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ABSTRACT

This study explores the long-term evolution of the road network using simulation

modeling.  The degeneration model is developed to simulate a growth process in which a

road network grows and declines with important roads reinforced and weak roads

deprecated. The Simulator of Ultra-connected Network Degeneration (SOUND) is

developed to implement the degeneration model and visualize the results.

The degeneration model is used to simulate the topological evolution of complex

road networks under different idealized network structures and initial symmetry

conditions, with selected topological measures computed.  This study also defines and

identifies emergent topological types of the arterial network based on the functional

classification of roads including star, hub-and-spoke, ring, and web.

This study also examines the evolution of network efficiency, which enables the

measurement of the economic efficiency of a network based on the change of total social

welfare and network accessibility.  The results imply how an efficient network topology

can be obtained during the degeneration process.

Both studies show that the evolution of road networks demonstrate emergent

properties of topology and efficiency based on completely decentralized decisions of

autonomous links.  The results suggest a long-term transportation plan should consider

the evolution of a road network as the result of the interplay of autonomous parties with

different goals and constraints.



iii

TABLE OF CONTENTS

ACKNOWLEDGEMENTS.…………….……………………………………………….i

ABSTRACT……………………………………………………………………………...ii

TABLE OF CONTENTS……………………………...…………………………..…....iii

LIST OF FIGURES………………………………………………...……………..……..v

LIST OF TABLES…………………………………………………………………..…..vi

1. Introduction…………………………………………………..………….1

2. The Transportation Degeneration Simulation Model …...….………...7

2.1 Model Framework……………………………………………..……………………7

2.2 The Simulator………………………………………………………………...15

2.3 The Degeneration Criteria……………………………………………………16

3. The Topological Evolution of Road Networks.……..……………………..17

3.1 Introduction…………………………………………………………………..18

3.2 Measures……………………………………………………………………..22

3.2.1 Hierarchy…………………………………………………………..…22

3.2.2 Connectivity……………………………………………………….…25

3.2.3 Discontinuity…………………………………………………..……..27

3.2.4 Topology Identification………………………………………..…….30

3.3 Experiments………………………………………………………………….35

3.3.1 The Base Networks…………………………………………………..35

3.3.2 Specifications of Experiments…………………………………….…38

3.4 Results………………………………………………………………………..40

3.4.1 Experiment A1-a……………………………………………………..41

3.4.2 Experiment B2……………………………………………………….48

3.4.3 Experiment C2……………………………………………………….52

3.3.4 Discontinuity Measures……………………………………………...56

3.4.5 Summary of Experiments……………………………………………59



iv

3.5 Conclusions…………………………………………………………………..61

4. The Efficiency of Declining Road Networks.………………………....63

4.1 Introduction………………………………………………………………….64

4.2 Efficiency Measurement……………………………………………...……...65

4.2.1 Welfare…………………………………………………………….…65

4.2.2 Accessibility…………………………………..……………………...68

4.3 Experiments………………………………………………………………….69

4.4 Results………………………………………………………………………..71

4.4 Conclusions………………………………………………………………….77

5. Conclusions And Future Work. ………………………………………79

REFERENCES…...……………………………………………………….82

APPENDIX A: Notations ………………………………………………...87



v

LIST OF FIGURES

Figure 2.1 Flowchart of the Transportation Network Degeneration Model ……………...9

Figure 2.2 Calculation of the generalized cost between two nodes ………………..……12

Figure 3.1 Example travel patterns on two-hierarchy networks ………………..….……29

Figure 3.2 Examples of topologies ……………………………………………………...31

Figure 3.3 Identification of circuit blocks in a connected graph ………………………..34

Figure 3.4 The 1976-1980 highway networks of eight beltway cities…………………...35

Figure 3.5 The link speed distribution of Experiment A2………………………...……..41

Figure 3.6 The Gamma Index of Experiment A1-a ……………………………………..42

Figure 3.7 The speed entropy of Experiment A1-a ……………………………………..42

Figure 3.8 Snapshots of Experiment A-1a …………………………………....…………45

Figure 3.9 Number of subgraphs/circuits of Experiment A1-a………...………………...46

Figure 3.10 Length of arterials/collectors of Experiment A1-a ………...……………….47

Figure 3.11 Total travel time of Experiment A1-a ………...……………………………47

Figure 3.12 Snapshots of Experiment B2………...……………………………………...50

Figure 3.13 The speed entropy of Experiment B2………...……………………………..51

Figure 3.14 Total travel time of Experiment B2 ………...………………………………51

Figure 3.15 Snapshots of Experiment C2………...……………………………………...52

Figure 3.16 Markets of different nodes in a base 30-degree network ………...………...55

Figure 3.17 Minimally connected networks from different sets of initial speeds ………56

Figure 3.18 The discontinuity measures of Experiment A1-a …………………………..58

Figure 3.19 The discontinuity measures of Experiment A1-a …………………………..59

Figure 4.1 The demand curve of a pair of land use cells ………………………………..67

Figure 4.2 The cumulative change of welfare (Experiments D1-D3)…. …...…………..73

Figure 4.3 The cumulative change of welfare (Experiments D1, E1, and F1) ………….74

Figure 4.4 The cumulative change of welfare (the first 80 iterations)…………………..76

Figure 4.5 The change of accessibility (Experiments D1, D2, and D3)……………..…..76

Figure 4.6 The change of accessibility (Experiments D2 and D3 detailed)………….….77



vi

LIST OF TABLES

Table 3.1 Classification of transportation networks …………………………………….23

Table 3.2 Model parameters and their specified values …………………………………39

Table 3.3 Specifications of experiments ………………………………………………...39

Table 3.4 Topological measures of the arterial network (Experiment A1-a)……… …...48

Table 3.5 Topological measures of the arterial network (Experiment B2)………………49

Table 3.6 Topological measures of the arterial network (Experiment C2)………….…...53

Table 3.7 Summary of experiment results.………………………………… …………...60

Table 4.1 Specifications of experiments………………………………………………....71



1

CHAPTER 1

Introduction

It is traditionally argued that the infrastructure of a road network evolves over time

inherently as a design of planners or engineers (Lachene, 1965; Le Corbusier, 1973;

Boyce et al., 1974; Yang and Bell, 1998).  Lachene (1965) explains network growth as

the result of excess road construction.  As he points out, roads are “built with average and

minimum capacities which may be in excess of potential traffic at the time of building”

and therefore “not only serve the short-term function of providing necessary flows

between nodes, but a long-term function of shaping the relative growth of the nodes

themselves”.  Urban designers, planners, architects, landscape architects, and transport

planners, on the other hand, believe it is transportation designs and plans that decide how

road networks evolve.  According to the canons of the Athens Charter in 1933 (Le

Corbusier, 1973), “traffic flow and its design was the primary determinant of city form”,

indicating traffic designs and plans not only determine the hierarchy and patterns of road

networks themselves, but also shape the urban space and land use in the long term.  Since

the 1970s, researchers on the “Network Design Problem” have sought to find

improvements or additions to the network, in order to achieve stated objectives given the

constraints of available resources (Boyce et al., 1974; Yang and Bell, 1998).  However,

no one would argue that existing network design is optimal.  In fact, many parties are

involved in the evolution of a road network, including the federal, local jurisdictions,
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travelers, and private investors.  Each party has its own objectives and makes its

decisions without fully considering the effect on other parties.  A transportation plan

failing to consider the evolution of a road network as the result of the interplay of

autonomous parties may make society worse off by investing poorly in the network

infrastructure.

This study explores the long-term evolution of the road network.  Instead of

modeling the evolution as an optimization problem solved by designers, this study

simulates the evolution of a road network by incorporating roads as autonomous agents.

Each individual agent can invest (disinvest) itself according to its own revenue and cost.

A degeneration process is included to simulate the change of the network topology over

time.

This study employs computer simulation.  Increasing computing power enables the

large-scale simulation in this study.  Since most real road networks contain complicated

structures, most transportation studies model a real road system by an approximate

network containing a manageable number of nodes and links.  These studies, as reviewed

by Newell (1980), divide the city or region into zones and represent each zone by a single

node (centriod), at least for the purposes of generating traffic.  Main intersections or

interchanges are also included in the road network as nodes, and major roads are included

as links.  Following these studies, this research presents the road network as set of

locations (nodes) and a set of links representing connections between those locations,

which connects to a land use layer presented as set of land use cells (zones) containing

land use information.
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Inspired by Darwin’s theory of natural selection, the biologist Edelman (1987)

developed the theory of Neural Darwinism, suggesting that a newborn’s brain evolves in

response to its surroundings in a very specific way.  He argues that many connections

exist in the brain at birth, some of which are more useful than others; the more useful

connections are reinforced, while less useful connections are deprecated.  In a sense, the

newborn brain is overinvested in connections; and by losing connections information is

gained.   This process is referred to as degeneration in this study.  Degeneration can have

several interpretations in transportation studies.  First, it directly models the abandonment

of links in a mature transportation system.  Second, it represents an underdeveloped area

where all point-to-point paths can be used (which is called an ultra-connected network),

and some which are more valuable are made faster while others are abandoned over time.

Third, it can be used as a model wherein a set of many potential network additions are

considered and degeneration is used to winnow that set.  Note that the degeneration

process is not limited to the decline phase of the life cycle of a system that it literately

resembles.  Instead, it is coupled with a growth process in which a system grows and

declines with important components reinforced while weak components deprecated.

The concepts of reinforcement and degeneration have been introduced to interpret

the evolution of complex systems in many areas.  Frequently cited is Barabasi’s work

(1999; 2002; 2003) exploring how complex networks emerge and evolve.  Barabasi finds

that as new nodes enter a complex network, they are more likely to link to highly

connected nodes than lesser connected nodes, and this feedback loop gives preference to

the large nodes, which Barabasi calls “preferential linking”.  Consequently, bigger nodes

grow faster while small nodes stay undeveloped and even degenerate, suggesting that a
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system evolves through interactions with its environment: successful elements of the

system are reinforced while less successful ones are deprecated or degenerated.

Interestingly, the phenomenon of preferential linking has been observed not only in the

nature, but also in social networks.

Since the interactions within complex systems are mostly non-linear and adaptive

and are hard to capture by analytical expressions, computer simulations are widely

utilized to describe and investigate the dynamics of complex systems.  Lam and Pochy

(1993) contribute to the agent-based simulation of a degeneration process by proposing

an active-walker model (AWM) in a computing simulation study.  The AWM describes

the process by which walkers moving on a landscape (or potential surface) as agents

change the landscape according to some rule and update the landscape at every time step.

This model has been applied in various fields to simulate complex systems in a unified

way.  Examples include river formation, movement of heat-seeking missiles, and ant

swarms (Lam, 1995).

Helbing, et al. (1997), adopt an active walker model (AWM) of pedestrian motion to

simulate the evolution of trails in urban green spaces such as parks.  At the beginning of

their simulation, pedestrians directly walk to their respective destinations on a

homogenous ground.  But after some time they begin to use existing trails.  Given that

frequently used trails are more comfortable than others, they are chosen more, and the

resulting reinforcement makes them more attractive.  On the other hand, “the weathering

effect destroys rarely used trails”.  Consequently, the trails begin to bundle, especially

where trails meet or intersect.

However, few studies have been related to the evolution of a transportation network
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that is larger and more complex that the human trail system.  Levinson, Zhang, and Yerra

introduced the travel demand model and agent-based investment models to explore the

dynamics of road networks.  Yerra and Levinson (2004) model each road as an agent that

can invest in itself autonomously.  Profitable links get expanded while profitless links get

contracted.  Zhang and Levinson (2005) incorporated both the central agent (the

government) and decentralized agents (individual roads) in their investment models and

test the effectiveness of road pricing and road privatization under various circumstances.

