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SUMMARY

In this thesis, we study the Land Use Design Problem in a 4-step procedure: 1) model-
ing mechanism analysis; 2) mathematical formulation and solution method development;
3) implementation of the solution algorithm; and 4) application of the model to land use

and freight transport coordination in Shanghai.

In view of developing an approach to land use and transportation coordination plan-
ning for Chinese cities, we conduct an analysis for urbanization in China. Special features

of economic development and urbanization are explored.

A review of the literature on land use and transportation is provided from various
aspects: traffic generation, trip distribution, modal split, traffic assignment, land use

planning and land use design problem.

An urban-form-based modeling approach is proposed in this thesis. In this modeling
process, we select population density and job density as decision variables; traffic demands
are functions of these densities; gravity model is used for distributing trips to Origin-
Destination pairs; an equilibrium assignment model is used to solve the traffic assignment
problem. Finally, the Land Use Design Problem is formulated as a two-level mathematical
programming problem. At the upper level, urban planners distribute population and
employment to zones to pursue the best urban activity location, while at the lower level,

road users select travel routes to minimize their travel costs.

A theoretical study explores the existence of solutions to the Land Use Design Problem
model. Solution methods to the problem are developed. Because of their size and complex
nature, some problems may only be solved by heuristics. A robust implementation of one
heuristic, known as the iterative improvement heuristic method, is developed to solve the
Land Use Design Problem. To forecast freight traffic generation, a land use and freight
transportation interaction analysis is conducted. And lastly, an application of the Land

Use Design Problem model to Shanghai land use and freight transportation coordination

is completed.
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The results of the case study demonstrate that the Land Use Design Problem model
could be used to achieve coordinated distribution of population and employment in an
urban area. Consequently, this model and the corresponding heuristic solution method
provide us with a useful tool to conduct, at the strategic level, long-term planning for

land use and transportation coordination in Shanghai.

Key words. Land use planning, urban planning, transportation planning, two-
level programming, mathematical programming with equilibrium constraint, variational

inequality, optimization, network equilibrium, traffic equilibrium, Shanghai, China



RESUME

Cette these étudie le Probléme de la Conception de 1'Utilisation du Sol. Elle comprend
1) analyse des mécanismes de modélisation; 2) la formulation d’équations mathématiques
et le développement d'une méthode de solution; 3) I'implantation de P’algorithme; et 4) une
application de modéle au probleme de coordination de l'utilisation du sol et du transport

de marchandise a Shanghai.

Afin de développer une proposition quant & la planification de I'utilisation du sol et
de la coordination du transport pour les villes chinoises, nous menons une analyse de
'urbanisation en Chine. Des caractéristiques particuliéres du développement économique

et de 'urbanisation sont explorées.

Une revue de la littérature portant sur ’étude de I'utilisation du sol et du transport
est offerte selon divers points de vue: génération du trafic; distribution des déplacements;
choix modal; affectation du trafic; problemes de la planification et de la conception de

I’utilisation du sol.

Une méthode de modélisation fondée sur la forme urbaine est proposée dans cette
thése. Dans ce processus de modélisation, nous avons sélectionné la densité de la pop-
ulation et celle de emploi comme variables décisionnelles; les demandes du trafic sont
fonction de ces densités; le modele de gravité est utilisé pour distribuer les déplacements
pour chaque paire d’Origine-Destination; un modéle d’équilibre est suggéré pour résoudre
simultanément les problemes d’affectation du trafic. Enfin, le Probléme de la Conception
de I'Utilisation du Sol est formulé en un probléme de programmation mathématique a
deux niveaux. Au niveau supérieur, les urbanistes distribuent la population et I’emploi
dans des zones afin d’identifier la meilleure localisation pour les activités urbaines, tandis
qu’au niveau inférieur, les utilisateurs du réseau routier choisissent les itinéraires pour

minimiser les coute de déplacements.

Une étude théorique explore I’existence d’'une solution au Probléme de la Conception

de I'Utilisation de Sol. Les méthodes pour solutionner ce probléme sont développées. En
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raison de leur taille et de leur nature complexe, certains problémes ne peuvent se régler
qu’au moyen d’une méthode heuristique. Une implémentation robuste d’une méthode
heuristique est développée pour résoudre le Probleme de la Conceptation de I"Utilisation
du Sol. Une analyse de I’interaction de ’utilisation du sol et du transport de la marchan-
dise permet de prévoir la génération du trafic de la marchandise. En fin, le modeéle est
appliqué a la coordination de I'utilisation du sol et du transport de marchandise & Shang-

hai.

Les résultats de cette étude démontrént que le modéle pourrait étre utilisé pour ef-
fectuer une distribution coordonnée de la population et de ’emploi dans une zone ur-
baine. Par conséquent, le modéle et sa méthode de solution heuristique correspondante
constituent un outil utile pour réaliser, au plan stratégique, une planification a long terme

quant & l'utilisation du sol et & la coordination du transport a Shanghai.

Mots-Clés: Planification de 1'utilisation du sol, planification urbaine, planification
du transport, programmation bi-niveau, programmation mathématique avec contrainte
d’équilibre, inégalité variationnelle, optimisation, équilibre du réseau, équilibre du trafic,

Shanghai, Chine
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Chapter 1

Introduction and Overview

1.1 Introduction

For almost half a century, urban modeling and urban planning have been attracting many
geography and regional science researchers and practitioners. This field has been the stage
for many great theoretical developments and successful practices. However, the problems
we are confronting in urban development are also very serious and challenging. These
include worldwide urbanization, increasing greenhouse gas emission and global warming.
In China, the increasing rate of urbanization imposes unprecedented pressures to social

and urban systems.

Studies on China’s development and urbanization are of great importance for global
sustainable development. China possesses about twenty percent of the world’s population
(World Resources Institute, 1995). In the 1990s, China has come to experience extremely
rapid economic and urban growth through great change from planned economy to market
economy (Ren, 1998). There is nothing that needs such careful planning as a ‘free market’
economy if it is to avoid engendering disruption, deprivation and chaos, considering the

volume of its population and agricultural background.

The purpose of this thesis is to provide a study on urban land use and freight trans-
portation coordination in Shanghai. In the rest of this chapter, the problem, objective and

hypothesis of study, as well as the scope and organization of the thesis will be addressed

1



2 CHAPTER 1. INTRODUCTION AND OVERVIEW

successively.

1.2 The problem

As the economy experiences rapid growth, increasing intensity of land use in urban areas
and rapid urbanization in rural areas are observed in China. In coming years, enhancement
of the function of metropolises and rural urbanization are irreversible. The following items

may be used to generally describe economic development and urban development in China.

e China’s economy has achieved an average annual growth rate of 9.8 percent for the
past 20 years (Ren, 1998). It is suggested that China’s economy will acknowledge

high annual growth rate in the near future.

e Economic development imbalance may be observed between coastal and interior

regions and between urban and rural areas;

e For the past 20 years, over 100 million rural population migrated to urban areas
(China Statistical Yearbook, 1984, 1998), which puts huge pressure on urban man-

agement;
e Urban land use may be characterized by highly dense, mixed land use;
¢ Bicycle use is significant in urban transportation; and

e Urban traffic is extremely congested.

Because of the features of urban land use/transportation and their development ten-
dency, urban planners and transportation planners in China are facing serious issues. One
of the issues that requires much understanding is how may urban land use and freight
transportation coordination be evaluated. The importance of freight transportation is
acknowledged in Shanghai, the largest city of China. According to SCTPI (1991), freight
transportation achieved an average increase rate of 9.5 percent from 1980 to 1990, and it
used 28.5 percent of the roadway system in the Shanghai metropolitan area. Of all trucks
traveling on the Shanghai’s roadway system, 42.5 percent were running empty (SCTPI,
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1991). One major concern on freight transportation is its efficiency. For years, urban plan-
ners and transportation planners in Shanghai have been working hard to increase freight
transportation efficiency, through adjustment of urban land use distribution. Their effort,
however, has not yet produced satisfactory result. A critical reason is that the planners
lack efficient planning approach and tools that may generate and analyze different urban
design scenarios and provide quick response, in terms of planning, to planners’ keen strate-
gic insight, obtain better solutions, and achieve land use and transportation coordination

in rapidly growing metropolitan areas with mixed land use, highly dense population.
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1.3 Objective of the study

This study aims at making use of urban planning and transportation planning theories
and practices originated from Western countries, seeking for new urban modeling and
urban planning approach that can be used for long-term, strategic urban planning, and

to support reasonable and sustainable development and urbanization in China.

The objective of the study is to develop long-term, strategic insight through the de-
velopment of new methodology. The study is methodological in nature. Problems will be
addressed, a new planning approach for urban land use and freight transportation coor-
dination will be suggested, mathematical formulations will be provided, and theoretical
and technical analyses will be conducted to explore the existence of solutions and solution

methods as well.

The new planning approach will allow urban planners and transportation planners to
generate different urban design scenarios and evaluate them quickly so that planning time
and cost can be reduced and planning efficiency increased. The approach can be used
to estimate land use and freight transportation coordination, through adjusting popu-
lation and employment densities, that reduces transportation cost and increases freight

transportation efficiency.

1.4 Scope of thesis and Chapter overview

This thesis covers some issues of the studies of urban modeling and urban planning,
ranging from activity location, trip generation, trip distribution, modal choice, traffic
assignment, land use design, and land use and transportation coordination development.

Emphasis is given to one problem: land use and freight transportation coordination.

The investigation of the problem include the following: modeling mechanism analysis,
mathematical model development, analysis of existence of solutions and solution method
development, computational analysis and computer code development. Qur purpose is to

develop a new approach for urban modeling and urban planning for large cities in China.
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A case study will be conducted to demonstrate the implementation of the new urban

planning approach.
There are eight chapters in this thesis. The rest of the thesis is organized as follows.

In Chapter 2, we will describe and analyze characteristics of urbanization and urban
development in China by identifying the conditions of economic development, land use,
and level of traffic with a view to evaluate possible modeling methods. The character-
istics include unbalanced economic development, mixed land use, bicycle-oriented trans-
portation and extremely congested road traffic. Based on these understandings, possible

modeling methods to deal with these specific circumstances are discussed.

In Chapter 3, we will give a brief review of urban land use and transportation modeling,
aiming at forming a general picture about the study on land use and transportation
planning. We will first review the history of urban modeling. Many different theories and
methods have contributed to the development of urban modeling and urban planning.

Some short comments or critiques are made to those methods.

In Chapter 4, we will describe a new model for urban land use and freight trans-
portation coordination by describing methods of urban activity location, trip generation,
trip distribution and traffic equilibrium assignment, with a view to provide an efficient
planning approach that may generate and analyze different urban design scenarios, pro-
vide quick response, in terms of planning, to planners’ keen strategic insight, and obtain
better solutions. The land use model includes an urban form-based activity location and
a demand-supply coordination-based population and job distribution. The transporta-
tion model involves a trip generation by multiple regression, an entropy maximum trip

distribution, and traffic equilibrium assignment.

Chapter 5 will be devoted to the theoretical analysis of the land use and transportation
coordination problem, using mathematical analysis method, to investigate conditions for

existence and uniqueness of solution for the problem. Solution methods to the problem



6 CHAPTER 1. INTRODUCTION AND OVERVIEW

will also be discussed.

