UNIVERSITY OF MINNESOTA

This is to certify that I have examined this copy of a master’s thesis by
WEI CHEN
and have found that it is complete and satisfactory in all respects,
and that any and all revisions required by the final
examining committee have been made.

David M. Levinson
___________________________________________
Name of Faculty Advisers

___________________________________________
Signature of Faculty Advisers

___________________________________________
Date

GRADUATE SCHOOL

HIGHWAY NETWORK EVOLUTION MODELS

A THESIS
SUBMITTED TO THE FACULTY OF THE GRADUATE SCHOOL AT
THE UNIVERSITY OF MINNESOTA
BY

WEI CHEN

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR THE DEGREE OF MASTER OF SCIENCE

NOV 2003

© WEI CHEN 2003

ACKNOWLEDGEMENTS

I would like to express my gratitude to my supervisor Dr. David Levinson, the
Principal Investigator of this project, for his inspiration and direction on this research.
Throughout my study in University of Minnesota, he provided patience, encouragement,
sound teaching, many good ideas, and advice. He helps to make transportation research fun
for me.
I

also

want

to

express

my

deep

appreciation

to

the

Minnesota

Department of Transportation for their generous financial support to our research project.

i

ABSTRACT
This study explores dynamic highway system evolution. First, the concept of highway
system evolution dynamics is illustrated through Allen’s paper folding story, and a
conceptual framework of the dynamic highway evolution model is described. According to
the implications of the model, choosing one development path means the abandonment of
other paths, and each decision influences the emergence of the future decisions in the ensuing
states; therefore, even if all the improvement strategies work well in relieving present issues,
they do not work the same in influencing the future development of the highway system. The
model allows us to test how a particular highway development plan could help or hinder the
functional development of the system over the long run. The dynamic highway system
evolution model replicates the highway growth process in a more realistic scenario, that is
the urban spatial economic distribution (including population distribution and land-use) is not
assumed to be stable and the interactions of highways and spatial economic elements are also
modeled.
Second, empirical data and statistical models are used to find the answer to the
question of where the new highway routes are most likely to be located. The land-use,
population distribution and highway network data from 1958 to 1990 are used, and the
highway system is classified into three levels, Interstate highways, divided highways, and
secondary highways. Binary logit models estimate the new route growth probability of
divided highways and secondary highways. Interstates, however, are not modeled here and
are used as a predictor in modeling the growth of divided highways and secondary highways.
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The results show that the area’s land-use attributes and population density level do have
significant relationship with the area’s likelihood of adding new highway routes. The
findings of the empirical study enlighten the establishment of the concepts of the dynamic
highway evolution, and can be used in developing the dynamic highway evolution model.
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CHAPTER 1 INTRODUCTION
As cities grow, we would expect to see highway networks evolve. So what is the
highway network that we desire for the future? We hope it can be a network with great
mobility, accessibility, and reliability. To achieve such a network, we should realize that such
a desirable network cannot be achieved from an optimization design of the current network,
because such design assumes a static environment. Even though we can plan the system to be
optimized for some state, we cannot guarantee the system would still be optimal or in
equilibrium in the next state. Moreover, from an evolutionary perspective, each highway
improvement project we are taking today will increase or decrease the probability of reaching
the desirable network in the future, therefore, in highway investment planning, we should not
only know the effects of a candidate project on the present system, we should also know in
what direction it may lead the system.
The classic transportation planning and forecasting process cannot provide a
foresighted plan for highway system development, because the forecasting models
established based on the classic theories are inherently equilibrium-seeking static models
while the growth of highway networks is a complex dynamic process. By using static models
to analyze a dynamic system we have no luck obtaining a functional plan. It is time to get an
in-depth understanding of the dynamic process of highway growth, and study how to control
and steer its growth to achieve a desirable highway system in the future.
Few previous studies deal with the problem of highway network growth. Taaffe et al.
(1963) study the economic, political and social forces behind infrastructure expansion in
underdeveloped countries. Their study finds that, initially, roads are developed to connect
regions of economic activity, and lateral roads are built connecting these initial roads. Thus
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road mileage in a region is proportional to the square root of population and the square root
of area. Their findings illustrate the highway growth rules in its early development state but
seem inappropriate for forecasting future highway development in a mature system. In early
highway development, connectivity was the major concern. For mature systems,
development is premised on a fully-connected network, and the issue of congestion rises to
the fore.
Garrison and Marble (1965) investigate a collection of tools (both statistical models
and mathematical models) for forecasting the development of transportation. Their studies
include both the analysis of aggregates (such as the comparison among nations for railroad
passenger and freight movements and the demand for freight transportation in US) and the
analysis of network structure characteristics (using graph theory and nearest neighbor
methods). They observed connections to the nearest large neighbor explained the order of rail
network growth in Ireland. But the macroscopic conceptions of transportation development
demonstrated in this report cannot be used in regional highway planning at a microscopic
level.
Yamins et al. (2003) present a simulation of road growing dynamics that can generate
global features as beltways and star patterns observed in urban transportation infrastructure.
The road growing dynamics consist of two steps: identifying the maximum transportation
potential between two locations within the city, followed by the generation of the least
expensive road between these two locations. But this study assumes ‘an existing,
homogeneous urbanized area’ where only roadway dynamics are modeled, and the land-use
dynamics and the interactions between roadways and land-use are ignored.
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The present study constitutes a portion of a larger research project to understand the
evolution process of transportation networks at a theoretical and empirical level. Of the
recently conducted research, Karamalaputi and Levinson (2002) estimated a logit model to
predict the likelihood of expanding a highway in the Twin Cities using data from the past 20
years, and considering cost and the effects of expanding a link on its upstream and
downstream neighbors, as well as on parallel links. Yerra and Levinson (2003) developed a
simulation model to visualize network growth. Their model captures the dynamics that lead
to a hierarchical arrangement of roads for a given network structure and land use distribution
and show that hierarchies are intrinsic properties of networks. The results also show that
roads, specific routes with continuous attributes, are emergent properties of transportation
networks.
The present study explores dynamic highway system evolution in a more realistic
scenario, that is the urban spatial economic distribution (including population distribution
and land-use) is not assumed to be stable and the interactions of highways and spatial
economic elements are modeled. Intensified economic activities will lead to increased travel
demand, which in turn may act as a driving force for highway development. The model
allows us to test how a particular highway development plan could help or hinder the
functional development of the system over the long run. In the second chapter, the concept of
highway system evolution dynamics is illustrated through Allen’s paper folding story, and
then a conceptual framework of the dynamic highway evolution model is described. In the
third chapter, we study the most probable highway growth rule which tells where the newly
added highways are most likely to be located based on empirical research. The findings of
this chapter enlighten the establishment of the concepts of the dynamic highway evolution,
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and can be used in developing the dynamic highway evolution model. The fourth chapter
summarizes research findings and future work.