These models are applied to a real-world congesting network – the Twin Cities road

network, using network data collected since year 1978 (Zhang and Levinson, 2004).

These studies, however, do not allow less developed links to fully degenerate and be

abandoned.

The evolution of many socioeconomic complex systems is characterized by the self-

organization phenomenon.  Self-organization is a process in which systems

spontaneously form large-scale patterns, even when they start from an almost

homogeneous or almost random state (Krugman, 1996).  These properties observed on

the higher collective level are known as emergent properties.  During this process, large

interacting ensembles exhibit collective behavior, which is very different from the

behavior of individual units, and demonstrate an emergent property of forming order out

of initial complexity.  Schelling (1978) demonstrates how an individual’s actions

combine with those of others to produce unanticipated behavior in the aggregate.  He

builds and applies models to social problems such as segregation by race, sex, age and

income.  Krugman (1996) further discloses how the economy structures itself in space

and time, explaining the spatial urban-economic self-organization by simulating the
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process of edge city dynamics.  A transportation network, as other complex networks, is

expected to demonstrate aggregate emergent properties during its evolution.

Chapter 2 presents the transportation degeneration simulation model.  Chapter 3

investigates the topological evolution of road networks.  Chapter 4 explores the resulting

network efficiency.  Chapter 5 presents the conclusions and potential directions in future

research.  Appendix A summarizes the notations used in the thesis.
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CHAPTER 2

The Transportation Degeneration Simulation Model

This chapter develops a simulation model to interpret the dynamics of a road network

as a degeneration process.  Then the model is used as a tool to investigate the emergent

properties of the network dynamics with different initial conditions, from the perspectives

of network topology and network efficiency, in the following two chapters, respectively.

2.1  Model Framework

Figure 2.1 illustrates the flowchart of the simulation model.  Network evolution has

been modeled as an iterative dynamic process, which includes five sequential steps for

each iteration: exogenous input, degeneration process, land use dynamics, travel demand

dynamics, and investment.  These steps are explained as follow.

The exogenous inputs include a base transportation network structure and a land use

layer, original land use data, and original link speed data.  Our study, following Yerra and

Levinson (2004), models the land use layer as a grid of land blocks (i.e., land use cells).

Each land use cell holds the information of its location, population density and market

density.  The transportation network is modeled as a directed network overlaying the land

use layer.  Since the nodes and links are removable during the degeneration process, the

collection of existing nodes and that of existing links in a directed network are

represented by dynamic sets {Vi} and {Ei}, respectively, where i is the time period in the
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simulation.  The network layer and land use layer are connected and are able to exchange

information through network nodes.  The effects of the network on the land use layer,

however, are neglected in this study to understand network dynamics in isolation.  The

land use data, as well as the initial link speeds are prespecified before the iterative

dynamics process is executed.

The degeneration process is characterized by the degeneration criteria, which specify

simple rules to select and kill less developed links.  When all links connected to a node

are killed, the node may be killed, depending on specific degeneration criteria.  The

criteria also decide when to begin and stop the degeneration process.  The degeneration

criteria used in this study will be further specified in the following section.
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Figure 2.1.  Flowchart of the Transportation Network Degeneration Model
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For simplicity this study assumes that trips produced from and attracted to land use

cells are subject to a specific distribution.  The trip production / attraction of land use

cells can be uniform, random, or a negative exponential distribution with more trips

produced / attracted in the center of the region and fewer in the suburbs.  In this research

only uniform land use distribution are used.  Each land use cell is allocated to the closest

network node.  The time cost of accessing the nearest network node from a land use cell

is called the “access cost”, which will be explained later.  Note that if a network node is

eliminated in the degeneration process, the land use cells previously allocated to this node

will be re-allocated to other nodes.  Consequently the access costs of network nodes also

need to be re-calculated.

This study incorporates the travel demand model developed by Yerra and Levinson

(2004).  This model basically follows the classic travel demand model (Ortuzar,

Willumsen, 2001) with two important simplifications.  First, a single mode is considered

throughout, and thus modal choice is ignored.  Second, congestion effects are ignored in

traffic assignment.  Although the congestion may occur in the short run given relatively

inelastic road capacity, in the long run the model assumes that the congested (heavily

traveled) links generate excess revenue (revenue greater than existing maintenance and

operation costs) and they can invest their excess income to improve their capacities.

Therefore, instead of modeling the congestion effect using the link performance function

(i.e. link flow-cost function), we adopt an all-or-nothing assignment and model the

economic investment behaviors of links from the long-term perspective of transportation

network dynamics.  The simplified travel demand model includes four component

models: trip generation, shortest path finding, trip distribution, and traffic assignment.
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In the trip generation step we calculate the total trips produced and attracted from a

network node by summing up trips of all the land use cells allocated to this network node.

Dijkstra’s Algorithm (Chachra et al. 1979) is adopted to find the shortest path, i.e.,

the path with the lowest generalized cost, from an origin node to all other nodes in the

network.  Let 

€ 

ca
i  represent the generalized cost on link a for iteration i.  This cost is

calculated as the linear combination of time cost and monetary cost (in this study, toll

represents all monetary costs spent on travel) as shown in Equation (2.1):

€ 

ca
i =η

la
ν a

i + τ(la )
ρ1 ( fa

i)ρ2 (ν a
i)ρ3   { }iAa∈∀ (2.1)

Where, η is time value, la is the length of link a , fi
a and vi

a are the average flow

(volume) and average speed of link a for iteration i.  Coefficients τ, ρ1, ρ2, and ρ3 are the

specified toll rate, length coefficient, flow coefficient, and speed coefficient specified in

the revenue model, respectively.

Dijkstra’s Algorithm finds the shortest path from each node to all other nodes of the

network.  The bolded curve in Figure 2.2 represents the shortest path originated from

node R to all other nodes.  The path from R to S can be abstracted as {PRS}, i.e. the set of

links along the shortest path from origin R to destination S.  Suppose m land use cells r1,

r2, …, rm are allocated to node R and n land use cells s1, s2, …, sn are allocated to node S.

The travel cost from origin R to destination S along the shortest path for iteration i can be

calculated as:

€ 

c iRS = ( η
drj
ν 0
) m

j=1

m

∑ + c iaδ ia,RS
a
∑ + ( η

dsk
ν 0
) n

k=1

n

∑ (2.2)

Where the first part on the right side of the equation calculates the average access

cost walking from the land use cells allocated to node R to this node.  The variable drj
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represents the distance from a land use cell rj to node R.  The variable v0 is a specified

minimal speed, which can be interpreted as the speed for accessing the closest network

nodes from the land use layer.  Similarly, the third part calculates the average access cost

from node S to the land use cells attached to it.  The second part sums the generalized

costs of the links in { PRS } where δi
a,RS is a dummy variable equal to 1 if a link belongs to

{PRS } and 0 otherwise.

Figure 2.2.  Calculation of the generalized cost between two nodes

Similar to Equation (2.2), the travel cost from a land use cell rj attached to origin R to

a land use cell sk attached to destination S along the shortest path for iteration i can be

calculated as:

€ 

c irj sk =η
drj
ν 0

+ c iaδ ia,RS
a
∑ +η

dsk
ν 0

(2.3)

This study adopts the trip distribution model used in Yerra and Levinson’s study.  A

trip table (Origin-Destination matrix) is computed using a gravity model (Hutchinson,

1974).  The number of trips from origin R to destination S is calculated as:

€ 

qRS = gR
hse

−θc RS

hQe
−θcRQ

Q∈{V },Q≠R
∑

(2.4)

r1
r2

r3
rm

s1 s2

sn

…

…

R

S
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Where gR is trips produced from origin R.  The variable hS represents trips attracted to

destination S.  The variable Q is any node in the network other than R.  The variable θ is

a specified friction factor representing travelers’ disinclination as travel cost rises.

According to Equations (2.3) and (2.4), the total travel time (Ti) that travelers spent

for iteration i can be calculated as the sum of the travel time between each pair of origin

and destination nodes:

€ 

Ti = qRS (
dR
ν 0

+
la
ν a

i δ
i
a,RS

a
∑ +

dS
ν 0
)

(R ,S )
∑ (2.5)

where

€ 

dR is the average access distance from a land use cell that is attached to R to

this node while 

€ 

dS  is the average access distance from node S to a land use cell that is

attached to it.

Traffic from an origin node to a destination node is assigned to each link between the

two nodes along the shortest path.  Flow 

€ 

fa
i is the sum of all traffic assigned on link a

between any origin and any destination for iteration i.  A symmetric network is defined as

a network that will expand and shrink symmetrically over time based on its symmetric

network geometry, initial speed and land use pattern.  In the case of a symmetric network,

more than one shortest path will be found between two nodes.  Thus a symmetrical traffic

assignment algorithm is employed to ensure traffic is evenly assigned symmetrically.

This algorithm is developed by Yerra and Levinson (2004).

The investment process assumes that two neighboring links connecting two nodes

with opposite directions, say link a from node R to node S and link b from node S to node

R, are operated by a single agent.  This means nodes in the network can be connected

only by two-way links.  While they may have different flows, links a and b are operated
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at the same speed level.  The reason why this assumption is made is twofold.  First, in

practice, both directions of a road are usually built simultaneously and maintained at the

same service level; second, our model allows only two-way links for simplicity, but if the

two parallel and opposite links connecting two nodes are operated separately, they may

achieve different service levels over time.  In this case, it is obviously not reasonable to

remove both links from the network at a time just because one of them is weak.  Thus the

single-agent assumption is made to ensure the cooperation of the two links.  Let fi
a and fi

b

respectively represent the flows of link a and link b for iteration i.  The variable vi
ab

represents the speed of both links for iteration i.  An agent operates the two links as a

whole, gathering revenues from both links, maintaining them separately and then

(dis)investing in the speed of the two links for each iteration, respectively according to

three following component models: a revenue model, a cost model and an investment

model.

Tolls are collected by links according to the length of link, the flow passing through

the link and the speed level.  Thus the toll revenue gathered by the agent operating link a

and link b for iteration i is calculated as follows:

3221 )]()()[()( ρρρρ ντ i
ab

i
b

i
aab

i
ab fflE += (2.6)

Where lab is the length of both links given that link a and link b have the same length.

The cost to maintain a link in its present usable condition depends on its length, flow

and speed.  The cost of a link is divided into fixed and variable components.  Fixed cost

is independent of flow and speed and only related to link length.  The cost spent by the

agent operating links a and b for iteration i is calculated by adding up the fixed and

variable costs spent by both links as:
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€ 

Cab
i = Cfixed ,ab

i + Cvar,ab
i = [2µ2(lab )

α1 ]+ [µ1(lab )
α1 [( fa

i)α2 + ( fb
i)α2 ](ν ab

i)α3 ] (2.7)

Where µ1 is the variable cost rate and µ2 is the fixed cost rate.  The coefficientsα1, α2

and α3 are the length power, flow power and speed power specified in the cost model.

Each link (agent) is assumed to spend all available revenue at the end of each

iteration without saving for the next time step.  If the revenue gathered from link a and

link b for iteration i is greater than the maintenance cost spent, i.e., Ei
ab> Ci

ab, remaining

revenue will be invested to increase its running speed.  As a result, the speed of both links

increases.  In contrast, if the revenue is insufficient to cover the cost, the speed drops.

This simple investment policy adopted by each agent in the network can be expressed as:

€ 

ν i+1
ab = ν i

ab ((E
i
ab −Ci

fixed ,ab )
Ci

var,ab
)β (2.8)

Where β is a specified speed improvement coefficient.