In Chapter 6, we will describe the implementation of one solution method, the Iterative
Improved Heuristic Method (IITHM), which is developed in Chapter 5 for solving the
land use and transportation coordination problem. Some computational analysis will be
conducted and detailed algorithmic issues will be discussed too, with a view to generate
efficient computer codes for undertaking complex land use and freight transportation

coordination problems.

In Chapter 7, we will conduct a case study, by collecting corresponding land use and
freight transportation data and implementing the IIHM with the data collected, for the
purpose to demonstrate the implementation of the new urban planning approach. We
will first explore the urban form of Shanghai and land use and transportation interaction.
For land use and transport interaction, attention will be paid to the relationship between
land use and freight transportation. The coordination development for the two parts will

be discussed as well.

Chapter 8 concludes this thesis. Contributions of the thesis will be summarized and

possible research directions for further studies will be proposed.



Chapter 2

Problem Description and Modeling
Mechanism

In this chapter, we describe and analyze characteristics of urbanization and urban devel-
opment in China. The characteristics include unbalanced economic development, mixed
land use, bicycle-oriented transportation, and extremely congested road traffic. Based on
these understandings, possible modeling methods to deal with these specific circumstances

are discussed.

2.1 Problem description

2.1.1 Background

China is changing rapidly. China’s population is estimated at 1.2 billion, about three
quarters of which resides in the countryside (China Statistical Yearbook, 1992). According
to Schinz (1989), a country with more than thirty percent of its population living in rural
areas is an agricultural country. On the other hand, China’s economy has been developing
very rapidly in recent years. In 1992 and 1993, its Gross Domestic Products (GDP) rose
by 13.21 percent and 13.12 percent respectively. The average increase rate of GDP in the
past twenty years was over 9.8 percent (China Statistical Yearbook, 1984-1998; Zhang,

1998).

This increasing rate of economic growth has also permitted a rapid urbanization.

7



8 CHAPTER 2. PROBLEM DESCRIPTION AND MODELING MECHANISM

Indeed, increasing intensity of land use in urban areas and rapid urbanization in rural areas
have been observed in China. Researchers believe that in coming years, enhancement of
the function of metropolises and rural urbanization are irreversible. McGee (1991) argued

that in Asian ‘wet rice’ areas, urbanization is region-based instead of city-based.

Urbanization usually takes industrialization as its basis, and an advanced transporta-
tion system as one of its major features. China’s economic development rests on constant
energy supply and adequate means of transportation and communications. To coincide
with open-door policies, major investments have been put on transportation improvement
for both urban road network and inter-provincial highways. Obviously, this highlights city
function, especially in large cities, and promotes rural urbanization. It also enlarges city’s

size through the development of urban fringes.

Drawbacks of unconstrained enlargement of metropolitan areas have been explored by
many researchers (see, for example, Renner, 1988; Newman and Kenworthy, 1989; and
Gordon, 1991, among others). In view of this, establishing planning policies on urban
development is of great significance. This point becomes one of the most important
issues for China’s urbanization practice, because a great number of rural people are being

integrated into urban areas in a comparatively short time period in China.

The urban modeling and planning methods developed for Western cities cannot be
directly employed in China’s context. Metropolises in China have specific economy and
land use/transportation features. These are characterized by unbalanced economic de-
velopment, state-planned housing and job-hunting, mixed land use, mixed urban traffic
highlighted by bicycle orientation, and extremely congested road traffic. To form a reason-
able modeling procedure, we should first describe these characteristics, explore possible
modeling and planning methods for the context, then put forward a rationable urban land

use/transportation coordination model.
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2.1.2 Economic development imbalance and migration

The unbalanced development of economy in China is extensive. The imbalance may
be demonstrated on at least three aspects: the difference between relatively advanced
economy in the eastern part of China and backward economy in the western part; the
discrepancy of coastal provinces’ rapid development versus somewhat slower progress in
hinterland regions; and the gap between fast growth in urban area and comparative
delay in remote rural area. The existence of these imbalances provides China with huge
potentials for further development, but also puts forward a virtual threat to cities for

sustainable development.

The difference between a relatively advanced economy in the eastern part of
China and a backward one in the western part results from geographic conditions as
well as government development policies. Eastern China is mainly composed of flatlands
with an excellent river system, international routes through the Pacific Ocean, and an
effective railway system. Good geographic conditions and a good transportation system
make economic growth possible. On the other hand, most of China’s plateaus, deserts
and mountains are located in the western part of the country. Transportation in the area
is very inconvenient. Consequently, the economy there is marked by a certain degree
of backwardness. Besides, in the 1950s and 1960s, the Chinese government deliberately
isolated the country from the world market. The Chinese government has massively relied
on the industrial production of coastal provinces to sustain and extend development in

the interior.

The discrepancy of coastal provinces’ rapid development versus somewhat
slower progress in hinterland regions. The existence of this discrepancy is no doubt
affected by transportation factors. In many hinterland provinces - such as Anhui and
Jiangxi in East China and Henan and Shanxi in Central China - transportation conditions
are not as good as those of the coastal provinces. One of the main reasons has been
the development strategy selected by the Chinese government to carry out its open-door
policies by favoring foreign investment in fourteen open cities located in coastal provinces.

As a result, over 80 percent of the national and international investments from Sino-foreign
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joint ventures or foreign-owned enterprises are located in coastal provinces (Zhang, 1998).
All these factors yield a faster economic growth in coastal regions, while hinterland regions

are experiencing a slower rate of economic growth.

The gap between fast growth in urban areas and comparative delay in re-
mote rural areas. The formation of the gap has a deep-rooted historical reason. China
traditionally was an agricultural country. For centuries, it had maintained an agricul-
tural society with a closed and self-supporting system. In this system, cities existed only
as administration centers, or places for exchanging agricultural and craft goods. In the
nineteenth century, the Chinese market was opened by Western traders. When the con-
temporary industrial cities initially appeared in China, at the turn of the last century,
there was a big difference, with high productivity and high living standards as compared
with China’s traditional economy and living conditions. This is the origin of the gap be-
tween industrial urban areas and agricultural rural areas. Through several five-year plans
from 1950 to 1975, the Chinese government has attempted to reduce the gaps between
urban and rural areas. After having made major efforts to modernize its transportation
system, the Chinese government was able to focus on economic development through the
introduction of market economy mechanism. Since the beginning of 1980s, the economy
has grown rapidly both in urban and rural areas. But a discrepancy still exists between
the two.

The rise of agricultural productivity has released some laborers from agricultural pro-
duction. This release provides cheap labor to the industrialization process, while at the
same time making urban planning and management complex and difficult, especially in
coastal metropolitan regions. According to Woodward and Banister (1987), up to forty
percent of the rural labor force was then not needed in agriculture. In 1987, the sur-
plus labor force exceeded sixty percent of the total in the Suzhou and Wuxi areas. The
proportion of agricultural laborers dropped from seventy percent to twenty percent of
the total in the Changjiang delta area (Tan, 1993; Comtois, 1993). It is reported that
approximately half of this surplus of agricultural laborers was absorbed by local rural

industries, while the other half migrated to metropolitan areas. Given the size of China’s
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rural population, the volume of migration puts huge pressure on urban management. In
Shanghai, the floating population (people who live in the city temporarily) is evaluated at
2 million, half of which have temporary resident permits (SCCTPI, 1991). It is reported
that the number of cross-province migratory laborers reached over 20 million. The major
destinations of these job-hunters are coastal cities, especially great metropolises such as
Shanghai, Guangzhou and Shenzhen (People’s Daily, 1994).

Before 1980, migration was subjected to the government’s food assignment policies.
These policies were removed during the economic reform. Officials and researchers are now
seeking effective macroscopic management to deal with this problem. The recent issuing
of “temporary working permits” in Shanghai is a good test. Recently, the Ministry of
Labor of the central government has been implementing an “urban-rural employment
cooperative plan” with a view to create a “planned market system” to solve the problem

of rural laborer migration (People’s Daily, 1994).

Nevertheless, as long as the economic imbalance exists, the process of rural laborers
shifting to urban areas will continue. When modeling and planning an urban land use

transportation system, this point should not be ignored.

2.1.3 The features of urban land use/transportation

The urban land use/transportation in China is characterized by mixed land use with
overdensity, bicycle-oriented transportation and extreme traffic congestion. Owing to
these features, the urban modeling and planning methods for Western cities cannot be

easily introduced into China.

Mixed land use with overdensity. Historically, the population density in China,
both in urban and rural areas, is relatively high. This is especially the case in the city
of Shanghai. In the early nineteenth century, before the Europeans arrived, the popula-
tion density in the small town of Shanghai was over 53,000 persons per square kilometer
(Schinz, 1989). At that time, Shanghai was devoted to craft industries and goods dis-

tribution, and covered an area of about four square kilometers. The arrival of European
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powers created a new city near the former small town. Factories were built. Workers
and migrants from rural areas then came to live near the factories. Consequently, from
its beginnings as a modern city, Shanghai has been characterized by mixed land use with
overdensity. For roughly one century, Shanghai was simultaneously administrated by
three or four governments that were unable to cooperate. Therefore, the urban develop-
ment of Shanghai did not benefit from a comprehensive planning for many years. In the
Huangpu district, an area of 4.18 square kilometers, appointed as the Central Business
District (CBD), the population density is 91,000 persons per square kilometer, while job
density is only 61,000 persons. This situation is commonly observed in other large cities

in China.

Significance of bicycle use in traffic mode. In contrast to North American, Euro-
pean and Japanese cities, Chinese cities are characterized by extensive bicycle movement
in urban traffic. In well-developed countries, the main means of travel are public transit
and private cars. In North America, due to low intensity of land use and advanced high-
way systems, private cars play an important role. In Europe and Japan, public transit
either predominates, or has the same importance as private cars (Newman and Kenworthy,
1989). The situation is quite different in China. Even though the economy acknowledges
a high rate of growth and individuals are getting wealthier, the use of private cars is still
restricted in China. In the early 1980s, the ratio of people using transit to those using
bicycles in urban traffic was 6 to 4. The ratio became 4. to 6 in the early 1990s. The
increasing use of bicycles is the result of road congestion and a decline in transit service
level. The increase in bicycle ownership consequently worsened road congestion. In 1990,
roughly 5.44 million people owned a bicycle in Shanghai. The average speed of transit bus
in urban areas was 13 kilometers per hoﬁr, and 8 kilometers per hour in the downtown

core (SCCTPI, 1991).

Extremely congested traffic. The overdensity of population and the backwardness
of transportation infrastructures result in highly congested urban traffic. The average
road area per capita in Shanghai is 2.4 square meters. In the inner city of Shanghai,

an area of about 93 square kilometers, the ratio of vehicle volume to road capacity on
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the major road network at peak hours has reached a high value of 0.8. On many major
roads in the area, the ratio surpasses or is close to 1. Consequently, the travel speed of
vehicles drops to an unacceptable low level of 10 kilometers per hour (SCCTPI, 1991).
The shortage of transportation supply and excessive demand has resulted in extremely

poor traffic conditions.

2.1.4 Housing and job-hunting in urban China

China has adopted a strict residence registration system called “hukow system”. The
system, formed in the mid 1950s, was aimed at controlling the floating population. Subse-
quent socialization and land communization gave the system a specific function. Through
the registration system, the state provided jobs and housing to urban citizens, and pro-
vided food to rural residents. Further to reform policies established in 1978, food was no
longer assigned by the state and rural surplus laborers could migrate to cities. In urban
areas, reform on job and housing assignment is pretty slow. Of late, the state has not been
assigning jobs to new school graduates. But for those people whose jobs were provided by
the state in previous years, the state still assigns housing, through state-run enterprises.
The latest reform encourages employees to purchase housing. These dwellings are built
with company investments, and are sold to company employees at a discount. Therefore,
it is not a virtual housing market. This difference should also be taken into account in

urban modeling.

