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1. INTRODUCTION
Road networks around the world are confronting increasing financial challenges to meet
present and future travel demand. Current revenue mechanisms, especially fuel taxes, do
not promote efficient utilization of existing roads and are unlikely to generate sufficient
funds to finance needed new infrastructure. While fuel tax policies fail to account for
various social costs, increasing use of alternative and hybrid fuel vehicles, and objections
to taxation, advanced transportation technologies such as electronic toll collection,
automatic vehicle identification, and GPS-based vehicle tracking, make toll financing a
more practical and favorable alternative. Although to date alternative financing schemes
have only been applied to a small percentage of toll roads, they will become increasingly
popular due to those push and pull factors, at a pace probably faster than many would
think, as the most recent econometric study (Goodstein 2004) on world petroleum
consumption shows that total petroleum production will peak in the current decade, then
continues to drop until depletion by 2100 at the latest.
Economists have long promoted marginal-cost road pricing because it can lead to
socially optimal allocation of scarce road resources. The economic theory also suggests
that the optimal level of road investment is to expand a road to the point that the cost of
one additional unit of capacity just equals the benefits it brings. However, the theoretical
analyses are typically performed under a strict set of economic conditions which hardly
correspond with reality. Therefore, implementation of the theoretically optimal pricing
and investment policies faces a number of practical problems. First, many have concerns
that the revenue collected under those policies may either significantly exceed or fall
short of long-run cost for reasons with regard to economies of scale and non-optimality of
existing road capacity. Second, it is extremely difficult to actually compute marginal
costs and benefits in a road system with the presence of enormous network effects (i.e.
complementarity and substitution between roads). Even if the computation becomes
possible as technology progresses, implementation of a perfectly differentiated marginal
cost pricing scheme is practically impossible. Third, the optimal pricing and investment
policies require toll collection facilities on all roads if implemented. However, toll
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collection costs and the incremental nature of the deployment process must be considered
in practice. This gives rise to many “second-best” policies in which only a subset of roads
are priced. Fourth, there is also the issue of optimal ownership structure. The various
levels of government involved in road provision and management may not behave as
benevolent welfare maximizers as traditional economic theory assumes. Commercialized
or even privatized roads competing in a free market may provide a better ownership
structure for efficient pricing and investment policies. Finally, a change in policy almost
always creates winners and losers. Road financing is no exception. Equity concerns,
especially when the amount of benefit and/or cost transfers is obvious and large, may
force the government to step in and a direct implementation of the most efficient policy is
unlikely.
The conclusion drawn from the above observations should not be that road pricing
and toll financing are unlikely to gain real momentum due to those unresolved issues. In
view of the substantial benefits of optimal road pricing and investment policies and the
problems associated with the fuel taxes, there should remain interest among policymakers. Rather, the real implication is that a number of practical road pricing and
financing policies will become available and compete one another. Each one is backed
by the basic economic theory but adjusted one way or another to address practical issues.
In fact, researchers have already put forward several alternative revenue mechanisms.
When cost recovery is of importance, a Ramsey-type pricing policy or practical price
differentiation has been considered. Link-based marginal congestion cost has been used
to approximate real network-wide marginal cost. Various second-best pricing alternatives
have been proposed and some already deployed, such as a single toll road, cordon toll
and destination toll operationalized through parking surcharges. When revenue
redistribution is controversial, minimum-revenue pricing strategies are especially
valuable. As equity becomes the central focus, a Pareto-improving pricing policy may be
adopted. Those in favor of road privatization suggest that society may be better off when
roads are managed, financed and even owned by the private sector. It is conceivable that
the current transportation decision-makers may quickly find themselves in a situation
where they are presented several appealing pricing and/or financing alternatives for them
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In fact, government agencies collecting and

distributing fuel tax revenues have been facing the choice problem of when, where and
how to spend money on road networks. The emergence of innovative pricing and
financing schemes adds dimensions and complexity to the problem. Clearly, an
evaluation tool capable of assessing a variety of policy alternatives is in order. It would
be desirable if the evaluation tool has the following features.
(1) Ability to assess sub-optimal policies
For various political (e.g. policy stability, equity consideration) and practical (e.g.
indivisibility of road construction, computational complexity) issues, very often the
theoretically optimal policy cannot be directly implemented. For instance, needs
assessment and benefit-cost analysis are often cited as the two most common road
investment rules but neither guarantees optimality. Ideally, even the theoretically optimal
policy should be evaluated on realistic road networks before implementation because all
theories have limitations.
(2) Ability to assess alternative ownership structures
Road commercialization and privatization have been considered by some as being able to
provide ownership structures that foster more efficient pricing and investment rules. To
become capable of assessing policies that involve alternative ownership structures such
as deregulation and privatization, it is essential for the evaluation tool to accommodate
behavior models of road owners, either government agencies or private sector investors.
(3) Inclusion of long-run road network dynamics
In order to fully assess the consequences of road pricing and investment policies, a
thorough understanding of long-run network dynamics is necessary. Previous urban
studies usually assume a fixed transportation network. However, the growth (and decline)
of a road network must be explicitly considered in the evaluation tool for analysis of road
pricing and investment policies.

1 INTRODUCTION

4

(4) Applicability to large realistic road networks
Road networks are complex systems. There may not be a “one-size-fits-all” pricing and
investment policy. It is thus important to evaluate alternative proposals on a case-by-case
basis. Decision-makers are more willing to accept a policy change if they can identify the
benefits it can bring to the road network they manage. This requires the evaluation tool to
be applicable to a variety of real-world road networks. A set of measures of effectiveness
should also be incorporated to quantify the impacts of alternative policies.
(5) Description of the complete equilibration process
A typical economic evaluation study usually compares the equilibria of alternative
scenarios. However, this approach ignores how long it takes to achieve the equilibria and
what happens during the equilibration process. A short reflection would convince us that
it might take a very long time for a road network to finally achieve an equilibrium under
a specific pricing and investment policy. In such a situation, a good evaluation tool
should also monitor network performance over time and identify any potential problem
during the equilibration process. This may suggest an evolutionary approach.
(6) Ability to show impacts on different user groups
This is especially valuable for an evaluation tool designed for policy analysis. The
distribution of benefits and costs resulting from a policy change in road networks has
important equity implications among users with different socioeconomic characteristics,
such as income and geographical location.
(7) Accuracy
The soundness of a policy evaluation tool relies to a large extent on the accuracy of its
demand and cost models. In the case of road networks, the spatial demand dependencies
between complementary and competing roads are especially important. Cost comes from
road construction, maintenance, management, and user spending (travel time and vehiclerelated expenditures).

If accurate demand or cost information is not available, the

evaluation tool should allow sensitivity analysis.
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Despite the rapid emergence of various proposals for road pricing, financing, and
ownership arrangements, the development of a network model for necessary policy
evaluation is still lagging behind. This research endeavors to fill this gap and models
long-term impacts of highway pricing and financing policies. This purpose contrasts
with the goal of identifying the “best” policy alternative in previous economic studies.
The model to be developed would test if, in real-world road networks, various proposed
pricing and investment policies could live up to the expectations as established in abstract
theoretical analyses. The research efforts presented in the following chapters should also
be distinguished from benefit cost analysis which is typically conducted to facilitate
investment decision-making of individual projects. Of high interest in this study is the
long-term system performance under a set of system-wide fundamental pricing and
investment principles.
The complexity of road networks and the practical nature of toll collection and
road investments make it difficult and possibly unproductive to pursue a purely
theoretical model for policy evaluation. Instead, an agent-based network growth
simulator is developed to meet the identified modeling needs. Under the agent-based
modeling framework, the behavior of and the interactions between decision-makers
(travelers, government agencies, road owners and managers etc.) are explicitly
considered. The long-term consequences of pricing and investment decision become
emergent network properties which can be easily extracted from the simulation. Another
benefit of agent-based simulation is that it provides a means to examine which pricing
and investment rules would evolve to become dominant under different ownership
structures, thanks to the embedded evolutionary paradigm. Modeling the interplay is
crucial for this study of demand, cost, pricing, and investment under any specific
institutional structure in a space and time domain.
Several branches of literature are closely related to the subject of this thesis,
including demand and cost for automobile travel, road pricing and investment principles,
road commercialization and privatization, and agent-based modeling techniques. They
are reviewed with discussion in Chapter 2. Chapter 3 outlines the agent-based simulation
framework and describes each model component in detail. The proposed network growth
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simulator is then applied to the roadway network in the Twin Cities with a set of arbitrary
pricing and investment policies as a demonstration that the model can be used to evaluate
long-term policy impacts on a large realistic network. Several existing and proposed road
pricing (e.g. fuel taxes, marginal-cost pricing) and investment polices (e.g. need
assessment, benefit-cost analysis, profitability), as well as alternative ownership
structures (e.g. centralized versus decentralized) are summarized in Chapter 4. Though
not every pricing policy can be implemented in conjunction with every investment
policy, they still provide a large number of possible combinations. In Chapter 5, the
model developed in earlier chapters is used to execute several simulation experiments in
light of the current policy debates, each of which involves the evaluation and comparison
of several previously identified pricing and/or financing policies. These experiments not
only demonstrate many capabilities of the network growth simulator, but also provide
some immediately useful policy implications. Conclusions are delivered at the end of the
thesis.
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2. LITERATURE REVIEW
The long-term impacts of road pricing and investment rules depend on a number of
factors including travel demand, supply cost and user cost, organizational structure,
regulatory policies (if roads are privately owned and managed), and initial conditions. A
sizable body of literature exists that focuses on each one of these topics. This review is
not intended to be comprehensive. Rather, the purpose is to summarize the state of the art
in these fields relevant to the subject of this thesis – long run road network dynamics and
policy impacts. Studies on other modes of transportation are not included.

2.1 Travel demand
Compared to typical demand studies in economics, travel demand analysis faces several
unique challenges. The classic microeconomic consumption model depicts individuals as
utility maximizers. They try to identify the optimal consumption bundle. This user choice
problem becomes harder in travel analysis because in a transportation system, users need
to determine not only the number of trips to make, but also the origin, destination, mode,
route, and timing of each trip. In addition, individual decisions about residential and job
locations, and vehicle ownership all affect travel demand. Besides the budget constraint
defined by income level, an individual when making travel decisions, faces a wide range
of environmental, spatial, temporal, intra-personal and interpersonal restrictions. The
major task of travel demand analysis is thus to develop models of these multidimensional choices under a large set of constraints. Another feature of travel demand is
that people travel not for its own consumption value but for participation in spatially
dispersed activities (work, education, shopping, social etc.). In this sense, travel is often
referred to as a derived demand. Therefore, in theory, knowing the demand patterns for
activity participation is a prerequisite for understanding travel demand. Recent modeling
work in this field has been centered on these characteristics of travel demand.
In addressing the multi-dimensional choice problem, sequential models have
dominated practical applications. The popular four-step forecasting model only considers
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the following sequential choices – trip generation (G), distribution (D), mode split (M)
and route assignment (R). Other choices are either treated as exogenous (e.g. autoownership) or extremely simplified (e.g. trip scheduling). The origin of the sequential
paradigm is not clear, but the CATS study in the Chicago metropolitan area is often cited
as the first systematic travel demand study (CATS 1959). There are variations to the
GDMR model, including GMDR, and five- or seven- step sequential models (Boyce
2002). The steps are modeled either separately using methods such as growth factor,
regression, gravity model (Haynes and Fotheringham 1984, Hutchinson 1974), discrete
choice models (McFadden 1974, Ben-Akiva and Lerman 1985), and network equilibrium
analysis (Sheffi 1985), or jointly but still sequentially in a nested discrete choice model
(Ortuzar and Willumsen 2001). Another school of researchers suggests that the choice
problem should be solved in a coherent equilibrium instead of sequentially (Beckman et
al. 1956).

A recent development in computation algorithms makes the equilibrium

paradigm applicable to large networks (Boyce 2002). However, both sequential and
equilibrium models overlook the derived nature of travel demand, and are therefore often
labeled as trip-based approach for their use of individual trips as the basic elements of
analysis. When applied to policy analysis, trip-based methods are often critiqued for their
poor description of scheduling behavior, and therefore an inadequate representation of the
peak-loading problem (i.e. congestion) in real world.
In contrast, activity-based approaches describe which activities people pursue,
where, when and how long these activities are given fixed land use, transportation supply
and individual characteristics (Jones 1979, Carpenter and Jones 1983, Pas 1985,
Kitamura 1988, Ettema and Timmermans 1997, McNally and Recker 2000). A trip is
generated to connect two spatially separated sequential activities. In activity-based
approaches, every individual or household is a decision-maker who confronts a huge
choice set of various activity patterns in the constrained time-space domain. Various
models have been developed to address this activity pattern problem. With the
development of several micro-simulation tools (Recker et al. 1986a,b, Kitamura et al.
1996, Ben-Akiva et al. 1996, Stopher et al. 1996), activity-based models have gained the
capability of performing some policy analyses and may ultimately replace trip-based
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methods. However, Kitamura (1988) summarized in a review paper that activity-based
analysis lacks a unified theoretical foundation.
Agent-based modeling techniques have been recently applied to travel demand
modeling. Zhang and Levinson (2004) proposed an exploratory agent-based model for
modeling destination and route choices. Further research efforts are required to refine and
extend their model so that it can be used for evaluating a broader spectrum of
transportation-related policies, such as road pricing and investment policies examined in
this study. In general, agent-based models emphasize searching and learning behavior,
agents’ perception of the environment, information flow, inter-agent interactions, and
heuristics at the microscopic level, and self-organization, hierarchy, and other
evolutionary properties at the macroscopic level. It is hard and unnecessary to draw a
hard line between agent-based travel demand models and activity-based approaches. The
modeling needs for inter-personal linkages, person-environment interactions, and
longitudinal aspects of travel behavior discovered in recent practice of activity-based
travel analysis actually provides a stage for agent-based modeling techniques. Some
recent activity-based micro-simulation studies, wherein learning behavior (Arentze and
Timmermans 2000) and activity interactions (Rindt et al. 2002) are explicitly modeled,
have demonstrated the increasing popularity of agent-based methods.
It seems that among the three alternative modeling approaches, the agent-based
travel method is the most desirable for studies of road pricing and investment polices
because it allows explicit considerations of the behaviors of and the interactions between
users and agencies who determine prices, collect revenue, and invest.