2.2  The simulator

The Simulator of Ultra-connected Network Degeneration (SOUND) is a java applet

developed to implement the degeneration model and visualize the results.

To execute a simulation experiment, a number of parameters in the model need to be

pre-specified.  SOUND provides options to specify and execute experiments either one at

a time on the interface or in a batch through an editable input file.  Experimental results

can be retrieved and displayed.  Specifically, link speeds and flows at the end of each

iteration can be displayed in SOUND on either an absolute scale or a relative scale.  For

visualization, links are classified into five levels according to their speed values (0-5,5-

10, 10-15,15-20, >20).  Different levels are displayed as different colors in the simulator,

and different boldness in this paper.
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2.3  The degeneration criteria

Different degeneration criteria can be specified to describe the network degeneration

process.  All the experiments conducted in this study adopt the same set of criteria, which

are specified as follows:

1. The link with the lowest speed (the weakest link) among existing removable links

is killed at the beginning of iteration i.  A removable link is one which, by

removing, does not disconnect the network.

2. One two-way link is killed at a time.  Once a link from node R to node S is killed,

the other (parallel and reverse) link from node S to node R operated by the same

agent will be automatically killed.  Note that both links are always operated at the

same speed level (although probably with different flows) according to the model.

In the case of a symmetric network, all the links on the symmetric positions of the

two killed links will also be killed, as they have identical characteristics.  Thus 2

links for an asymmetric network and up to 16 links for a symmetric network

(depending on the number of axes in a symmetric network) will be killed each

iteration.  This rule ensures a minimal number of links to be killed each iteration.

3. If a node exists, it must be connected to at least one existing node.  Isolated nodes

and sub-networks are not allowed for the whole network.
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CHAPTER 3

The Topological Evolution of Road Networks

Transportation networks display different topologies over time.  This chapter

explores the topological evolution of a road network employing the degeneration model.

Starting with ultra-connected networks with different geometrical features and

symmetry conditions, experiments incorporate specified degeneration criteria to remove

the weakest link(s) from test networks iteratively as they evolve, resulting in various

network topologies during this process.  Selected hierarchy, connectivity, discontinuity

and mobility measures are computed throughout to track the topological evolution of test

networks.

Based on the functional classification of roads, the topology of the arterial network is

further examined as a subgraph of a road network.  Emergent topological types of the

arterial network are defined and identified in the experiments, including star, hub-and-

spoke, ring, and web.  The “treeness”, “ringness”, and “webness” of the network are also

defined and measured.  Results demonstrate that typical connection types of road

networks emerge over time even based on completely decentralized decisions of

autonomous roads.  Results also show an emergent topology of a road network has a

certain “insensitivity” to various initial conditions.  These results provide evidence for the

claim that the topology of a road network is an emergent property of network evolution.
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3.1  INTRODUCTION

As transportation networks grow and decay over time, they display various spatial

structures, in terms of both topological and geometric variations of these networks.

Without concern for their geometric attributes, such as orientation and shape of

components, transportation networks are generally embodied as a set of locations (nodes)

and a set of links representing connections between those locations.  The arrangement

and connectivity of the network is referred to as the topology of a transportation network.

Geographers and transportation planners have shown enthusiasm in exploring the

evolution of transportation network topologies for a long time, given the inherent impacts

of the topology of a network on its mobility, reliability, accessibility, as well as its

subsequent affects on land use.  A further understanding of the topological dynamics of

transportation networks can improve our transportation planning and network design at

both a theoretical and empirical level over the long run.

In the 1960s, a number of limited studies were conducted to explore the growth and

transformation of transportation networks.  Taaffe, Morrill, and Gould (1963) proposed a

four-stage model of network development to describe the process in which colonial

exploitation proceeds from the coastal baseline to the inland area in an underdeveloped

country. The model included an initial stage, local node differentiation, node

interconnection, and regional node differentiation.  Garrison and Marble (1962) described

their attempts to topologically simulate the growth of the railroad system of Northern

Ireland between 1830 and 1930 using Monte Carlo methods, while Morrill (1965)

reported parallel studies on the rail networks of central Sweden.  Because of the lack of

support from land use modeling and travel demand forecasting, these studies had to deal
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with simple networks using heuristic and intuitive rules for network growth.  Hargett and

Chorley (1969) reviewed these contemporary studies, indicating that they are “somewhat

fragmentary”, and that “any general theory of network growth lies in future research”.

The study of the evolution of transportation network topologies remained dormant for the

following thirty years.

While the studies on network transformations paused, studies on transportation

network topologies still progressed.  Specifically, typical connection patterns embedded

in real transportation networks such as beltway and hub-and-spoke have been observed

and studied for years.

Originally conceived as a means of diverting through traffic away from congested

central-city areas, beltways have become integral parts of the intra-metropolitan highway

system.  The U.S. Department of Transportation performed a study to examine the

impacts of circumferential limited-access highways (beltways) on the land use of

American cities (Hanson, 1986).  A statistical analysis was performed on a set of 27

beltway cities (such as Washington, D.C.) and 27 non-beltway cities (such as Pittsburgh,

Pennsylvania) in the U.S., but no significant land use impacts were found from the

existence, relative location, or length of beltways (Payne-Maxie Consultants, 1980).

The hub-and-spoke network is another typical topology in the contemporary

transportation system, especially in airport systems.  The hub-and-spoke system became

the norm for most major airlines in the U.S.  After the airline deregulation in 1978

(Morrison and Winston, 1989).  Under the hub-and-spoke system, airlines aim to improve

the efficiency of the whole system by consolidating like demand from local terminals into

hubs and taking advantage of economies of scale.  Taaffe et al. (1998) reviewed the hub-
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and-spoke system in terms of its development and policy implications, and the great

impact on U.S. air transportation.  Bryan and O’Kelly (1999) reviewed the advances in

analytical hub location problem for the airline hub-and-spoke networks.  Besides air

transport, we can also see hub-and-spoke in express delivery systems, container shipping,

truck distribution networks, and a variety of other transportation systems.

Marshall (2005) discusses in his book “Streets and Patterns” how the patterns of

streets and roads influences the city form as a physical presence and as a land use.  The

hierarchy of streets, as well as the pattern types and structures of road networks have

been examined in his book.

The prevalence of travel demand forecasting models (Ortúzar and Willumsen, 2001)

since the 1970s made it possible to model the dynamics of transportation networks in a

more realistic way.  These models have been widely adopted in recent years to solve the

discrete network design problem (NDP).  The NDP concerns the design of an optimal

amount of transportation supply for a given transportation system (Davis and Sanderson,

2002).  The NDP can be in either a continuous or discrete form.  The continuous form

assumes the topology of the network while the discrete form concerns changes to the

actual topology of the network, that is, the addition or removal of links.  For example,

Drezner and Wesolowsky (2003) have examined the network design problem that

predicts the locations of expansion or new construction on transportation networks.

Among limited attempts made to model the evolution of the transportation networks,

as mentioned in the last chapter, some interesting findings on the topological evolution

are also made.  Helbing, et al. (1997) develop their simulation model to explore the

evolution of trails in urban green spaces, and found out that their model was “able to
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reproduce many of the observed large-scale spatial features of trail systems”.  Yamins et

al. (2003) present a simple simulation of road growing dynamics on a land use lattice that

generates global features as beltways and star patterns observed in urban transportation

infrastructure.  Yerra and Levinson (2004) demonstrate that a network can differentiate

into a hierarchical network from either a random or a uniform state, suggesting that the

hierarchy of roads, rather than being designed by planners or engineers, is an emergent

property of network dynamics.

Despite the contributions of these studies, the emergence of transportation network

topologies remains poorly understood.  This chapter employs the degeneration model as a

tool to explore the emergent topologies of road networks.  Beginning with different ultra-

connected network structures and symmetry conditions, the model incorporates a

degeneration process to remove the least-developed links from the network for each time

period.  The topology of a network is visualized and investigated as the network grows.

Topological types are defined and identified based on the functional classification of

roads.

The next section reviews two important aspects of road network topology: hierarchy

and connectivity, and proposes hierarchy, connectivity, and discontinuity measures for

this study.  The base networks are introduced, the experiments are outlined, and results

are presented.  The concluding part summarizes the findings and suggests future

directions for research.
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3.2  MEASURES

3.2.1  Hierarchy

Hierarchy and connectivity are two important aspects of network topology.  The

differentiation of nodes or links with regard to their importance to the network is

generally referred to as the hierarchy of a road network.

Baribasi (2003) found that in some networks where the number of node linkages

represents the importance of the node, most nodes have just a few connections and some

have a tremendous number of links so that the distribution of node linkages follows a

power law.  He called such networks “scale-free” networks.  In contrast, he described a

random network as one in which most nodes have approximately the same number of

links.   Baribasi used the U.S. highway system as an example of random networks, and

the U.S. airline system as an example of scale-free networks.

Baribasi’s classification, however, is incomplete for transportation networks.  Table

3.1 proposes a classification considering not only the number of links connected to a

node but also the capacity of links.  Since the difficulties to construct and operate an

intersection (either a grade separated interchange or a surface intersection with signals)

exponentially increase with the number of intersecting links, a node in a road network

tends to connect to adjacent nodes with a limited number of connections.  In addition, due

to the vast investment in right-of-way and infrastructure for limited-access long-distance

roads, a node in a road network tends to connect to other nodes with limited distances.

However, the limited number of connections of nodes and limited capacity and lengths of

links in a road network do not mean there is no differentiation in the network.
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Table 3.1.  Classification of transportation networks

Link capacity
Not Critical Critical

Not Critical Hub-and-spoke airports Bus systemNode
Capacity Critical Inland waterways Road network

In fact, while Barabasi deals in a node-centric world, links are the active elements in

surface transportation.  We would argue that the U.S. highway system and almost all the

other road networks are hierarchical, considering the differentiated functional designs and

operational performance of roads.

From the perspective of planners, roads are designed to serve different purposes,

which can be referred to as a “functional hierarchy”.  Functional classification is the

process by which streets and highways are grouped into classes according to the character

of service they are intended to provide (Federal Highway Administration, 2000).  The

road network plays a dual role in providing both access to property and travel mobility.

Local streets emphasize the land access function, arterials emphasize a high level of

mobility for through movement, and collectors offer a compromise between both

functions.  Empirically, arterial roads (including freeways, major highways, and

undivided arterials) are designed with higher free flow speeds, higher capacities, and

longer uninterrupted distances (Federal Highway Administration, 1997).

From the perspective of engineers, roads also have different operational

performances, in terms of their levels of service.  Level of service incorporates elements

such as riding comfort and freedom from speed changes, but the most basic is operating

speed or trip travel time.  This kind of differentiation can be called “operational

hierarchy”.
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The functional classifications of roads in design, combined with the differentiation

of performance in operation, make road networks hierarchical.

Marshall (2005, pp.145-151) proposes a “complexity analysis” based on simple

route properties to evaluate the heterogeneity of an urban road network by combining the

measures of regularity, recursivity, and complexity.

Our study adopts the entropy measure (H) to evaluate the hierarchy of a road

network. The concept of entropy was initially proposed by Shannon (1948) in his

landmark paper, “A Mathematical Theory of Communication” to measure the

information uncertainty of a society:

€ 

H(X) = − pi log2(pi)
i=1

m

∑ (3.1)

Where m is the number of subsets in the system X, and pi is the proportion of agents

in the ith subset.  The entropy value of a homogenous society is zero and a higher entropy

value indicates a more heterogeneous society.

Balch (2000) proposed “hierarchical social entropy” to measure robot group

diversity.  He claimed that this measure could evaluate the heterogeneity of a society in a

continuous scale and thus enable substantive comparisons between systems.