2.1.5 Urban land use/transportation development tendency

Functions of metropolitan area will be further enhanced. To improve living con-
ditions and make full use of commercial benefits in the downtown core, it is expected that
the population density will decrease through an enlargement of the size of cities. Cer-
tain industrial and residential zones will continue to emerge in peri-urban areas. Taking
Shanghai as an example, a 350-square kilometer Pudong new district has been established
since 1990. The area is as large as the old city proper. The new district is going to be
constructed according to a land use/transportation coordination principle, which states

that land use and transportation infrastructure should be designed and developed to meet
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the needs of desired urban form and to meet requirements of each other. The district is
planned to have 200 square kilometers of urbanized area and provide housing for over 2
million people. It is expected that 1.4 million people in the inner city of Shanghai will
move to the new district. As a result, the population density in the downtown core should
decrease from 80,000 to 50,000 persons per square kilometer (SCCTPI, 1992). -

Rural urbanization will continue. Since 1987, the output of rural industries has
surpassed the output of agriculture. In peri-urban areas, such as suburban Shanghai
and Suzhou, Wuxi and Changzhou, rural industrialization proceeds very rapidly. Rural
industries are less controlled by the central government and more influenced by market
mechanism. In peri-urban areas, rural industries are located along transportation corri-
dors. To improve growth environment, local governments are investing in transportation
infrastructures. For instance, in Shanghai county, the local government has authorized
the construction of an 11-kilometer light rail transit (LRT). The line connects the city’s
subway system to Minhang, which is Shanghai’s major high industrial base. When com-
pleted, it is expected that 700,000 people will reside along the two sides of the line. Also
many rural industries will be located in the area (CRTS, 1993).

Transportation investment. Major investments will go to the transportation infras-
tructure, including expressway, subway and LRT. Transit priority policies will be seriously
considered. Recently, China has opened the transportation infrastructure to foreign in-
vestors, following build-operate-transfer (BOT) contracts. Shanghai originally planned to
build in the city proper five cross-Huangpu projects (bridge or tunnel). Recent modifica-
tions suggest an increase to seven passages. Also a passenger walk-only tunnel is under
consideration. In addition, large transportation investment projects also involve an ele-
vated expressway network including a ring road, an east-west corridor and a north-south

corridor (SCCTPI, 1992).

Because of the features of urban land use/transportation and their development ten-
dency, urban planners and transportation planners in China are facing serious issues. One

of the issues that requires much understanding is how may urban land use and freight
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transportation coordination be evaluated.

The importance of freight transportation is widely acknowledged in Shanghai, the
largest city of China. According to SCTPI (1991), freight transportation achieved an
average increase rate of 9.5 percent from 1980 to 1990. There were over 100,000 trucks
traveling on the roadway system of Shanghai in 1990. The truck ownership was increased
at an annual rate of about 10 percent from 1985 to 1990, due to rapid economic develop-
ment. Freight transportation used 28.5 percent of the roadway system in the Shanghai
metropolitan area and 25.2 percent in the city proper. Of all trucks traveling on the
Shanghai’s roadway system, 42.5 percent were running empty (SCTPI, 1991). One ma-
jor concern on freight transportation is its efficiency. For years, urban planners and
transportation planners in Shanghai have been working hard to reduce the percentage of
running empty trucks traveling on roads and to increase freight transportation efficiency,
through adjustment of urban land use distribution, i.e., population and employment den-
sities. Their effort, however, has not yet produced satisfactory result. A major reason
for this is that the planners lack efficient planning approach that may generate and ana-
lyze different urban design scenarios quickly. New urban planning approach is needed to
provide quick response, in terms of planning, to planners’ keen strategic insight, obtain
better solutions, and achieve land use and transportation coordination in rapidly growing

metropolitan areas with mixed land use, highly dense population.

The new planning approach should allow urban planners and transportation planners
to generate different urban design scenarios and evaluate them quickly so that planning
time and cost can be reduced and planning efficiency increased. The approach should be
able to estimate land use and freight transportation coordination, through adjusting land
use distribution in different scenarios, to reduce transportation cost and increase freight

transportation efficiency.

Three issues should be handled properly in this new planning approach. Firstly, the
planning approach should take into consideration both land use development costs and

transportation costs simultaneously. In other words, transportation costs should be incor-
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porated with land use development costs so that an evaluation can be done for the land
use and transportation coordination, through evaluating the total land use development

costs and transportation costs.

Secondly, the planning approach should be able to generate different urban design
scenarios quickly, from one to another. Those scenarios should meet given demographic,
economic and other restrictions. Each scenario should be evaluated by evaluating its total
land use development costs and transportation costs. The approach should start from an
initial scenario and evaluate it. The result of the evaluation will give out the direction for

an improvement. This improvement yields the next, better scenario.

Thirdly, the planning approach should use a set of easy-collecting and easy-adjusting
data as its input, otherwise it is very difficult to generate different urban design scenarios

from one to another quickly.

In the next section, we will provide an analysis and evaluation procedure that meets

this requirement.

2.2 Modeling mechanism

Urban modeling involves land use activity location, land use and transportation interac-
tion, and coordination evaluation. The following modeling method is proposed for the

specific context of urban China.

2.2.1 Urban modeling based on urban form

Every city has an urban form. Urban form involves geographic features, land use distribu-
tion, transportation supply, and land use/transportation linkage. The geographic features
include its size and shape. For example a city can be radial and have a single center. Land
use distribution reflects the location issue of urban activities, such as the proportion of
population and jobs in CBD, inner city, outer city and suburb, and the population density
and job density in these city belts. Transportation supply determines the level of traffic
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constraints, including road length per capita, number of parking spaces in CBD and the
vehicle-to-road ratio. Land use/transportation linkage includes origin-destination (O-D)
patterns, which reflect the interaction degree between traffic zones, and selection of traffic

orientation such as automobile-oriented or transit-oriented.

Newman and Kenworthy studied the urban form for 32 cities around the world. They
found that, among the descriptive indices, land use distribution, transportation supply
and land use transportation interaction are not independént from each other. Indeed,
they are strongly connected (Kenworthy and Newman, 1987; Newman and Kenworthy,
1989). A city with an extremely low density is often characterized by intensive automobile
orientation, land use distribution that has almost no concentration, and extremely poor
transit performance. These cities include Detroit and Los Angeles in the U.S.A. On the
other hand, a city with very high density is generally marked by an intense orientation
to non-automobile traffic (public transit, cycling and walking), a very strong degree of
concentration on land use distribution, and an excellent transit performance. Examples of
this are cities such as Tokyo, Hong Kong and Singapore (Newman and Kenworthy, 1989).
We found that most large cities in China are also in this category. The sole exception is

that Chinese large cities may not yet have an excellent transit system at all.

The existence of the interrelationship among urban form-items allows us to employ
the following procedure to conduct land use and transportation planning. We first select
a desired urban form. Selection of an urban form means determining a traffic
orientation, automobile or non-automobile dependent, in relation to the local
economic and demographic context. After determining the traffic orientation, the
planning procedure may be undertaken on two levels: to design a land use distribution
to match the selected urban form, and to design a transportation structure, in relation
to the level of traffic restraint of the selected urban form. If the selected urban form
is significantly or extremely oriented to non-automobile dependence, it is also needed to

design a corresponding transit system.

The design outputs should be evaluated to check land use transportation coordina-
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tion. Indicators of the evaluation include land use intensity and degree of concentration,
level of traffic restraint, and transit performance. The procedure terminates if the land
use/transportation coordination is satisfied. If unsatisfactory, a new iteration is needed

to readjust the land use distribution and transportation structure.

We refer to such a planning procedure as the urban land use transportation
coordination procedure based on urban form analysis, or in short, the urban
form planning method, by which we mean that, when people plan urban land use and

transportation, they are planning an urban form.

2.2.2 Modeling traffic flows in urban China

Traffic modeling involves the well-known four steps of trip generation, trip distribution,
modal choice and traffic assignment. We shall use aggregated data in traffic modeling
in urban China. Because we use the urban form selection method in activity location,
we can take as inputs the corresponding information of the urban form in the modeling

process.

Urban form selection. In geographical term, urban form is multiplicity of land use.
It is also reflected by the shape of a city, its population and job density, its transportation
orientation, and a combination of all above. (Giuliano, 1989). Quantitatively, selecting
an urban form means to determine the proportion and density of population and job in
different city belts, including CBD, central city, inner city, outer city and suburb. To
determine the density, we should know the surfaces of different zones. A GIS software
can be used to generate these surface data. The selected urban form provides input

information to trip generation.
Population and job density are easy-collecting and easy-adjusting. Taking these den-
sities as input data of the urban planning approach makes it possible for the approach to

generate different scenarios quickly,

Trip generation. We try to develop a simple but effective trip generation method so
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as to give a quick response, in terms of planning, to adjustment of land use distribution.

Generally, an urban area is divided into zones in traffic modeling process. Related
geographic data of zones are its surface and location. Related demographic data of zones
include population, education level, income, size of household, etc. Related economic

information of zones includes number of jobs, function of land use, total output, etc.

We select surface, population and number of jobs as basic variables in our urban
land use and transportation modeling procedure, from which population density, job
density and composite density, defined as the summation of population density and job
density, can be calculated. Traffic zones are not previously specified as industrial zones
or residential zones because of mixed land use. Instead, traffic zones are grouped by their

densities and geographic location.

The linear regression method can be employed to find features of trip generation for a
zone group. The input variables of the regression may be selected from the basic variables,
and output variables may be trip volume of residents and trucks (Mitchell and Rapkin,
1954).

Volume of trip generation is also affected by the level of economic development. We
assume in this study that for a given year, the economy in different zones of a city is
homogeneous. But the economy could be at different levels in different years. Differences
of trip generation among zones in a given year may not be caused by economy, but possibly

by the degree of population and job aggregation.

Prediction of trip generation takes as a basis the output of the base year’s regression.
It is then modified by the development level of the economy. We describe an economic
level by two aspects: socio-economic level represented by GDP and average income, and
foreign economic level represented by interprovincial and international trade. A modifier

should be found to revise the future trip generation.
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The method will be discussed in detail in Chapter 4.

Trip distribution. This process distributes zone-based trips to origin-destination
pairs, forming an O-D matrix. Again, we should use aggregated data. Possible models
are gravity model or entropy model (Mitchell and Rapkin, 1954). Detailed modeling
process will be described in Chapter 4.

Equilibrium traffic assignment.

To assign origin-destination traffic to the roadway system, we use the equilibrium
traffic assignment method. This is an iterative assignment process. The equilibrium
traffic assignment method starts to assign all traffic between an origin-destination to the
fast path that connects this origin-destination pair. This initial assignment will cause
this fast path very congested and no traffic on other paths. This "fast path” is no longer
fast with this assignment. Thus another fast path can be found, and some of the traffic
can be moved to this fast path from the previous one. The final result of the equilibrium
assignment method is an equilibrium traffic flows. Under the equilibrium status, for any
two individuals traveling between a same origin-destination pair, their general costs are
equal to each other, no matter what path they choose. This point of view coincides with
Wardrop’s User Equilibrium Principle (Wardrop, 1952), which has been widely accepted
in transportation modeling to describe the natural behavior of independent road users on

roadway system. Wardrop’s User Equilibrium Principle is described as follows.