4

CHAPTER 2 A CONCEPTUAL FRAMEWORK
OF THE DYNAMIC HIGHWAY EVOLUTION MODEL
2.1 Allen’s art of paper folding
Allen (1984) illustrated the dynamic evolution of urban systems by analogizing to the
art of paper folding. This example provides a great understanding of the problem of highway
system dynamics. Allen’s paper folding story is as follows: as shown in Figure 1, the original
state is a flat sheet of paper, then folds are made in it and the paper gradually changes into
various objects and displays different attributes. Analogous to the flat sheet of paper at the
starting point, the original urban systems began with a ‘no highway’ stage. Then folds in the
paper generate different traits and let the paper take various forms, similarly, highways
develop in different patterns, which gradually shape the urban systems into different
structures. There are many choices to fold the paper at the beginning states while fewer and
fewer choices remain in the ensuing states. Analogously, at the earlier years especially the
era of large-scale highway construction between the 1950s and 1970s, urban planners had
plenty of vacant space to develop new highway routes and some major corridors constructed
at that period have significantly shaped cities and influenced the ensuing development of the
highway system, while fewer choices remain for highway development with the scarcity of
developable green fields.
We can call Figure 1 the ‘evolution tree’, and from this ‘evolution tree’ we can find
some importation implications for illustrating highway system dynamics. First, each of the
objects has a past state and a future state which are both different from its present state, this
indicates that in studying a dynamic system, if we limit the scope to a particular state and
model the system in terms of the attributes present at that state, we usually ignore the
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important factors leading to system evolution so that we cannot capture the future changes of
the system.

Figure 1. Allen’s evolution tree
Second, Allen stated that the ‘essence’ of an object (a bird or a box) is not only
contained in the folds, but also in the order in which they are made, and the order plays a
vital role in forming the object. If we describe the folds simply with their present attributes
without considering the order of the formation and then we try to predict the future style of
the object based on the information we get from the current folding, we necessarily obtain the
wrong conclusion. Choosing one fold (development path) requires the abandonment of other

6

folds. Furthermore, each fold influences the emergence of the folds in the ensuing states, that
is, it will increase the emergence probability of some folds while decreasing the emergence
probability of some other folds. For example, folding the original flat paper along the
diagonal line will increase its chance of changing into a bird but decrease the chance of
changing into a box in the future. A fold is called a ‘good’ fold when it increases the
probability that the paper evolves to the object we desire. Now let’s imagine a highway
improvement project (capacity expansion or adding new routes) as a fold of the evolution
tree. Evaluating the project should not only be based on its current capability in improving
traffic performance, it also depends on how long and how well the project could help the
system sustain functional operation and depends on what evolutionary direction it is leading
the system to follow.
Another thing we can learn from the ‘evolution tree’ is that effective highway
planning that makes the system function well over the long run could not be found through
system optimization or equilibrium at a particular moment. Because even though we can plan
the system to reach such optimization or equilibrium at some state, we cannot guarantee the
system would still be in optimization or equilibrium in the next state. For an evolutionary
system, system optimization or equilibrium does not necessarily exist.

2.2 Conceptual framework of the dynamic highway evolution model
In this section, the conceptual framework of the dynamic highway evolution model
will be established using some ideas of the paper folding story. Now let’s imagine an
automatic machine which symbolizes the urban system. The basic structure of the machine
consists of a highway system, economic units (which include all the employment and
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commercial related settlements such as manufacturing, construction, communications, and
utilities; wholesale, retail and warehouses; and administrative, professional, and institutional
services, etc), residential dwellings, other transportation modes such as railways and airports,
and other areas such as agricultural, recreational, preserved, and vacant areas. When the
machine begins to operate, vehicles run through the highway system from place to place for
various purposes, working, shopping, entertaining, or transporting. The basic structure is not
fixed, instead, it is constantly changing. Periodically the machine will be expanded where the
existing highway links may be widened or new links may be added. Between each of two
expansions, some components of the machine (e.g. the economic units and residential
dwellings) gradually grow accompanied by the increased vehicle volumes. Meanwhile they
slowly change their locations and attributes following some inherent mechanism, and these
changes in turn influence traffic behaviors.
We can illustrate the dynamic process of highway system evolution through the
operation of the machine. When the machine begins to operate, vehicles move from one
place to another, meanwhile, the economic units and residential dwellings gradually grow
and relocate close to the highways for more convenient commuting, material supply and
produce transport, etc. The clustered volume may make some highway segments overcapacity, and then in the expansion more capacity is added to these segments or alternative
routes are constructed to relieve congestion. Also with the growth of economic units and
residential dwellings, additional links are needed to provide accessibility for the new
settlements. After that, the machine continues to run until the next expansion occurs. It
should be noted that the highway development described above serve two purposes: to
remove the congestion and to provide additional accessibility. Of them, the congestion-