2.2 Cost
The full cost of vehicle travel on paved or unpaved roads includes various types of
internal, external and government costs borne by users, service providers and the society.
Knowledge about transportation cost plays a central role in determining prices,
investments and regulatory actions. Several studies address the full cost of transportation
(Walters 1961, Keeler et al. 1975, Levinson and Gillen 1997, Anderson and McCullough
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2000) and many others focus on one or more cost components, including fixed and
variable facility costs (Meyer et al. 1965, Walters 1968, Keeler and Small 1977, Kraus
1981, Levinson and Karamalaputi 2003), vehicle ownership costs (AAA 1993), various
user costs in terms of time, money and effort (Beesley 1965, Hensher 1995), accident
(Vickrey 1955), noise (Modra and Bennett 1985, Nelson 1982), and air pollution costs
(Nordhaus 1994, Small 1977, Small and Kazimi 1995). Private operators and users
typically consider only the costs they experience (private or internal costs) while
neglecting a wide range of social or external costs. From the viewpoint of the society as a
whole, however, all resources required to provide and support automobile travel should
be considered in cost specification.
The concepts of scale, density, and scope economies in road networks are
important because their implications on firm behavior and regulatory policies. The work
of Small, Winston, and Evans (1989) finds evidence of constant or mildly increasing
economies of scale and decreasing economies of scope in road supply for cars and trucks.
Other empirical analyses have identified moderate economies (Kraus 1981) or
diseconomies (Walters 1968, Fitch and Associates 1964) of scale in road construction.
One study (Levinson and Karamalaputi 2003, Levinson and Yerra 2003) indicates
significant economies of scale after controlling for types of construction projects
(Interstate highways, state highways, etc.). The studies listed above all use lane-miles of
construction as output while Levinson and Gillen (1997) define output as vehicle-miles of
travel. They found moderate diseconomies of scale for auto travel and significant
economies of scale for truck travel. The fact that transportation services are offered over
a network creates a challenge in the effort to determine economies of scale – it is
sometimes unclear how to define output. Grossly aggregated measures of outputs such as
lane-miles of construction or passenger miles of travel often fail to capture adequately the
complexity of transportation services. The aggregation of outputs can lead to
overestimates or underestimates of the degrees of any economies and obscure their
sources (Braeutigam 1999). Road construction projects of all sizes are aggregated and the
Cobb-Douglas specification of the cost function is dominant in those studies, which
ignores all second order effects. Meyer et al. (1965) pointed out that some cost
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differences might be attributed to the effects of urbanization. Similar arguments about
potential biases in the studies of economies of scale can be found in Small et al. (1989:
101). Braeutigam (1999) carefully distinguishes density from scale economies in
networks.
If the existing capacity of a road is not at its optimal level, short-run and long-run
marginal costs are not equal. Many believe this is the case for roads in US because of
long planning lead time, indivisibility of construction, and the long tradition of financing
roads from earmarking fuel taxes (Gomez-Ibanez 1999).

2.3 Road pricing and investment principles
Economists usually recommend marginal cost pricing for a service because theoretically
it can allocate resources in a socially optimal way if all competing and complementary
services are also priced at marginal cost. Marginal cost pricing ensures that road users
make a trip only when the benefit of the tip outweighs total social cost of providing it. In
order to implement congestion pricing, a toll need to be charged and the amount of the
toll should equal the difference between the marginal cost of a trip and the average cost
borne by the user making that trip. Dupuit’s milestone work on public utility (1844)
concerns about optimal tolls on bridges. The idea of congestion pricing was put forward
later by Pigou (1920) and Knight (1924) in the 1920s and refined by Vickery (1963).
Mohring and Harwitz (1962) demonstrated that the revenues from the toll will just
recover the long-run facility cost if there are constant returns to scale in facility capacity
and the capacity is invested optimally. At the optimal level of capacity, the marginal cost
of building one additional unit of capacity just equals the marginal benefit of reduced
travel cost.
As mentioned earlier in Chapter 1, these principles are drawn under idealized
economic conditions. Researchers have further examined several important issues related
to implementation and market imperfection, such as cost recovery (Walters 1968,
Gwilliam 1997), second-best pricing (Glaister and Lewis 1978), toll collection (Hensher
1991, Levinson and Chang 2003), allocation of joint costs (Small et al. 1989),
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computation of marginal cost in practice (Yang and Huang 1998), toll revenue
redistribution and equity (Daganzo 1995, Dial 1999, Small 1992). Various pricing
policies based on marginal cost principles have been proposed to address one or more of
these practical problems and some implemented with varying degrees of success in
Singapore (Li 2002), London (Hyman and Mayhew 2002), California (Sullivan et al.
2000), and Texas (Burris and Hannay 2003). Congestion tolls can be charged on a single
facility, along a corridor, or around a cordon. Theoretical studies of minimum revenue
(Dial 1999), price-and-space rationing (Daganzo 1995), and credit-based congestion
pricing (Kockelman and Kalmanje 2004) aim to improve equity. While short run
marginal cost pricing can most efficiently allocate the existing road capacity and
durability, long run marginal cost pricing is sometimes more desirable, especially on
under-utilized facilities to meet budget constraints.
Despite the theoretical superiority of marginal cost pricing, average cost pricing
has become the most popular revenue mechanism in the US as well as many other
countries. Uniform user taxes, such as fuel taxes, dominate in road financing for
historical reasons. Traditionally, gas taxes are set as a surcharge on each gallon. Any
nominal increase in gas taxes requires approval from the legislature. This has resulted in
a decrease of gas tax revenue in real dollars due to stabilized gas consumption in the past
decade and inflation. In view of the ever-increasing needs for road construction and
maintenance, some recommend increasing gas taxes through gas indexes (Wohl and
Hendrickson 1984). High gas taxes are also considered by some as a practical way to
significantly reduce congestion and pollution due to automobile travel. Ramsey pricing
which charges users in proportion to the inverse of their demand elasticities is often
mentioned in the discussion about cost recovery with the presence of economies of scale
(Gomez-Ibanez 1999). Its implementation may be difficult, however.
The principles of economic planning, which evaluate alternative investment
policies, state that a project should be built only if the resulting net social benefit is
positive, and among all identifiable alternatives the most socially desirable one should be
selected. They are often operationalized through benefit cost analyses (Mishan 1976,
Schofield 1987, Gillen and Levinson 2004). The application of benefit cost analysis in
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the evaluation of road investment alternatives, however, encounters several problems.
First, costs of air pollution, noise, and accidents are hard to define and the measurements
developed for these factors have to be somewhat subjective. Second, estimation of the
life-cycle benefits of road improvements is complicated by value of time and network
effects (i.e. construction on a road causes demand shifts on competing and supplementary
roads, which is amplified in a network through ripple effects). Third, road network is an
open system which affects the whole economic in various direct and indirect ways
(Levinson 2002). This results in unwanted flexibility for analysts in determining what
indirect benefits should be included.
In engineering, a body of literature examines the network design problem (NDP)
which concerns about how the available road funds in a fiscal year can be used to
optimally improve the existing network, or how to design a road network with minimum
total cost while satisfying a certain level of travel demand (Drezner and Wesolowsky
2003). The discrete NDP problem, however, is NP complete, which means an efficient
solution is currently not available. Also, the formulation typically ignores long-run
network dynamics. Recently, researchers have started to explore the NDP problem with a
time dimension and preliminary results show that the myopic solution is different from
the optimal solution in a longer term (Lo and Szeto 2003). The applicability of NDP
algorithms on a large-scale network is still questionable.
In practice, simple but myopic investment rules, such as need assessment, have
been used by Federal Highway Administration (FHWA 1993). The need assessment
procedure incorporates several essential elements: a computer program that determines
the operational conditions of most non-local highway segments, a threshold value of the
minimum acceptable condition, and a mechanism for distributing available funds to roads
with unacceptable conditions. This policy has been critiqued for its mandatory
requirement that level of service on all existing roads must be maintained,
discouragement of efficient road management, and ignorance of users (Roth 1996).
Myopic investment criteria often favor improvements on most congested facilities at the
time of decision. The bottleneck removal program adopted by the Minnesota Department
of Transportation is an example, which aims to prioritize capacity expansion on existing
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highway bottlenecks (MnDOT 2003). This policy may please some constituencies in the
short run due to temporary reduction in congestion at the bottleneck. However, it is well
known that the effects of induced demand will quickly increase the total amount of traffic
and clearing one bottleneck may create more bottlenecks elsewhere in the network. The
long-term consequences of the bottleneck removal program and others alike have been
far from fully understood primarily due to the lack of capable evaluation tools.

2.4 Road commercialization and privatization
In most parts of the world, roads are primarily built, owned and operated by the public
sector. Often cited as rationales for public ownership of road networks are large sunk
costs of road construction, paramount importance of affordable transportation services to
the general public, the role of road networks as backbones of economic growth, and
environmental concerns. In short, roads have been considered by some as too important
to be exposed to possible market failure if owned and managed by the private sector.
However, the success of a privatized US telecommunication network to some extent
weakens that argument. Also, evidence of inefficiencies in public road systems continues
to accrue. Substantial unwarranted subsidies exist from drivers using the facilities during
off-peak hours to peak-period users, and from taxpayers to suppliers. Road users who
pay for the services have practically no control over how the revenues are spent.
Government agencies have responded slowly to emerging new technologies available to
road management. With the public objection to tax increases, governments around the
world find it increasingly difficult to adequately finance road networks. These efficiency
concerns and needs for financial viability have triggered some interest in road
privatization.
Gomez-Ibanez and Meyer (1993) summarized several common forms road
privatization can assume: the sale of state-owned roads, provision of new infrastructure
by the private sector, and contracting services to private vendors. They identified five
conditions that foster privatization: intense competition among private roads in a market
economy, large efficiency gains from privatization, few redistribution or transfers
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associated with privatization, few controversial consequences linked with privatization,
and reasonable profitability for private road companies. Observations from developed
and developing countries, for and against privatization, are presented in their discussion.
Winston and Shirley (1998) quantified the potential huge efficiency gains if optimal
pricing policies and service levels are adopted using econometric methods. With the
recognition that governments are unlikely to price and provide transportation services
optimally and that a significant portion of the current welfare loss stems from political
factors, their conclusions are in favor of privatization. Roth (1996) contributed to the
discussion by giving a comprehensive review of private provision of public roads around
the globe and by proposing a framework for commercializing road networks.
Several important issues related to road privatization are the likely behavior of
private road companies, its welfare implications, and the identification of any needs for
regulation. The few previous studies on these research topics are cast in a game
theoretical framework (de Palma and Lindsey 2002). The analysis is usually limited to a
simple network with two competing roads connecting the same origin-destination pair.
This approach is hard to apply to analyze firm behavior (pricing, investment, coalition,
etc.) on a realistic network where network effects drastically complicate the pay-off
matrices, and each firm faces almost completely different demand patterns and cost
structures. There is clearly a need for more capable analytical tools for the modeling of
individual firm behaviors and their collective consequences over time, which determine
the desirability of road privatization and potential needs for optimal regulation. Only then
can the ownership structure for road networks be rationalized.

2.5 Network growth and agent-based modeling techniques
Some previous studies in regional science and economics are summarized in this section.
Though the reviewed studies have dissimilar objectives and methodologies, they all shed
light on the nature of transportation network growth and its socio-economic impacts.
Agent-based techniques are discussed afterwards, in light of their suitability for modeling
network growth.
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Few researchers have considered the process of transportation network growth at
the microscopic level. Taaffe et al. (1963) studied the economic, political and social
forces behind infrastructure expansion in underdeveloped countries. Their study found
that initial roads are developed to connect regions of economic activity and lateral roads
are built around these initial roads. A positive feedback between infrastructure supply and
population was also observed. Barker and Robbins (1975) investigated the London
Underground’s growth, but did not develop a theoretical framework as we are
considering here. Miyao (1981) developed macroscopic models to take transportation
improvements as either an endogenous effect of urban economy or as an exogenous
effect on the economy. Endogenous growth theory suggests that economic growth is a
two-way interaction between the economy and technology; technological research
transforms the economy that finances it (Aghion and Howitt 1998). The technology of
transportation is unlikely to be an exception, suggesting transportation investment drives
the growth that funds it. Macroscopically, the growth of infrastructure follows a logistic
curve and that road infrastructure also has reached saturation levels in developed
countries (Grübler 1990).

Miyagi (1998) proposes a Spatial Computable General

Equilibrium (SCGE) model interacting with a transportation model to study the
interaction of transportation and the economy. Yamins et al. (2003) develop a road
growth model to study co-evolution of urban settlements and road systems from an empty
space with highly simplified travel demand and road supply mechanisms, meaningful
only for theoretical work. Garrison and Marble (1965) observed connections to the
nearest large neighbor explained the sequence of rail network growth in Ireland.
Carruthers and Ulfarsson (2001) find that various public service expenditures like
roadways are influenced by demographic and political characteristics. The New Jersey
Office of State Planning (1996) also finds a similar pattern in roadways expenditure. A
related line of research examines how transportation investment affects the economy at
large, but tends to treat transportation (or highways) as a black box, and makes no
distinction between different kinds of highway investment (Aschauer 1989, Button 1998,
Gramlich 1994, Nadiri and Mamuneas 1996). Boarnet (1997) is the most detailed of these
types of studies, considering county level roads. The input is investment in transportation
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(or infrastructure), and output is gross domestic product, measured at the state or county
level. While this research provides no assistance in actually making tactical management
decisions, it suggests a way that a strategic macroscopic network investment budget can
be established.
Geography's central place theory seeks to explain how hierarchies of places
develop (Christaller 1966). Models developed by Batty and Longley (1985), Krugman
(1996), and Waddell (2002) consider land use dynamics, allowing central places to
emerge. However, those models take the network as given. Clearly, there is a need for
research that makes the network the object of study. In many respects, the hierarchy of
roads is the network analogue of the central place theory.
There is no universally accepted definition of a complex system. However, it is
generally agreed that it consists of “a large number of components or ‘agents’, interacting
in some way such that their collective behavior is not a simple combination of their
individual behavior” (Newman 2001). Examples of complex systems include the
economy – agents are competing firms; cities – places are agents; ecology – species are
agents. Transportation networks are complex, large, integrated and open systems
(Sussman 2000). They manifests almost all key features of complex systems: emergence,
non-linear and often short-range relationships, complexity of agents themselves,
ambiguous boundaries, and historical dependencies. A powerful tool for analyzing
complex systems – agent-based modeling – has a long lineage beginning with von
Neumann’s (1966) work on self-reproducing automata. The modern agent-based models
employ methods from many fields, including artificial intelligence, cellular automata,
genetic algorithms, cybernetics, cognitive science and social science. Its agent-based
structure, flexibility and computational advantages have made it a powerful tool in
modeling complex systems (Schelling 1969, Wolfram 1994). In general an agent-based
model consists of three elements: agents, an environment and rules. Agents are like
“people” who have characteristics, goals and rules of behavior. They are the basic unit of
activity in the model. The environment provides a space where agents live. Behavioral
rules define how agents act in the environment and interact with each other. The
characteristics of the environment itself also change in response to agent activities.
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Agent-based modeling techniques have found many applications in transportation. A
recent special issue of Transportation Research Part C (2002 volume 10C: 325-527) is
dedicated to this topic. Microscopic traffic simulation can be viewed as an example of
agent-based models. Vehicles are agents in the simulator and a static road network is the
environment. Vehicles are “born” at the entrances of the network and “die” at the exits.
Rules, such as free-flow driving, car-following, and lane-changing, define how a vehicle
behaves and interacts with other vehicles and the road network.
Agent-based techniques are appropriate for modeling road network dynamics.
Agents involved in a road network are users and various levels of governments when
roads are publicly owned; users, private road companies, creditors, regulators when roads
are privatized. Similarly, agents under a mixed ownership structure can be identified.
Interactions between these agents are reflected in prices, interest rates, road capacity
changes, regulation and deregulation.
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3. AN EVOLUTIONARY MODEL OF NETWORK GROWTH
While in 1900 there were 240 km of paved road in the United States (Peat 2002), this
total had increased to 6,400,000 by 2000 (BTS 2002) with virtually 100% of the U.S.
population having almost immediate access to paved roadways. The growth (and decline)
of road networks obviously affects the social and economic activities that a region can
support; yet the dynamics of how such growth occurs is one of the least understood areas
in transportation, geography, and regional science. This lack of understanding is revealed
time and again in efforts to develop sustainable transportation systems through
appropriate road pricing and investment policies. Transportation network change is
treated exclusively as the result of top-down decision-making. Non-immediate and nonlocal effects are generally ignored in planning practice because the complete network
effects are incomprehensible with the current tools, which often results in myopic
network expansion decisions. If one looks at the complexity and bureaucracy involved in
transportation infrastructure investment, one might conclude that it is impossible to
model the transportation network dynamics endogenously. However, changes to the
transportation network are rather the result of numerous small decisions (and some large
ones) by property owners, firms, developers, towns, cities, counties, state department of
transportation districts, metropolitan planning organizations, and states in response to
market conditions and policy initiatives. Though institutions make network growth
(decline) happen on the surface, network dynamics are indeed driven by some underlying
natural market forces and hence predictable. Understanding how markets and policies
translate into facilities on the ground is essential for improving forecasts, planning,
policy-making, and evaluation.
The main purpose of this chapter is to develop a microscopic network growth
model. It is then argued that the model satisfies the seven criteria identified in Chapter 1
and therefore could be applied to evaluate a broad spectrum of road pricing and
investment policies, as well as alternative organizational structures for road provision and
management. The next section develops a theoretical framework for studying long-run
network dynamics. The framework helps identify various supply- and demand-side
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factors, and their inter-dependences. The following section specifies the network growth
model and discusses its value as a policy analysis tool. For illustration, the model is
applied to the Twin Cities road network during a twenty-year period.