User Equilibrium Principle: At equilibrium, no individual can reduce

his/her general cost by unilaterally changing routes.

The equilibrium traffic assignment method will be fully demonstrated in Chapter 4.

Land use and transportation coordination

To evaluate land use and transportation coordination, we should incorporate land use
development costs with transportation costs in the mathematical model that represents
the land use and transportation coordination problem. To do this, we should introduce the

so-called two-level mathematical programming model. In the upper level, urban planners
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try to appropriately locate population and jobs so as to minimize the total settlement
costs and transportation costs, while in the lower level settled road users select paths
with perceived minimal travel costs. The objective of the method is to find a solution
with the minimum total costs subject to all given restrictions.

The two-level mathematical programming model will be discussed in detail in Chapter

2.2.3 Evaluation of urban land use/freight transportation coor-
dination

Evaluation of land use/freight transportation coordination is based on the desired urban

form. Indicators for evaluation include the following:

e whether or not the desired population density and job density fits the freight trans-

portation requirements;

e whether or not the transportation service is adequate.

After evaluation, planners determine if the present land use and freight transportation
design is acceptable. If they are satisfied with the design, the land use/freight transporta-
tion coordination procedure terminates; if not, there is a need to readjust the land use
distribution, or transportation structure, or both of them. Consequently, a new design is
put forward after the modification, and a new run of analysis and evaluation on the land

use/transportation follows.

In the evaluation system, the first item (the desired population density and job density
fits the freight transportation requirements) is easier to check. We are previously given
a set of control indicators for this item. The results of the traffic assignment provide
forecasting performances for this item. A comparison between the two completes the

evaluation.

Evaluation for transportation service is relatively difficult. How much traffic delay on
the network is reasonable and acceptable? This is a difficult question. Generally, traffic
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congestion appears in CBD, the inner city, and on some busy roads in the outer city.
Traffic delay in these places may be very serious. But given a usually large outer city,
the traffic delay in the whole city could be very small. Furthermore, in places where
traffic delay appears, heavy congestion mostly happens during peak hours. While in plain
time, traffic performance could be reasonable through excellent. More study is needed for
reaching a good explanation for this issue. The problem is out of the scope of this thesis.

In this thesis, we assume that the transportation service level is previously selected.

For evaluating the efficiency of the urban system, we shall introduce the operating
cost of an urban system. The operating cost is split in two: zone development cost
and transportation cost. Transportation cost may be further divided into two parts:
construction cost of transportation system and general cost derived from traffic delay.
In the land use/transportation coordination procedure, we pursue a land use design and

transportation network design with the least total operating cost.

Figure 2.1 shows the flowchart of the urban land use/freight transportation coordina-

tion procedure.
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2.3 Chapter summary

In this chapter, we first described and analyzed the features of economic development and
urban land use transportation system in China. These features greatly affect our modeling
procedure. They also determine what methods we can employ in the modeling process.
Secondly, a modeling procedure for urban land use and transportation was described.

Modeling methods as well as mechanism were also discussed.

We mentioned that there are three issues that should be handled properly in the new
planning approach. 1) Both land use development and transportation costs are taken
into consideration simultaneously for reaching a coordination. A total settlement and
transportation costs is used to evaluate a scenario, together with the problem being treated
as a competitive two-level game: urban planner playing at the upper level and road users
playing at the lower level. 2) The planning approach is able to generate different urban
design scenarios quickly, from one to another. The approach generates a scenario and
evaluates it. The result of the evaluation will give out the direction for an improvement.
This improvement yields one better scenario. And 3) Population and employment density
is used in the land use and transportation model. The data is easy-collecting and easy-

adjusting.



Chapter 3

Literature Review

In this chapter, we provide a brief review of urban land use and transportation modeling.

Both practices and theories as to urban modeling and planning are covered.

3.1 Introductory Overview

For over four decades, urban modeling has been attracting various theoretical researchers
and planning practitioners in geography and urban and regional planning. A great number
of research papers have been published, and productive results are achieved in this field
(see, for example, Lowry, 1968; Wilson, 1970; Batty, 1976; Boyce, 1984; Erlander and
Stewart, 1990).

Chronologically, the history of urban modeling and planning can be roughly divided
into four periods.

In the late 1940s and 1950s, major research works of urban modeling addressed the
issue of transportation planning. The purpose and content of transportation planning
were aimed at easing those obvious inefficiencies of transportation systems — congestion,
delay and accidents — producing proposals for capital investment and construction in
existing transportation facilities, and improving the operating conditions for present or
future flow movement. This planning approach remained unchanged until 1954 with the
work of Mitchell and Rapkin (1954), in which they demonstrated that urban traffic is a
function of land use. This means that people involved in transportation planning should

simultaneously consider land use factors. Following this principle, transportation planning

25



26 CHAPTER 3. LITERATURE REVIEW

was successful in the 1950s. The planning process includes four steps: trip generation,

trip distribution, modal choice and traffic assignment.

The 1960s is the second period of urban modeling, which focused on land use planning.
Two major factors stimulated the development and practice of land use planning in that
decade. The first is the success of transportation planning in the 1950s. The second is that
by that time researchers had established some land use models, mainly concerned with the
location of economic activity. These include Isard, who studied space economy location
(Isard, 1956); Wingo, who dealt with the intra-urban location case (Wingo, 1961); and
Alonso, who developed an economic theory for urban land market (Alonso, 1960). These
works, together with others, prepared a concrete basis for the first generation of urban
models in the early 1960s (Batty, 1976).

The 1970s and 1980s is the third period during which urban modeling methods became
well developed. In this period, some new models, spatial interaction models, with the
pioneering contributions of Wilson (1970) and Erlander (1980) in applying the concept
of entropy and energy, were developed and applied to urban modeling. Researches and
practices show that this is a successful direction to formulate the location and distribution
of urban activities (see, for instance, Wilson, 1970; Erlander, 1980; Nijkamp and Reggiani,
1988; Prastacos, 1986; Erlander and Stewart, 1990).

The fourth period began in the late of 1980s. The main subjects of urban modeling
and planning during that period are environment and development of Asian countries.
Environment is now very close to the top of the political agenda in many countries (TRB
1991). The following question has gained widespread attention: Can cities be planned so
as to be more energy-efficient? Because the current status of ‘disurbanization’ in many
North American cities has been proven to waste energy and land, city planners around the
world are seeking an urban form which is more energy-efficient. A movement toward reur-
banization has already been occurring. Besides, many Asian countries are experiencing a
rapid urbanization process. People are also confronted with the conflict of incompatible
land uses and environment pollution (McGee, 1991). Developing new theories and new

methodologies for handling these new problems has thus become essential.

Looking back at the history of urban modeling and planning, techniques and practices
were first developed in North America (Batty, 1976). The urban modeling techniques
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were also applied in Europe in the 1970s (Freeman et al, 1968; Solesbury and Townsend,
1970; Wegener, 1982; Bertuglia , 1980; etc.). However, successful urban planning is still
rarely seen in less developed countries. Because of different cultural and demographic
background, urban models developed in North America and Europe cannot directly be
applied to those cities (such as cities in Asia). Present methods should be modified to fit
changing issues.

In the next section, we will briefly review the methods and practices of urban modeling.

Comparisons and comments for those models will also be provided.

3.2 Urban Modeling: methods and practices

3.2.1 Classic transportation planning techniques

The main objective of transportation planning is to ease traffic congestion, delays and
accidents. But a method that only considers congestion, delays and accidents is certainly
not one that may be used to solve transportation problems, because traffic is a function
of land use, and transportation systems may be greatly affected by land use.

A major achievement in the area of transportation studies was made in 1954 by
Mitchell and Rapkin (1954). Following an analysis of traffic and land use data, they found
that different types of land use generate different and variable traffic flows. Through an
understanding of the relationships between land use and transportation, a transportation
planning process should be based on a fundamental assumption: traffic demands are di-
rectly related to the distribution and intensity of land use. Based on this assumption, a
classic traffic planning method was developed in the 1950s. It includes four steps: trip

generation, trip distribution, modal choice and traffic assignment.
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Trip generation
Four basic techniques can be used to forecast future levels of trip generation: two are

land-use based and two are economy based.

o Multiple linear regression analysis. It is a statistic and econometric prediction tech-
nique, easily understood and applied. Practices have shown that on a short term,
a satisfactory prediction may be achieved through this method. Disadvantages in-
clude the difficulty in determining coefficients and an assumption that coeflicients

determined today will still be valid in the future.

e Category analysis. This prediction method is based on the assumption that trip
generation rates exhibited today by different categories will hold good in the future.
The number of categories may be very large, because a smaller number of categories

may not summarize all situations.

o Economic-base theory. This urban land use model mostly deals with the generation
of urban activities and forecast of population in residential zones and employees
in different employment sectors: basic sector of industry and non-basic sector of

service.

According to this theory, the growth of an urban (regional) system is directly re-
lated to the change of basic sector in the system. This implies that population
and employees in non-basic sector are dependent on the state of the basic sector’s
development. This model is easy to understand and apply. But the prediction is on
the macro level. It cannot provide a detailed forecast for variable zones in a studied

area.

e Input-output models. Generally speaking, an economy may be divided into N dif-
ferent sectors. The product of one sector may be the final output of the studied
urban system, and may also be an intermediate input of other sectors of the system.
The outputs and inputs of these sectors are subjected to some constraints, usu-
ally expressed by a matrix. By the connection of the relationships one can predict
demands for different goods and services. Because labourers are a kind of special

goods, this may also be forecast. Population is a function of employment. This
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method has the same disadvantage as the economic-base theory. It is usually used

to make a macro prediction.

Trip distribution
Various methods are aimed at solving the trip distribution problem, the main ones
being growth factor method, gravity models, opportunities models and multiple linear

regression models.

¢ Growth factor methods have been well used to distribute trips between zones. They
are reliable for a short-term prediction in an area with little or no changes in land
use patterns. For a long-term prediction or prediction for a fast changing area, this

method is not readily applied.

e Gravity models have a long history of application. We have seen that most planning
practices in the 1960s in North America used gravity models. Following a Newtonian
analogy, gravity models assume that the amount of interaction between two masses 7
and j, T;;, is proportional to the total of interaction flows leaving zone 1 (production),
proportional to the total interaction flows terminating at zone j (attraction), and
inversely proportional to some function of distance between 1 and 7. With different
constraints, gravity models have different forms ranging from fully constrained case,
fully unconstrained case, production-constrained case, attraction-constrained case,

and partly constrained case.

¢ The opportunities models are more sophisticated and complex than the gravity
model. There are two basic opportunities methods of distributing future trips: the
intervening opportunities method and the competing opportunities method. Both

methods use the theory of probability as their theoretical foundation.

e Multiple linear regression models may also be used in trip distribution. Their ad-

vantages and drawbacks have been discussed above.

Modal choice
Predicting modal choice pattern in the four steps of the transportation planning pro-

cess is very difficult, because too many uncertainties affect the modal choice pattern.
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People choose their travel mode for many reasons, such as travel time, cost, convenience
and comfort. Generally, there are two classes of modal choice models: trip end modal

choice models and trip interchange modal choice models.

e Trip end models allocate a portion of the total travel demand to the different modes
available before trip distribution. This allocation is usually achieved by multiple

linear regression techniques.

e Trip interchange models allocate portions of given trip movements resulting from
trip distribution to transport modes. The techniques associated with the models

include gravity model, multiple regression method, and factor analysis.