8

removal development pattern, also called bottleneck removal, is posited to be the main
highway development strategy in the era of a mature highway system.
Now reconsider the operation of the machine. Given an initial state, the machine runs,
and then some highway segments gradually become sluggish and some new settlements lack
access. Here we may have several solutions to these problems, for the congestion problem,
we can either widen the existing link or choose one of the potential alternative routes; and for
the accessibility problem, we have several options to add the new links. Although the
solutions all work well in healing the present problems, they do not work the same in
influencing the future development of the highway system. Recall the implications of the
paper folding: choosing one fold (development path) requires the abandonment of other
folds, and each fold influences the emergence of the folds in the ensuing states. If we are
blind to the impacts that the current path choice may have on the future path choice and we
do not estimate what the system will be like in the future through a particular sequence of
path choices, we cannot effectively plan to ensure the system functions over the long run.
Fortunately, the dynamic highway evolution model provides a powerful tool to answer such
questions. The following section will describe the dynamic highway evolution model using
the concept of the machine.
In the dynamic highway evolution model, the purpose of highway development is to
serve the economy, that is, the highway system will be expanded when improved mobility
and accessibility are needed. When highway segments operate under congestion, the model
will expand capacity following specific rules; and when connections are needed for new
urban settlements, the model will add new links to improve accessibility still following
specific rules. In the final output of the model, the effectiveness of the rules is judged based
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on analysis of system performance. Besides these rules, there are other mechanisms set in the
model that describe the impacts of highways on economic units and the interactions between
economic units. The rules are what we want to test using the model, we can test different
rules and obtain the most functional one that leads to the best system performance in the final
output, while the mechanisms actually describe the inherent market forces which drive
system variations. As shown in Figure 3, the urban area under consideration is divided into
planning zones, and the planning zones are further divided into grids, which should be small
enough to be assigned a unique land-use attribute, including economic units, residential
dwellings, highways, other transportation modes such as railways and airports, and other
areas containing agricultural, recreational, preserved, and vacant areas. The initial state S0
represents the urban system’s real status at a particular moment. From state S0 to state S1 the
highway system is static, and two sub-models are run – Economic Model and Travel Model.
Economic Model is a function of time, the spatial distribution of population and land use
(including highways) in the last state (i=0,1,2,3…) Si, population growth rate Pi,i+1,
employment and commercial growth rate Ei,i+1, the impacts of highways on land-use Hi,i+1
(which are mainly embodied by the aggregation of economic activities along highways), and
the interactions of different land-use attributes Ii,i+1. Through this model, the land-use
attributes of the cells are constantly updated, where the regional economic development and
income increase are measured by the increase of the total number of cells that are assigned
employment and commercial related attributes, and population growth is measured by the
increase of the total number of cells that have the residential dwelling attributes; the cells
close to highways are more likely to change to employment and commercial related
attributes; and the employment and commercial cells are usually surrounded by residential
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cells and meanwhile residential cells attract commercial development in their neighborhood.
The Travel Model can be thought of as analogous to the conventional four-step model, the
only difference is that the Travel Model uses the output of the Economic model, so that the
land use is not assumed to be static. After each time interval, the updated land-use attributes
of the cells are output from the Economic Model, and are input into the Travel Model to
derive the updated flow on each highway segment.
After several time intervals, highway segments in some of the planning zones (zones
5 and 7) operate over-capacity, then the system reaches state S1 and the Infrastructure Model
begins to work. For each of the planning zones that contain over-loaded highway segments,
the Infrastructure Model generates the most likely solutions, given historical or desired
network growth policies which include widening the existing segment and adding alternative
routes. The solutions are ranked based on their benefits and costs. Adding multiple lanes is
more costly than adding a single lane, and building alternative routes usually costs more than
widening the existing segments. The cost of the alternative routes is a function of the route
length, the roadway level and capacity (which can be measured by number of lanes), the
relocation involved and the land-price.
Although the costs of adding alternative routes are usually higher than widening the
existing segments, adding some of the alternative routes can improve accessibility to newlygrown urban settlements thus some of the alternative route solutions have a higher benefitcost ratio than the widening solution. Based on the Economic Model, the cells close to
highways are more likely to change to employment and commercial related attributes, which
is supported by the fact that in 1990, 70 percent of employment and commercial areas is
within the 1-kilometer buffer area of highways (Figure 2). The clustered new settlements
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along the highways contribute to the congestion in some of the segments, while the
alternative highway route should not only remove congestion, but also improve accessibility
to these new settlements in the neighborhood.

Employment and commercial areas
1-kilometer buffer area of highways

Figure 2. In 1990, 70 percent of employment and commercial areas are within the 1kilometer buffer area of highways.