3.1 Network dynamics at the microscopic level
Regional economic growth is taken as exogenous in this study because transportation
infrastructure is not the only factor that drives economic growth. It has long been known
that transportation service and land use influence each other though iterative changes in
accessibility and travel demand. However, land use dynamics are also treated as
exogenous in the following network analysis because we do not yet have adequate other
models to explain change in land use. Attention is focused on transportation network
growth, a process with enough complicated and unknown dynamics for one to start with.
This limitation can be removed in future research. The dynamics of other factors involved
such as travel behavior, road maintenance and expansion costs, network revenue,
investment rules, road expansion and degeneration, are considered as endogenous.
The foremost and probably most important constraint on future network growth is
the existing network. In developed countries where transportation infrastructure has
reached its saturated stage, it is rare to see new network growth from a tabula rasa. Even
in an empty place without any previous development, natural barriers such as rivers and
mountains constrain future network growth. The current network connectivity determines
whether two roads complement (upstream or downstream) or compete (parallel) with
each other for demand. The existing network may or may not be at equilibrium. It may
still take years for road supply to meet existing travel demand even if no exogenous
changes (e.g. population and economic growth) occur. An important research question is
how various forces drive the existing network to evolve.
Based on the current network, land use arrangements and individual socioeconomic status, people make their travel decisions such as trip frequency, scheduling,
destination, mode and route choices. These decisions transform into aggregate travel
demand on a road network. This demand-generating process involves the existing
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network supply, congestion externalities, travel behavior, and link-level travel demand
forecasting.
Transportation is a service and travelers pay to obtain that service in addition to
spending their own travel time. In the US that payment is largely in the form of a fuel
tax. However, if roads are owned by the private sector and hence autonomous, they will
set prices to maximize their profits in the form of a vehicle toll. Either way, it is
convenient to use a notion of link revenue. Revenues collected by individual links (roads)
may or may not be pooled together for investment purposes depending on the underlying
institutional structure of the network. Longer, faster, and high-demand (traffic flow) links
should be able to generate more revenue. If not maintained appropriately, level of service
(LOS) of a link will decrease over time due to physical deterioration caused by the
environment and traffic. Therefore, each link has a maintenance cost function, which is
determined to a large extent by link length, capacity, free-flow speed, and flow. The
amount of money required to expand an existing link can be calculated with a link
expansion cost function. A previous empirical estimation of link expansion costs using
network data in the Twin Cities metro area during the past two decades reveals that link
expansion cost is positively correlated to lane-miles of expansion, road hierarchy
(interstate, state highway, county highway, etc.) and the level of urbanization (Levinson
and Karamalaputi 2003). Those results suggest that link length and capacity should be
included in the link expansion cost function, and this function is also subject to local
adjustments.
Specific revenue and cost structures in a transportation network provide inputs for
investment decisions. Real-world observation suggests the hypothesis that decisions to
expand transportation networks are largely myopic in both time and space, usually
ignoring non-immediate and non-local effects. This myopic decision process, when
applied sequentially, tends to improve the relative speeds and capacity of links that are
already the most widely used, and thereby expand their use. The rate and extent of this
process is constrained by the cost of those improvements and limited budgets (revenue).
From a market economy point of view, transportation investment decisions induce supply
(capacity) increases – as population grows and preferences shift, leading to higher
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demand, suppliers produce more of a good. While surface transportation decisions are
often made in the political arena rather than the market, politicians and officials also
respond to their customers – the voter and taxpayer. Although over the short-run
transportation supply is relatively inelastic, in the long run it varies. However, it is not
known to what extent changes in travel demand, population, income, and demography
drive these long-run changes in supply. Answering this induced supply question in
transportation is a critical step in understanding the long-term evolution of transportation
networks. The output of the investment process would be an updated network where
some links are expanded and some are contracted.
If a link is expanded, travel increases on that link both due to re-routing, rescheduling, and what is often called induced or latent demand, a finding confirmed at
both the macroscopic level (states and counties) (Noland 1998, Strathman et al. 2000,
Fulton et al. 2000) and at the microscopic level (individual links) (Parthasarathi et al.
2002). As travel costs for commuters are lowered, the number of trips and their lengths
increase. The expanded link with increased travel demand can generate even more
revenue which may later result in further expansion on that link. Yet this feedback loop,
while positive, should have limits. The diminishing returns in the revenue structure and
exponential increases of expansion costs will eventually stop this feedback loop. The
opposite is true for degenerated links.
Improving one link will also cause complementary (upstream and downstream)
links to have greater demand, and competitors (parallel links) to have lesser demand (and
be less likely to be improved). These network effects take time to propagate within
transportation networks. They may get reinforced in complex transportation networks,
create problems, leave little clue to planners as to the root of the problem, force planners
to adopt myopic solutions which may create even more problems. Such a condition has
not been confirmed empirically but it is possible. This again highlights the importance of
considering the full ramification of network expansion on future infrastructure decisions.
Network effects both complicate the problem and suggest the analysis has to be iterative.
Previous changes of the network, economy, demography, and even travel behavior cause
a new travel demand pattern and hence new link costs and revenues. Accordingly, a new
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set of supply decisions will be made, generating new network changes. This loop is
repeated until an equilibrium is achieved. When the continuous exogenous changes in
economy, technology, and population are considered, a transportation network may never
reach an equilibrium. The evolutionary network growth process should produce rich
dynamics important to anyone who is interested in shaping the future transportation
network in a better way.

3.2 Model specification
The network dynamics model to be specified in this section brings together all relevant
agents and their interactions to simulate road expansion and contraction. The foundation
for the model development is the microscopic network growth dynamics described in the
previous section.
An overview of model components and their interconnectivity is shown in Figure
3-1. A travel demand model predicts link-level flows based on the network, socioeconomic and demographic information. Based on the demand forecasting results, links
calculate revenues and costs. An investment module then operates and causes annual
supply changes, producing an updated network. The modeling process does not have to
iterate annually. Other updating intervals can also be used. But yearly supply changes
correspond to budgets which are typically decided each fiscal year. The road network is
represented by a directed graph that connects nodes with directional arcs (links). The
standard notation convention for directed graphs is adopted for the following presentation
on the details of mathematical formulations of the sub-models.

3.2.1 Travel demand
Ideally, an agent-based travel demand model in which nodes, links, and travelers are
modeled as interactive agents should be applied to estimate travel demand at the level of
links, so as to keep the disaggregate model structure consistent. A previous study (Zhang
and Levinson 2004) has proposed such a model with successful application to the
Chicago sketch network. However, for two reasons it is not adopted here. First, in its
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current form, the agent-based travel demand model is not capable of incorporating
congestion effects. The second and probably more important reason is that most urban
planners currently do not use disaggregate approaches to predict future travel demand in
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Figure 3-1. Flowchart of the network dynamics model
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daily practice. Therefore, a traditional four-step forecasting model is used to predict
travel demand at the link level, taking exogenous land use, socio-economical variables,
and the existing network as inputs. A zone-based regression structure is used for trip
generation. The origin-destination (OD) cost table obtained from the previous year
traffic assignment is used for trip distribution in the current year based on a doubly
constrained gravity model (Haynes and Fotheringham 1984, Hutchinson 1974). The
computation of the new OD demand table takes into account the historical impacts of past
travel behavior. Travel demand in a given year depends on the demand in the previous
year. Levinson (1995) elaborates the idea of such a hybrid evolutionary model. In
contrast to a traditional equilibrium model, the evolutionary demand updating procedure
does not require supply and demand to be solved simultaneously. In this study, the new
OD demand is updated by a process similar to the method of successive averages (MSA)
(Sheffi 1985, Smock 1962) in traditional traffic assignment procedures. The weights in
equation (1) are specified in such a way that OD demand tables in all preceding years are
weighted equally toward the current year (i) OD demand.

⎛ 1⎞
⎛1⎞
qrsi = ⎜1 − ⎟ qrsi −1 + ⎜ ⎟mr Or n s Ds ⋅ d (t rsi )
⎝ i⎠
⎝i⎠

(3-1)

where:
qrsi

demand from origin zone r to destination zone s in year i

Or

number of trips produced from zone r

Ds

number of trips destined for zone s

mr, ns coefficients in the gravity model
trsi

generalized travel cost of traveling from zone r to s

d(.)

travel cost impedance function in the gravity model; d (trsi ) = e −γ ⋅t rs

γ

coefficient in the impedance function

i

The resulting OD table is loaded onto the current year transportation network through the
origin-based user equilibrium traffic assignment algorithm (OBA) developed by Bar-
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Gera and Boyce (2002). The generalized link cost function comprises two parts, a travel
time component and a vehicle toll. The travel time component uses the traditional BPR
(Bureau of Public Roads 1964) functional form.

tai = λ

la
vai

θ2
⎡
⎛ f ai ⎞ ⎤ i
1
+
θ
⎢
i ⎟ ⎥ +τa
1⎜
⎝ Fa ⎠ ⎥⎦
⎢⎣

(3-2)

where:
ta i

generalized travel cost on link a in year i

λ

value of travel time constant (dollar/hr)

va i

free-flow speed of link a (km/hr) in year i

Fai

capacity of link a in year i (veh/hr)

la

the length of link a (constant) (km)

fa i

average hourly flow on link a in year i (veh/hr)

θ1 , θ 2 coefficients of the BPR travel time function

τai

link toll per vehicle (dollar, see equation 3-4 for details)

The OBA algorithm derives link flows at user equilibrium and generates a new OD cost
table which will be used for trip distribution in the next year. In the traffic assignment
step, if the relative excess travel cost is less than 0.001, the Wardrop user equilibrium
(Wardrop 1952) is considered to be satisfied.

3.2.2 Price and revenue

Revenue is collected at the link level by vehicle toll. The annual revenue is simply the
product of the toll and annual flow. The amount of the toll depends on the pricing policy
specified. Common pricing policies will be described and specified in the next chapter
for evaluation purposes. The pricing rule proposed in equation 3-4 is used for the
demonstration example presented in Section 3.3, which states that the amount of toll
depends on the length of the link and the level of service.
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Eai = τ ai ⋅ (ψ ⋅ f ai )

τ ai = ρ1 ⋅ (la ) ρ ⋅ ( vai ) ρ
2

(3-3)
3

(3-4)

where:
Eai

revenue (earnings) of link a in year i (dollar)

ψ

coefficient to scale average hourly flow to annual flow

ρ1

scale coefficient related to the toll level (dollar⋅hrρ3/kmρ2+ρ3)

ρ2, ρ3 coefficients indicating economies or diseconomies of scale
As the free-flow speed of a link increases, travelers are able to save travel time and hence
are willing to pay a higher toll. However, speed improvements have decreasing returns.
For instance, if speed triples from 8 to 24 km/hr, time spent traveling 1 km drops 5
minutes from 7.5 min to 2.5 min. If speed increases 16 km/hr from 88 km/hr to 104
km/hr, the time drops from 41 seconds to 35 seconds – merely 6 seconds – which hardly
seems worth considering. Therefore, coefficient ρ3 should be between 0 and 1. Note that
with appropriate values for those coefficients, the toll-based link-level revenue structure
can also reasonably model centralized revenue collection mechanisms, such as fuel taxes
(ρ2 = 1 and ρ3 = 0).

3.2.3 Maintenance cost

Empirical evidence (Paterson and Archondo-Callo 1991) shows that the cost of
maintaining and operating roads are only partially (30% and 46% respectively) related to
the traffic volume on the road. Some maintenance expenditures are fixed and irrespective
to traffic. Non-linear increases in maintenance costs with respect to traffic volume have
also been observed. Traffic loading characteristics obviously also affect costs for
pavement resurfacing. A simplified link maintenance cost function is specified with three
determining factors: link length, capacity, and volume. Therefore, all maintain costs
unrelated to traffic are attributed to capacity in this model.
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M ai = μ ⋅ (l a ) α1 ( Fai ) α 2 ( f ai ) α 3

(3-5)

where
Mai

cost of maintaining link a at its present condition in year i (dollar)

μ

scale parameter (dollar⋅hrα2/kmα1)

α1-3

coefficients indicating economies or diseconomies of scale

3.2.4 Construction cost

The cost of road construction depends on many factors – lane-miles of construction, road
hierarchy (road types, e.g. interstate highway, state highway), land acquisition cost,
degree of urbanization, terrain, and elevated sections (e.g. interchanges, bridges). Keeler
and Small (1977) developed a construction cost model with only two variables, lanemiles of construction and urbanization. Their model explains about 52 percent of total
cost variation. A regression model developed for construction projects in the Twin Cities
is able to explain 77 percent of cost variation with two additional variable, road hierarchy
and duration of construction (Levinson and Karamalaputi 2003).

A three-variable

function is specified for road construction cost. In this function, it is more expansive to
construct a road that is longer, has a high existing capacity (hierarchy), and needs a larger
capacity increase.