Traffic assignment
Traffic volumes on the network are a very important factor in evaluating a planning
scenario in urban traffic planning. Various techniques could be used to design a traffic

assignment approach.

o All-or-nothing assignment methods suggest that traffic between zones always takes
the shortest paths from zone to zone. Therefore, all traffic volumes for an O-D pair
are assigned to this shortest path but nothing to the other paths connecting the

pair. This method is usually used to create desired traffic lines.

o The minimum cost flow assignment method extends the shortest path method. By
assuming that traffic for an O-D pair does not completely take the shortest path,
because of the existence of capacity constraint on roads. Traffic should then be

assigned to different paths by a minimal total travel cost.

¢ The multiple path assignment method applies concepts of the Probability Theory
to the minimum cost flow assignment method. Trips are assigned to paths by
probabilities, with a larger probability to a shorter path and a smaller one to a

longer path.

Summing up the methods used in traffic planning in 1950s, the multiple regression

and growth factor methods played central roles in trip generation, trip distribution and
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modal choice. These two simple prediction methods are still in effect today. However,
the economic-base theory seems to be out of date, because the theory’s assumption,
which considered industry as a basic sector and service as an industry-dependent sector,
is no longer correct today. Comparing to other methods, gravity models are excellent
for formulating trip distribution. But the models did not possess a strong theoretical
base until Wilson developed the entropy theory in the late 1960s (Wilson, 1967). Traffic
assignment basically is a network problem. Shortest paths, multiple paths and minimum
cost flow are essential in network optimization. But no travel delay and dynamic change
of traffic flows can be handled in these models. Last but not least, though the classic
4-step traffic planning process introduced land use factors into traffic planning, it only
treated these factors in a static way. It did not consider mutual impacts of land use and
transportation on each other, and did not consider feedbacks from one to another. Yet

these impacts and feedbacks do exist.

3.2.2 Land use models in the 1960s

The first generation of urban models specified by Batty(1976) and developed in the late
1950s and 1960s, may be completely characterized with its practical feature. It may also
be summarized as a separate, non-feedback land use and transportation planning method.

The techniques involved in these models included linear regression, non-linear regres-
sion models, linear statistic method, gravity models, mathematical programming and
hybrid approaches. Table 3.1 lists 14 urban modeling projects in the U.S.A. during the
1960s.

Lowry’s model was a great contribution to land use planning in the 1960s. For the
first time, the model used the economic-base theory to locate population and employment
to zones in a studied area. Gravity models were used to distribute trips between zones,
then these trips were assigned to the network and evaluation followed the assignment and
checked feasibility of solutions. This process is still valid today in urban land use and
transportation planning.

Several review articles summed up this period of urban modeling. Among these, Lowry
(1968) and Harris (1968) introduced the models as a new quantitative planning method,

whereas Lee (1973) pointed out some negative impacts of these practices.
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Table 3.1: Urban Modeling Practice in the USA in the 1960s

Model provider Applied to the city | Technique adopted
Hansen 1959 Washington D.C. | G
Herbert and Stevens 1960 Penn Jersey MP
Chapin and Weiss 1962 Greensborough LST
Crecine 1964 Pittsburgh G
Lakshmanan 1964 Baltimore LST
Lowry 1964 Pittsburgh G

Hill 1965 Boston LSE
Lathrop and Hamburg 1965 | New York State G
Robinson et al 1965 San Francisco Hybrid
Schlager 1965, 1966 S E Wisconsin MP, O
Lakshmanan 1968 Connecticut LST
Wendt et al 1968 Bay Area Hybrid
Goldner 1968 Bay Area G
Seidman 1969 Penn Jersey NLST

MP: Mathematical Programming
LST: Linear Statistical Technique

G: Gravitation
O: Optimization

NLST: Non-Linear Statistical Technique

Indeed we should say that these early practices were not as successful as expected
because a lot of them cannot be used effectively owing to various reasons. For external
factors, lack of time and money and change of priorities made the practical process some-
what difficult. On the other hand, the quality of these models also limited their successful
application. Considering everything being related to urban development, these practices
showed excessive ambition to model and solve urban problems (Lee, 1973 and Putman,
1983).

Nevertheless, these endeavors were very valuable because much about urban land use
and transport planning was learned through these applications. Firstly, people learned
that putting everything related to urban development into an urban model is not realiz-
able. In other words, no existing urban model can handle all land use and transportation

factors. Secondly, the principles of the planning process, such as Lowry’s model, worked
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well. But modifications are needed if the models are to manipulate changing status.
Thirdly, a feedback process is required to achieve a balance between land use develop-

ment and transportation development.

3.2.3 Spatial interaction and optimization planning: 1970s and
1980s

In the 1970s and 1980s, researchers and planners developed several new theories and
methods in urban modeling and urban land use and transportation planning. Signifi-
cant progress includes the introduction of entropy and spatial interaction analysis into
traffic forecasting, and the development of optimization formulations for land use and

transportation coordination.

Entropy and spatial interaction

The theory of maximal entropy originates from the Information Theory, a mathemati-
cal theory of telecommunication (Shannon, 1948; Jaynes, 1957). Wilson did pioneer work
by introducing this statistical analysis method into spatial interaction modeling, and he
developed a widely-used entropy maximizing gravity model (Wilson, 1967; 1970).

The entropy theory on spatial interaction is based on the assumption of individual
choice behavior. The assumption states that all individuals (land users, transport mode
users, or road users) have an equal probability to make a specific choice for a space of
functioning land use, or traffic mode, or path of a trip (Wilson, 1970). Under this assump-
tion, the spatial interaction system will tend to a balance by achieving the maximum of
the entropy of individual choices.

The individual choice assumption, also known as discrete choice theory, is widely
applicable to spatial interaction systems, such as residence location, employment location,
modal choice, trip distribution, intermodal transfer, etc. The entropy theory provides a
powerful tool for spatial interaction modeling. There are hundreds of papers involving

entropy and spatial interaction. Table 3.2 lists selected papers on the topic.

Traffic planning and optimization

Traffic planning techniques improved a great deal in the 1970s and 1980s. We have
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Table 3.2: Selected Papers on Entropy and Spatial Interaction: 1970s and 80s

Author(s) Category | Author(s) Category
Beckmann and Golob 1972 | DF Smith 1983 GT
Batty and Machie 1972 GT Slater 1973 GT
Erlander 1977 TD Slater 1989 GT
Erlander 1980 TD Florian and Los 1979 TD
Erlander 1981 TD Florian and Los 1980 TD
Erlander 1982 TD Los 1979a TD
Erlander 1985 TD Charnes et al 1972 MC
Erlander and Stewart 1990 | GT, RE | Hansen 1974 DF, TD
Coelho and Wilson 1977 DF, OP | Dinkal et al 1977 DF, OP
Webber 1975 GT Nijkamp 1975 RE
Webber 1976 GT Ben-Akiva and Lerman 1985 | DF, RE
Webber 1979 GT Anas 1983 GT
Smith 1978a GT Fisk 1985 GT
Smith 1978b GT Bennet et al 1985 RE
Jefferson and Scott 1979 GT Senior and Wilson 1974 DF, OP
Wilson 1967 GT Wilson 1970 GT
Wilson 1974 GT

DF: Demand Forecasting RE: Review

GT: General Theory MC: Modal Choice

TD: Trip Distribution

seen that the entropy theory is a powerful tool for modeling traffic demand, trip distri-
bution and modal choice. Progress was also achieved in traffic assignment and traffic
optimization. Table 3.3 lists selected papers on advanced traffic planning and optimiza-

tiomn.

The equilibrium assignment method was first used in the early 1970s to replace the
all-or-nothing method and the multiple path assignment method (LeBlanc et al, 1975 and
Florian and Ngyuen, 1976). It has been observed that people always select a path which
mostly benefits them for traveling. This is the so-called user optimal principle (Wardrop,
1952). The user optimal principle, associated with the individual choice assumption,

leads road traffic to an equilibrium status. At the equilibrium, every path used by road
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users of an O-D pair is of the same travel cost. The equilibrium assignment model has a

considerably complex mathematical formulation, and produces more reliable solutions.

The most recent research on traffic assignment suggests a dynamic assignment model.
Traffic movement is a dynamic process. Because a road network may be very large, the

dynamic assignment problem is very complicated.

To optimize a land use/transportation system, Koopmans and Beckmann (1957) pro-
posed a model known as Quadratic Assignment Problem, QAP for short, to formulate
a facility location problem. Afterwards, the QAP model was widely applied to many
problems, such as hospital layout and university campus layout. Based on the QAP for-
mulation, Los (1979) developed a discrete-convex programming model for land use and

transportation interaction.

Another important point worth mentioning in this period is that more and more op-
timization models were used in the practice of land use and transportation (Robert and
Schneider, 1987). With the development of computer science, optimization methods are
gradually outperforming traditional quantitative methods in land use and transportation
modeling. It is believed that the next generation of land use location and transporta-
tion models will most probably emerge from mathematical programming formulations

(Putman, 1987).
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Table 3.3: Selected Papers on Traffic Planning and Optimization: 1970s and 80s

Author(s) Category | Author(s) Category
LeBlanc et al 1975 EQ, TP | Black and Blunden 1977 op
Fisk and Ngyuen 1982 EQ Coelho and Wilson 1977 OP
Fisk and Boyce 1983 EQ Dinkal et al 1977 OoP
Fisk 1984 EQ Evans 1973 OP, TP
Boyce 1984 EQ Los 1979 OP
Dafermos 1980, 1982 EQ Lundquist 1973 QP, PP
Eash et al 1979 EQ Openshaw 1977 OP
Fernandes and Friesz 1983 | EQ Senior and Wilson 1974 opP
Friesz et al 1983 EQ Wilson et al 1981 GT, OP
Ngyuen 1976 EQ Brotchie 1969 OP, PP
Sheffi and Daganzo 1980 EQ | Sharp and Brotchie 1972 O PP
Smith 1979 EQ Brotchie 1980 OP, PP
Abdulaal and LeBlanc 1979 | EQ Sharp et al 1974 OF, PP
Boyce and Jonson 1980 EQ Prastacos 1986 OP, PP
Erlander 1977 TP, OP | Robert and Schneider 1987 | OP, PP
Erlander 1982 TP Putman 1987 OP, GT
Florian and Ngyuen 1976 TP Mackett 1980 (0)
Florian et al 1975 JE N Allen et al 1981 op
Florian and Spiess 1983 TP, EQ | Charnes et al 1977 op

Los 1979 TP Tomlin 1971 TP

EQ: Equilibrium TP: Traffic Planning

GT: General Theory PP: Planning Practice

OP: Optimization

3.2.4 Methodological research in urban modeling

The improvement of methodology in the 1990s is extremely interesting. New methods,
new theories and new models should be developed to meet emerging needs. Mathematical
programming methods have been widely used to solve the combined location-distribution-
assignment problem and other integrated land use and transportation problems (de la
Barra, 1989; Kim, 1989; and Putman, 1991). Mathematical programming methods are

important and efficient in this field. A new trend in urban modeling consists in combining
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multiple techniques and theories to form new approaches.

To help form a framework for hybrid methods, the Geographic Information System
(GIS) and expert systems are playing an increasing role. Both the GIS and expert system

are new techniques developed in the 1980s.