After the solutions are ranked, the Infrastructure Model will select one of the
solutions based on the highway growth rule set beforehand. There can be many highway
growth rules, such as the maximum benefit-cost ratio rule which is to select the solution of
the maximum benefit-cost ratio at each highway expansion; maximum accessibility rule
which is in favor of the alternative route solution that provides additional accessibility to new
settlements; and minimum cost rule which prefers widening the existing links at each
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highway expansion, etc. The model allows us to test the implication of how a particular
highway growth rule helps or hinders the functional development of the system and what
sequence of choices could make the system work over the long run. By doing such tests, we
are seeking an effective infrastructure investment strategy purely from a technical
perspective, ignoring any political restrictions. In addition, we also need to derive the rule
which describes the highway growth pattern in the real world from empirical study, and by
following such a rule the model can predict what the future’s urban system will be like if the
current growth pattern is continued.
Since the maximum benefit-cost ratio growth rule is set in the Infrastructure Model in
this example, in state S1' the model chooses an alternative route in planning zone 5 and
widens the existing route in planning zone 7. Then the Economic Model and Travel Model
are run based on the new highway system of state S1'. When highway segments in some of
the planning zones (zones 2 and 3) operate over-capacity, the system reaches state S2 and the
Infrastructure Model begins to generate solutions and rank the solutions by their benefits and
costs. Suppose the solution of widening the existing segment is taken. The Economic Model
and Travel Model are rerun based on the new highway system of state S2', and when
congestion appears in some of the planning zones the system reaches state S3. This program
can be continued following this procedure. Following different highway development rules
different highway and urban systems will be generated, the effectiveness of the rules are
judged based on system performance analysis.
The dynamic highway evolution model provides a powerful tool to answer some
highway and urban planning problems that we wish to know over a long time but are
unexplained by the classic planning and forecasting models: (1) Which is a better planning
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strategy that works for a longer period in relieving congestion, to widen the existing corridor
or to construct alternative corridors; (2) If the existing corridor is widened, how well and how
long will the new capacity be able to handle the induced traffic, and if alternative corridors
are to be constructed, where is the best location; (3) Whether a particular highway
improvement would help or hinder the functional development of the system and what
sequence of improvements could make the system work over the long run; and (4) Whether
choosing the minimum cost plan at each highway improvement could be shown to be the
most cost efficient strategy over the long run, etc.
Before we can develop the dynamic highway evolution model, we must have enough
knowledge in the following fields. First, in the Economic model, given a highway system we
need to quantify the impacts of highways on land-use and the aggregation of economic
activities along highways, and also measure the interactions of different land-use attributes.
Second, in the Infrastructure Model, we need to know the most probable highway growth
rule, which may not be the best rule, but rather a rule that has the highest probability of being
reiterated in the real world. The model allows us to test many possible highway development
rules, so that we get to know what the future urban and highway system will be like by
following different development rules and which rule works best in making the system
functional over the long run. The best rule is derived from a technical point of view while the
most probable rule embodies many actual restrictions and requirements, which may come
from urban planning policy and legislation from the complicated political domain. The most
probable rule can be used as a control rule, when the route growth at each highway expansion
following the best rule is quite different from the growth following the most probable rule,
we should double check the practicality of the best rule.
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The following chapter empirically models a part of the larger highway evolution
model, how infrastructure responds to economic activities. In this chapter, we study the most
probable highway growth rule which tells where the newly added highways are most likely to
be located based on empirical research. The land-use, population distribution and highway
network data from 1958 to 1990 are used, and the results show that the area’s land-use
attributes and population density level do have a significant relationship with the area’s
likelihood of adding new highway routes. The findings of this study enlighten the
establishment of the concepts of the dynamic highway evolution, and the findings of the
study can be used in developing the dynamic highway evolution model.
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Figure 3. Conceptual framework of the dynamic highway evolution model
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CHAPTER 3 AREA-BASED MODELS OF NEW
HIGHWAY ROUTE GROWTH
3.1 Introduction
In this chapter, empirical data and statistical models are used to find the answer to the
question of where the new highway routes are most likely to be located. There are various
factors contributing to the route selection of new highways, such as the state of the economy,
jurisdictional boundaries, geographical balance policies, land-use requirements, population
density constraints, and politics. But of these factors, some are very special and applicable
only to very limited regions and some are very difficult to trace down in data collection. So
finally, the factors of land-use distribution and population density are contained in the model
as predictor variables, because these two factors describe the basic regional economic
characteristics and we have well-developed land-use and population distribution GIS data for
the Twin Cities Metropolitan Area from 1958 to 1990.
The highway system for the Twin Cities Metropolitan Area from 1958 to 1990 can be
classified into three levels, Interstate highways, divided highways, and secondary highways
(the growth of local streets that serve the function of land access rather than movement is not
estimated). Binary logit models estimate the new route growth probability of divided
highways and secondary highways in geographical cells based on land-use, population
distribution and highway network data for the base years. Interstates, however, are not
modeled here and will only be qualitatively analyzed because the Interstate system was
developed for the nation in its entirety and at a minimum requires a larger geographic scope.
Interstates are used as a predictor in modeling the growth of divided highways and secondary
highways.
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In the following sections of the chapter, we first give qualitative analysis for
Interstates. Then the data for modeling divided highways and secondary highways are
described, and the hypotheses, models and results for divided highways and secondary
highways are presented respectively.

3.2 Interstates
In the analysis of Interstate growth, we should first set the scope as the whole US
instead of a single region since the Interstate system was planned for the nation in its entirety.
The 1944 Federal-Aid Highway Act, Section 7 authorized designation of a 65,000-km
"National System of Interstate Highways" to be selected by joint action of the state highway
departments. Interstate Highways should be "... so located as to connect by routes, as direct
as practicable, the principal metropolitan areas, cities, and industrial centers, to serve the
national defense, and to connect at suitable border points with routes of continental
importance in the Dominion of Canada and the Republic of Mexico.” (Weingroff, 1996), and
Interstate Highways should also serve the regions with peak traffic volumes based on
statewide planning surveys of the 1930s (Figure 4).

Figure 4. Illustration of peak traffic volumes based on statewide planning
surveys of the 1930s. (Weingroff, 1996)
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As a component of the whole picture, the development of the Interstate system in
Minneapolis-St. Paul Metropolitan Area adhered to the requirements of connectivity with the
neighboring states as well as catering to the needs of local traffic. Appendix B describes the
evolution of the Interstate network of Minneapolis-St. Paul Metropolitan Area. Each of the
Interstate corridors serves a specific purpose. For convenient analysis, the interstates are
classified into three groups: I-494 & I-694 Beltway, I-35 (W&E) North-South ThroughCorridors, and I-394 & I-94 East-West Through-Corridors and I-94 Northwest Stretch
(Figure 5). The original purpose of beltway was to divert traffic passing through the area
from congested local commute routes, and provide for better distribution of non-CBD
oriented trips within the area (Payne-Maxie Consultants,1980). Most of the beltway was
completed in the 1960s, during the ‘Beltway-Boom’ period for the whole US. Since the
1950s, approximately 100 complete or partial beltways have been built in US. The NorthSouth Through-Corridors serve as the "gateway" to the Twin Cities metropolitan area from
the south and the north. To the south, they connect to cities such as Des Moines, Kansas
City, Oklahoma City, Dallas/Fort Worth, San Antonio, and the Mexican border at Laredo,
TX. Their northern terminus is in Duluth, MN, and it further connects to International Falls
and Thunder Bay, Ontario. I-35W and I-35E also cross Minneapolis and St. Paul respectively
serving as the major North-South commuting routes. Similarly, the East -West ThroughCorridors cross Minneapolis and St. Paul serving as the major East -West commuting routes.
I-94 Eastern Stretch serves as the "gateway" to the Twin Cities from Wisconsin and the
Chicago area and I-94 Northwest Stretch is the main gateway to downtown Minneapolis
from the north and northwest. (Source: http://www.ajfroggie.com/roads/minnesota/state/).
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Figure 5. Classifying the Interstates into three groups
Of all the highways, Interstates are the least likely to get further growth. No
additional Interstate appeared after I-394 (the construction of I-394 began in the mid 1980s)
and the Interstate network by itself has formed a consummate system. However, although
there was no further growth of Interstates, a noticeable change after 1990 is that the highest
hierarchy was not only composed of Interstates, some divided highways were upgraded into
freeways. These improved divided highways share similar geometric design (such as
controlled access) as Interstates.
In the ensuing sections I concentrate on modeling the new route growth of divided
highways and secondary highways based on population and land-use distribution. The similar
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analysis is not conducted for Interstates because national factors for Interstate route selection
typically overwhelmed local factors. I will present the data, models and result analyses for
divided highways and secondary highways respectively.