K ai = φ ⋅ (la )σ 1 ⋅ ( Fai )σ 2 ⋅ ( Fai +1 − Fai )σ 3

(3-6)

Some consider road construction as discrete, highly indivisible, and lumpy investments
while others argue that capacity improvements are usually less lumpy than they seem.
There exists evidence supporting both arguments. A road can only be built with or
expanded by a discrete number of lanes. However, incremental capacity improvements
can also be achieved by improving management efficiencies, widening shoulders, and
resurfacing pavement. Equation 3-6 is a continuous function. However, it can also be
used to describe costs of discrete road expansions with an additional constraint. That is
done by keeping track of the existing number of lanes for each road in the network and
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estimating a capacity/number-of-lane (CNL) function. The CNL function defines the
capacity of a road according to the number of lanes (L) on the road.

Fai = η0 + η1 ⋅ Lia + η2 ⋅ Lia

2

(3-7)

It is possible to use this function to calculate the cost of construction required to add one
or two more lanes. It should be noted that level of urbanization (indicated by residential
density or distance from nearest downtown) is not included in the expansion cost model
for simplicity.

3.2.5 Investment rule

The investment model takes revenues and costs on all links as inputs, and determines
how revenues are distributed to maintain and expand the network. If the amount of
revenue distributed to a link is not sufficient to defray its maintenance cost, capacity of
the link will decrease in the next iteration. Revenues may also be used to expand some
links in the network depending on the specific investment policy and organizational
structure. The amount of capacity changes can be determined by the construction cost
function in a discrete or continuous manner.
Chapter 4 provides a very detailed discussion of common investment policies. A
simple investment rule is described herein and later used in the demonstration. Though
this sample investment rule does not seem to correspond to any real-world scenarios, it
does not violate any obvious constraints.

⎛Ei
⎞
Fai +1 = Fai ⎜ a i ⎟
M
a ⎠
⎝
where β

β

(3-8)

capacity change coefficient

All links are assumed to be autonomous and handle their own revenues. Note that
investment decisions implied by equation 3-8 are very myopic ones in that links only care
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about themselves, ignore network effects and spend all revenues immediately. The rule
does not even incorporate an explicit construction cost function like equation 3-6. The
value of β actually represents some properties of the link expansion process. If β is less
than 1, it implies that there are diseconomies of scale in link expansion because doubled
investment (E) would only produce less than doubled capacity. If β is larger than 1,
economies of scale exist.
A capacity change on a link is usually associated with a concurrent change in
free-flow speed. Vehicles are in general able to travel faster on wider roads. A log-linear
function is specified to capture the co-evolution of capacity and speed.
vai +1 = ω1 + ω 2 ⋅ ln( Fai +1 )

(3-9)

With updated link capacity and free-flow speed, some factors influencing travel behavior
such as link travel time and toll level. Theses supply shifts, combined with preference,
economic growth and demographic changes, give rise to the emergence of a new demand
pattern in the next iteration.

3.2.6 Measures of network effectiveness

So far, a complete cycle of the network evolution process has been modeled. This cycle
repeats itself year after year. Simulation of these cycles can reveal various emergent
properties of transportation network growth in the short and long run. Specifically, the
model provides the following information for each year in the evolutionary process:
population and activities at the zone level; demand, travel time, and generalized travel
cost at the OD level; flow, capacity, speed, travel time, and toll at the link level. They are
used to develop several measures of effectiveness (MOEs) for the evaluation of network
performance with alternative pricing and investment policies over time. Total vehicle
hours traveled (H) and total vehicle kilometers traveled (L) are fairly standard network
MOEs. The change in consumers’ surplus (U) between year 0 and year i is computed by
the rule of half.
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1
U 0−i = ∑∑ ( q rsi + q rs0 ) ⋅ (t rs0 − t rsi )
r
s 2

(3-10)

Total net social benefit (W) is the sum of changes in consumers’ surplus, plus total
network revenue minus total construction and maintenance costs. The revenue term needs
to be included because tolls are used in deriving changes in consumers’ surplus.

W 0−i = U 0−i + ∑∑ E ai − ∑∑ (M ai + K ai )
i

a

i

(3-11)

a

Ideally, costs of accidents, energy, pollution and noise should also be included in the
computation of net social benefit. However, evaluation of these costs is a complex
exercise and existing methods depend on some rather subjective assumptions. Those who
are interested in environmental impacts and other social issues should find it
straightforward to attach any pollution or accident models to the proposed network
dynamics model, and conduct performance related analyses.
Accessibility to activities for residents in zone r (Ar) is defined below. It states
that the accessibility of a traffic zone is the sum of the products of activities in each
destination zone and the travel impedance from the current zone to the destination zone.

Ari = ∑ Dsi ⋅ t rsi

(3-12)

s

Productivity (P, km/dollar) is defined as vehicle kilometers of travel divided by total
inputs to the system. The inputs include travel costs borne by users (excluding tolls which
are transfers), maintenance and expansion costs borne by road authorities. This
productivity measure may also be interpreted as the inverse of the full cost per kilometer
of travel in the road network.
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(3-13)

a

It has also been a concern that in a privatized road network where toll revenue is the
primary financing source, equity may be jeopardized. The Gini coefficient is used to
measure the inequity of accessibility among different network zones, which falls between
0 (perfectly equitable) and 1 (perfectly inequitable). If the results show degraded equity
with autonomous links, it is necessary to identify winners and losers.

∑∑ A − A
G=
2N ∑ A
r

r

s

s

(3-14)

r

r

The average and distributional properties of link price and capacity will also be examined
because they reveal the degree of network hierarchy which may differ under different
institutional structures. Profitability for autonomous links is also of higher interest for its
implications on viability of decentralized control.

3.3 Estimation of model parameters
The exact value of the parameters in the network dynamics model certainly depends on
the road network in question. This section discusses in general the empirical data required
for model estimation and their likely sources, and in particular the derivation of a
complete set of parameter estimates for the road network in the Twin Cities metro area.
The first set of data for the execution of the network dynamics model is the initial
network status, including capacity, length, free-flow speed, and tolls (if any) for all links
and their connectivity. Changes in land use, demographics and regional economy are
assumed to be exogenous, and therefore should be obtained from corresponding
forecasting models. The road network and land use data in the Twin Cities metro area
have been collected between 1978 and the present in digital format. In the 2000 Twin
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Cities road network, there are 7976 nodes and 20914 links. A bit more than 600 link
capacity changes have taken place since 1978, of which 110 are the results of major road
expansion projects.
Travel demand forecasting has become a fairly standard planning exercise over
the years. Most metropolitan areas update their travel demand models, mostly four-step
models, every five or ten years. The parameters related to travel demand, such as γ in the
gravity model should be available from metropolitan planning organizations. In the Twin
Cities, the value of γ is around 0.1.
As mentioned earlier, the equation determining the amount of toll on a road
should be derived from the specific pricing policy. In the Twin Cities, as well as other
cities in the US, fuel tax revenues have been the major sources of road funds. If the
variation of gas mileage among vehicles is ignored, fuel tax is essentially a distancebased user fee (ρ2 = 1 and ρ3 = 0). The constant term is determined by the amount of
surcharge per gallon and then normalized to unity.
Keeler and Small (1977) estimated a simple linear model of road maintenance
costs using project-level data. In their specification, maintenance cost is a function of
vehicle miles of travel. Heggie (1995) calculated maintenance costs based on both
vehicle-kilometers of travel and roads hierarchy. Paterson and Archondo-Callao (1991)
show that only about 46% of total maintenance costs are traffic-related while the
remaining 54% are fixed costs. Clearly, road-specific data would enable most accurate
estimation of maintenance cost. There is evidence of substantial economies of scale in
maintenance cost as traffic volume increases. Maintenance cost per vehicle-kilometer of
travel is much lower on a high-volume road. This suggests that α3 is between 0 and 1,
and probably just slightly larger than 0. While it is conceivable that higher-level roads,
such as an interstate highway, are more expansive to maintain than lower-level roads,
such as an arterial street, even if they carry the same amount of traffic (α2 > 0), no
previous study has exactly estimated α2. It is assumed that there are diseconomies of
scale in road maintenance as the capacity of the road increases (α2 > 1).

3 NETWORK MODEL

34

For the estimation of the road expansion cost function, data at the project level is
again the most desirable. Several previous studies on economies of scale in road
construction use lane-miles of expansion as a predictor, effectively assuming σ1 = σ3
(Keeler and Small 1977, Kraus 1981, Meyer et al. 1965). Construction projects of all
sizes are combined and therefore it is not surprising most of them find near-constant
returns to scale (σ1 = σ3 = 1). A recent study (Levinson and Karamalaputi 2003) using
data of 110 projects in the Twin Cities show significant increasing returns to scale (σ1 =
σ3 = 0.5) after controlling for road hierarchy. Using the same data set, the author finds
constant returns to scale without controlling for road hierarchy. It should be more
expensive to expand a road already having high capacity due to exponentially increasing
land acquisition costs. Therefore, σ2 > 1 is a plausible assumption with the absence of any
definitive knowledge. These observations suggest that σ1 = σ3 = 1 seem to be the so-far
most reliable estimates for the road expansion cost function, and that there is a need for
further studies on cost functions (e.g. a function that considers second order effects,
factor prices, and land acquisition cost). The cost data in the Twin Cities were collected
from the Transportation Improvement Program managed by the Metropolitan Council.
The database developed by the Metropolitan Council for the regional
transportation planning model also includes capacity, free-flow speed, and number of
lanes for more than 10,000 road segments in the Twin Cities. These data are used to
estimate the capacity/number-of lane function (see equation 3-7) and the capacity/speed
function (see equation 3-9). All coefficients are statistically significant at level 0.05 (η1 =
341, η1 = 162, η2 = 273, ω1 = -30.6, ω2 = 9.8). R2s of the two models are 0.6 and 0.7
respectively. The predicted values of the dependent variables are plotted against observed
data in Figure 3-2.
For normative applications (i.e. policy evaluation), the investment rule should be
specified in accordance with the investment policy being evaluated. In that case, no
calibration or validation is required for the investment model. However, if the problem is
to replicate previous network growth patterns, a difficult problem emerges as it is much
harder to identify which investment policy has been applied in the real world than to
propose an investment policy for the future. During the past two decades in the Twin
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Cities, road investments seem to be determined jointly by budget constraints, benefit cost
analyses, and various policy initiatives (most recently, bottleneck removal). The simple
investment rule described in equation 3-8 is used in the following simulation as a very
rough estimate of the investment policy in the Twin Cities. This is somewhat arbitrary
but fine for a demonstration example. As we shall see in the following simulation, this
simple investment rule actually successfully replicates several major investments in the
Twin Cities.

Free-flow Speed

Capacity
Capacity

Number of Lanes

Figure 3-2. Capacity/Speed and Capacity/Number-of-Lane Functions

3 NETWORK MODEL

36

The complete set of model parameters estimated or assumed for the Twin Cities
road network is summarized in Table 3-1.
Table 3-1. Coefficients used in the experimental runs of the network dynamics model
Parameter
λ
θ1 , θ2

Description
Value
Source
value of travel time constant ($/hr)
10
Empirical findings
coefficients in the BPR function
0.15, 4
BPR
coefficient in the gravity model
0.1
Empirical findings
γ
Combined scale coefficient in revenue 1
Scale parameter
ρ1 ⋅ψ
model (dollar⋅hrρ3/kmρ2+ρ3)
Power term of length in revenue model 1
CRS of link length
ρ2
Power term of speed in revenue model 0.75
DRS of level of service
ρ3
Scale coefficient in cost model
20
Scale parameter
μ
(dollar⋅hrα2/kmα1)
Power term of length in cost model
1
CRS of link length
α1
Power term of capacity in cost model
1.25
IRS of capacity
α2
Power term of flow in cost model
0
Ignore variable cost
α3
coefficient in the speed-capacity log-30.6, 9.8 Empirical estimates based
ω 1, ω2
linear regression model
on Twin Cities data
coefficient in the capacity-number-of341, 273, Empirical estimates based
η0, η1, η2
lane quadratic regression model
162
on Twin Cities data
Scale coefficient in cost model
1
Scale paramter
Φ
Power term of length in cost model
1
CRS of link length
σ1
Power term of capacity in cost model
1.25
IRS of capacity
σ2
Power term of Δcapacity in cost model 1
CRS in road construction
σ3
capacity change coefficient
0.75
DRS in link expansion
β
Note: CRS, DRS and IRS: constant, decreasing, and increasing returns to scale

3.4 Model demonstration
Simulating the network dynamics model with the available Twin Cities network data can
provide valuable information regarding the modeling concept, structure and feasibility on
a large-scale realistic network. The values of model parameters in these preliminary runs,
as derived in the previous section, are based on either empirical estimation or our best
understanding of the economies and diseconomies of scale in the network growth
process. In this sense, the simulation presented below is more of a demonstration than a
rigorous validation. Though not directly related to the goal of this thesis – policy
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evaluation, some qualitative properties of network dynamics are also revealed in the
simulation and summarized for their planning implications.
Four experiments are conducted with different initial conditions and restrictions
on link contraction. It is assumed in all experiments that there are no exogenous changes
in land use, economy and population. The fixed land use, economy and population in the
model are based on 1998 Twin Cities Metropolitan Council data. Let us imagine we
were planners in 1978 who are interested in network growth twenty years from “now”
(year 1998). The 1978 network thus becomes the “existing” network. So, in essence,
these four experiments set up scenarios in which “estimated” land use twenty years from
“now” is applied to the “existing” network. Using the real 1978 network as the initial
condition for the simulation model (Experiments 1 and 2) allows us to observe whether
and how this real-world network achieves equilibrium. The real 1978 network already
exhibits hierarchy in that a few important roads carry the bulk of traffic while most roads
have relatively low speed and volume. In order to see how network hierarchy emerges in
the growth path, the other initial condition is the 1978 network with a uniform capacity of
400 vehicle/hour, which is the capacity of the narrowest link in the 1978 network. The
adoption of two initial scenarios can also reveal if starting conditions significantly affect
the future growth of a transportation network. In the investment model, link contraction
occurs as long as the collected revenue is insufficient to maintain a link at its present
condition. However, in reality links usually do not shrink – once you build it, you cannot
easily abandon it. The presence of this practical constraint is considered and applied to
two of the four experiments (Experiments 2 and 4). Comparison of simulation results
with and without the link contraction restriction shed light on future refinement of the
investment rules. In the simulation, if the network does not change in two consecutive
years, the simulated network evolution process stops and an equilibrium is achieved. It is
also possible that the network does not converge and changes constantly among two or
more distinct states.
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The four simulation experiments are carried out on a personal computer with a
Pentium 4 processor at 1.7 GHz, slower than standard personal computers currently sold
in market. On average, it takes about twenty minutes for each simulation iteration. The
traffic assignment algorithm consumes a major portion of the running time. There are a
lot of link expansion and contraction activities at the beginning of the evolution process.
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Figure 3-3. Convergence Properties of the Network Dynamics Model