A Geographic Information System is a computerized database management system
for the capture, storage, retrieval, analysis, and display of spatial data (Simkowitz, 1989).
The GIS has the capability to capture, store, manipulate analyze, display and output
spatial information, statistical result and specified attributes. The main output of a GIS
system is some thematic maps. Information contained in the map database is normally

geographically referenced using a map projection.

Geographic Information Systems have been successfully applied to resource man-
agement, environment surveillance, territory planning and regional planning (TYDAC,
1988). It is also used as an important technology for transportation planning and land
use/transportation interaction analysis (Simkowitz, 1989; Nyerges and Dueker, 1988; and
Xu, 1993). With GIS, we can gather, manipulate and transform useful land use and
transportation information in a more accurate and efficient way. As an example, GIS
software can be used to calculate surfaces of zones (Xu, 1993), and the zone surfaces in
turn are used to generate population and employment densities. The densities can be

used as basic input variables in land use and freight transportation coordination models.

One of advantages of taking densities as input variables in urban planning models is
that it allows a computer aided planning system to generate, evaluate and adjust planning

scenarios in a relatively easy and efficient way.

An expert system is a computer program capable of performing analytical reasoning
in a restricted knowledge domain able to perform tasks that are usually undertaken by an
expert (Peterson, 1989). With an expert system, we can combine quantitative methods

and qualitative approaches to analyze, synthesize and compare a variety of scenarios in a
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planning process.

For many years, computer programs have been widely used to generate origin-destination
trips and to assign trips to road network. In the rest of this section, we describe a method
that can be used to generate and compare a variety of design scenarios, and to achieve

land use and transportation coordination to curtain extent.

The traffic volumes are most-wanted output in land use planning and transportation
planning. The traffic volume is an important factor in evaluating a planning scenario. To
get traffic volumes, a traffic assignment approach is needed to assign origin-destination
trips onto the road network. Various techniques can be used to design a traflic assignment
approach, including all-or-nothing assignment, minimum cost flow assignment, multiple

path assignment and equilibrium assignment method (Batty, 1976; Putman, 1991).

All-or-nothing assignment method suggests that trips from an original zone to a des-
tination zone always take the shortest path from the origin to destination. Therefore all
trips are assigned to the shortest path connecting the origin and destination, nothing to

the other paths connecting the zones.

Minimum-cost-flow assignment method makes an improvement to the shortest path
assignment. It assumes that the trips from one zone to another do not completely go on
the shortest path, because of existence of capacity constraint on road segments. The trips
are then assigned to curtain different paths connecting the origin and destination by a

minimal travel costs.

Multiple path assignment is a method that adjusts the minimum-cost-flow assignment
with weighting techniques. Trips are assigned to paths by weights. A shorter path receives
a larger weight and longer path smaller weight (Wang, 1993).

When people travel from one place to another they always take a path that most

benefits them. This is the so-called user optimal principle (Wardrop, 1952). The most
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beneficial path may not always be the shortest in distance, because path travel time is
proportional to traffic volume on that path. The path travel time increases as traffic
volume does. Road users observe and compare road traffic conditions, and select paths
that are fastest in time. Each individual follows this process. The accumulation of
these selections, as a whole, reaches an equilibrium status on the road network. At this
equilibrium status, every path that connects a same origin and destination, has a same
travel time. The equilibrium assignment method is a smart method that assigns origin-

destination trips to road network to achieve this equilibrium status (Florian and Nguyen
1976; Wu, 1987; Zhang et al, 1993; and Lu, 1993).

The traffic equilibrium status is related to both a given road network and a fixed
origin-destination trip distribution. For a given road network, the traffic equilibrium
status varies as the origin-destination trip distribution is changed. On the other hand, for
a fixed origin-destination trip distribution, the traffic equilibrium status varies as the road
network is adjusted. In other words, when land use distribution is adjusted, or population
and employment densities are adjusted, or the road network is changed, then the traffic
equilibrium status varies too. This observation is the basis for us to seek a land use and

transportation coordination through adjustment of population and employment densities.

To do this, we need a new model called two-level mathematical programming model.
The two-level mathematical programming problem is an optimization problem with a spe-
cial constraint function, which is implicitly determined by another optimization problem
(Chen, 1994). It is also a mathematical model for two-person, nonzero-sum games with
perfect information and specified play order. In the case of urban land use and trans-
portation coordination, we have two players in this game: urban planners against road
users. In the upper level, the urban planners try to select zone population and employ-
ment densities and road capacities to minimize total settlement and transportation costs;
while in the lower level, road users select travel routes to minimize their perceived trip
costs. The game is nonzero-sum because it is not true that one’s loss must turn out the
other’s gain, and vice versa. For instance, a bad population and employment distribution

could cause road users to spend more time for their home-work trips, while at the same
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time the total settlement and transportation costs are higher too.

This new urban design and planning approach is to combine elements of GIS and ideas
of traffic equilibrium assignment and bi-level programming model to provide understand-

ing and help building scenarios on land use and freight transportation coordination.



Chapter 4

An Urban Land Use and

Transportation Coordination Model

In this chapter, we describe our land use and transportation modeling process. The
Jand use modeling process includes an activity location based on urban form selection
and a population and job distribution based on demand-supply coordination. The trans-
portation modeling process consists of a trip generation by multiple regression, a trip
distribution, and a traffic equilibrium assignment. A model for simultaneously consider-
ing the land use development and the transportation development will also be addressed

in this chapter.

The remainder of this chapter is organized as follows. Section 4.1 discusses urban
form-based activity location. The definition of urban form is given and descriptions of
urban form are provided. Section 4.2 introduces the Land Use Design Problem (LUDP)
which aims at locating population and jobs in a way that minimizes transportation and
settlement costs. Trip generation is the topic of Section 4.3. A method that uses urban
form data and economic development information to predict trip production and attrac-
tion is addressed in the section. Section 4.4 deals with the trip distribution problem. We

shall use gravity model to solve the problem.

41
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4.1 Urban form-based activity location

4.1.1 Definition of urban form

Urban form involves geographic features, land use distribution, transportation structure,
and land use/transportation linkage. Geographically, each city has visible features. For
example, a city is medium-sized and monocentral, or large-sized and multicentral. Land
use distribution can be subitemized as land use intensity and degree of concentration,
for example, a city with high density and highlighted CBD. Transportation structure is
characterized by traffic restraints and traffic orientation, such as average road area per
capita, parking spaces in the CBD, and vehicle-road-length rate. Land use/transportation
linkage reflects the interaction degree of land use and transportation, usually expressed

by origin-destination (O-D) trip distribution matrices.

Research conducted by Newman and Kenworthy (K.enworthy and Newman, 1987; New-
man and Kenworthy, 1989) has shown that strong interrelationships exist among urban
factors. To analyze these interrelationships, they created a level system for the urban fac-
tors, except for the geographic features. There are five levels: extremely low, low, medium,
high, very high. Newman and Kenworthy found that, in modern society, a city with an
extremely low land use intensity and degree of concentration always has very low traffic
restraints and intensive automobile orientation and, further, an extremely poor transit
system and very high gasoline use. In contrast, a city that is organized with a very high
density and very strong degree of concentration must relate to strong traffic restraints and
intensive non-auto modes — public transit, cycling, or walking (Newman and Kenworthy,

1989). Our own field study in Shanghai also proves that these interrelationships exist.

We select one urban factor, namely urban population and job density, from among
the above-mentioned urban factors, to describe the urban form quantitatively. We can do
it in this way because the existence of interrelationships among these factors. Therefore,
selecting an urban form is to choose for each traffic zone a lower and upper bound for

population density and job density.
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Table 4.1: Urban Form: Selections of Traffic Orientation and Descriptions

Land Use Description Transportation Description
Transportation Land use Degree of Level of Transit
Orientation intensity  concentration | traffic restraint performance
intensely extremely  almost none very extremely
auto-oriented low density unrestrained  poor throughout
predominantly low density some lightly some good but
auto-oriented restrained weak overall
balanced auto and | medium centralized moderate to some excellent
non-auto modes density average transit but good overall
substantially high strong significantly uniformly
non-auto oriented density restrained very good
intensely very high very highly excellent
non-auto oriented density strong restrained throughout

Source: Newman and Kenworthy (1989).

Quantitatively, we define urban form as land use intensity and degree of concentra-
tion. Land use intensity includes population density and job density in different city belts
(CBD, city core, inner city, outer city and suburb). Degree of concentration is repre-
sented by proportion of population and jobs distributed in these city belts. Through this

quantitative definition, we may use land use attributes to describe urban form.

4.1.2 Urban form-based activity location

The first step in our land use modeling process is selecting urban form. Selecting an
urban form means to determine a desired traffic orientation in accordance with the levels
listed in Table 4.1. Once an urban form has been chosen for a city, some control restraints

associated with the urban form should be set up accordingly.
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On the land use side, the size of the city, division of the city belts as well as traffic
(or economic) zones should be given. On the demographic side, size of population and
jobs in the metropolitan area should be given; and upper bounds and lower bounds for

population and job density in different city belts are required.

On the transportation side, we need to embed a road network into the area, de-
termining its topological structure and link parameters. If population and employment
distribution are predetermined, finding the network may be described as a Network De-
sign Problem, which is a well-studied optimization problem (see, for example, Dantzig et
al, 1979; Abdulaal and LeBlanc, 1979; Marcotte, 1983; LeBlanc and Boyce, 1986; and
Marcotte, 1986; among others).

We now briefly discuss the issue of employment structure in an urban area. Jobs in
zones are further divided into jobs in industry and jobs in service. Theoretically, jobs
could be further subitemized (see, for example, Blunden and Black (1984) among others).
But for our purpose to develop a macroscopic land use and transportation model, we think
the division of two different classes of jobs is appropriate, not only for the possibility of

collecting data, but also for our objective to develop a strategic planning method.

We then have four basic variables associated with a zone: surface, population, jobs in
industry and jobs in service, with which three fundamental densities may be calculated.
They are population density, industrial job density and service job density. Assuming that
the surfaces of zones are previously given, we need to assign people and jobs to zones.
What our urban-form-based activity location method is concerned with is that people and
jobs should be distributed into zones to make a desired urban form which, as shown in

the last section, is determined by population density and job densities on land use aspect.
Therefore we use the following sentences to describe an urban form selection.

Given a metropolitan area which is divided into M smaller traffic zones, selecting an

urban form on land use side is to set, for each zone, a lower bound and an upper bound
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for population density, industrial job density and service job density respectively.

Once an urban form is selected, land use activities are located into traffic zones, subject
to density restraints and candidate restraints. The consequence of the location process
is a distribution of population and jobs in traffic zones, the latter being used as basic

variables in our land use transportation coordination procedure.

4.2 Land Use Design Problem

Parallel to the transportation network design problem, we 'ma,y define a Land Use Design
Problem. The problem could be briefly stated as follows: For a metropolitan area with
pre-divided zones and a given fixed road network, assign population and jobs into zones

to mostly fit the network in the sense of minimizing transportation and settlement costs.

4.2.1 The problem
When an urban form is selected, we should have the following information:
e a metropolitan area which is predivided into M traffic (or economic) zones;
o a fixed road network in the metropolitan area;
o the total (desired or designed) population R in the area;
o the total (desired or designed) industrial jobs, Ey, in the area;
e the total (desired or designed) service jobs, E3, in the area;

e a lower bound and an upper bound for population density associated with each

zone;

e a lower bound and an upper bound for industrial job density associated with each

zone; and

e a lower bound and an upper bound for service job density associated with each zone.
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The Land Use Design Problem (LUDP) consists in optimally balancing the transporta-
tion, investment and maintenance costs of a metropolitan area with a fixed road network
subject to congestion, where users behave according to Wardrop’s user-optimum principle
(Wardrop, 1952). The problem may be stated as: assign R residents, E; industrial jobs
and E, service jobs to M zones, to minimize the total settlement costs plus transportation
costs, subject to population density and job density constraints, as well as user optimum

constraints.