3.3 Description of data sets
High-quality GIS maps from paper maps are developed for this study which are
summarized in Table 1. The study period began with 1958 when the earliest land-use map
was created for the Twin Cities Metro Area. Both land-use and census data were issued
decennially.
Table 1. GIS data summary
GIS Map

Source

Twin Cities Metropolitan Area
Population Distribution 1960, 1970
and 1980
Twin Cities Metropolitan Area
Land-Use Distribution 1958, 1968
and 1978
Twin Cities Metropolitan Area
Highway Networks 1962, 1965,
1968, 1971, 1975, 1978, 1981,
1985, and1990

Twin Cities Metropolitan Area, 1960, 1970 and
1980 Census Tracts, issued by U.S. Census
Bureau
Twin Cities Metropolitan Area, Generalized
Land Use 1958, 1968 and 1978, issued by Twin
Cities Metropolitan Council
Minnesota Official Transportation Maps, issued
by Minnesota Department of Transportation (*
before 1978, it was called ‘Minnesota Official
Highway Maps’ and ‘Minnesota Department of
Highway’)

Then a lattice layer composed of 30,729 square
cells (0.141 km2) is created, which shares the same
corridor system with land-use, population distribution
and highway network layers. Each of the population
distribution layers, land-use layers, and highway

Figure 6. Merging Layers
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network layers are merged into the lattice layer (Figure 6), so that each cell of the lattice
layer contains the spatial information of population, land-use and highways. Figures 7 and 8
show the gridded 1978 Land-Use layer and 1980 Population Distribution layer.

Figure 7. The gridded Land-Use layer
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1978 Population Distribution

Figure 8. The gridded Population Distribution layer
Now each of the cells can be viewed as one observation. Land-use, population
distribution and highway network data from the base years and highway network data from
the predicted years will be fitted into the models to estimate the new highway growth
probability. The models are estimated for the new highway growth probability of three-year,
five-year, and ten-year respectively. Table 2 summarizes the base years’ data and the
predicted years’ data.
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Table 2. The base years’ data and the predicted years’ data used for model estimation
Three-Year New Highway Growth Probability Estimation
Base Years’ Land-use, Population
Predicted Years’
Distribution and Highway Network Data Highway Network Data
1968 Land-use,
1971 highway network
1970 Population Distribution,
1968 Highway Network
1978 Land-use,
1981 highway network
1980 Population Distribution,
1978 Highway Network
Five-Year New Highway Growth Probability Estimation
Base Years’ Land-use, Population
Predicted Years’
Distribution and Highway Network Data Highway Network Data
1958 Land-use,
1965 highway network
1960 Population Distribution,
1962 Highway Network*
1968 Land-use,
1975 highway network
1970 Population Distribution,
1968 Highway Network
1978 Land-use,
1985 highway network
1980 Population Distribution,
1978 Highway Network
Ten-Year New Highway Growth Probability Estimation
Base Years’ Land-use, Population
Predicted Years’
Distribution and Highway Network Data Highway Network Data
1958 Land-use,
1968 highway network
1960 Population Distribution,
1962 Highway Network
1968 Land-use,
1978 highway network
1970 Population Distribution,
1968 Highway Network
1978 Land-use,
1990 highway network
1980 Population Distribution,
1978 Highway Network
* Note: 1958 Highway Network should be used as the base year data, but before
1962, the Twin Cites Metro Area just covered very small area in the Minnesota Official
Highway Maps and more than half of the observations would be dropped if 1958 Highway
Network were used. Therefore, 1962 Highway Network is used as a substitute.
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3.4 Divided highways
3.4.1 Hypotheses
Divided highways are separated highways for traffic moving in opposite directions.
They are the second level in the hierarchy of the highway system (below Interstates) and
mainly serve local commuting traffic. Hypotheses of the growth tendency of divided
highways are presented as follows.
Agglomeration. Agglomeration is the phenomenon of roads of a particular class to
be built near (or connecting to) similar roads. The agglomeration growth of divided
highways includes both the emergence of alternative routes and also the extension of the
existing corridors. First, as major commuting corridors, divided highways typically locate
at or close to regions with relatively intense economic activities. Moreover, divided
highways may lead to further economic development nearby, which means more traffic
demand in the neighborhood of the existing corridors. Therefore, when the existing routes
show rising demand, neighboring cells should have a high likelihood of alternative route
development. Second, the requirement of connectivity induces the further extension of
existing corridors or the addition of new links adjoining the old ones. After new routes (the
alternative routes and/or the extension routes) appear, the boosted economic activity and
traffic growth nearby may lead to another round of agglomeration growth.
Generally we expect that the neighboring cells of the existing divided highways
should be associated with a higher route growth probability. To test the hypothesis of
agglomeration, a 0.5-kilometer buffer area of the existing divided and undivided highways
is made (The reason for including undivided highways is that undivided highways have the
highest probability of upgrading into divided highways.). Variable A is defined as A = 1 if
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the observed cell is within or intersects the buffer area, otherwise A =0. The cells with A=1
should be associated with a higher growth probability than the cells with A =0.
Population density. We expect that low and medium populated areas should be
associated with a higher route growth probability, while both the sparsely populated areas
and the highly populated areas should have a lower growth probability. For the high density
areas, although their neighboring areas may have more traffic demand, they are usually
associated with high land-prices and costly relocation. Therefore, the final decision of route
development in the high density areas should be the balance of demand, costs and the
availability of cheaper alternative routes. Cells are classified into four groups, PS (sparsely
populated area), PL (low population area), PM (medium population area), and PH (high
population area). Table 3 lists the population per cell for PS , PL, PM , and PH.
Table 3. The number of people per cell for PS , PL, PM , and PH
Population Group
Number of population per cell