As we can see in Figure 3-3, thousands of links are expanded and contracted in the first
several years following 1978. However, the network settles itself very quickly, and after
about 20 years only about a hundred links still experience (relatively small) changes in
capacity and free-flow speed. In order to achieve the strict equilibrium defined as a
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network with no more capacity changes, it is necessary to continue the iterations for
many more years at any network as large as the one in the Twin Cities metropolitan area.
But all significant changes occur during the first 20 years. It is clear the network
dynamics model is approaching an equilibrium smoothly. It is probably not practical
(with this level of computer) to execute the model until a strict equilibrium is achieved.
A goal function can be set up to determine the stopping point of the simulation. For
instance, further iterations are not considered if the average percentage change of link
capacity becomes less than 0.001. The remaining presentation of the simulation results
only focus on the network dynamics between 1978 and 1998 since most important
changes take place during this period.
In the travel demand model, an updating procedure similar to the Method of
Successive Average (MSA) is adopted to take into account the impacts of lagged demand
(Equation 1). One may suspect that it is this MSA procedure that forces the system to
achieve a long-run equilibrium. In order to test this hypothesis, experiment 2 with the
fastest convergence is also executed without MSA, i.e. travel demand in the current year
is independent of demand in previous years (only the second term on the right hand side
of Equation 1 is left in this case). The convergence property without MSA is presented in
Figure 3-3 as well, which rejects the hypothesis and suggests induced or latent demand
actually hinders the equilibration process of a transportation network. This result is also
intuitive – a road system with factors delaying the adjustment of demand to changing
supply, such as habitual behavior, uncertainty, and information acquisition cost, takes
longer to reach its equilibrium than a system without those factors or with those factors to
a less degree. However, the existence of lagged demand does not seem to affect the final
equilibrium state of the system (cf. Figures 3-4d and 3-4e).
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Real growth
Predicted growth

(a) Base: observed 1978 network with real capacity

(b) Capacity change: observed 1998 - base

(d) Capacity change: Experiment 2 1998 - base

(c) Capacity change: Experiment 1 1998 – base
Contraction (negative changes) not presented

(e) Capacity change: Experiment 2 without MSA
Equilibrium 1990 - base

Figure 3-4. Experiment 1 and 2 vs. Observed Network Growth after 20 Years
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Predicted road expansions from the model between 1978 and 1998 are compared
with expansion activities that actually occurred during that period. In Figure 3-4, the
prediction results from Experiments 1 (3-4c) and 2 (3-4d) are compared to the observed
data (3-4b). Although the model successfully predicts several large freeway construction
projects, it forecasts more expansions on roads already having high capacities (freeway
segments) while fewer expansions on arterial roads than reality. Either the expansion
costs of arterial roads are overestimated or the costs of freeways are underestimated in the
model. It is probably because the same cost function is used for all roads in the model.
There is clearly a need for cost functions adjusted to link-specific conditions. At this
point, we are not arguing that the model predicts what should have been done. It must be
able to describe reality first before it can be used as a normative tool.
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Figure 3-5. Road Hierarchy after 20 Years
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Road hierarchy emerges in all four experiments (see Figure 3-5). In the predicted
1998 networks, most roads have low capacity and carry low flows, while only a few
roads are expanded to very high capacities and carry the bulk of traffic. Experiments 1
and 2 start from the 1978 network with real capacity and hence the hierarchical structure
is already present at the initial condition because the construction work of most freeways
in the Twin Cites had been completed by 1978. It is, therefore, not very surprising to see
the predicted 1998 network hierarchy conforms very well with the observed 1998 data.
With accurate network data in the starting year (1978) and good exogenous forecasts of
land use and economic growth in a future year (we actually observed the 1998 land use),
the proposed network dynamics model with very simple decentralized cost, revenue and
investment functions provides satisfactory forecasts of road hierarchy in the future year.
It is interesting to see that hierarchy also emerges in Experiments 3 and 4 where the
starting condition is a uniform capacity network. The predicted hierarchies in these two
scenarios are actually very close to the observed ones for lower-level roads. The results
from Experiments 3 and 4 also suggest that if planners in the Twin Cities could design a
brand-new network to serve the existing travel demand and replace the existing network,
they would build many fewer roads with very high capacities, as seen on the right side of
the two graphs. This finding may be somehow not very meaningful due to the big “if”.
How the network arranges itself in a hierarchical pattern from a uniform status is a really
interesting question. To answer that question, the growth path of the Twin Cities network
in Experiment 4 is presented in consecutive maps where changes in road capacity are
shown with lines with different weights (Experiment 3 gives almost the same results and
is therefore not shown).
For those who are not familiar with the Twin Cities metropolitan area, a brief
description of the geographical features of the region may be helpful before the maps in
Figure 3-6 are examined. Two traditional central business districts, downtown
Minneapolis and downtown Saint Paul, are approximately ten kilometers from each
other. The Minnesota River meets The Mississippi River right in the city. At the
confluence point of the two rivers is the region’s international airport. A new suburban
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Real growth
Predicted growth
River
The three downtowns

(a) Base: 1978 network with uniform capacity (400veh/h)

(b) Experiment 4 capacity change: predicted 1982 - base

(c) Experiment 4 capacity change: predicted 1998 - base

Figure 3-6. Emergence of Hierarchies in Experiment 4
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business area, downtown Bloomington, also emerges near the airport.

The three

downtowns, as well as the rivers are shown in the base year network (3-6a). After four
years, the model predicts that some roads are expanded (3-6b). The location of these
expansions tells us much about how road hierarchy emerges even from a uniform
network. Natural barriers, such as rivers in this case, are sources of unbalanced road
construction. It is clear that bridges are able to attract more flow than other roads in the
network and hence get expanded first. Network effects then drive more flow to the roads
emanating from bridges, for instance the roads along riverbanks.

If one carefully

examines the roads surrounding the airport, the circle just west of the river conflux, it is
evident these roads are also able to generate more revenues than an average road and are
expanded early in the evolution process. The role of the airport here is much like some
natural barriers such as mountains, because they all direct more flow to bypasses. The
second source of hierarchy comes from activity centers. The three downtowns with high
density of jobs and other activities are the areas with intense road expansions in the years
following 1978. Finally, the fact that all major road expansions between 1978 and 1982
take place in the central area of the region suggest that boundary effects also contribute to
the formation of road hierarchy. Though we live on a round globe, even the largest
metropolitan area today is still better modeled as a planar surface. Travel demand on a
limited plane is not uniform. Most trips originating from the edges of the city are inward
trips and destined for activity centers located relatively closer to the geographical center
of the region, while trips emanating from areas in the middle of the city are distributed
along all possible directions. The asymmetry in demand patterns is the third source of
road hierarchy identifiable from the second map.

Again, network effects will help

propagate the hierarchical pattern created by those three sources throughout the whole
network over time. Twenty years later, road hierarchy can be found virtually everywhere
in the network (3-6c).
Congestion is undesirable in a network and attracts a lot of attention in network
analysis. In Figure 3-7, volume capacity ratios (VC ratios) of all roads in the network
after twenty years of evolution are plotted in a histogram. The observed 1998 data
suggest that most roads carry flows well below their capacity and a few roads operate at
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VC ratios near or slightly higher than one. Practically, over a long period of time, no
road can carry flows greater than its capacity. The presence of VC ratios larger than one
in the model is the result of inadequate description of road travel delays and scheduling
adjustments in the traditional four-step travel forecasting model. Experiments 1 and 3
allow road degeneration, the results from which show a narrow range of VC ratios,
suggesting a more uniform distribution of congestion in the network compared to the
observed data.

Note that the model does not say that at equilibrium a uniform

distribution of VC ratios will be achieved. Roads have similar VC ratios in Experiments
1 and 3 but not the same. Experiments 2 and 4, with a constraint on road contraction,
obviously predict congestion much better than their counterparts without the constraint.
Once a road is expanded but demand later does not justify the capacity after the
expansion, the road is still going to be maintained and capacity reduction is less likely to
happen. Furthermore, in the real world capacity expansions are discrete (1 lane, 2 lanes),
while here they are modeled as continuous. Therefore, a constraint on road degeneration
in the model should make it more realistic. The spike near a VC ratio of one is still
present in Experiments 2 and 4. This is because the same revenue and cost functions are
applied to all roads. In reality, it may be more expensive to expand some roads than
others and hence different levels of congestion are observed. This again suggests that
cost and revenue functions in the model should be adjusted according to local conditions.
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Experiment 1: predicted 1998 network

Experiment 2: predicted 1998 network

Experiment 3: predicted 1998 network

Experiment 4: predicted 1998 network

Figure 3-8. The impacts of starting conditions and constraints on network growth

Finally, the impacts of starting conditions and constraints on the predicted
network dynamics are examined in Figure 3-8. Clearly, they do matter. By comparing
the four graphs vertically, i.e. Experiment 1 against 3, and 2 against 4, we find that
different initial networks results in quite different networks at equilibrium. A horizontal
comparison of the graphs reveals the relatively smaller influence of the restriction on
road degeneration.
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3.5 Model capability
The proposed model clearly demonstrates its ability to consider short- and long-run
network dynamics on a general road network. Its simulation nature allows for systematic
comparison of any number of pricing, investment, and combined policies. It is also
possible to assess various ways to implement a specific policy. For instance, marginal
cost pricing may be imposed on all roads or on congested roads only. The model is able
to point out potential short- or long-term problems, and quantify overall welfare changes
in both scenarios taking into account all identifiable costs.
The network dynamics model also incorporates substitutional and complementary
effects in a general network by using a full-fledged travel demand model. This separates
it out from previous economic analyses that ignore network effects altogether. Some
abstract studies in transportation network equilibrium (Yang and Huang 1998, Hearn and
Yildirim 2002) do consider network effects and their impacts on a specific pricing
principle (e.g. marginal cost pricing). However, they do not provide a general policy
analysis tool (defined by the seven criteria in Chapter 1) and the computational
complexity involved prohibits applications on large realistic road networks.
A very interesting and important capability of the proposed model arises from the
embedded agent-based structure. Each road can be treated as an autonomous agent that
determines for itself price, investment, and the level of coalition with other roads. This
opens many opportunities to model profit-maximizing behaviors in a decentralized road
network. Will a decentralized road network be able to self-sustain? What are the impacts
on users and on the society as a whole if roads are privatized or commercialized? Are
road networks natural monopolies? Are there any needs for regulation to promote
competition or to prevent market failure in a decentralized road network? These research
questions are of paramount importance for proposals of road privatization and
commercialization, but have not yet been seriously studied on realistic networks due to
the lack of appropriate analytical tools. Game theory has been used to study pricing
strategies of a private road in competition with another parallel private or public road.
However, as network size gets larger, it is almost impossible to determine payoff
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matrices due to complicated network effects, undermining the suitability of an analytical
game theoretical approach for analyzing the behavior of autonomous roads. In contrast,
the agent-based simulation framework manifested in the proposed network dynamics
model overcomes this problem and can be used to address several important questions
listed above. We shall see examples in the following chapters.
The travel demand model specified does not distinguish users by income, gender,
or age, making simulated policy impacts inseparable among different user groups. This
limitation can be removed by using a more advanced travel demand model, which is
discussed more in Chapter 6.
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4. MODELS OF PRICING AND INVESTMENT POLICES
This chapter surveys various road pricing and investment concepts, principles, and
policies that have emerged from economic theories and practices. In particular, five
pricing schemes and three investment rules are discussed with roads either privately or
publicly owned. Implementation of these policies on a general network is modeled for
evaluation purposes.

4.1 Pricing
Appropriate prices are important for efficient allocation of resources. A specific pricing
strategy may carry the goal of unconstrained social welfare maximization, constrained
social welfare maximization, and profit maximization depending on the organizational
structure.

4.1.1. Marginal cost pricing

A pricing scheme based on the marginal cost of road use maximizes social welfare in the
short run. Marginal cost of road use is comprised of congestion costs equal to the
additional delay costs imposed on other drivers by one additional vehicle, marginal
variable road maintenance costs borne by the road authority, marginal vehicle operating
costs borne by the driver, and marginal social costs. If the current road capacity is
optimal, short-run marginal cost equals long-run marginal cost under certain conditions.
This probably does not correspond to reality due to indivisibility and joint production. If
there are also constant returns to scale in road construction, revenues from marginal cost
pricing can just recover facility costs.
Implementation of marginal cost pricing on a general network has encountered
several problems. Toll collection costs would be high if all roads are priced at marginal
costs. It turns out to be extremely difficult to estimate the real marginal cost of an
additional trip on a specific road due to network effects. If marginal cost pricing is
adopted for a congested network, the amount of toll increase will be large.
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A link-based model for marginal congestion cost pricing is used and later
evaluated on a sample road network. The amount of user charge on a link equals the
delay costs a driver imposes on all other drivers using the same link.
θ2
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(4-1)

Anderson and Mohring (1997) used this link-by-link method to compute marginal
congestion costs on the Twin Cities road network. Safirova and Gillingham (2003)
explored network-wide marginal congestion cost using simulation and found network
effects are significant. Evaluation of finer pricing strategies based on better
approximation of true marginal congestion costs can also be accommodated in the
proposed network dynamics model. However, user charges may be determined by a
numerical procedure instead of a closed-form equation.

4.1.2. Marginal cost pricing including maintenance costs

Besides congestion externalities captured by equation 4-1, marginal variable maintenance
cost is also an element of the total marginal cost imposed by a trip. Paterson and
Archondo-Callao (1991) identified that total fixed maintenance cost is about equal to
total variable (traffic-related) maintenance cost. Keeler and Small (1977) assumed a
linear relationship between traffic volume and maintenance cost, i.e. average equals
marginal variable maintenance costs. The same assumption is adopted here. Therefore,
the equation for computing marginal cost pricing including maintenance costs (M) is:
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The second term on the right hand side is the marginal variable maintenance cost per trip.
This specification does not relate marginal maintenance cost to axle loadings. An
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integrated passenger and freight demand model and a vehicle classification system are
required for the network dynamics model to become capable of handling such finer
polices.

4.1.3. Distance-based user charges

Toll financing has only been adopted on a few facilities in the US. Road improvement
funds primarily come from fuel taxes. In essence, fuel taxes charge users based on total
vehicle-miles of travel without taking into account when and where the trips occur. This
average-cost pricing scheme can be modeled with a simple function of link toll:

τ ai = ρ1 ⋅ la

(4-3)

4.1.4. Regulated user charges with autonomous links

Here we consider the situation where independent companies manage roads but do not
have freedom to set prices. Price regulation can take several forms such as price ceiling,
rate-of-return regulation, or mandatory pricing formula. The following formula models
regulated prices based on travel distance and level of service (speed).

