be devoted to industrial

use in the: future :in a given zone

% -
This formula was constructed hy the author.
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APPENDIX F
HARTPORD METROPOLITAN AREA TRANSPORTATION STUDY

MODEL FOR MANUFACTURING GROWTH

By = 12x, + 37x, + 5%y + 34x, + 12x, + 2x

1 4 6
+ -19}!7 + 1-‘:8 + '5x9 + 120
E; = the percentage of total metropolitan manufacturing

.growth which:willrtake.plaCe in any zone "i
xy = highway éccessibility'of the ‘zone
x2.=.availability_of vacant land in the zone
X, = tax rate in the zone
X, = a#ailability-of sewer facilities in the zone

X5 = availability of rail service in the zone
Xg = wgter supply in the zone
X, = airport accessibility of the zone
Xg = a.promotion index for the zone
X _ = amount of industrial land bordering freeways in

.the zone

‘Source: Irwin, N, A. "Review of Existing Land ﬁSe Forecasting

Techniques," Travel Patterns. Highway Research Record 88.
Washington: Highway Research Board, 1965, p. 189.




APPENDIX G

PENN-JERSEY MODEL

Maxinize T 2 xl:(bl;_' - c‘:)
Subject to Constraints: S?xt = LI-c
wg = <N
k : ' :
X; = the number of households of socio-economic group
| "i” 10¢ated in zone "k"
b? = the location that a hbﬁsehoid of group "i" will
. use if it locates in zone "k
c? = the annual cost of héusing for grqup'"i" if it
- locates in zone "k"
'SE = the number of units of land purchased'ﬁy households

of group "i" in zone "L"

Lk = total number of units of residential land awvailable
in zone k"
N, = the projected number of households of group "i" to

be located in the region

Source: Irwin, N. A. "Review of Existing Land Use Forecasting Techniques,"
Travel Patterns. Highway Reésearch Record 88, Washington: '
Highway Research Board, 1965, p. 186.
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APPENDIX H

GARRISON MODEL

Minimi: T L E,,
AImEe = 5 ik
. ) . . "
Subject to Constralntsf % ? xijk z bkdk
_§ E'xljk =--'ei
-n R, Z <k
{ "ijk 1j
- E - .
E E akxijk S-J

the total cost_of produqtioh-and transportation
per worker for the worker living.in zone ""i",
working in area "j", and employed in industry "k"
the number of workers from the residential zone
AL working in area .'"j", and employed in industry
“k" .
‘the number of émployees,required per unit of
dﬁtpﬁt in industry "k"

= the demand for the output of industry "k"

the number of persons in-thé labor force from
:residential zone '"'i"

the capacity of the route between residential zone
an

"i" and working place "j

the land used per employee in industry 'k




Source:

J

Irwin, N. A.

Techniques,”" Travel Patterns.

Washington:

s. = the total land available in working area "

"Review of Existing land Use Forecasting

Highway Research Board, 1965, p. 206,

K|

Highway Research Record 88,
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APPENDIX I

NIAGARA FRONTIER AREA TRANSPORTATION STUDY MODEL

A, =A [g-lo __é-l(O * 05

] ] ]

‘A, = amount of a given land use activity to be
allocated to zome "j"
A = the total amount of a given land use activity
to be allocated in the urban area
e = the natural logarithm base
1 = the probability of a unit of a given land use
activity being located at a given opportunity
0 = the opportunities for locating a unit of a
given land use activity, ordered by access from
the central business district
0, = the opportunities for locating a unit of a given
land use activity in zone "j"
Source: Lathrop, George T. and Hamburg, John R. '"An Opportunity

~Accessibility Model for Allocating Regional Growth," AIP
Journal, May 1965, p. 96,
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