Los (1979) studied another version of land use design model. In Los (1979), the
problem was defined as to assign M discrete activities to M discrete locations, such that
each activity is located in one and only one place, so as to minimize an objective function
which represents a tradeoff between site costs and transportation costs. Los formulated
the problem basically as a quadratic assignment problem of the Koopmans-Beckmann

type (Koopmans and Beckmann, 1957), and user equilibrium was not involved.

There are three major differences between Los’ land use design model and ours. Firstly,
Los distinguished land use into different types such as residence, industry and commerce,
while we use a density triplet (population density, industrial job density, and service job
density) to implicitly describe the land use function of a zone. Secondly, the decision
variables in Los’ are discrete while they are continuous in ours. Thirdly, we introduce the

user-optimum constraints to our land use design model.

Asakura and Sasaki (1986) suggested an optimal land use design model with traffic
congestion. This model is a two-level optimization problem: an upper-level problem and
a lower-level problem. In the upper-level problem, urban planners allocate a list of land
use activities into zones so that the sum of the total development costs of land use and
total transportation costs are minimized. In the lower-level problem, urban citizens seek
their residence and select their trip routes to minimize their transportation costs. There

was no detailed analysis on subproblems of the model. No solution method was provided.
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In the LUDP, settlement costs may include capital investment and running costs of
building and operating zones with desired population and job densities. Transportation
costs could be measured by link (or path) travel time, or other generalized traffic costs,

but it should be carefully transferred to capital cost, to be comparable to settlement costs.

Six bounds shall be attached to each zone in the studied area in the LUDP: a lower
bound and an upper bound for population density, industrial job density and service job
density respectively. Notice that the bounds may be different from one zone to the next.
Throughout this thesis, we always assume that for each of three densities, the upper
bound is larger than or equal to its lower bound, which should be non-negative. With
this assumption we can deal with different planning situations: designing a totally new

area or reshaping one that is already built.

Under the density constraints, virtual densities of population and jobs are variable,
and so are O-D matrices. Therefore, the result of traffic assignment is also changeable

accordingly although the road network is fixed.

The term of user-equilibrium, or user-optimum, was first provided by Wardrop (1952).
The early studies on the user-equilibrium were limited to the case of single mode traf-
fic (Beckmann et al, 1956; Florian et al, 1975; Evans, 1976). It was Dafermos who first
introduced multiple modes with interdependent costs into the user-equilibrium trip assign-
ment problem (Dafermos, 1971 and 1972). The multimodal equilibrium will be discussed

in Section 4.5.

4.2.2 Mathematical formulation

A road network is composed of nodes and links. There are two different types of nodes,
intersections and centroids. The centroids are used to represent zones. Throughout this
thesis, the subscript a represents a link of the road network, p a path, ¢ a zone in the

studied area, and k represents an O-D pair.

We use the following notations.
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N set of nodes, including centroids and intersections;

I: set of centroids representing zones, I C N;

A:  set of directed links;

A;: surface of zone i, A = (A;,t € I);

z;: population density of zone i, z = (2,1 € I);

y;:  industrial job density of zone %, y = (yi,% € B

z;:  service job density of zone i, z = (zi,¢ € I);

z; and Z;:  lower and upper bound for population density of zone ¢;
y, and g lower and upper bound for industrial job density of zone ;
z; and %:  lower and upper bound for service job density of zone 1;
ug:  capacity of link a, u = (uq,a € A);

v.: total flow on link a;

v = (v,,a € A): total flow vector;

Jk: trip demand of O-D pair k from origin ¢ € I to destination j € I, that is

k= (i7).
In the land use design problem, we first require a set of population and job balance
ATz =R, ATy=E, ATz=E,, (4.1)

where R is the total population, E; is the total industrial jobs and E, is the total service
jobs as defined in Subsection 4.2.1. We also impose the following coordination constraints

for population density and job densities,

li(z,y,2) >0, Viel, (4.2)
and a set of boundary constraints

z<z<% y<y<f, 25252 (4.3)

The constraints (4.1) and (4.3) are self-explanatory. The reason for setting constraints
(4.2) is that according to economic base theory, the population and the number of jobs,

in a city as well as in zones, should have a basic relationship to maintain quality of life
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(for instance, the number of service jobs should be around 0.12 times the population, see
Lowry, 1964 or Batty, 1976, among others). In most practical cases, we may make the

following assumption to coordination constraints.

Assumption 4.1 [;(z,y, z) is linear and zone-separable, that is
Li(z,y,2) = aig; + biys + cizi + ds,

Under assumption 4.1, (4.1) through (4.3) is a linear system of equations and inequal-

ities. We need for the system a further but rational assumption.

Assumption 4.2 The linear system consisting of (4.1) through (4.3) has at least one

solution.

Let ® denote the set of all solutions of the system (4.1) through (4.3). Under Assump-

tion 4.2, ® is non-empty and convex.

Let O; be the trip production of zone i, and D; the trip attraction of zone j. Denote by
O and D the production vector and attraction vector. Assume that both trip production

and attraction are linear functions of densities, that is
0 = O(z,y,2), D= D(x,y,z) (4.4)
where both O(z,y,2) and D(z,y, z) are vector-valued linear functions.

We may use a gravity model to determine the amount of trips traveling between O-D

pair k = 1 (see Wilson, 1967; Evans, 1970, among others),
ge = 1:;0:D; f(di;), Vk € K (4.5)

where n;; = 7:;(O0, D) is a function of O and D, d;; is the distance between 1 and 7, f(di;)

is travel impedance between i and 7, and K is the set of all O-D pairs.
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The origin-destination demands, gx,k € K, should be assigned to directed paths
between O-D pair k. We use P, to denote the set of paths connecting O-D pair k and let

P =Uk€KPk'

In any traffic assignment, the flows on path p, h,, satisfy the following conservation

and non-negativity constraints

S by =g Ve € K (4.6)
PEP
by 0,¥p & P

Let A = (h,,p € P) be a multicommodity path flow vector. When h satisfies (4.6), h
is said to be feasible to the LUDP. Denote, by ((g), the set of all feasible multicommodity
flow vectors. It is easy to see that {(g) is a convex set for any given g, and determined,
indirectly but completely, by (z,y,2) € ® by (4.4) through (4.6).

For a feasible multicommodity flow vector h, the link flows v, are given by

Uy &= Saphyp, Ya € A, (4.7
pltp

kEK pEP;

where §,, has the value 1 if link a is on path p and 0 otherwise. We refer to v = (vq,a € A)

as the link load associated with the feasible multicommodity path flow vector A.

We suppose, for the sake of simplicity, that the travel time over a link a € A, denoted
by $4(va), is a function of only its flows v,, although from a general point of view, we
should also take into account impacts from other link flows. The travel time of path p,

denoted by S,(v), is then the sum of the link travel times of the links on the path, i.e.,

Sp(v) = > bapsa(va), P € Pi, k€ K. (4.8)

a€A
Two different traffic optimum principles were stated by Wardrop (1952): system opti-
mization versus user-equilibrium. The user-equilibrium has been widely accepted in traffic

assignment because it describes the natural behavior of independent road users. It states
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that at equilibrium no road user can reduce his/her travel time by unilaterally changing
route. Let ui(v) be the least path travel time, associated with the link load v, for O-D
pair k:

pr(v) = min Sp(v), k € K, (4.9)

then Wardrop’s user-equilibrium principle may be mathematically described as

x/ * Y] =0 ' h* >0,
Sp(v ) — pr(v™) { % OZZJ;' hzi 0 p€ P,ke K (410)
= p

subject to (4.8) through (4.8). The superscript (*) is used to indicate equilibrium status.

It has been shown that a link load v* € Q(g) is a user-equilibrium, if and only if it

satisfies the following variational inequality
s(v) (v —v*) >0, (4.11)

for all elements v of the convex set Q(g) (see, for example, Smith, 1979 and Dafermos,
1981).

Now we are ready to address the Land Use Design Problem (LUDP). The LUDP may
be stated as finding appropriate population density and job densities for each zone in a
studied area, which minimizes the total transportation costs and settlement costs, subject
to population and job balance, land use coordination, density constraints, and network

equilibrium constraints. Mathematically, we could formulate the LUDP as follows.

(LUDP)

mins(v)Tv+ Y bi(z,y, 2) (4.12)
iel
subject to
s(v)T(v' = v) 20, Vo' € Q(g), (4.13)

0 = 0(z,y,z), D= D(z,y¥,2), (4.14)
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gk = 1:;0:D; f(di;), Yk =1ij € K, (4.15)
v e Ng), (z,y,2)€ . (4.16)

where b;(z,y, z) is the settlement cost of zone i € I at densities (z,y, 2).

In the above formulation, LUDP is a generalized bi-level (or two-level) programming
problems (or, a mathematical programming problem with equilibrium constraints). In
the upper level, urban planners try to appropriately locate population and jobs so as to
minimize the total settlement costs and transportation costs, while in the lower level,
through the variational inequality (4.13), settled road users select paths with perceived
minimal travel costs. Indeed, the variational inequality constraints (4.13) are equivalent

to a convex minimization problem if the Jacobian matrix V,s(v) is symmetric.

Solution methods for the LUDP involves, coping with our urban form selection, a
method for trip generation, one for trip distribution, and one for combined modal choice
and traffic assignment equilibrium. In the next three sections, we will respectively discuss
these subproblems. Existence of solution for the LUDP ‘and solution methods will be

discussed in detail in Chapter 5.

4.3 Trip generation

The trip generation is a regression process based on the information from urban form
analysis. In the process, land use characteristics and demographic data are selected as
input data, truck trips produced from and attracted by zones are output data. The
objective of the method is to provide a quick response to a constantly adjustable activity

location.
Input and output variables
The basic data used in the method is surfaces of zones, population, industrial jobs

and service jobs located in each zone, production and attraction of truck trips associated

with zones. These data can be collected through a comprehensive traffic survey.
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From the basic data, the following may be calculated: population density, industrial

job density, service job density and composite density. Together with the basic variables,

we have the following candidates for input (or explanatory) variables.

X::
X,
X3
Xa:
X5
Xe:
X7
Xz
Xo:

surface;

population;

industrial jobs;

service jobs;

population density;

industrial job density;

service job density;

composite job density(Xs = (X3 + X4)/X1); and
composite density(Xe = (X2 + X3 + X4)/X1)-

In a regression equation, any combination of these variables with no surplus may be

taken as input.

The output variables (also known as dependent variables) include

Y::
Y,:

truck trip production; and

truck trip attraction.

We should determine a regression equation for each of the above output variables.

Zone group

Experiments showed that data that are not grouped display no statistic regularity.

There are many ways to cluster data. Blunden and Black (1984) used 7 classes to distin-
guish different urban land use. SCCTPI (1991) differentiated the land use of Shanghai
into 14 classes by their functions, and recently added geographic factors (SCCTPI, 1992).
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Assuming that generation of truck trips vary according to population density and job den-
sities, we categorize zones into groups by using their geographic features and densities.
Zones are first classified into city belts, that is, CBD, city core, inner city, outer city, and
suburb. Then, for zones in the same city belt, they are subdivided into groups by their

densities.
Zone grouping process

1. divide city into belts;
2. determine density intervals; and

3. group zones.
Regression model

The following multiple linear regression model may be used to determine the trip

generations.