Entropy has been widely introduced to measure the heterogeneity of complex

networks (Ben-Naim et al., 2004).  If individual roads are considered as a collection of

links, the hierarchy of a road network can be measured by the heterogeneity of this

collection.  This study introduces the entropy measure of link speeds to describe the

hierarchy of a road network.
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3.2.2  Connectivity

Connectivity measures are introduced because hierarchy measures are not sufficient

to describe the topology of a road network, given that they ignore the spatial connection

of individual roads.  Dill (2004) summarizes a wide range of measures of connectivity

drawn from multiple fields, including transportation, urban planning, geography, and

landscape ecology.  Four of them are applied to measure the network connectivity for

bicycling and walking in the Portland, Oregon region.  Marshall (2005, pp.138-145)

proposes a “connectivity analysis” to evaluate the connectivity of an urban road network

based on the route properties of continuity, connectivity, and depth.  Our study focuses

on the connectivity measures developed from the geography field based on graph theory.

A road network can be represented by a directed graph G={V, E}, where V is a

collection of nodes (vertices) connected by directional links (edges) E  (links are

directional when a link from node R to S is distinct from a link from S to R).  Physically,

a two-way road consists of two adjacent one-directional links.  Since unidirectional links

are not allowed in our test networks, these networks are treated as undirected networks

for the simplicity of connectivity measures.

Based on gross characteristics of an arterial network, elementary topological

measures of network structure have been summarized by Hargett and Chorley (1969),

including the cyclomatic number, the beta index,  the alpha index, and the gamma Index.

The cyclomatic number is calculated by:

€ 

u = e − n + z (3.2)

Where e is the number of edges, i.e., bi-directional links in a road network, n is the

number of nodes, including intersections and centroids, and z is the number of maximally
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connected components, which will be explained later.  The cyclomatic number indicates

the number of circuits in a network.

The gamma index is chosen as a measure of the connectedness of a network in this

study because it is an efficient value to measure the progression of a network in time

(Rodrigue, 2004).   This index compares the actual number of links with the maximum

number of possible links in the network:

€ 

γ =
e

3* (n − 2)
(3.3)

Where values for the gamma index range from 0 to 1.  A higher value represents a

more connected network.

Network density measures the length of links per unit of surface.  The higher it is, the

more a network is developed.  The density of a network (D) is measured by the length of

examined links divided by the area of the territory.  Since the territory of test networks is

fixed in this study, we can also simply examine the total length (or mileage) of links

instead.

€ 

D =
L
B

(3.4)

Where L is the total length of links and B is the area of network space.

Besides the hierarchy and connectivity measures, a mobility measure is also offered

in this study to compute the total travel time (T) according to Equation (2.5), including

not only the time that travelers spend moving on the network, but also the time spent

getting on and off the network (access and egress time).
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3.2.3 Discontinuity

When motorists travel on a hierarchical road network, they usually have to transfer

from one hierarchy to another from time to time through intersections of roads along their

paths (routes).  Figure 3.1 gives three possible travel patterns on different two-hierarchy

networks.  Part (1) presents a typical travel pattern on an urban road network.  Motorists

access the highway (arterial) network via local streets (collectors), complete the most part

of their trips on highways, and get on local streets again to access their destinations.  Part

(2) illustrates a possible travel pattern on a hypothetical network on which roads of

different hierarchies are randomly distributed.  Motorists have to frequently transfer

between roads of different hierarchies, so they would travel less than they do on the

previous network.  Part (3) exemplifies the travel pattern on a rural road network.  Since

only local streets exist, motorists would make even shorter trips.  We use “continuity”

and its complement “discontinuity” to reflect how continuous (discontinuous) the travel

on a given road network is.  Since our model assigns all the O-D traffic on the shortest

path between the origin and the destination, the discontinuity of a trip can be measured as

the changes of link hierarchy along the shortest path.  If a motorist travels from the

upstream link a of hierarchy k1 to the downstream link b of hierarchy k2, the discontinuity

of this movement is measured as:

€ 

ya = k1 − k2 (3.5)

Thus the discontinuity of the trip along the shortest path {P} can be measured as:

€ 

Y(P) = ya
a∈{P}
∑ (3.6)

The discontinuity of a network can be measured as:
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€ 

Y =

Y ({PRS}
all(R ,S )
∑ ) *qRS

l(PRS
all(R ,S )
∑ ) *qRS

(3.7)

Where PRS is the shortest path between a given O-D node pair (R, S), qRS is the

number of trips between the origin and the destination, and l(P) is the length of the

shortest path.

The measurement of discontinuity depends on how we categorize links into

hierarchies.  Two categorizing methods are proposed in this study:

The first method is consistent with that for the simulator, with links categorized into

5 hierarchies according to their speeds: 0-5, 5-10, 10-15, 15-20, and greater than 20.

The second method also classifies links into 5 categories, based on the percentile

ranks of their speeds: 0-20, 20-40, 40-60, 60-80, and 80-100.  A percentile rank is the

proportion of scores in a distribution that a specific score is greater than or equal to.  For

example, the hierarchy with the percentile ranks from 80 to 100 represents the 20%

fastest links among all the existing links of a network.

We call the measurements of discontinuity based on the above two hierarchy

systems as absolute discontinuity (Ya) and relative discontinuity (Yr), respectively.
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Hierarchy (k)

Distance
 Collector 1

   Arterial  2

   Origin    Destination
(2)

Hierarchy (k)

Distance
 Collector 1

   Arterial  2

   Origin    Destination
(3)

Hierarchy (k)

Distance
 Collector 1

   Arterial  2

   Origin    Destination
(1)

 Figure 3.1.  Example travel patterns on two-hierarchy networks
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3.2.4  Topology identification

Arterials are spatially embedded in a road network and connected in different ways.

Considering the arterials as a subnetwork of a road network, this section explores the

topology of the arterial network in particular.  The reason is twofold.  First, according to

the functional classification of roads, arterials play an essential role in travel mobility,

serving as the “backbone” of a road system.  The topology of arterials may have a more

direct and essential impact on the overall travel mobility of a road network than that of

local streets; Second, the arterial network is smaller than the whole road network, and

thus demonstrates topologies that are easier to define and identify.

An arterial network itself may be unconnected but consist of connected pieces, which

are called “maximally connected components”, or “connected components”.  Given an

arterial network Gd={Vd, Ed}, its subgraph S={V'd, E'd} is a maximally connected

component if all vertices (V'd) of S are connected by arterial roads, and no vertex can be

added to S so that S will still be connected by arterials.  The total number of connected

components z in an arterial network can be easily counted according to graph algorithms

(Gibbons, 1985).  The primary component is the connected component that comprises the

largest length of arterials.  The relative size of the primary component can be evaluated

by comparing the length of the primary component to the total length of arterials as a

ratio φprim.  The values z and φprim indicate how dispersed arterials are distributed in the

network.  A large z together with a small φprim implies arterials are scattered without

merging into a dominant connected network.  This type of topology usually emerges in

the early stage of arterial construction, when local streets are upgraded to arterials

separately.  A small z and a large φprim, on the other hand, indicate that most arterials have
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connected and form a dominant connected arterial network.  Obviously, when there is

only one connected component in the network, z is equal to 1 and φprim is equal to 1.0.

Considering how roads are arranged and connected in a network, there are two basic

topological classifications for planar transportation networks: branching networks and

circuit networks (Hargett and Chorley, 1969).  Circuit networks are regional networks

structured with closed circuits, where a circuit is defined as a closed path (with no less

than three links) that begins and ends at the same vertex.  Branching networks are

distinguished by their tree-like structures, which consist of sets of connected lines

without any complete circuits.  Specifically, a graph containing no cycles is called a

forest and a connected forest is called a tree.

In a branching network, a hub is usually defined as a node with more than two

connections.  A branching network with a single hub is defined as a star while a

branching network with multiple hubs is defined as a hub-and-spoke system.

Figure 3.2 illustrates simple examples of above defined topologies.

Ring Web Star Hub-and-spoke

Figure 3.2. Examples of topologies

When the cyclomatic number (u) is larger than zero, there is at least one circuit in the

network.  In order to further define the topology of such a network, the concepts of
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“bridge” (or “cut edge”) and “articulation points” are also introduced according to

Gibbons (1985).

An edge in a connected graph is a bridge if deleting it would create a disconnected

graph.  An articulation point of a connected graph is a vertex whose removal disconnects

the graph.  A subnetwork is called a block if it contains no articulation points.  Note that

the blocks of a graph with one or more articulation points can be identified by

disconnecting the graph at each articulation point in turn in such a way that each block

retains a copy of the articulation point.

This study defines a circuit block as a block which contains at least one circuit and

contains neither bridges nor articulation points.  Figure 3.3 illustrates how circuit blocks

can be identified algorithmically from a connected arterial network.

A circuit block has the following properties that can be used to examine the topology

of circuit networks:

1) Since a circuit block contains no bridge or articulation points, it will remain

connected after deleting any node or link.

2) There are at least two paths between any pair of nodes without any common

nodes between paths except the origin and the destination.  If a circuit-block

contains only one circuit, it is defined as a ring; if it contains more than one

circuit, it is defined as a web.  This definition ensures “multiple paths between all

origins and destinations, and at least two of which share no links” in a web

(Levinson, 2002).
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3) A link on a circuit must belong to one of the circuit-blocks; a link of a circuit

block can belong to either a ring or a web.  Thus the “ringness” and “webness” of

a network can be measured by a ratio:

€ 

φring =
Length of each ring∑

Total length of arterials (3.8)

€ 

φweb =
Length of each web∑

Total length of arterials (3.9)

Both ratios range from 0.0 to 1.0, indicating to what extent arterials are connected

as rings or webs.  The concept of “treeness” can be defined as:

€ 

φtree =1−φring −φweb (3.10)

When the ratio of treeness is high, it can be referred to as a branching network;

when the ratio of treeness is low, on the other hand, it is referred to as a circuit

network.  These definitions and measures provide a consistent and computable

way to define and examine typical topologies for the arterial network based on

digitized road networks.

4) The series of connected links on the envelope of a circuit block forms the largest

circuit contained by this block.  The beltway study for The US Department of

Transportation (Payne-Maxie Consultants, 1980) displays the highway networks

of eight typical beltway cities in the U.S.  As shown in Figure 3.4, a metropolitan

highway network usually contains a dominant web block embracing the

downtown area and a beltway located on the border of the web block.  The

beltway study, however, did not define a beltway accurately or point out how to

identify a beltway in a developed urban road network.  We define a beltway in a

road network where one dominant circuit block exists.  If the dominant block is a
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ring, the ring is identified as the beltway; if the dominant block is a web, we

define the beltway as the envelope of the circuit block.  Although the

identification of a beltway in a real road network may be subject to other factors,

such as designations of arterials, convexity of the belt, and distance from the

CBD(s), our definition will be a good approximation.   Based on our definition of

beltway, a unique beltway can be identified algorithmically for any road network

with a dominant circuit block, and its length, coverage area, number of

interchanges, and traffic volume can be easily estimated.

Description Example

Step 1 Identify and label bridges in a
connected graph

Step 2 Delete bridges and obtain separate
connected components

Step 3

Identify and label articulation
points for the remaining graph. If
there is no articulation point in a
component, it is labeled as a
circuit block.

Step 4

If there is at least one articulation
point in a component, pick one and
break it.  Each part retains a copy
of the articulation point.

Step 5 Repeat Step 3 and Step 4 until no
articulation points remain.