τ ai = ρ1 ⋅ (la ) ρ ⋅ (vai ) ρ
2

3

(4-4)

4.1.5. Profit-maximizing prices

Finally, pricing strategies in a privatized road network are considered where all links
have the authority to determine their prices based on market principles. Some policy
analysts believe that marginal cost pricing principles are more likely to be implemented
when roads are privately owned and operated. This is true when the road market is
perfectly competitive. However, this assumption does not hold in reality, as we know
spatial monopoly exists in any road network (e.g. roads in the center have advantage in
competition compared to roads on the edges). In addition, road construction often
involves considerable sunk costs, which indicates a possible monopoly. It is thus
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important to study the prices set by road companies trying to maximize their profits.
However, it remains one of the least understood areas in transportation economics.
To model pricing strategies of profit-maximizing roads, several simplifying
assumptions are made. First, autonomous roads separate pricing and investment
decisions, and therefore set prices to maximize short-run profits. Second, roads are not
allowed to merge into larger road corporations. Let the demand function for a road be
f ai (τ ai ) given capacity and free-flow travel time. Total and marginal revenue with respect
to price are respectively:
E ai = τ ai ⋅ (ψ ⋅ f ai ) = ψ ⋅ f ai (τ ai ) ⋅ τ ai

[

(4-5)

∂E ai / ∂τ ai = ψ ⋅ f ai (τ ai ) + τ ai ⋅ ∂f ai (τ ai ) / ∂τ ai

]

(4-6)

Short-run variable cost is simply the maintenance cost:
M ai = μ ⋅ (l a ) α1 ( Fai ) α 2 ( f ai ) α 3

(4-7)

[

∂M ai / ∂τ ai = μ ⋅ α 3 ⋅ (l a ) α1 ( Fai ) α 2 ( f ai ) α 3 −1 ∂f ai (τ ai ) / ∂τ ai

]

(4-8)

The profit-maximizing price is set such that marginal revenue equals marginal cost:

ψ ⋅ [ f ai (τ ai ) + τ ai ⋅ ∂f ai (τ ai ) / ∂τ ai ] = μ ⋅ α 3 ⋅ (la )α ( Fai )α ( f ai )α −1 [∂f ai (τ ai ) / ∂τ ai ]
1

2

3

(4-9)

For an isolated road connecting only one origin-destination pair, the demand function can
be easily derived using trip distribution models, and the profit-maximizing toll resolved.
However, on a general network, travel demand on a road should be elastic with respect to
prices on a number of competing and complementary roads, so the profit-maximizing
price is constrained by the market. It is anticipated that each link will have an objective
function for profit maximization. However, depending upon assumptions of whether the
firm perfectly knows market demand, and how the firm treats the actions of competitors,
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the Nash equilibrium solution to the problem may not be unique, or even exist. Whether
this system converges upon an equilibrium solution, and whether that solution is unique
is a fundamental question.
The incompleteness of information is profound in the market comprised of noncooperative competing autonomous roads. The situation of incomplete information is
further aggravated by the fact that the demand function on one link depends on its
previous investment decisions and the investment decisions made by other roads. How do
autonomous roads determine prices in this dynamic situation? Underlying the decision of
each autonomous link is an objective function, profit maximization given certain amounts
of information, and a behavioral rule which dictates the amount and direction of price
changes depending on certain factors. Once a link has found a toll which it can neither
raise nor lower without losing profit, it will be tempted to stick with it.
Therefore, it is assumed that roads try to achieve profit-maximization in this
interdependent and evolving system by adjusting its prices iteratively based on available
information about link travel demand. In each iteration, a road determines its price based
on prices and profits in the previous k iterations. Specifically, a link fits a quadratic curve
in the profit-price domain. If the curve is concave, the new price is identified at the
maximum point. If the curve is convex, the price corresponding to the maximum profits
in the previous k iterations will be marked up or down by j percent to form the new price
(see Figure 4-1). This pricing rule assists the road in maximizing profit and ensures
smooth price changes. It should be a plausible myopic pricing rule when demand
functions are unknown to autonomous links. The assumption of unknown demand will be
check in the later simulation experiment. If it turns out that the demand functions are
relatively stable from iteration to iteration (i.e. a reasonably accurate demand curve can
be estimated after several trials), the proposed pricing rule needs to be revised because
there are obviously better pricing strategies for profit-maximizing links. k = 5 and j = 20
are assumed to carry out the following simulation experiments.
However, a more intelligent road agent may realize that while it may have found a
local maximum, because of the non-linearities comprising a complex network, it may not
be at a global maximum. Furthermore other roads may not be so firmly attached to their
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decision, and a periodic probing of the market landscape by testing alternative prices is in
order. This too requires rules and should be explored in future studies.

Profit

Concave

Profit

Convex

Toll

Toll

τ (1+j )τ
Prices in previous
k iterations

The price in previous k iterations
corresponding to maximum profit

New price

Figure 4-1. A pricing rule for autonomous links

4.2 Investment
The capacity of a road is at the optimal level if the marginal benefit of building an
additional unit of capacity just equals the total costs of providing it. This optimality
condition establishes a long-run investment goal but does not provide guidelines for longterm investment decisions. Benefit-cost analysis has become the basis for many
investment decisions. Some engineering procedures have also been established to
distribute road funds to individual projects. In a decentralized road market, profitability
becomes the dominant criterion for road investments. These investment rules are
discussed and modeled for general road networks in this section.
One assumption made in the analysis is that no road authority, either public or
private, can operate with deficit. There are two ways to achieve that goal. An agency may
first review investment needs, come up with an estimation of total required revenue, and
then adjust prices to meet the investment needs. On the other hand, an agency may stick
with its pricing policy and distribute total revenue to projects based on their priorities.
The difference between the two approaches actually stems from the conflicts between
long-run and short-run allocative efficiency. Both have shaped road pricing and
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investment policies in reality. Road authorities often select a certain number of “most
desirable” projects to build according to available revenue. But occasionally they assess
long-run financing prospects, revise pricing schemes, and adopt innovative financing
methods. Because the purpose of this study is evaluation, we model pricing and
investment policies independently. Road authorities in our model only determine which
projects to be built with whatever amount of revenue is available.

4.2.1 Needs assessment

One investment criterion for a centralized road authority has been known as “needs
assessment”. The Federal Highway Administration (FHWA 1993) describes it as follows:
Estimate of future highway investment requirements are derived
through application of the Highway Performance Monitoring System
(HPMS) database and analytical modeling procedure. The HPMS
database contains information about current physical conditions and
usage for over 100,000 non-local highway segments. The HPMS
analytical procedure uses this data to simulate highway investment
decisions and predict system performance. …
Highway deficiencies are identified when physical or operating
conditions deteriorate below prescribed minimum condition standards. …
In general, condition deficiencies will occasion resurfacing or pavement
reconstruction while performance deficiencies result in the need for
additional capacity on the existing roadway. Each improvement type has
an associated cost per lane mile that varies by state.
The

HPMS

investment/performance

procedure

prioritizes

improvements based on the amounts of funds available and their relative
cost-effectiveness levels.
There are several important features of this needs assessment criterion (Roth 1996). First,
all existing roads must be maintained at a certain level of physical conditions. Second, all
roads must have the capacity to accommodate future traffic. Third, a monitoring system
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determines which roads need to be improved or expanded. Fourth, if identified needs
exceed available funds, cost-effectiveness becomes the determining factor. This does not
make the procedure similar to benefit-cost analysis because the candidate projects are
selected based on engineering not economic criteria.
The road investment criterion, known as “bottleneck removal” clearly has been
influenced by the principles of needs assessments. The bottleneck removal program tends
to favor expansion projects on highway sections with the most severe congestion
problems. A mathematical model is developed to describe this type of investment rules.
In this model, total network revenue (ET) collected on all roads is managed by a
centralized agency that is also responsible for its distribution.
E T a = ∑ E ai = ∑τ ai ⋅ (ψ ⋅ f ai )
i

a

(4-10)

a

All roads must be maintained at its current level of service. Total maintenance
costs (MT) can be derived:

M T a = ∑ MC ai = ∑ μ ⋅ (l a ) α1 ( Fai ) α 2 ( f ai ) α 3
i

a

(4-11)

a

A portion of the revenue is appropriated to defray maintenance costs. The
remaining disposable revenue (ED) is used to expand capacity based on the current level
of congestion as indicated by volume-to-capacity ratio (S) on each road. Road a which
has the highest volume-to-capacity ratio in the network is expanded first. The amount of
capacity improvements is determined by the desirable volume-to-capacity ratio or the
target level of service, S*. The value of S* should depend on the performance of the
network as a whole. The average S of all roads is used.
f ai / Fai +1 = S * ⇒ Fai +1 = f ai / S *

(4-12)
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S* = ∑ S a / N

(4-13)

a

The required expansion cost and the remaining revenue after expansion are respectively:

K ai = φ ⋅ (l a ) σ 1 ⋅ ( Fai ) σ 2 ⋅ ( Fai +1 − Fai ) σ 3
i

(4-14)

i

E D = E D − K ai

(4-15)

The second most congested road is expanded next. The amount of capacity
improvements, expansion costs, and remaining revenue can be determined similarly. This
process continues until the revenue is exhausted.
One assumption in the above procedure is the divisibility of road investments. In
equation 4-12, Fai +1 can take any positive value. However, a more realistic model would
only allow for discrete road expansion. The assumption can be easily relaxed using
equation 3-7. In the discrete case, the desirable new capacity is compared with the actual
capacity if one, two, or three lanes are added, which determines the number of lanes to
expand and the resulting expansion costs.

4.2.2 Benefit cost analysis

Different from needs assessment, benefit cost analysis considers benefits as well as costs.
It is important to establish a point of view for discussion of benefits and costs. The costs
to the society may not be considered as real costs to a company unless they are somehow
internalized. Again, we consider a public agency and assume its goal is to maximize
social welfare.
The life-cycle cost (C) of a road expansion project can be estimated by the
construction and maintenance cost functions developed in Chapter 3.
y

C a = φ ⋅ (l a ) σ 1 ( Fa0 ) σ 2 ( Fa1 − Fa0 ) σ 3 + ∑
i =1

Where:

[

1
μ ⋅ (l a )α1 ( Fa1 ) α 2 ( f ai )α 3
y
(1 + R )

]

(4-16)
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y

planning horizon or estimated life duration of the road

R

interested rate

Fa0
Fa

1

existing capacity
capacity after expansion

fa i

traffic volume in year y: f ai = (1 + x ) i f a0

x

annual rate of traffic growth

The life-cycle benefits of road expansion are usually manifold and some
components are hard to be quantified. Once a road is expanded, congestion level on the
road being expanded will drop at least in the short run, resulting in less commute time,
more reliable travel, fewer accidents, reduced air pollution and energy consumption. The
exact system-wide benefits are less clear because expanding a road tend to increase
congestion on its complementary roads while attracting traffic away from its competitors.
For simplicity, a formula for benefit estimation is specified which only considers travel
time savings on the road being expanded. All non-local benefits, as well as impacts on
accidents, pollution and fuel consumption, are ignored.
⎧⎪ l
Ba = ∑ λ ⋅ψ ⋅ f ⎨ a0
i =1
⎪⎩ v a
y

i
a

θ2
⎡
⎛ f ai
⎞ ⎤ la
⎢1 + θ 1 ⎜ F 0 ⎟ ⎥ − 1
a ⎠ ⎥
⎝
⎢⎣
⎦ va

θ2
⎡
⎛ f ai
⎞ ⎤ ⎫⎪
⎢1 + θ 1 ⎜ F 1 ⎟ ⎥ ⎬
a ⎠ ⎥
⎝
⎢⎣
⎦ ⎪⎭

(4-17)

The optimal amount of capacity expansion can be identified for each road by maximizing
the resulting benefit cost ratio. This is a non-linear programming problem with a fairly
complex objective function. However, roads can only be expanded by a fixed number of
lanes, which helps us simply the optimization problem. The benefit cost ratios
corresponding to adding one, two or three lanes can be evaluated quickly and the
maximum possible benefit cost ratio (BC*), as well as the optimal number of lanes to be
expanded (F*), identified for each road. Available funds should always be allocated to
expand the road with the highest BC* by F* until exhaustion.
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This investment model based on benefit cost analysis assumes road authorities as
pure welfare maximizers. However, there are many cases in the real world that roads are
built for political reasons, not for their high social returns. There are also cases of public
funds not available for very needed roads. Therefore, the investment rule described in this
section may be better explained as a benchmark for other investment criteria than as the
existing exercises by various levels of governments. It probably defines the upper bound
of social benefits that all centralized investment policies can possibly achieve.

4.2.3 Profit-seeking investment rules

In a completely decentralized network, roads do not abide by any established engineering
criteria or intend to maximize social welfare. The only reason for further facility
investment is its potential to generate above normal profits. One could imagine that in a
profit-maximizing road network, a risk-neutral road owner would expand the road only if
the anticipated rate of return exceeds the normal interest rate. Otherwise, the owner is
better off by saving the revenue or lending to another road company which needs money
to carry out a project with a relatively high rate of return. This highlights the importance
of modeling revenue, cost sharing, and coalitions in a decentralized road network.
Although the agent-based network dynamics model provides a framework for studying
the evolution of organizational structures in an autonomous road network, the complexity
of the analysis, however, well deserves a separate treatment that is beyond the scope of
this thesis.
In the simple investment rule developed for autonomous roads and presented
below, all possibilities for revenue sharing, cost sharing and other types of coalitions are
assumed away. Because of this strong behavioral restriction, the investment model will
probably significantly underestimate the potential of road commercialization or
privatization. But it may not necessarily define the lower bound because the restriction
also prevents the emergence of monopoly or oligopoly. There may be an optimal level of
road coalition from the perspective of society as a whole. In this simple investment
model, each road collects revenue resulting from its pricing policy independently. If the
revenue falls short of the maintenance cost, the road will deteriorate in terms of shrunken
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capacity and reduced free-flow speed. If the revenue is above maintenance cost, the extra
revenue will be accumulated. Whenever the cumulative revenue is sufficient for adding
one more lane, the road will expand itself. This investment rule is further elaborated and
expressed mathematically as follows.
Disposable revenue (ED) in year i equals disposable revenue in year i –1, plus
revenue collected in year i and minus maintenance cost in year i.
i −1

i

E D a = E D a + E ai − MC ai

(4-18)

If ED < 0, roads degenerate according to equation 3-6.

E D a = φ ⋅ (l a ) σ 1 ⋅ ( Fai ) σ 2 ⋅ ( Fai +1 − Fai ) σ 3
i

[

⇒ Fai +1 = E D a / φ ⋅ (l a ) σ 1 ⋅ ( Fai ) σ 2
i

]

1/σ 3

+ Fai ,

( Fai +1 < Fai )

(4-19)

Other road degeneration rules may also be used while calibration would be hard due to
the lack of appropriate data.
If ED > 0, the cost function (equation 3-6) and capacity-lane function (equation 37) developed in Chapter 3 provide an estimate of expansion cost (K) required for adding
one more lane to the road.
If K > ED > 0, the amount of disposable revenue is not sufficient for expansion,
which is then cumulated to the next year.
If ED > K, the road is expanded and any residual revenue after expansion is
cumulated to the next year.

K ai = φ ⋅ (l a ) σ 1 ⋅ ( Fai ) σ 2 ⋅ ( Fai +1 − Fai ) σ 3

[

⇒ Fai +1 = K ai / φ ⋅ (l a ) σ 1 ⋅ ( Fai ) σ 2
i

i

E D a = E D a − EC ai

]

1/σ 3

+ Fai ,

( Fai +1 > Fai )

(4-20)
(4-21)
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4.3 Summary
Models of several pricing and investment policies are developed in this chapter, which
may be implemented in centralized, or decentralized road networks, or both (see Table 41). There are easily more than ten different combinations of pricing and investment
policies under the two alternative ownership structures. Because each investment policy
can be implemented with either the assumption of indivisible capacity expansion or
divisible, the number of combinations is actually doubled to twenty. In the next chapter,
these policy scenarios are evaluated using the network dynamics model and measures of
network performance developed in Chapter 3.