PS
0~50

PL
51~100

PM
101~300

PH
>300

Employment zones. As mentioned before, divided highways mainly serve local
commuting traffic. Therefore, we expect the further growth of divided highways should also
tend to be close to employment zones. To test this hypothesis, variable UE is defined as UE =
1 if the observed cell is within or intersects employment zones, otherwise UE =0. The cells
with UE = 1 should have a higher probability of divided highway growth than the cells with
UE = 0.
Commercial zones. We expect that commercial zones and their neighborhood should
have high network growth probability. To test this hypothesis, variable UC is defined as UC =
1 if the observed cell is within or intersects commercial zones, otherwise UC =0. The cells

26

with UC = 1 should have a higher probability of divided highway growth than the cells with
UC =0.
Agricultural areas. Variable UA is defined as the percentage of agricultural areas
within each cell, and we expect that UA should be negatively associated with route growth.
However, it should be noted that although agricultural areas typically have low traffic
demand, they are also the areas of low land-prices; furthermore, one purpose of divided
highways is to connect urban and suburban areas and spur economic development of the
undeveloped areas. These factors may lead to route growth in the agricultural areas.
Water areas. Water is a barrier for highway development. Variable UW is defined as
the percentage of water area within each cell, and we expect that UW should be negatively
related to route growth.
3.4.2 Model
A binary logit model is estimated to predict the divided highway growth based on the
population distribution, land-use and highway network data of the base years. It should be
noted that the model estimates the probability of divided highway growth in each cell, but it
does not estimate the extent of growth. The extent of growth is influenced by many factors
(such as the direction of the highway segment, the path to cross the cells, the connection with
other links and other factors such as the geographical or geological conditions, etc.) that
cannot be controlled in this study. The problem of extent will be addressed in future research.
To diagnose potential multicollinearity, we examined the correlations among the
variables and none of them was larger than 0.60. We did not find the symptoms of
multicollinearity (such as inflated standard errors, excessive logit iterations (more than 10 or
15 times) or unreasonable statistical results of the critical independent variable(s), etc). So
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multicollinearity should not cause disturbance in this case. Of the models tested, the
following model is the best in overall model fit, and the regression results of the model are
presented in Table 4. GD = f (PS , PL, PM , PH , A, UE, UC,,UA,UW, LI,, LD,LU, LS, D, Y)
Where, GD (Dependent Variable) - Divided Highway Growth, if from the base year to
the predicted year there is growth in divided highways in the observed cell, GD = 1,
otherwise GD =0.
PS , PL, PM , and PH - Population predictors. All the cells are classified into four
groups, PS (sparsely populated area), PL (low population area), PM (medium population area),
and PH (high population area).
A - Agglomeration predictor, if the observed cell is within or intersects the 0.5kilometer buffer area of the divided and undivided highways of the base year, A = 1,
otherwise A =0.
UE, UC, UA, and UW - Land-use predictors. They are defined as follows:
UE - If the observed cell is within or intersects employment zones (including airports)
of the base year, UE = 1, otherwise UE =0;
UC - If the observed cell is within or intersects commercial areas of the base year, UC
= 1, otherwise UC =0;
UA - The percentage of agricultural areas within each cell;
UW - The percentage of water areas within each cell.
LI, LD, LU, and LS – the base years’ highway length within each cell. There are four
levels of highways: LI (the kilometers of Interstates), LD (the kilometers of Divided
Highways), LU (the kilometers of Undivided Highways), and LS (the kilometers of Secondary
Highways).
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D – The distance from the center of each cell to the nearest CBD; there are two
CBDs, Minneapolis CBD and St. Paul CBD.
Y – The dummy variable of the base year.
3.4.3 Results
For three predictions in Table 4, the overall model is significant at the .01 level
according to the Model chi-square statistic, and the model predicts more than 98% of the
responses correctly. The McFadden's R2 ranges from 0.13 to 0.19. The results of the
predictors that test the hypotheses are summarized as follows:
Table 4. Logit regression results for divided highway growth prediction
Dependent
Logit Regression Results
Variable = GD
Five_Year_Growth
Ten_Year_Growth
Independent Three_Year_Growth
Odds
Odds
Odds
Variable
Coef.
P>|z|
Coef.
P>|z|
Coef.
Ratio

PL
PM
PH
A
UE
UC
UA
UW
LI
LD
LU
LS
D
Y58
Y68
Y78
Number of obs
Prob > chi2
McFadden's2
R Correct
%
Predictions

Ratio

1.945
1.565
0.595
2.618
1.213
1.711
0.845
0.204
1.000
1.001
1.004
1.003
1.000

*0.665
*0.448
*-0.519
*0.962
*0.193
*0.537
-0.168
*-1.590
0.000
*0.001
*0.004
*0.003
*0.000

0.000
0.004
0.017
0.000
0.069
0.000
0.310
0.004
0.988
0.002
0.000
0.000
0.029

2.081

*0.733

0.000

48119
0.0000(14)
0.19

Ratio

P>|z|

2.192
1.868
0.529
1.000
1.068
1.435
1.005
0.152
1.000
1.002
1.005
1.003
1.000
0.285

*0.785
*0.625
*-0.636
*0.000
0.066
*0.361
0.005
*-1.887
0.000
*0.002
*0.005
*0.003
*0.000
*-1.256

0.000
0.000
0.000
0.019
0.435
0.000
0.965
0.000
0.532
0.000
0.000
0.000
0.002
0.000

2.013
1.579
0.408
1.000
1.112
1.288
0.943
0.134
1.000
1.002
1.004
1.002
1.000
0.443

*0.699
*0.457
*-0.897
*0.000
0.106
*0.253
-0.059
*-2.010
0.000
*0.002
*0.004
*0.002
*0.000
*-0.815

0.000
0.000
0.000
0.000
0.161
0.004
0.560
0.000
0.650
0.000
0.000
0.000
0.000
0.000

0.623

*-0.473

0.000

0.603

*-0.506

0.000

63560
0.0000(15)
0.14
98.93%

63560
0.0000(15)
0.13
98.54%

98.15%

* Indicates that the coefficients are statistically significant at 0.10 level.