Figure 3.3.  Identification of circuit blocks in a connected graph
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Atlanta Baltimore Columbus Omaha

Minneapolis-St. Paul Baltimore Raleigh San Antonio
Data Source: Payne-Maxie Consultants (1980) The Land Use and Urban Development Impacts of
Beltways. Final Report DOT-OS-90079.
*The bold lines represent highways; the dots represent regional shopping centers
Figure 3.4.  The 1976-1980 highway networks of eight beltway cities

3.3  EXPERIMENTS

3.3.1  The base networks

Most cities have rather complex geometry of roads, but from most origins one can

travel locally in only four directions.   In this sense, a road network has properties similar

to a rectangular gird.   Yerra and Levinson (2004) tested a square grid of road network in

their study.

Newell (1980) investigated the travel time on networks of various idealized

geometries including square grids (we also call it 90-degree network because travelers

can only make a turn of 90˚ or a multiple of 90˚ in such a network), triangular grids (i.e.,
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60-degree network), and radial-ring networks.  He indicates that the more directions

which one can travel from any point the shorter will be the average travel distance

between points; at the same time the network will be more redundantly connected.  These

idealized networks with more directions than a square-grid are adopted in this study to

represent ultra-connected networks.

Three idealized ultra-connected network with simple geometrical properties have

been developed for this study: 4X4 complete network, 20X20 45-degree network, and

15X15 30-degree network, displayed in Figure 3.8, Figure 3.12, and Figure 3.15,

respectively.

A network developed by directly connecting every pair of two nodes among an

original node set {V*}, which come from the intersection nodes of a grid network, is

referred to as a complete network in this study.  When links intersect, a new secondary

node is created, and the longer link is replaced by shorter links that ultimately connect the

same original nodes.  A complete network does not necessarily directly connect each

secondary node to an original node or another secondary node.  Where links overlap, the

longer link is eliminated.  Note that theoretically the turning directions included in a

complete network range from 0˚ to 360˚, depending on the size of the original grid

network.

A 45-degree network is developed by connecting the diagonal corners of each

fundamental node of a square-grid network, so the included angle of two intersecting

links can be either 45˚ or multiples of 45˚.  Similar to the complete network, the nodes on

the original square-grid are specified as original nodes (primary nodes), and the others are

specified as secondary nodes.
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A 30-degree network is also developed based on a grid network, in which the

included angle of two intersecting links can be 30˚, 60˚, 90˚, etc.  Note that in the 30-

degree network, the primary nodes with 12 links connected are scattered on a lattice of

equilateral triangles, and the secondary nodes connected to a primary node form a

hexagon.  In fact, the 30-degree network has the same topology with the hexagon

landscape developed according to the transportation principle of central place theory

(King, 1985), where smaller places are always located on the major transportation routes

between the nearest larger places.

Since all these three types of networks are developed based on the square grid

network, their size is indicated by the number of nodes along each side of the original

square grid.  For example, a 4X4 complete network is a network developed on a 4X4

grid.

In a complete network, a secondary node is killed when all links connected to it are

killed.  An original (or primary) node as a permanent urban settlement, on the other hand,

must be connected by at least one link; thus original nodes cannot be removed.  Similarly

the primary nodes in the 45-degree network and in the 30-degree network are not allowed

to be removed either.  Removing a node triggers the re-allocation of land use cells to

network nodes and access cost re-calculation.

The degeneration model is run on the same land use layer but different ultra-

connected networks with different initial symmetry specifications to explore the emergent

topologies of road networks.  A 50X50 2500-cell land use layer is adopted for all the

experiments conducted in this study.
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3.3.2  Specifications of experiments

Table 3.2 lists model parameters and their values specified for our experiments.  A

series of six experiments are listed in Table 3.3. Experiments A1 and B1 were

implemented on an asymmetric network with random initial speeds.  Experiment A1 was

repeated three times with three different sets of random initial speeds.  Experiments A2

and B2 were implemented on a symmetric network with uniform initial speeds and they

called a symmetrical algorithm to ensure that the network evolved symmetrically.  Before

the degeneration process is started, the network growth model presented by Yerra and

Levinson (2004) is applied.

Since all the experiments reached a stable equilibrium before the 20th iteration, the

degeneration process was started at the 20th iteration and iterated until the minimally

connected network was derived.  After the degeneration process was terminated, the

network growth process continued until it became stable again.
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Table 3.2.  Model parameters and their specified values

Parameters Description Value
ρ1 Length coefficient in eq. (2.1), (2.6) 1.0
ρ2 Flow coefficient in eq. (2.1), (2.6) 1.0
ρ3 Speed coefficient in eq. (2.1), (2.6) 0.0
τ Toll rate in eq. (2.1), (2.6) 1.0
η Value of time in eq. (2.1), (2.2), (2.3) 0.6
v0 Walking speed in eq. (2.2), (2.3), (2.5) 0.01
θ Friction factor in eq. (2.4) 0.01
µ1 Variable cost rate in eq. (2.7) 1.0
µ2 Fixed cost rate in eq. (2.7) 2.0
α1 Length power in eq. (2.7) 1.0
α2 Flow power in eq. (2.7) 0.75
α3 Speed power in eq. (2.7) 0.75
β Speed improvement coefficient in eq. (2.8) 1.0

Table 3.3.  Specifications of experiments

Initial conditions
No. Network Link speeds Land use Iteration

A1-a
A1-b
A1-c

4X4 complete Random* 850

A2 4X4 complete Uniform** 150
B1 20X20 45-degree Random 2300
B2 20X20 45-degree Uniform 350
C1 15X15 30-degree Random 300
C2 15X15 30-degree Uniform

Uniform***

300

* “Random speeds” are initial speeds specified for each individual link and randomly distributed from 1 to
10. Experiment A1 is repeated three times with three different sets of random link speeds ranging from 1 to
10. The experiments are labeled as A1-a, A1-b and A1- c, respectively.
** “Uniform speeds” are initial speeds specified for each individual link which are equal to 5.
*** “Uniform land uses” are initial land uses specified for each land use cell with 10 trips generated from
and 10 trips attracted to each cell per day.
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3.4  RESULTS

The listed experiments were executed using the simulator SOUND.  To reduce the

running time, the measures of network hierarchy, connectivity, discontinuity, and

mobility were computed every five iterations.

Figure 3.5 illustrates the distribution of link speeds over time using Experiment A2

as an example.  At the 20th iteration, links can be approximately classified into 10

hierarchies according to their average speeds (0~1, 1~2,…, 9~10).  Then the degeneration

process starts, removing links of lower speeds, thus the total amount of links decreases.

At the end of the experiment (iteration 120), a few links remain in the network, with their

speeds ranging from 9 to 18.  According to Equation (3.1), the entropy of the network can

be approximated by:

€ 

Hi = − pk
i log2(pk

i)
k=1

∞

∑ (3.11)

Where pi
k is the proportion of links of the kth hierarchy (i.e., links with speeds from

k-1 to k) with regard to the total number of existing links for iteration i.

Using Experiment A1-a and Experiment B2 as examples, the results of network

hierarchy, connectivity and mobility measurement are illustrated.

Then links are categorized into two functional classes according to their operational

speeds: arterials (with average speed above 10) and collectors (with average speed lower

than 10).  The topologies of arterial networks are examined in particular and the results

will be presented in Experiment A1-a, Experiment B2, and Experiment C2 as examples.

The topological measures will be explained in Experiment C2.

Then the discontinuity measures of Experiments A1-a and A2 are presented and

compared.
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Finally, basic results of the six experiments will be summarized and compared.
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Figure 3.5.  The link speed distribution of Experiment A2
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and uniform land use.  Figure 3.6 depicts the change of the gamma index values of the

test road network over time.  The initial gamma index of the network is a large number

0.828, which indicates that the test network is a strongly connected network.  As can be

seen, the gamma index keeps decreasing as links are deleted throughout the degeneration

process.
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Figure 3.6.  The Gamma Index of Experiment A1-a
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Figure 3.7 displays the change of speed entropy.  This reflects how the hierarchy of

the network is evolving over time.  Since the initial link speeds are randomly distributed

from 1 to 10, links are equally categorized into 9 hierarchies.  Thus the initial entropy of

the network can be approximated by:

€ 

H 0 ≈ −(9* 1
9
* log 1

9
) = 3.170 (3.12)

As the network evolves from the initial disordered status, some links with lower

speeds are killed while some get improved and enter higher hierarchies.  The entropy

decreases until around the 400th iteration, when most links are operating at a speed below

10.  Then the entropy gradually increases from about 2.10 to 2.60, as more and more

links are improved to higher levels.  When the network shrinks close to the minimal size

at around 800th iteration, only a few links remain so their speeds get improved and

differentiated dramatically, which causes a significant increase of the entropy.  As can be

seen, the entropy measure reflects how a road network differentiates into hierarchies and

grows over time, which can be corroborated by the snapshots of the test network at

different time periods, as displayed in Figure 3.8.

Figure 3.9 illustrates the number of subgraphs (separate components) z and the

cyclomatic number u for the arterial network.  At the beginning stage, the number of

separate component systems increases and peaks at the 465th iteration, with the

cyclomatic number remains zero, which implies a scattered arterial network with no

circuits.  As the arterial network expands, separate components are gradually connected

to one dominant arterial network.  As connections become more and more redundant in

the network, circuits emerge and the cyclomatic number peaks at the 670th iteration,

which corresponds to a mesh-like arterial network.  Then some arterials are taken away



44

until the minimally connected network is derived.  At this point the arterial roads are

connected as a hub-and-spoke system.  The identification of emergent topologies in the

arterial network will be further discussed in Experiment C2.
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Figure 3.10 depicts the total mileage of arterials versus that of collectors.  As can be

seen, the mileage of arterials keeps increasing while collectors keep degenerating. This

implies a “rich gets richer” process by which more important links get expanded while

weaker links contract and are even eliminated.

Figure 3.11 displays the change of total travel time on the network.  As can be seen,

the mobility of the network is improved in the beginning iterations because less used

collector roads are killed and more used collectors and arterials are improved.  But the

total travel time increases dramatically after a turning point because travelers have to

travel longer distances to access the road network as more and more collector links are

removed.  The results imply that although arterials serve mobility more than collector

roads, their functions are complementary and they together make an efficient network.
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The simulator also examines the arterial network of test networks every five

iterations to compute topological measures and identify specific topologies defined in this

study, including ring, web, hub-and-spoke and star.  The topological measurement results

of Experiment A1-a are summarized in Table 3.4.

Table 3.4.  Topological measures of the arterial network (Experiment A1-a)

Iteration # 150 250 350 450 550 650 750 850
e Number of edges 14 56 100 262 350 278 178
n Number of vertices 12 38 67 136 160 127 90
u Number of circuits 0 0 0 3 16 13 0
z Number of subgraphs 5 10 17 8 1 1 1

φprim
The mileage ratio of the

primary subgraph 42.9% 20.5% 15.0% 87.5% 100.0% 100.0% 100.0%
Nring Number of rings 0 0 0 1 0 0 0
Nweb Number of webs 0 0 0 1 1 1 0

φtree
The mileage ratio of

branching roads 100.0% 100.0% 100.0% 69.5% 41.6% 39.6% 100.0%
φring The mileage ratio of rings 0.0% 0.0% 0.0% 5.2% 0.0% 0.0% 0.0%
φweb The mileage ratio of webs

N.A.*

0.0% 0.0% 0.0% 25.3% 58.4% 60.4% 0.0%
* “N.A.” means no arterials with speed larger than 10.

3.4.2  Experiment B2

Experiment B2 runs the model on the 20X20 45-degree network with uniform speeds

and uniform land use.  Since both the original network structure and the initial conditions

are uniform, the test network is evolving symmetrically.  The snapshots of network

topologies are displayed in Figure 3.12.  Figure 3.13 depicts the change of the network

entropy and Figure 3.14 depicts the change of total travel time.