Table 4 -1. Policy scenarios
Policies suitable for road networks under centralized control
Pricing policies
Marginal
Marginal cost w/ Average cost
congestion cost maintenance
(e.g. Fuel taxes)
Bottleneck
1
2
3
Investment Removal
policies
B/C
4
5
6
analysis
Policies suitable for road networks under decentralized control
Pricing policies
Marginal
Marginal cost
Regulated
Profit
congestion cost w/ maintenance user charges
Max.
Investment Profit
7
8
9
10
policies
Max.
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5. POLICY EVALUATION
This chapter has two main goals. It demonstrates the ability of the network dynamics
model to evaluate various road pricing and investment policies under different ownership
structures. By evaluating several selected sets of policies, it also sheds light on some
important research questions in transportation economics that have not been adequately
explored.
The simulation system can be applied to any realistic roadway network as
demonstrated on the Twin Cities road network in Section 3.4. The execution time is
largely determined by the convergence speed of the traffic assignment algorithm. A more
regular but smaller ten-by-ten grid network (100 nodes and 360 links) is used in this
chapter to evaluate policies, because some insights about network patterns may not be
obvious on a complex large network (see Figure 5-1). The same initial condition is
specified for all policy scenarios. All links in the grid network are four kilometers in
length and have an initial capacity of 735 vehicles per hour (This value corresponds to a
one-lane road according to the regression analysis using the capacity and number-of-lane
data in the Twin Cities; see equation 3-7). The initial network is heavily congested with
an average volume capacity ratio of 0.8 and an average speed of about 10 km/h because
road pricing, financial innovation, road commercialization and privatization are usually
not considered for uncongested networks. The initial land use is uniform among all 100
network zones with ten thousand trips originating and destined for each zone
respectively. Convergence of the simulation model can be measured directly by the
number of expansion activities in the network. Under centralized control, the network
achieves long-run supply-demand equilibrium if the total revenue is equal to the total
required maintenance cost. With autonomous links, the equilibrium is achieved when the
revenue is equal to the maintenance cost on each link. In both cases, there is no excess
revenue available for capital expansion.
Each of the following sections addresses one policy question that is relevant to the
current debates on road pricing and investment. Models of simulated policies on general
networks have been developed in the previous chapter. Section 5.1 assesses network-
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wide impacts of marginal and cost pricing schemes. Section 5.2 evaluates two alternative
investment criteria, needs assessment and benefit cost analysis. Two extreme cases of
ownership arrangements in road networks, completely centralized versus decentralized
control, are explored in Section 5.3.

Node 1

Arc 1-2

Arc 2-1

3000travelers
travelers
10k
3000
opportunities
10k activities

Node 2
3000travelers
travelers
10k
3000activities
opportunities
10k

Figure 5-1. A 10-by-10 grid network with uniform distribution of travelers and activities

5.1 Immediate and long-run impacts of marginal cost pricing
It is well known as a general theory that prices based on marginal costs optimally allocate
existing road spaces. When this theory is applied to a road network, several issues arise in
regard to implementation, equity, financial implications, and long run network growth.
Congestion costs computed based on the model developed in Section 4.1.1 are used to
evaluate marginal congestion cost prices on the sample network. For comparison
purposes, average cost pricing in the form of fuel taxes is also simulated. A unique
capability of the network dynamics model is it allows joint consideration of both pricing
and investment policies. Several pairs of simulation experiments, in which the same
investment rule applies, could be used to compare pricing alternatives (e.g. experiment 1
versus 3, 4 versus 6, or 7 versus 9; see Table 4-1). The two scenarios (experiments 7 and
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8) with the simplest investment rule are selected, where each road manages its own
revenue and expands its capacity whenever possible.
On the grid network, both simulation runs take less than two minutes before the
network achieves equilibrium after about one hundred iterations. However, the most
significant capacity changes occur during the first thirty iterations. Various measures of
effectiveness for the whole network are calculated for each iteration and plotted in Figure
5-2, including vehicle hours traveled, vehicle kilometers traveled, average network speed,
accessibility, productivity, revenue, consumers’ surplus and equity. It should be pointed
out that the net social benefit in the long run equals the change in consumers’ surplus
because all revenue collected are used for road maintenance and construction (see the
second paragraph of Section 4.2 for justification). If a short-run perspective is taken, net
social benefit at each point of time should be the sum of revenue and the change in
consumers’ surplus minus maintenance costs, as road expansion decisions are not
considered in the short run.
The road network seems to exhibit better mobility measures if marginal cost
prices are implemented in both the short and long run. With prices set at marginal
congestion costs, users are able to spend less time to travel more at higher speeds. These
results are expected because on average, marginal cost prices are higher than average cost
tolls for automobile travel. More toll revenues are then transferred into more road
expansion projects and higher road capacities. However, the mobility measures only tell
part of the story.
An examination of the accessibility and productivity measures disclose more
information as they incorporate both travel time and toll. Actually, users will enjoy a bit
more accessibility if average cost prices are implemented. Although the network financed
by marginal cost tolls provides some travel time benefits, shorter travel times are clearly
counteracted by higher tolls. Productivity is higher with marginal cost prices during the
first twenty iterations. However, average cost pricing catches up very quickly and there is
not much difference in productivity over the long run. At the equilibrium under the
average cost pricing scheme, the productivity of the whole network is about 4.7 km/dollar
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Figure 5-2. Network MOEs: Average cost pricing versus marginal cost pricing

5 POLICY EVALUATION

66

which translates into an estimated full cost of about 0.21 dollar/km. Since vehicle
operating costs, fuel consumption, and external social costs are not included in the
network dynamics model, this is lower than the value derived by some other studies using
econometric methods (e.g. 0.34 dollar/km in Levinson and Gillen 1997).
As mentioned above, the initial road network is heavily congested with an
average speed of about 10km/hour. It is not surprising that the results show very high
network revenue during the first ten iterations. During this period of time, roads are also
expanded at a fast pace. Therefore, total revenue from congestion tolls drops significantly
after the level of congestion decreases and the traffic equilibrium moves away from the
exponentially increasing region of the marginal cost curve. Over the long run, congestion
tolls still generate more revenues than those from average cost prices, which is expected
as there is decreasing returns in congestion.
The result that probably would surprise many is that the implementation of
marginal cost pricing causes slightly negative changes in consumers’ surplus (in this case
also the net social benefit), while the average cost pricing scheme generates a very stable
gain in consumers’ surplus worth about two million every year. This does not conflict
with the economic theory that marginal cost pricing is the most allocatively efficient in
the short run. The short-run net social benefit should be the changes in consumers’
surplus plus revenue. At every point of time, marginal cost pricing is still superior
because the high positive revenue is more than sufficient to compensate for the slightly
negative changes in consumers’ surplus and the extra can still be larger than the benefit
from average cost pricing. The inferiority of the scenario with marginal cost pricing
actually should be attributed to the investment rule adopted, which is profit-neutral in that
all toll revenues are used for road expansion (except the portion appropriated for
maintenance). The combination of a marginal cost pricing scheme and a profit-neutral
investment rule on a congested network may cause over-investment in the long run. Toll
revenue just covers investment only if the road capacity is currently optimal (constant
returns to scale in construction have already been assumed in the construction cost
function; see equation 3-6). Excess revenue will be generated in a congested network
with marginal cost pricing, while the opposite will occur on roads that are almost empty.
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From the perspective of economic efficiency, the excess revenue should not be invested
in the road network as there are other sectors providing higher rate of return. However, if
over-investment does occur especially when the revenue is managed by a public agency
that has various incentives to be profit neutral, users of the road network may be worse
off, as we see in the simulation example. The problem of over-investment may be less
serious when revenues are spent based on market principles, which will be discussed in
more detail in a later section about road privatization.
These results may also depend on the road network in question. The initial
network contains only congested roads. However, in a realistic network, some roads are
congested while others underutilized. The actual amount of excess revenue may not be as
large as what is observed in the simulation experiments executed.
Equity issues have often been raised when marginal cost pricing is discussed.
Equity has several dimensions. Horizontal equity requires that people with equal income
or ability be treated equally, while vertical equity implies policies should be in favor of
those with lower income or less ability. Equity may also be defined with respect to space
or time. The Gini coefficient defined in Section 3.2.6 is a spatial equity measure which
examines the degree of accessibility inequity among users located in different
geographical regions. The results suggest that the network is more equitable with the
average cost pricing scheme. The equity implications of the marginal cost pricing policy
are especially poor when the network operates at a heavily congested state. Income equity
is at least equally important for analysis of pricing policies. However, the network
dynamics model as specified in Chapter 3 does not distinguish users by income levels.
Future research should extend the ability of the network model. Some of the travel
demand models categorize users into a finite number of classes according to income and
can be used to replace the single-class demand model (e.g. Lam and Huang 1992).
It should also be mentioned again that the marginal cost pricing policy examined
above only considers congestion costs and ignores marginal variable maintenance costs.
A more comprehensive marginal cost pricing model including maintenance costs has also
been developed in Section 4.1.2. Experiment 8 is also executed and the results are
compared with those from experiment 9. All conclusions obtained above still hold
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because the inclusion of maintenance costs only cause a mark-up on the congestion tolls.
Detailed results of that comparison are not presented to avoid repetition.

5.2 From needs assessment to benefit cost analysis
The principles for planning to achieve economic efficiency require that only projects that
have positive net social benefits should be built. Although planning decisions are usually
concerned with long-term impacts, their effectiveness does depend on pricing policies,
which are short-run decisions in nature. Therefore, it is necessary to assume the pricing
policy that is likely to be implemented when planning alternatives are compared. In this
section, we evaluate two investment criteria, needs assessment (Experiment 3) and
benefit-cost analysis (Experiment 6), and presume an average cost pricing policy based
on vehicle kilometers of travel (e.g. fuel taxes). Such comparison is probably the most
meaningful of all scenarios developed in Chapter 4, because the two investment policies
have all been exercised by decision-makers in the real world, and the pricing policy
reasonably represents the current revenue mechanism for road financing.
Road investment and planning decisions made at one point of time can have
profound impacts in the future. However, road networks are traditionally assumed to be
static in evaluation studies. In other words, most evaluations of investment policies do
not take future network growth or decline into account. Problems with this simplification
are revealed time and again in the long-range planning efforts of metropolitan planning
organizations (MPOs), where network change is treated exclusively as the result of topdown decision-making. Non-immediate and non-local effects are generally ignored in
planning practice because the complete network effects are incomprehensible with the
current tools, which often results in myopic network expansion decisions.
The bottleneck removal policy modeled in Section 4.2.1 is an example of myopic
investment decision-making, which prioritizes expansions on the most congested roads at
the time of decision. Although benefit cost analysis typically considers lifetime benefits
and costs of all alternative actions, it does not care about how actions taken at various
points of time and space interact and jointly determine the network performance. There
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Figure 5-3. Network MOEs: needs assessment versus benefit cost analysis
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are needs to assess long-run consequences of these investment criteria. The simulation
results under both investment criteria are plotted in Figure 5-3. Capacity expansion is
indivisible in the network simulation in that roads can only be expanded by a fixed
number of lanes. Small incremental capacity improvements are considered impractical.
Benefit cost analysis beats bottleneck removal policy on all performance
measures in the short and long run. With an investment rule that considers both benefits
and costs, the network can evolve to be faster, more accessible, productive, equitable and
socially desirable. A closer look at the road capacity distributions at equilibrium discloses
the reasons (see Figure 5-4). The bottleneck removal policy always expands the most
congested roads first without a full assessment of benefits and costs. However, the
mechanism of induced demand, sometimes depicted as the “iron law of traffic
congestion” (Downs 1962), starts taking effects and the expanded capacity is quickly
filled by new traffic. This phenomenon has been also been repeatedly observed in reality.
The level of congestion on a newly expanded road can return to its original level within a
short period of time (Goodwin 1996). As such, the roads expanded in a previous year are
actually more likely to be expanded again under the bottleneck removal policy. Over
time, this creates a highly hierarchical road patterns. The distribution of road capacity
seems to follow a power law (Zipf 1949). Similar patterns are not observed when
investment decisions are guided by benefit cost analysis. Capacity distribution may be
approximated well by a normal distribution (or Poison due to non-negativity) though
there are not enough data points to verify this hypothesis. The real capacity distribution
of all roads in the Twin Cities network in 1998 suggests that it is probably an investment
policy closer to needs assessments or bottleneck removal that has driven the network
growth in the region historically.
The relative advantage of benefit cost analysis, compared to needs assessment,
however, is not very significant. Summed over all 60 iterations, the additional welfare
gain over what can be generated by needs assessment is worth only about 2.2 million
dollars (less than 2% of total). Of all iterations, the largest difference between welfare
gains is just about 7%. Considering the higher implementation costs associated with
benefit cost analysis not included in our analysis, the real social benefits of investment
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policies based on benefit cost analysis may not be that obvious in the long run. Simple
engineering criteria, such as needs assessment, may not be as crude as many have
criticized. Further experiments on a realistic network would provide more insights in this
regard.
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Figure 5-4. Distributions of road capacity

An interesting observation is that the performance measures in both scenarios
seem to converge over time. There is hardly any difference between speeds, or
accessibilities, or social welfare at the long-run network equilibrium. This may have
something to do with the assumption that all revenues collected from the system go back
to the system. Further examinations are required to determine whether this is merely a
coincidence on the sample network.
Two factors have important implications on investment policies, divisibility and
economies of scale in road construction. The above analysis assumes indivisibility and
constant returns to scale (specified in the construction cost function). Additional
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simulations assuming divisible investments in general show slightly higher social
welfare. However, network performance with increasing or decreasing to scale (a
different σ3 in equation 3-6) in facility provision is left to future studies.