For Population Groups (PS , PL, PM , and PH), the group with the lowest population
density PS was dropped due to collinearity. The high density group PH always has negative
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and significant results, which indicates that the high density areas have lower divided
highway growth probability than other areas. The low density group PL and medium density
group PM are always positive and significant, which indicates that low and medium populated
areas have higher divided highway growth probability than other areas. These results accord
with our hypothesis.
The coefficient on A is positive and significant for all the three predictions, which
indicates that the new divided highways were more likely to emerge in the neighborhood of
the existing corridors, and these results accord with the hypothesis of agglomeration
tendency, the neighborhood of the existing corridors should be more likely to have new route
development. Also for the three-year growth prediction UE has the highest odds ratio 2.618,
which means that the neighborhood of the existing corridors are 2.618 times more likely to
have divided highway development than other regions.
UE is positive for all the three predictions and significant for the three-year growth
prediction. Since the closer the prediction the more accurate the result, we think this result
generally supports the hypothesis that employment zones (including airports) have a higher
likelihood of divided highway growth than other regions.
UC, is positive and significant for all the three predictions, which indicates that
commercial zones are related to a higher likelihood of divided highway growth than other
regions.
UA is negative and insignificant in the three-year and ten-year growth predictions and
positive and insignificant in the five -year growth prediction, which means that agricultural
areas are not necessarily associated with low (or high) divided highway growth probability.
We generally expect agricultural areas to be related to low growth probability since there is
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less traffic demand in these areas. But this can be overruled if the purpose of divided
highway development is to connect urban and suburban areas and to spur economic
development of the undeveloped areas. In addition, diverting from the highly urbanized areas
saves construction costs.
UW is negative and significant for all the three predictions, which supports the
hypothesis that water areas should be negatively related to route growth.
D is positive and significant for all the three predictions, which indicates that the
farther from downtown the higher the likelihood of divided highway growth.

3.5 Secondary highways
3.5.1 Hypotheses
Secondary highways are less important than divided highways but more important
than local roads, and composed of undivided highways and county highways. They are the
longest in mileage but carry less traffic at slower speeds. The hypotheses about the growth of
secondary highways are summarized as follows:
Urban settlements. Secondary highways serve local traffic, they are the proximate
and ultimate connecting highways of urban settlements, so the growth of secondary highways
should be related to the settlement areas, which include residential areas, commercial areas,
industrial areas, institutions, offices, airports and transportation infrastructure. We expect that
the cells with larger settlement areas should be more likely to have secondary highway
growth. To test this hypothesis, the percentage of urban settlement areas within each cell is
used as an independent variable US, and we expect this variable to be positively and
significantly related to the probability of secondary highway growth.
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Percentage of water areas and agricultural areas within each cell. The percentage
of water areas should be negatively related to the secondary highway growth probability, but
we do not expect the similar relationship for agricultural areas. Agricultural areas have the
demand for product transport, and agricultural areas usually have no major (Interstate or
divided) highways, so secondary highways are the only commuting routes. On the one hand,
the cells with a higher percentage of agricultural areas have less urban settlements and less
traffic demand, which may lead to less secondary highway growth; on the other hand,
however, secondary highways are more relied on in the agricultural areas for product
transport and commuting service due to the lack of higher hierarchical highways, which may
lead to secondary highway growth.
3.5.2 Model
As with divided highways, logit models are used to predict the secondary highway
growth based on the population distribution, land-use and highway network data of the base
years. No multicollinearity symptom has been found in the results, so we conclude that
multicollinearity is not a problem in this case. Of the models tested, the following model is
the best in overall model fit, and the regression results of the model are presented in Table 5.
GS = f (PS , PL, PM , PH , US, UE, UC, UA, UW, LI, LD, LU, LS, D, Y)
Where,
GS (Dependent Variable) - Secondary Highway Growth, if from the base year to the
predicted year there is growth in secondary highways in the observed cell, GS = 1, otherwise
GS =0.
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US,- The percentage of urban settlement within each cell; here, the urban settlement
include residential areas, commercial areas, industrial areas, institutions, offices, airports and
transportation infrastructure;
The definitions of the other predictors are the same as those for divided highways.
3.5.3 Results
Of the three predictions in Table 5, the overall model is significant at the .01 level
according to the Model chi-square statistic, and the model usually predicts more than 90% of
the responses correctly. The McFadden's R2 ranges from 0.05 to 0.08.
Table 5. Logit regression results for secondary highway growth prediction
Dependent
Logit Regression
Variable = GS
Five_Year_Growth
Independent Three_Year_Growth
Odds
Odds
Variable
Coef.
P>|z|
Coef.
Ratio

PL
PM
PH
US
UE
UC
UA
UW
LI
LD
LU
LS
D
Y58
Y68
Y78
Number of obs
Prob > chi2
McFadden's2
R Correct
%
Predictions

Ratio

2.064
2.066
2.592
1.340
1.375
1.269
1.349
0.094
1.001
1.001
1.002
1.001
1.000

*0.725
*0.726
*0.952
*0.293
*0.318
*0.238
*0.300
*-2.360
*0.001
*0.001
*0.002
*0.001
*0.000