Y =a0+ 2 a; z;
i=1
where
Y is a dependent variable (it could be any output variable listed above);
(Zi,i=1,...,n) are a group of explanatory variables with no surplus;
a; is the regression coefficient, i = 0,1,...,n; and

n is the regression dimension.

By using transportation survey data, we may easily calibrate the coefficients in the
regression equation (see, for example, Irving, 1974), and the equation may be employed

to estimate trip generation for changing land use.

Furthermore, from the regression process, we get a regression equation that reflects
the relationship of trip generation with population density and job densities, under the

base year economic condition. We assume that this relationship will still be valid for a
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prediction year with a minor modification, that is, we keep the linear relationship, but
multiply it by a modifier which reflects the change of trip generation rate due to a change

in the economic situation.

4.4 Trip distribution

A wide variety of trip distribution models exist in applications which may be divided into
two major categories: one using aggregate data and one employing disaggregate data.
The aggregate methods are developed based on the assumption that the amount of the
interaction between two masses is proportional to the total of production of one mass
and the total of attraction of another, and inversely proportional to some function of
impedance, which is a transplantation of Newtonian analogy in Physics. The theoretical
verification of the assumption was derived by Wilson (1967) by information minimization.
The disaggregate methods, on the other hand, are based on individual behavior analysis
which suggests that individuals select a trip to maximize its utility. Discrete choice theory
provides a fundamental basis for the methods (McFadden, 1973; Ben-Akiva and Lerman,
1985).

Interestingly, despite extreme differences in the foundation of the two methods, there
are strong ‘similarities’ between the two (Anas, 1983). It has been proved that the doubly-
constrained gravity model based on aggregate data is identical to a multinomial logit

model of joint origin-destination choice based on disaggregated data.

The general form of the aggregate models may be written as

gi; = 1;0:D; f(ds;) (4.17)
such that

S gi=0; i€l (4.18)

jel

ggﬁ =Dj, jel (4.19)

gi; 20, Vi,je I, (4.20)
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where
gi; is the predicted trip demand between zone 1 and zone j;
O; is the number of trips originating from zone z;
D; is the number of trips terminating in zone j;
d;; is the distance between zones i and j;
f(d;;) is the impedance between i and j; and

n;; is a balancing coefficient.

What the trip distribution process does in the aggregated methods is first to select
impedance function f(d;;), and then to determine the balancing coefficients n;;. Generally,
there are three ways to select the impedance function, using experimental data (growth
model, see Fratar, 1954), using gamma function (gravity model, see Batty, 1976 and Er-
lander, 1980 for instance), and using negative exponential function (entropy maximizing,
see Wilson, 1967; Evans, 1970; among others).

The travel impedance can be either calibrated by exogenous values, or by endogenous
ones. Ideally this should be endogenous and derived from the traffic assignment. It is
quite clear that using endogenous, rather than exogenous travel impedance, would greatly
complicate the solution procedure for the LUDP model. Furthermore, this may even lead
to unforeseen model inconsistency or bad structural properties. For this reason, we still
use exogenous impedance in our model. One of the consequences of the use of exogenous
impedance is that these exogenous values may differ greatly from the travel times obtained
from the traffic assignment sub-model, and the results produced by overall model can be
erroneous. The best action in such a case is to modify the travel impedance according to

the traffic assignment results and run the model again in the hope of achieving consistency.

For determining the balancing coefficients, we may employ the matrix balancing
method.

Let us rewrite (4.17) as

g = o005 (4.21)
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where (c;;) is the input matrix. In the growth model, ¢;; is the base year trip demand
between i and j; in the entropy model ¢;; = ™% and ¢;; = dj;*e % in the gravity

model.

In this reformulation, 7;; is separated into a; and J3;, where a; represents the produc-

tion balancing factor for zone 7, and 3; the attraction balancing one for zone j.

The matrix balancing method takes as input a matrix (c;;), an origin production
vector O = (0;), and a destination attraction vector D = (Dj;), to compute a predicted
and balanced O-D matrix (gi;) by finding balancing coefficients «; and 3; which satisfy
equation (4.21), as well as (4.18) through (4.20).

Notice that (4.18) and (4.19) imply
3 0=y D (4.22)
i€l Jjel
Any survey or prediction data should be rounded to satisfy (4.22). But even if (4.22)
is satisfied there is still the possibility that no solution exists for the system of equations
(4.21) and (4.18) through (4.20). To guarantee the existence of the solution, Bacharach
(1970) gave out a necessary and sufficient condition, which will be stated in Chapter 5.

The following iterative method could be used to balance matrices (Fratar, 1954 and
Furness, 1965).

Matrix Balancing Algorithm

Step O (Initialization) Select a maximum number of balancing iteration, no, and a con-
vergence parameter € > 0. Set n = 0 (n is the iteration count) and set of =1, =1 for
alli, j e L,

Step 1 (Balancing rows) For all ¢ € I, compute
] O; )
' X Preis
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Step 2 (Balancing columns) For all j € I, compute
D;

Bttt = —— .
. i ot

Step 3 (Stopping test) Compute the relative error of two successive iterations

n+l _ n IB;I+1 _ ;n.
1} 1 -
e= max{mflx{—f_ﬁ—'},m?)({ ﬂ;_;+1 }},

if e < € or n = ng then stop, otherwise set n = n + 1, return to Step 1.

The proof of the convergence of the matrix balancing method may be found in Evans
(1970). It is worth noting that a more complicated balancing method, namely three-
dimensional balancing, was proposed in Evans and Kirby (1974). In addition to trip
production and attraction, the impedance distribution of O-D pairs is the third dimension

to be involved in the three-dimensional matrix balancing.



Chapter 5

Existence of Solutions and Solution
Methods

This chapter is devoted to the theoretical analysis of the Land Use Design Problem. The
conditions of existence and uniqueness of solution to the problem are investigated, and
solution methods are also discussed. Because we introduce the equilibrium into our trip
behavior assumption, and adapt gravity model in trip distribution, our solution methods
for the LUDP must be able to solve the two latter problems as well. We shall first
discuss the existence and uniqueness of solution and solution methods for the two latters.
Fortunately, quite good analytical properties exist for the two well-studied problems in

the literature.

This chapter is organized as follows. Section 5.1 introduces basic definitions for later
use. Section 5.2 discusses the trip distribution problem, focusing on analytical properties
of O-D pair demands as a function of trip production and attraction. The equilibrium
problem will be discussed in Section 5.3. Most of our attention will be focused on the
analytical properties of path flows or link loads that are treated as a point-to-set mapping
of O-D pair demands. In Sections 5.4, the LUDP will be investigated . The conditions of
existence and uniqueness of solutions to the problem will be derived, and solution methods

will be suggested. Section 5.5 concludes the chapter.

39
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5.1 Preliminary Notes

In this section, we introduce some definitions of matrix connection, set-valued mapping,

and monotonicity of vector functions.

A matrix A is said disconnected if A may be rewritten as

Au 0
0 Aa

by successively interchanging the elements of two rows, or, of two columns (i.e., carring
out the elementary transformation of row or column). A matrix is called connected if it
is not disconnected. (Regarding a graph or a network, if the graph is connected, so is its

node-to-node adjacency matrix.)

We now introduce the concept of monotonicity of a vector mapping. Let s(v) be a

mapping from a subset { C R" into R". s(v) is said to be monotone on Qif
(s(v") — s(v")T(v' = v") 2 0, Wv',v" €

s(v) is said to be strictly monotone on (1 if
(s(v') = s(")T(v' = ") >0, Vo',v" € Q and v’ #v

s(v) is said to be strongly monotone on { if there exists an a >0 such that
(s(v') = s(v")T (0" = v") > al|p’ = v"||?, V', v" €

where || - || denotes the Euclidean norm on R".

In the case where s(v) is the gradient of some differentiable function f, then the above
definitions of monotonicity correspond to the concepts of convexity of f. When s(v) itself
is differentiable, we have the following relationship: s(v) is monotone (strictly monotone)
on § if and only if Vs(v) is semi-positive definite (positive definite) for all v € Q, and s(v)
is strongly monotone on € if and only if there exists a positive & such that Vs(v) — aFE

is positive definite for all v € (2, where E represents the identity matrix.
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The concept of set-valued mapping will often be used in the rest of the chapter. Here

is a brief introduction to the concept.

Let X and Y be two sets. A set-valued mapping F : z(€ X) — F(z)(C Y) is
a mapping that maps any z € X to a subset F(z) of Y. If for any z € X, it has
F(z) =y €Y, F then reduces to an ordinary single-valued mapping.

A set-valued mapping F is said to be lower semicontinuous at z° € X if for any
sequence in X, {zF} — z°, and for any y® € F(z°), there exists a sequence L[ Vi X i o
such that y* € F(z*) for sufficient large k and y* — 3/°.

A set-valued mapping F' is said to be upper semiconiinuous at z® € X if for any
sequence in X, {zF} — 2°, and for any y* — y° such that y* € F(z*), one must have
y° € F(z9).

If at z° € X, F is both lower semicontinuous and upper semicontinuous, F' is said to
be continuous at z°. (Strictly speaking, for the definitions of the continuity of set-valued

mapping, X and Y should be topological spaces.)

5.2 Trip distribution

In the LUDP proposed in Chapter 4, we assumed that trips are distributed according to
Wilson’s entropy maximization (or information minimization) principle (Wilson, 1967).
For a given trip production vector O = (O;,7 € I) > 0, and an attraction vector D=
(Dj,3 € I) > 0 such that
> 0:i=3_D; (5.1)
iel jel
we used the following system of equations to model trip demand g;; for the O-D pair

i3,1,7 € I (see Section 4.4),

gi; = aificij (5.2)
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such that
jzé;gij =0, i€l (5.3)
;ga =D;, jel (5.4)
gi; 20, Vi,jel, (5.5)

where ¢;; > 0 is the pre-given impedance for traveling from i to j and o4, € I, and

B;,7 € I, are parameters to be determined.

In the above formulation, it is apparent that g;; = 0 if ¢;; = 0. Furthermore, if ¢;; > 0
and g is a solution of (5.2) — (5.5), then one must have g;; > 0 because O > 0 and D > 0.
For ¢;; > 0, compose the function Z(g;;) = g;jlnc%i:fg in which e is the natural exponent

and In is the natural logarithmic function. Let
K'={k= ijlc,-j >0,1,7 € I}
and define

Z9)= Y Zg) = Y gln:
keK' keKr  CkE

then the system of equations (5.2) through (5.5) is equivalent to the following optimization

problem

min Z(g9) = Y grln(g/eck) (5.6)

k€K'

subject to (5.3), (5.4) and

g >0, Vke K'. (5.7)
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In fact, the constraint set of problem (5.6) is convex. Function Z(g) is twice continu-
ously differentiable and its second order partial derivatives are
a? 1 o?

Z(g)=—>0, Vke K,
9% gy (9) gk OgrOgr

Z(g) =0, VYk,K' e K', k#Kk.

This shows that the Hessian matrix of Z(g) is positive definite, and Z(g) has only one
minimum point if it has feasible solutions. In the case of existence of feasible solutions,
the first order derivati<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>