5.3 Centralized or decentralized decision-making
Road pricing and investment have attracted most research interests in transportation
economics and policy analysis. Few studies pay attention to the organizational structure
for road networks. Although roads are generally treated as public goods, they are both
rivalrous when congested and excludable. This indicates that it is feasible to consider
them for privatization. The advantages often associated with privatization are several:
increasing the efficiency of the transportation system through road pricing, providing
incentives for the facility operator to improve service through innovation and
entrepreneurship, and reducing the time and cost of building and expanding
infrastructure.
Most trials of road pricing suppose either tolls on a single facility, or area-wide
control. Theoretical studies assume marginal cost pricing on links, and do not discuss
ownership structure. However, in other sectors of the economy, central control of pricing
either through government ownership or regulation has proven itself less effective than
decentralized control for serving customer demands in rapidly changing environments.
Single prices system-wide do not provide as much information as link-specific prices.
Links which are priced only at marginal cost, the optimal solution in a first-best, perfectly
competitive environment, constrain profit. While in the short-term, excess profit is not
socially optimal, over the longer term, it attracts capital and entrepreneurs to that sector
of the economy. New capital will both invest more in existing technology to further
deploy it and enter the sector as competitors trying to gain from a spatial monopoly or
oligopoly. Furthermore, new capitalists may also innovate, and thereby change the supply
(and demand) curves in the industry.
By examining road pricing and privatization from a decentralized point of view, the
issues associated with a marketplace of roads can be more fully explored, including short
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and long term distributional consequences and overall social welfare. Previous work on
road commercialization and privatization is usually qualitative in nature. The network
dynamics model enables a more rigorous examination of some issues in regard to
ownership structure. Specifically, two extreme cases are studied. In one scenario, all
roads are publicly owned and all prices and investment decisions made by a central
agency with the aim of maximizing welfare, subject to information and computation
constraints (Experiment 6: centralized). In contrast, roads are completely autonomous in
the other scenario. By autonomous it is meant that the links are competitive and
independent, with the objective of maximizing their own profits by setting appropriate
pricing and investment rules for themselves, without regard for either social welfare or
the profits of other links, though possibly subject to regulatory constraints (Experiment
10: decentralized).
The long-term supply and demand in the grid network seem to equilibrate under
both centralized and decentralized control. All links are expanded at the beginning of the
evolutionary process because of initial congestion. After about 70 iterations (or years), a
stable equilibrium is achieved under centralized control (see Figure 5-5). It takes longer
for the scenario with autonomous links to arrive at an exact equilibrium, which is
expected. Although there are still road expansions after 100 iterations, those expansions
are characterized by extremely small changes in capacity. By examining the evolution of
link prices, we can better observe the equilibrating process with autonomous links. When
all links are privatized and start to make their own pricing decisions at iteration 0, there is
a fast increase in link prices because of heavy congestion. After about 15 years of
significant capacity expansion financed by abundant toll revenue, links have to reduce
their prices to maximize profits. The average link price continues to drop and eventually
stabilizes around $2.50 per link after more than 80 iterations. There are still instabilities
in the network in that any changes of individual pricing decisions may cause the system
to fluctuate through ripple effects.
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Figure 5-5. Network convergence properties with centralized and decentralized control
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Figure 5-6. Link demand functions with centralized and decentralized control
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It is important to construct and understand link travel demand curves, which
determine the pricing strategies autonomous links likely follow. The demand information
at the link level is also valuable for the evaluation of alternative organizational structures
for road financing and pricing. The two graphs in Figure 5-6 are created by aggregating
flows and generalized travel costs of all links in all simulation iterations. Under
centralized control in which prices are strictly determined by link length and level of
service, a linear relationship exists between demand and price. There are several parallel
straight lines in the graph on the left hand side because links naturally evolve into five
categories based on their locations in the network. However, with autonomous links
making pricing decisions non-cooperatively, the variation of demand at the same price
level is so enormous that it is almost impossible for a link to identify the theoretically
best price. The myopic pricing rule assumed in section 4.1 for autonomous links in a
completely decentralized network is thus reasonable given these results. With such a
level of uncertainty and interdependency, links may be forced to adopt practical pricing
strategies based on available information accumulated in their previous trials. Another
implication is that in a situation where several private profit-maximizing links compete
with many public roads managed by a centralized government, it should be possible and
rewarding for those autonomous links to estimate demand with a reasonable degree of
accuracy.
Another interesting question is whether a set of autonomous competing links is a
viable institutional structure for road financing and pricing. Are all links able to make
profit and sustain? The answer is negative if links do not properly manage their revenue.
The number of links that can manage to generate a positive profit continues to drop over
the years (see Figure 5-7). At the end of the simulation, only about 100 links still make
money while more than 200 others lose. This is because autonomous links over-invest
earlier in the evolutionary process when high prices bring in a lot of revenue and suffer
high maintenance costs and insufficient demand later on. This undesirable situation is
reminiscent of railroad expansion in US in the late 19th century and internet bubbles in
the 1990s. Such over-investment could be avoidable through a price ceiling regulation or
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heavy regulation on road expansions. Autonomous links should also be advised to use toll
revenue to invest in other sectors with potentially higher rate of return.
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Figure 5-7. Profitability of autonomous links
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Figure 5-8. Road hierarchy with centralized and decentralized control

Hierarchy has been long observed in road networks. Most roads have low
capacity and carry low flows, while only a few roads are expanded to very high capacities
and carry the bulk of traffic. Many believe road hierarchy is designed intentionally and
entirely by planners. The results presented in Figure 5-8 clearly suggest that such
structure also emerges in a free market driven purely by profit-maximizing behavior. In
fact, the degree of hierarchy is higher with autonomous links than under centralized
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control. A hierarchical structure is usually more efficient but has serious reliability and
vulnerability problems. This is an important issue beyond the scope of this paper.
As stated in the research objective, one of the most important tasks of this study is
to examine welfare implications of road pricing with autonomous links. Various
measures of network effectiveness developed in the previous section are computed for
both centralized control and autonomous links, and summarized in Figure 5-9.
Traditional network efficiency measures favor privatization. Average network travel
speed is consistently higher with autonomous links over time (total vehicle kilometers
traveled are comparable between two scenarios while total vehicle hours traveled are
lower with autonomous links). Accessibility is, however, lower with autonomous links
because faster speed is achieved mainly by pricing some users off the roads or forcing
them to travel shorter distances. According to the computed changes in consumers’
surplus, consumers actually gain more under centralized control than with autonomous
links. The changes in CS are negative because the base case CS is calculated with the
assumption of free-flow speed. On the supply side, autonomous links collectively charge
users much more than a central government agency as shown by the revenue comparison.
Net social benefit, defined as the sum of toll revenue and monetized changes in CS, is
also smaller with autonomous links than under centralized control. The reason why the
pricing strategy of autonomous links is inferior to completely regulated pricing under
centralized control is manifold. First, the road market is not perfectly competitive. Spatial
monopoly exists and some links (e.g. those near the center of the grid network) are more
dominant than others. Second, autonomous links do not have reliable demand
information due to intractable spatial dependencies on competing and complimentary
links. In the simulation experiment, this leads to myopic non-optimal pricing behavior.
Finally, in the proposed model, links are not allowed to cooperate or consolidate into
better structures. Sometime, revenue or cost sharing may be beneficial for individual
links and the system as a whole.
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Figure 5-9. Network MOEs: centralized control versus autonomous links
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Another observation is that the network is less equitable with autonomous links.
The Gini coefficient is significantly higher in a privatized market. Therefore, the equity
issue should be addressed when road pricing with autonomous links is considered. Some
kinds of “basic access” criteria may improve equity but require government intervention.
One limitation of the model of profit-maximizing behavior is that cooperation
among autonomous links is assumed away.

Just as airline networks seem to have

evolved a hub and spoke hierarchy, a specific geometry may be optimal in a private
highway network. There may be advantages to both the private and social welfare if
vertical integration of highly complementary links is allowed in the system. However the
degree of complementarity for which integration serves both public and private interests
remains to be determined. As in other multi-agent systems, the critical issue here is the
behavior of decision makers –autonomous links. How do coalitions between links form?
In what circumstances will links purse revenue and cost sharing? An interlink negotiation
process needs to be developed to answer these important questions. The link pricing rule
itself may be adjusted in the evolutionary process through learning and adaptation. None
of these is easy work. However, it would be interesting to see what kind of organizational
structure will emerge to take advantage of economies of scale in the network.
All in all, the existence of spatial monopoly, spatial dependence, and demand
uncertainty may force independent links to adopt myopic non-optimal pricing strategies,
which in turn results in inferior social welfare compared to centralized control. For the
same reason, many autonomous links eventually lose money in the pricing game. Some
degree of government intervention in the form of price ceiling or restrictions on road
expansion may prevent over-investment. However, it is not to say that a market solution
to highway financing and pricing is not worthwhile. Besides non-cooperative
independent links, there are alternative organizational structures which may improve both
private and social welfare. It is also possible that the optimal ownership structure lies
somewhere in between decentralized and centralized control, not at either of the two
extremes. Future work can apply the network dynamics model to explore the case where
“free” roads compete with toll roads, and the consequences of regulatory constraints.
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6. CONCLUSIONS
6.1 Modeling long run transportation network dynamics
A transportation network is a very complex system that consists of a full spectrum of
various sub-systems, the properties and behaviors of which are already hard to forecast.
Efforts put into travel demand forecasting, network design problems, and revenue
policies by numerous researchers are evidence of such difficulties. Predicting the growth
of transportation networks is difficult because it requires us to consider almost all subprocesses involved in network dynamics. Understanding the true relationships between
supply and demand in transportation networks is the crucial task in theoretical
development of network dynamics models. The difficulty also comes from practical
issues, such as available data for model calibration and validation. Socio-economic,
demographic, land use and transportation network data many years ago in an urban area
must be collected and coded consistently over time. Several unresolved issues further
complicate the problem and the foremost one – Is network growth simply designed by
planners or can it be indeed explained by underlying natural and market forces? In light
of this debate, we would like to view this research as a proof of concept that some
important system properties, such as road hierarchy and self-organization in
transportation networks, can be predicted through a microscopic evolutionary process, a
demonstration that such a microscopic agent-based model of network dynamics can be
feasibly applied to large-scale realistic transportation networks, and an enquiry into how
this concept can be realized and produce useful modeling tools for planners. Growth of
economy, population, and cities has been intensively studied and knowledge accumulated
from such studies has greatly aided planners. Traditionally, transportation networks have
been assumed to be static or predetermined in analysis of urban areas. A model of
transportation network dynamics can reveal more completely the impacts of today’s
planning decisions in the future.
The network dynamics model only describes the rise and fall of existing roads,
leaving the questions of how new roads are built and new nodes are created in road
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networks to be answered by future studies. The process of road development and
degeneration at the microscopic level is analyzed and an agent-based simulation structure
seems to be appropriate for modeling that process. In order to better describe reality, a
systematic way to adjust cost and revenue functions based on area-specific factors such
as type of roads, terrain, land value, and public acceptance should be considered. Another
extension to the proposed network growth model is the incorporation of multiple travel
modes, such as transit, rail, and pedestrian networks, which would allow planners to
examine substitutional and complementary effects among various modes, and to evaluate
a broader spectrum of transportation revenue and investment policies. Toward that goal,
the appropriate demand and cost models for alternative modes need to be developed.
The four-step travel forecasting system does not stress the decisions made by
individual travelers and tend to aggregate behaviors for modeling convenience. However,
a completely agent-based network dynamics model would require consideration of
behavioral and interaction rules of individual travelers. Travel demand analysis is
actually moving towards a more disaggregate, behavior-centered paradigm with the rapid
advancement of activity-based approaches (Jones 1979, Carpenter and Jones 1983, Pas
1985, Kitamura 1988, Ettema and Timmermans 1997, McNally and Recker 2000) and the
recent emergence of agent-based models (Zhang and Levinson 2004). Future research
may incorporate disaggregate travel demand forecasting techniques into the network
dynamics model and consider multiple classes of users differentiated by income and other
socio-demographic variables. A coherent agent-based model of long-run transportation
network dynamics would improve the accuracy of both policy and demand analysis.

6.2 Network dynamics model as a policy analysis tool
Theoretical studies in transportation economics have greatly improved our knowledge
about road pricing and investment. Econometric studies on value of time, externalities
and costs have provided an important basis for benefit cost analysis. Game theory has
been applied to explore pricing and financing strategies of road authorities on simplified
networks. However, the applicability of various theoretical findings on realistic general
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road networks is, in many cases, unclear. Policy debates related to road pricing,
investment, commercialization and privatization are restricted to identification of pros
and cons of alternative policy scenarios, while quantification of long-term consequences
is not available. There are also controversies about how to implement a specific pricing
or investment principle, and re-arrange ownership structures. One contribution of this
thesis is that it demonstrates that, though these issues are hard to address satisfactorily in
theoretical analysis, they can be examined straightforwardly using agent-based
simulation. The network dynamics model is applied in Chapter 5 to assess two pricing
policies, two investment criteria, and two ownership structures respectively. Even these
relatively simple examples provide important new insights into issues around road
financing and privatization that have not previously been seriously considered.
Calibration of the network dynamics model does not require significant new data
collection tasks for road authorities. Travel demand models are fairly standard in most
urban areas. Modeling pricing or investment policies under scrutiny should also be
straightforward as shown in Chapter 4. Most road authorities keep records of previous
construction and maintenance activities, which can be used to estimate the cost functions.
Execution of the network simulation can be done within a reasonable amount of time.
Compared to the capability and potential benefits of the network dynamics model, the
cost of developing and maintaining it is almost negligible. We highly recommend that all
major road authorities establish such a simulation model for their own road networks, so
that decisions can be made with a long-term and system-wide vision.
The application of the network dynamics model is not limited to policy
evaluation. The evolutionary paradigm also makes it a suitable tool for analyzing
adaptive firm and government behavior in a road network. Traditionally in economics,
game theory has been a powerful tool for studying strategic agent behavior. However, the
applicability of game theoretical approaches is at best unclear on realistic road networks
comprised of a number of competing links and one or more government agencies. Future
studies may compare agent-based simulation with game theory in describing the agent
behaviors in road networks. Organizational structure and optimal regulation have been
under-studied areas in transportation economics. With the ability to consider pricing and
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investment behaviors or individual roads and to provide a range of quantitative measures
of effectiveness, the network dynamics model is also expected to contribute to these
research topics in the future.
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APPENDIX A: LIST OF MODEL VARIABLES AND DEFINITIONS

A

accessibility

B

life-cycle benefits of expanding a link

C

life-cycle costs of expanding a link

d(.)

cost impedance function in the gravity model; d (trsi ) = e −γ ⋅t

D

number of trips destined for a traffic zone

E

link revenue (earnings) (dollar)

ED

Disposable link revenue

ET

Total network revenue

f

average hourly link flow (veh/hr)

F

link capacity (veh/hr)

G

Gini coefficient of accessibility inequity

H

vehicle hours traveled on the road network

i

index of year

j

price adjustment rate – a parameter in the decentralized pricing model

k

price memory – a parameter in the decentralized pricing model

K

link expansion cost (dollar)

l

link length (km)

L

vehicle kilometers traveled on the road network

m

coefficients in the gravity model

n

coefficients in the gravity model

N

total number of links

Mai

cost of maintaining link a in year i (dollar)

Or

number of trips produced from zone r

P

productivity (km/dollar)

qrsi

demand from origin r to destination s in year i

r

origin traffic zone

R

interest rate

s

destination traffic zone

i
rs

APPENDIX
S

volume to capacity ratio (level of Service)

ta i

generalized travel cost on link a in year i

trsi

generalized travel cost from zone r to s

U

changes in consumers’ surplus (dollar)

vai

free-flow speed of link a (km/hr) in year i

W

net social benefits (dollar)

x

annual traffic growth rate (%)

y

estimated life time of a road (year)

α1-3

coefficients in the maintenance cost model

φ

scale parameter in expansion cost function

γ

coefficient in the impedance function

λ

value of travel time (dollar/hr)

θ1-2

coefficients of the BPR travel time function

ρ1-3

coefficients in the centralized pricing model

σ1-3

coefficients in the expansion cost model

τa i

link toll per vehicle (dollar, see equation 4)

μ

scale parameter in maintenance cost function

ψ

coefficient to scale hourly flow to annual flow
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