Beginning with uniform link speeds, the initial network entropy is equal to 0 because

all the links are specified with the same uniform speed.  When the simulation starts,

however, links are rapidly differentiated into three hierarchies and the entropy increases
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above 1.0. As the degeneration continues, three hierarchies are further differentiated but

none of them dominates.  So the entropy increases moderately.  During this period, the

minimal total travel time is achieved at the 95th iteration.  As shown in the snapshots,

from the 140th iteration to the 150th iteration, a number of collectors in the first hierarchy

are removed, causing some arterial roads in the third hierarchy to shrink back to the

second hierarchy.  This is accompanied by a substantial jump of the total travel time.

From the 180th iteration, the arterials of three hierarchies become more and more

differentiated, resulting in a continuous increase of the speed entropy until the minimally

connected network is obtained.  In the meantime, the total travel time also keeps

increasing.

The topological measures in this experiment are summarized in Table 3.5.

Table 3.5.  Topological measures of the arterial network (Experiment B2)

Iteration # 0 10 80 120 160 200 240 280
e Number of edges 0 72 80 80 80 200 240 240
n Number of vertices 0 37 45 45 41 97 120 120
u Number of circuits 0 0 0 0 1 4 1 1
z Number of subgraphs 0 1 5 5 2 1 1 1

φprim
The mileage ratio of the

primary subgraph 100.0% 86.4% 86.4% 91.7% 100.0% 100.0% 100.0%
Nring Number of rings 0 0 0 1 0 1 1
Nweb Number of webs 0 0 0 0 1 0 0

φtree
The mileage ratio of

branching roads 100.0% 100.0% 100.0% 41.4% 55.4% 70.7% 70.7%
φring The mileage ratio of rings 0.0% 0.0% 0.0% 58.6% 0.0% 29.3% 29.3%
φweb The mileage ratio of webs

N.A.*

0.0% 0.0% 0.0% 0.0% 44.6% 0.0% 0.0%
* “N.A.” means no arterials with speed larger than 10.
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3.4.3  Experiment C2

The topological measures of Experiment C2 are summarized in Table 3.6 and the

snapshots of this experiment are displayed in Figure 3.15.
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Figure 3.15.  Snapshots of Experiment C2
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Table 3.6.  Topological measures of the arterial network (Experiment C2)

Iteration # 140 160 180 200 220 240 260 280
e Number of edges 0 8 24 104 252 268 184 184
n Number of vertices 0 6 16 56 112 114 87 87
u Number of circuits 0 0 0 1 15 21 6 6
z Number of subgraphs 0 2 4 5 1 1 1 1

φprim
The mileage ratio of the
primary subgraph 50.0% 31.7% 77.3% 100.0% 100.0% 100.0% 100.0%

Nring Number of rings 0 0 1 0 0 0 0
Nweb Number of webs 0 0 0 1 1 1 1

φtree
The mileage ratio of
branching roads 100.0% 100.0% 66.8% 30.9% 18.7% 29.8% 29.8%

φring The mileage ratio of rings 0.0% 0.0% 33.2% 0.0% 0.0% 0.0% 0.0%
φweb The mileage ratio of webs

N.A.*

0.0% 0.0% 0.0% 69.1% 81.3% 70.2% 70.2%
* “N.A.” means no arterials with speed larger than 10.

Experiment C2 runs the degeneration model on a 30-degree network with uniform

initial speeds.  The network is evolving symmetrically.  As reflected by the figures in

Table 3.6, the arterial network is expanding before the 240th iteration, with the number of

edges and vertices increasing.  The increasing cyclomatic number implies increasing

connections in the network. In the meantime, arterials gradually connect up, reflected by

a decreasing number of subgraphs as well as an increasing mileage ratio of the primary

component network.  As the degeneration process continues, the arterial network shrinks

after the 240th iteration.  The arterial network emerges as a branching network with the

treeness ratio equal to 1.0, but the treeness ratio keeps dropping as circuits are added to

the network.  According to previous definitions, a ring is identified at the 200th iteration

and a web is identified at the 220th iteration and thereafter.

As shown in Figure 3.15, scattered arterials emerge around the 160th iteration.  As

the arterial network grows, separate components are connected and a ring road emerges at

the 200th iteration, serving as a beltway.  When the arterial network continues expanding,

the number of circuits increases and a mesh-like network finally emerges.  At the 210th
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iteration, we can see a second beltway is emerging outside the first one, attempting to

connect the radiating arterials stretching from the downtown area to the suburbs, and it is

finished at the 230th iteration.  The snapshot at the 280th iteration gives the minimally

connected network.  Note that the original network is designed consistent with the central

place theory, where nodes are evenly distributed on a homogenous landscape.  As shown

in Figure 3.16, different nodes have different “markets” in the base network, within

which the land use of cells are allocated to the dominant node.  Without considering the

nodes on the border of the network, the primary nodes (such as Node A in Figure 3.16)

are allocated more land use. These nodes are not allowed to degenerate throughout the

simulation.  Given their larger markets and immovability specified in our study, the

primary nodes are assumed to represent more important places and to serve as local

centers of minor places.  As the transportation network evolves, however, the function

and importance of places are differentiated.  As the roads in the central places get more

expansions and the beltways are eventually built, nodes located on the beltways more

likely serve as interchanges to handle a majority of through traffic while nodes on the

border of the landscape become terminals of branching roads and more likely serve as

collectors gathering traffic in the suburban area.  The results demonstrate the potential

impacts from an evolving transportation network on the land use pattern.  Instead of

assuming a static and homogenous landscape as in central place theory, the mutual effects

between the dynamics of urban land use and the dynamics of urban road networks need

to be considered to conduct transportation or land use planning in a more realistic way.
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Figure 3.16.  Markets of different nodes in a base 30-degree network

As a further support to our view, Figure 3.17 displays the minimally connected

networks derived from Experiment A1-a, A1-b and A1-c for comparison.  As can be

seen, although beginning with different sets of initial speeds, these three experiments

result in quite similar hub-and-spoke networks, with high-speed links between hubs and

low-speed links between hubs and terminals.
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Figure 3.17.  Minimally connected networks from different sets of initial speeds

3.4.4  Discontinuity Measures

Both absolute discontinuity and relative discontinuity are calculated and the

fluctuations are plotted.  The results of Experiments A1-a is displayed every 20 iterations

in Figure 3.18 and those of A2 are displayed every 5 iterations in Figures 3.19.

Experiment A1-a starts from a relatively high discontinuity (absolute discontinuity

Ya is equal to 0.027 and relative discontinuity Yr is equal to 0.137) with link speeds

randomly distributed.  When the network grows during the first 20 iterations without

degeneration, however, the network becomes much more continuous as hierarchies
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emerge and roads of the same hierarchy connect to each other.  At the 20th iteration when

the equilibrium has been reached, Ya drops to 0.002 while Yr drops to 0.030.  As the

degeneration starts, the network become more and more hierarchical with weak links

removed and fast links improved.  Travelers tend to make longer trips and travel farther

to access faster roads, and they also have to make more transfers between hierarchies to

take advantage of the roads of higher hierarchies in their trips, resulting in a steady

increase of network discontinuity.  As shown, the fluctuations of absolute discontinuity

and relative discontinuity demonstrate similar patterns through the dynamics until around

the 600th iteration.  The difference of two measurements at the final phase is due to their

different hierarchy systems.  During the final phase of the degeneration, only a few links

exist so that many of them can get improved quickly.  With more and more links

improving their speeds above 20, however, the absolute measurement categorizes them

into the same hierarchy (>20), causing the decrease of absolute discontinuity from the

600th iteration to the 750th iteration.  On the other hand, since the relative measurement

dynamically categorizes links based on a relative scale, the variation of link speeds can

still be reflected, and the relative discontinuity remains high.  When the network is almost

minimally connected and some important links are removed, some links become

extremely fast while others become extremely slow, causing a dramatic increase of

absolute discontinuity and decrease of relative discontinuity.  Since the network topology

at the final phase is obviously inefficient, the discontinuity measures at this phase are not

our major concern.

Experiment A2 begins with uniform link speeds, so the initial discontinuity measures

are equal to 0.  As the network grows, the discontinuity increases with hierarchies
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emerging.  Note that at the 20th iteration when the equilibrium has been reached, the

discontinuity of the network is close to that in Experiment A1-a (Ya=0.002 and Yr=0.031).

It implies that the continuity to a certain extent may be achieved in the network growth

phase, even starting with different speed distributions.  The fluctuations during the

degeneration phase are similar to those in Experiment A1-a, except they are more salient

because more links are killed for each time period in a symmetric network than in an

asymmetric network.

The fluctuations of both absolute and relative discontinuity measures in other

experiments are similar to those in Experiments A1-a and A2.  The results of all the

experiments are briefly summarized in Table 3.7.
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3.4.5  Summary of experiments

The results of the six experiments are summarized and compared in Table 3.7. As

can be seen, both the gamma index and network density of the test networks keep

decreasing throughout the degeneration process. The complete network has the lowest

initial gamma index and density measures among three test networks.  The original 45-

degree network is the most heavily connected network with most roads built at the

beginning and thus Experiments B1 and B2 on this network achieve the lowest total

travel times throughout the dynamics.
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Table 3.7.  Summary of experiment results

Experiment # A1-a A2 B1 B2 C1 C2
Symmetry Asymmetric Symmetric Asymmetric Symmetric Asymmetric Symmetric

Base Network Complete Network 45-degree Network 30-dgree Network
Highest 0.828 0.828 0.968 0.968 0.948 0.948Gamma
Lowest 0.336 0.350 0.334 0.335 0.337 0.360
Highest 2.463 2.463 4.076 4.076 2.937 2.937Density
Lowest 0.261 0.335 1.035 1.003 0.300 0.360
Initial 3.177 0.000 3.175 0.000 3.173 0.000

Highest 3.237 2.968 3.511 3.263 3.634 3.170Entropy
Lowest 2.054 0.000 2.750 0.000 2.000 0.000
Initial 1.076E+07 1.076E+07 4.423E+06 4.418E+06 6.027E+06 6.029E+06

Highest 1.709E+07 1.565E+07 5.078E+06 5.206E+06 1.666E+07 1.641E+07
Total
Travel
Time Lowest 1.075E+07 1.075E+07 4.400E+06 4.408E+06 6.018E+06 6.024E+06

Initial 0.027 0.000 0.000 0.000 1.480E-06 0.000
Equilibrium 0.002 0.002 0.000 0.000 0.000 0.000

Absolute
Discon-
tinuity Highest 0.033 0.016 0.000 0.000 0.034 0.027

Initial 0.137 0.000 0.000 0.000 0.024 0.000
Equilibrium 0.030 0.031 0.000 0.000 0.002 0.002

Road
network

Relative
Discon-
tinuity Highest 0.137 0.066 0.003 0.001 0.097 0.112

Ringness Highest 0.156 0.384 0.312 1.000 0.317 0.666
Webness Highest 0.695 0.774 0.920 0.751 0.871 0.857

Ring Yes Yes Yes Yes Yes Yes
Web Yes Yes Yes Yes Yes Yes
Star Yes No Yes Yes Yes No

Arterial
Sub-

network Emergent
Topology

H&S Yes No Yes No Yes No
* The highest and lowest values are obtains based on measures every five iterations from the beginning in
Experiments A1,A2,B2,C1 and C2, and those every ten iterations in Experiment B1

As explained before, the symmetric cases (A2, B2, and C2) and the asymmetric cases

(A1, B1, and C1) have different initial entropy values.  The initial entropy is equal to 0.0

in the symmetric cases for the uniform link speeds while it is close to 3.170 in the

asymmetric cases for the random distributed link speeds.  Since the symmetric networks

are forced to evolve symmetrically in the model, they display very different topologies

from the asymmetric networks.  Hub-and-spokes only emerge in the asymmetric

networks in our experiments. Emergent topologies of arterials observed in the

experiments include star, hub-and-spoke, ring and web.

The change of the total travel time demonstrates a common pattern in all the

experiments.  The total travel time decreases at the beginning of the degeneration process
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and achieves an optimal value that is slightly lower than the initial value.  Then the total

travel time increases dramatically after a turning point.

3.5  CONCLUSIONS

This chapter explores the topological evolution of road networks.  The evolution of a

road network is simulated as an integrated dynamic process including a travel demand

forecast, land use reallocation, upgrade or downgrade of road levels based on

autonomous investments, and a degeneration process killing the least developed road(s)

for each time period.

Six experiments are executed to explore the topology of road networks under

different idealized network structures and initial symmetry conditions. Selected

hierarchy, connectivity, mobility, and discontinuity measures of a road network are

computed.  This study shows that the differentiation of the road network can be reflected

by the change of the network entropy and discontinuity measures.  A degeneration

process can improve the mobility of a road network at the beginning by deleting

underused roads, but will eventually impair mobility if too many roads are taken off from

the network.

Based on the functional classification of roads, the topology of the arterial network is

further examined as a subgraph of a road network.  Emergent topological types of the

arterial network are defined and identified in the evolutionary experiments, including

star, hub-and-spoke, ring, and web.  The treeness, ringness, and meshness of the network

are also defined and measured.

Newell (1980) argues that every computer calculation involves sharing labor
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between humans and computers.  He argues that computers are very fast in performing

mathematical calculations and following simple internally programmed instructions while

humans are very quick to recognize geometrical patterns.  Manual pattern recognition,

however, is arbitrary and limited to less complicated networks.  This study enables

accurate definitions and identification of network topologies on computers.  Combined

with digitizing techniques and computer simulation, this study has the potential to

facilitate large-scale research on the topology of road networks.

These results also demonstrate that typical topologies of road networks emerge over

time even based on completely decentralized decisions of autonomous roads.

Furthermore, similar hub-and-spoke systems are derived from different sets of initial

speeds based on the same network structure and degeneration criteria, which suggests

that an emergent topology of a road network has a certain “insensitivity” to various initial

conditions.  These results challenge the traditional view that the plan of networks is

inherently a design of central agencies such as planners and engineers and provide more

evidence for the claim that the topology of a road network is an emergent property of

networks.

Our study has several limitations.  Both land use and travel demand models are

simplified.  A number of parameters in the models have to be pre-specified without

calibration.  Both models can be improved with some assumptions relaxed.  For the

simplicity of simulation, average speed of roads is the only parameter used to specify

degeneration criteria and functional classification criteria in this study.  These criteria

also need to be improved in the future study to more realistically simulate the evolution

of road networks.
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CHAPTER 4

The Efficiency of Declining Road Networks

This chapter discusses the measurement of economic efficiency including the

cumulative change of social welfare and accessibility, as well as traces the network

efficiency during the degeneration process of a network.  Experiments explore when the

optimal network topology will be obtained under certain degeneration criteria. This study

also compares the economic efficiencies achieved by different criteria.  The results reveal

how the economic efficiency of a network changes during the degeneration process and

suggest how an efficient degenerated network can be obtained.  Experimental results also

imply that the optimal network topology derived in the experiments have some

insensitivity to different degeneration criteria specified in the degeneration model.
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4.1  INTRODUCTION

Garrison and Levinson (2005) indicate that in 1830 there were 37 km of railroad in the

United States, and by 1920 track mileage had increased to 416,000 km miles; however

rail track mileage has shrunk to about 272,000 km since then.  A transportation network

shrinking for whatever reason is referred to as an over-invested network in this study,

given that the money spent on the network (supply) as an economic system cannot be

recovered from its income (demand).  An over-invested network is obviously inefficient

and some of the weakest links have to be abandoned (or in our terms degenerated).  Few

studies, however, have been conducted to measure the inefficiency of an over-invested

network.  Some macroscopic studies explain the degeneration process of an over-invested

transportation system using life cycle theory (Garrison and Levinson, 2005).  According

to this theory, most transportation modes experience the phases of birth, growth, maturity

and decline.  The S-curve is a quantitative technique widely used to describe the life

cycle of a transportation mode, relating the mode’s share of final market and time.

However, the S-curve is insufficient to predict the decline phase.  Various

microscopic measures of transportation network efficiency have been developed from

different perspectives of engineers, economists, managers and planners (Levinson, 2003).

But no studies have been carried out to examine the economic efficiency of an over-

invested network in a dynamic way.

The degeneration model developed in this research provides a means to explore the

network efficiency during the decline phase.  Beginning with ultra-connected idealized

networks, the simulation model can trace the fluctuation of network efficiency during the

degeneration process based on decentralized economic behaviors of autonomous links
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and myopic degeneration criteria.   Regarding the economic efficiency, when an over-

invested network is shrinking, consumers’ surplus is expected to remain unchanged

(when useless links are degenerated) or decrease (when somewhat useful or moderately

important links are degenerated).  On the other hand, producers’ total surplus (profit) is

expected to increase if those money-losing links are degenerated or decrease if important

links are degenerated.   The sum of the changes of users’ surplus and supplier’ profit is

selected in this study to measure the net total social benefit (total social welfare)

produced by the network.

The following section presents a discussion of performance measures.  Then the

experiments are outlined, and results are presented.  The conclusion summarizes the

findings and suggests future directions for research.

4.2  EFFICIENCY MEASUREMENT

4.2.1 Welfare

Consumers’ surplus is the difference between what individuals would pay and what

they actually pay.  Producers’ profit is the difference between the cost of production and

the price of sale.  Total social welfare produced by a transportation network is calculated

by adding up total surplus enjoyed by travelers and total profit earned by roads.  This

study examines the impact of the network degeneration process on the economic

efficiency of a transportation network by calculating the change of total social welfare for

each iteration, compared to that of the previous iteration.

The land use cell is selected as the geographical unit upon which we calculate the

origin-destination trip matrix, approximate the changes of consumers’ surplus and profit
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by pairs and add up those changes to determine the change of total social welfare.  We

have not selected the link or node as the geographical unit to calculate the total

consumers’ surplus because both of them can be removed in the degeneration process in

our study.  When a link or a node is killed, the quantity of trips on the link or the O-D

node pair including the killed node will immediately drop to zero.  On the other hand, the

trips previously allocated on this link or this node pair will be re-allocated to other

existing links or node pairs, resulting in an abrupt rightward shift of the demand curves of

other links or nodes.  In this case, the small change assumption no longer stands and we

cannot approximate the change of consumers’ surplus using the “rule of 1/2” (Neuberger,

1970).  The “rule of 1/2” indicates that where demand changes in response to the increase

or decrease in costs, with relatively small changes in costs, the convention is to attribute

half of the change in costs to the trips lost or gained.

An origin land use cell r and a destination land use cell s form a pair of land use

cells.  We assume that the number of trips from r to s decreases with the increase of the

generalized cost between them.  This relation defines a downward demand curve of the r-

s pair.  Figure 4.1 plots the conceptual demand curve of the r-s pair. Si-1 and Si are the

supply curves of iteration i-1 and iteration i, respectively.  For iteration i-1, qi-1 trips are

made from land use cell r  to land use cell s at the generalized cost ci-1 upon the

equilibrium between the demand and supply.  Consumers’ surplus is represented as area

a-e-b while suppliers’ profit is represented as area b-e-d.  Similarly, for iteration i,

consumers’ surplus is area a-f-c while profit is area c-f-e.  Assuming the demand curve

from e to f is linear, the change of consumers’ surplus from iteration i-1 to i, i.e., area b-

e-f-c, can be approximated using the “rule of 1/2”.  Note that this linear assumption only
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stands over small changes on the demand curve, and may be violated by changes in the

structure of the network.

Figure 4.1.  The demand curve of a pair of land use cells

The total change of consumers’ surplus of the network is calculated by adding up

those changes of all cell pairs. Thus,

€ 

ΔUi =Ui −Ui−1 = [0.5(c i−1r−s − c ir−s)(qir−s + qi−1r−s)
r−s
∑ ] (4.1)

Where u-w is any land use cell pair on the land use layer.  The change of total profit

from iteration i-1 to i, i.e., ΔΠi, is not calculated from Figure 4.1.  Instead, we calculate

the profit of each agent by subtracting its maintenance cost from its revenue according to

Equations (2.6) and (2.7), then add up all existing link-agents to ΔΠi:

€ 

ΔΠ i = [(E i
ab −Ci

ab ) − (E i−1
ab −Ci−1

ab )]
ab
∑ (4.2)

Where ab is any existing link-agent on the network with two opposite links a and b.

The change of total social welfare from iteration i-1 to i is calculated as:

€ 

ΔW i = ΔUi + ΔΠ i (4.3)

Quantity of trips
(q)

Demand

Generalized
Cost (t)
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qi-1 qi

a

bc
d
e

e
f



68

We also calculate the cumulative change of total social welfare starting from a

specified time period i* as:

€ 

ΔW = (ΔUk + ΔΠk )
k= i*

i

∑ (4.4)

4.2.2 Accessibility

Land use and transportation are mutually dependent.  In this mutual relationship

accessibility plays a substantial role.  Accessibility typically refers to the ease with which

desired destinations may be reached.  The characteristics of the transportation system

determine accessibility.  Accessibility in turn affects of the location of activities, or the

land use pattern.  The land use pattern affects activity patterns and travel patterns (a set of

trips within the region).  The travel patterns in turn affect the transportation system.

Accessibility can be used to indicate the efficiency of a transportation system,

frequently measured as a function of the available opportunities moderated by some

measure of impedance.  Niemeier (1997) summarizes various existing accessibility

measurements developed in previous studies and divides them into four categories:

1. Accessibility is measured as a function of the proportion of activities passed and

their distribution over time.

2. Accessibility is modeled as the cumulative number of opportunities that could be

reached within a redefined time.

3. Accessibility is measured based on random utility models in the multinomial logit

(MNL) form.

4. Accessibility is measured by the denominator of the gravity model.

This study chooses the last one as the measure of accessibility.  Typical gravity based

accessibility measures take the general form:
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€ 

AR = f (KS ,cRS )
S
∑ (4.5)

Where AR is the accessibility measure of node R,

€ 

KS is a measure of the attractiveness

of node S, and cRS the generalized cost of travel between zones, referring to Equation

(2.3).  A typical analytical expression of the accessibility function can be either in an

exponential form or a quadratic form of the generalized cost.  This study chooses the

latter as the measure of accessibility for simplicity.

€ 

AR = hS (cRS )
−2

S
∑ (4.6)

Where the number of trips attracted to node S  (h S) is used to indicate the

attractiveness of this node, referring to Equation (2.5).

4.3  EXPERIMENTS

A series of five experiments are specified in Table 4.1.  All these experiments start

under the same initial conditions with random speeds and uniform land use on the 4X4

complete network.

The experiments D1, D2, and D3 differ only on when to start the degeneration

process and when to stop it.  Experiment D1, consistent with the experiments conducted

in Chapter 2, starts the degeneration process after the network growth reaches

equilibrium, and terminates it when the minimally connected network is derived.  Since

the network growth reaches equilibrium before the 20th iteration in all the experiments, all

of them started the degeneration process at the 20th iteration.  Experiment D2 never starts

a degeneration process and so the network stayed stable after the network growth reached
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equilibrium.  Experiment D3 stopped the degeneration when the cumulative change of

total welfare peaks in D1.

The experiments D1, E1, and F1 differ only on the indicator used in the degeneration

criteria.  These three experiments test three plausible indicators identifying the weakest

link(s) in the network.  Note that the degeneration model assumes a link and its

neighboring (parallel and reverse) link are operated by a link-agent at the same speed.

The experiment D1 adopts the degeneration criteria specified in the last chapter, which

kills the link with the lowest speed among all the existing removable links and

automatically kills its neighboring link.  Experiment E1 kills the two links operated by

the agent with the lowest through-traffic volume (the sum of the traffic on both links).

Experiment F1 kills the agent operated at the lowest benefit-cost ratio (B/C ratio).

Referring to Equation (2.8), the B/C ratio of an agent operating link a and b at iteration i

is calculated as:

€ 

B /C ratio = (E
i
ab −Ci

fixed ,ab )
Ci

var,ab
 (4.7)

Where Eab is the revenue collected from links a and b, Cfixed,ab is the fixed cost spent

on a and b, and Cvar,ab is the variable cost.
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Table 4.1.  Specifications of experiments

Degeneration Process
No.

Start End Indicator
Iterations

D1
(A1-a)*

After network
growth reaches

equilibrium

When minimally
connected network is

obtained
Speed

D2 Never N.A. Speed

D3
Right after the

cumulative change of
total welfare peaks

Speed

E1 Volume

F1

After network
growth reaches

equilibrium When minimally
connected network is

obtained B/C ratio

850

* To be consistent with the experiments specified in Table 3.3, the experiments are numbered from “D”.
Experiment D1 has the same specifications with A1-a.  It is listed here for the purpose of easy comparison.
** All the experiments listed in this table have the same specifications on initial conditions with A1-a.

4.4  RESULTS

Figure 4.2 illustrates the fluctuations of the cumulative change of total social welfare

derived from D1-D3 on the 4X4 complete network.

Experiment D2 specifies the network growth model without degeneration.  The D2

curve begins at the 20th iteration, which means we start to calculate the cumulative

change of welfare at the 20th iteration.  According to Equation (4.4), i* is equal to 20.  As

a plausible approximation, we calculate the change of welfare every five iterations. The

cumulative change of welfare at the 20th iteration is equal to –576.08, which means the

welfare decreases about 576 units compared with the 15th iteration.  In other words, this

curve demonstrates the cumulative change of welfare from the end of the 15th iteration

every five iterations.  As can be seen, the three curves actually begin with the same point

with the same cumulative change at the 20th iteration because the three experiments went

through exactly the same network growth process before the degeneration was started at

the 20th iteration.  Since the network reached equilibrium before the 20th iteration, the D2
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curve remains flat in the following iterations. The fact that the total welfare declines

between the base year and the equilibrium year (given that cumulative welfare change

remains negative) suggests that this network is over-invested and most agents cannot

cover their spending at the initially specified speed level.  A degeneration process is then

implemented to remove these inefficient agents so as to improve total network welfare.

 Experiment D 1 starts degeneration at iteration 20 and executes this process until

completion.  Unsurprisingly, the cumulative welfare keeps increasing and reaches the

maximal welfare at the 65th iteration.  Since the degeneration process is enforced in this

experiment to kill links each round regardless of the network efficiency, some useful

links have to be removed from the remaining network and the welfare begins to decline

dramatically after this turning point.  After the degeneration is stopped at the 805th

iteration, the network soon becomes stable again until the end of the experiment.  The

final cumulative change of total welfare (–1.497×109 units) is much lower than that at the

65th iteration (2.029×105 units).

Experiment D3 also starts degeneration at the 20th iteration but stops the

degeneration as long as the welfare is starting to decline at the 65th iteration.  Thus the D3

curve actually overlaps with the E2 curve before the 65th iteration.  After the degeneration

process is stopped, the network topology is fixed, which we called the optimal network

topology under the specific degeneration criteria.  Then suppliers (individual links)

quickly adjust their investment policies on this network, and travelers quickly adjust their

route choices as well.  The network soon reaches a stable status after several iterations.

The stable welfare level  (2.000×105 units) is slightly lower than the maximal welfare it

has achieved.
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The results of D1, D2 and D3 together reveal how the degeneration process of an

over-invested network is related to the economic efficiency of the network.  The result of

Experiment D2 suggests that the degeneration process can improve network efficiency by

removing inefficient links, but if a network becomes compact enough, further

degeneration will impair efficiency, which we would call “over-degeneration”.  The

result of D3 suggests a way to avoid over-degeneration and derive a relatively efficient

network topology under given degeneration criteria is to trace the cumulative change of

total welfare and stop the degeneration process when the maximal welfare is achieved.
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The results of D1, E1, and F1, shown in Figure 4.3, exhibit similar fluctuations of

welfare over time (especially at the beginning of the degeneration process), showing that

the network efficiencies resulted from different experiments have some “insensitivity” to

the indicators specified in their respective degeneration criteria.  At the end of the

simulation, the network degeneration based on the link speed  (D1) resulted in the same

network efficiency (-1.497×109 units) with the degeneration based on the volume (E1).

The degeneration based on benefit-cost ratio resulted in a higher efficiency (-1.356×109

units).
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Figure 4.4 shows the results only in the first 80 iterations.  Starting with the same

welfare (–576.08) at iteration 20, the network efficiency increases at the beginning phase

of the degeneration process in all the three experiment, but along different paths.

Experiment F1, which kills links operated by the agent with the lowest benefit-cost ratio,

has a faster rate of increase than the other two experiments in the beginning 40 iterations

(from iteration 20 to iteration 60).  However, all the three experiments achieved the

maximal efficiency (2.029×105 units) at the 65th iteration.  The results disclose that

although the three experiments removed links according to different priorities, they

derived almost exactly the same optimal network topology.

Figure 4.5 shows the change of accessibility for experiments D1, D2, and D3.  Figure

4.6 illustrates the change of accessibility for D2 and D3 in detail. The accessibility of the

network remains 15002.987 in D1 after iteration 20.  As shown in Figure 4.6, after the

degeneration is stopped at the 65th iteration in D2 when the maximal welfare is reached,

the accessibility decreased slightly and quickly achieved a stable accessibility of

15004.954.  When the degeneration process is continued instead in D1, the accessibility

decreases dramatically to 4097.933 at the end of the experiment.  Comparing the

fluctuating patterns of Experiment D1 respectively in Figure 4.3 and Figure 4.5, we can

see that the change of welfare and that of accessibility demonstrate similar patterns.
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4.5  CONCLUSIONS

This study enables the measurement of the efficiency of a network during its

degeneration process.  The network efficiency is measured by the change of total social

welfare, which adds up the surplus of all travelers and the profits of all link agents in the

network.

The efficiency can also be measured by network accessibility, which indicates the

ease with which desired destinations in the network may be reached.

Simulation experiments in this study show that a turning point exists during the

degeneration process regarding the economic efficiency of the network: in an over-

invested network, when inefficient links are removed, the total welfare created by the
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Experiment D2
Experiment D3

Iteration
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network increases; while if the degeneration process persists at a point so that useful links

have to be removed from the network, the efficiency of the network will begin to

decrease.  Our experiments show that if the degeneration process is stopped at the turning

point, a relatively efficient network topology can be derived under the specific

degeneration criteria.  Experiments also show that different degeneration criteria based on

different priorities to kill the weakest link(s) resulted in similar fluctuations of network

efficiencies and derived in the same optimal network topology, and that the change of

network accessibility demonstrates a similar pattern to the change of efficiency.  The

results imply that the optimal network topology derived in the experiments have some

insensitivity to different degeneration criteria specified in the degeneration model, and

thus reflect to some extent the “nature” of a efficient network.
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CHAPTER 5

Conclusions And Future Work

This study explores the long-term evolution of the road network using simulation

modeling.  Instead of modeling the evolution as an optimization problem solved by

designers, this study simulates the evolution of a road network by incorporating roads as

autonomous agents.  Each individual agent can invest (disinvest) itself according to its

own revenue and cost.

A process is introduced to simulate a growth process in which a road network grows

and declines with important roads reinforced and weak roads deprecated.  The part of the

simulation model developed in this study allows links to decline, thus the whole model is

called the transportation network degeneration model.  This model describes the

evolution of road networks as an iterative dynamic process, which includes five

sequential steps for each iteration: exogenous input, degeneration process, land use

dynamics, travel demand dynamics, and investment.  The degeneration process is

implemented by a series of degeneration criteria specifying how weak links are removed

from the network.  The Simulator of Ultra-connected Network Degeneration (SOUND) is

developed to implement the degeneration model and visualize the results.

The degeneration model is used to simulate the topological evolution of complex

road networks and examine the change of network efficiency over time.  Chapter 3 and
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Chapter 4 present two independent studies on the evolution of network topology and

network efficiency.

This study explores the topology of road networks under different idealized network

structures and initial symmetry conditions, with selected hierarchy, connectivity,

discontinuity, and mobility measures computed.  This study also defines and identifies

emergent topological types of the arterial network based on the functional classification

of roads including star, hub-and-spoke, ring, and web. This study enables accurate

definitions and identification of network topologies on computers, thus can facilitate

large-scale research on the topology of road networks.

The efficiency study enables the measurement of the economic efficiency of a

network during its degeneration process based on the change of total social welfare and

network accessibility.  Both measures demonstrate similar fluctuation patterns in the

experiments.  The results imply how an efficient network topology can be obtained

during the degeneration process.

Both studies show that the evolution of road networks demonstrate emergent

properties of topology and efficiency based on completely decentralized decisions of

autonomous links, which challenges the traditional view that road networks evolve

inherently as a design of planners or engineers.  The results suggest a long-term

transportation plan should consider the evolution of a road network as the result of the

interplay of autonomous parties with different goals and constraints.

Both land use and travel demand models in the degeneration model are simplified

and thus can be improved in the future work with some assumptions released.
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As an agent-based simulation study, this study also needs to incorporate more

sophisticated economic behaviors of private roads.  For example, links currently spend all

their available income at the end of each time period by investing in their own speeds.

Advanced behaviors such as revenue saving or cooperation between links should be

considered in future work.

A series of degeneration criteria have been specified for our degeneration model.

The degeneration criteria can be improved by calibrating our model using empirical data.

With the above improvements, the model can be validated with real transport

networks and then the simulator can be used as a practical tool in various areas including

urban transportation planning, land use planning and traffic management.
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APPENDIX A: Notations

a, b index of link

A accessibility of node

B area of network surface

c generalized cost of link

C operating cost of link-agent

d access distance

D network density

e number of edges

{E} set of edges

E revenue of link-agent

f link flow

{G} directed graph

g number of trips generated by node

h number of trips attracted by node

H entropy measure

i index of time period

K general term for the attractiveness of node

l link length
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L sum of link length

n number of nodes

p proportion

{P} set of links on the shortest path

q number of trips

Q, R, S index of nodes

{S} subgraph of a network

r, s index of land use cell

T total travel time

u number of cycles

U consumer’s surplus

v link speed

{V} set of vertices

W welfare

{X} a system; set of individuals

y measure of discontinuity

z number of subgraphs

α coefficients in the operating cost function of link-agent

β speed improvement coefficient in the investment model
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δ dummy variable indicating if a link is on a route

φ ratios use in topology identification

γ Gamma index

η value of time

µ weights in the operating cost function of link-agent

Π profit

θ friction faction in the gravity model

ρ coefficients in the generalized cost function of link

τ toll rate