0.000
0.000
0.000
0.080
0.000
0.008
0.050
0.000
0.053
0.090
0.000
0.000
0.001

2.346

*0.853

0.000

48119
0.0000(14)
0.06

Results
P>|z|

Ten_Year_Growth
Odds
Coef.
Ratio

P>|z|

1.604
1.546
1.338
1.634
1.281
1.195
1.428
0.373
1.000
1.000
1.001
1.001
1.000
0.731

*0.473
*0.436
*0.291
*0.491
*0.247
*0.178
*0.356
*-0.987
0.000
0.000
*0.001
*0.001
0.000
*-0.314

0.000
0.000
0.003
0.000
0.000
0.009
0.001
0.000
0.266
0.126
0.000
0.000
0.106
0.000

1.736
1.462
1.280
1.802
1.230
1.136
1.517
0.365
1.000
1.000
1.001
1.001
1.000
2.137

*0.552
*0.380
*0.247
*0.589
*0.207
*0.128
*0.417
*-1.007
0.000
0.000
*0.001
*0.001
*0.000
*0.759

0.000
0.000
0.002
0.000
0.000
0.033
0.000
0.000
0.732
0.627
0.000
0.000
0.000
0.000

0.342

*-1.073

0.000

0.482

*-0.729

0.000

63560
0.0000(15)
0.05
97.55%

63560
0.0000(15)
0.08
95.89%

93.91%

* Indicates that the coefficients are statistically significant at 0.10 level.

US is always positive and significant, which supports our hypothesis that cells with
larger settlement areas are more likely to have secondary highway growth. Both employment
33

zones (UE) and commercial zones (UC) have a high likelihood of secondary highway growth.
Water area and their neighborhood (UW ) always have low probability of growth. The
agricultural area (UA ), however, is positive and significant for all the predictions which
indicates that agricultural area is associated with a high likelihood of secondary highway
growth, this result can be explained by the fact that secondary highways are more relied on in
the agricultural areas for product transport and commuting service due to the lack of primary
roads.
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CHAPTER 4 CONCLUSIONS
5.1 Research findings
This report studies dynamic highway system evolution. In the first half of the report
(Chapter 2), a conceptual framework of the dynamic highway evolution model is established.
The dynamic highway evolution model starts with an initial state S0 which represents the
urban system’s real status at a particular moment, then from state S0 to state S1 the highway
system is static, and two sub-models are run – Economic Model and Travel Model.
Economic Model outputs the constantly updated land-use attributes, which are input into the
Travel Model to derive the updated flow on each highways segment. When some highway
segments operate over-capacity, the system reaches state S1 and the Infrastructure Model
generates alternative solutions, which include widening the existing segments and adding
alternative routes. All the solutions must be capable of handling the present congestion and
they are ranked based on the benefits and costs. The Infrastructure Model then selects one of
the solutions based on the highway growth rule set beforehand. After the solutions are
applied, the highway system is updated and the whole urban system reaches state S1'. The
Economic Model and Travel Model are rerun based on the new highway system of state S1'.
When some highway segments operate over-capacity, the system reaches state S2 and the
Infrastructure Model generates new solutions. The program can be continued following this
procedure, and different highway and urban systems will be generated following different
highway growth rules.
A basic idea of the model is that even if all the solutions work well in relieving
present congestion, they do not work the same in influencing the future development of the
highway system. According to the implications of the model, choosing one development path
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means the abandonment of other paths, and each decision influences the emergence of the
future decisions in the ensuing states. If we are blind to the impacts that the current path
choice may have on the future path choice and we do not estimate what the system will be
like in the future through a particular sequence of path choices, we cannot effectively plan to
ensure the system functions over the long run. The model allows us to test the implication of
how a particular highway growth rule helps or hinders the functional development of the
system and what sequence of choices could make the system work over the long run. By
doing such tests, we are seeking an effective infrastructure investment strategy purely from a
technical perspective, ignoring any political restrictions.
In addition, the dynamic highway system evolution model replicates the highway
growth process in a more realistic scenario, that is the urban spatial economic distribution
(including population distribution and land-use) is not assumed to be stable and the
interactions of highways and spatial economic elements are modeled. Intensified economic
activities will lead to increased travel demand, which in turn may act as a driving force for
highway development.
The second half of the report (Chapter 3) deals with the problem of the most probable
growth rule. The most probable rule study tells where the newly added highways are most
likely to be located based on empirical research, which has the highest probability of being
reiterated in the real world. Empirical data are fitted into statistical models to find the most
probable new route. The land-use, population distribution and highway network data of the
Twin Cities Metropolitan Area from 1958 to 1990 are used. The highway system of this
period can be classified into three levels, Interstate highways, divided highways, and
secondary highways. Binary logit models estimate the new route growth probability of
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divided highways and secondary highways. Interstates, however, are not modeled here and
are used as a predictor in modeling the growth of divided highways and secondary highways.
The results show that the area’s land-use attributes and population density level do
have significant relationships with the area’s likelihood of adding new highway routes. For
divided highways, since they serve as the major local commuting routes, the new divided
highway routes are more likely to be close to employment zones. Also commercial zones have

a high likelihood of divided highway growth. Divided highway growth follows the
agglomeration tendency, that is, the neighboring areas of the existing corridors have a higher
likelihood of new route development. As to population density, low and medium density
areas have higher divided highway growth probability than both the high density areas and
the sparsely populated areas. Furthermore the farther from downtowns the higher the
likelihood of divided highway growth.
For secondary highways, since they are the proximate and ultimate connecting
highways of urban settlements, the growth of secondary highways is significantly related to
the settlement areas, and the cells with a higher percentage of urban settlement area are more
likely to have secondary highway growth. Both employment zones and commercial zones
have a high likelihood of secondary highway growth. The agricultural areas are associated
with a high likelihood of secondary highway growth, which may be due to agricultural areas’
high reliance on secondary highways for product transport and commuting service.

5.2 Further work
The next step of work focuses on the co-evolution of the highway network and landuse, which explains how transportation infrastructure growth impacts urban land-use pattern
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and how urban economic development affects traffic demand and induces transportation
network growth in a dynamic process. Since the co-evolution of the highway network and
land-use is inherently a stochastic process, Markov Chain and Cellular Automata should be
employed for conducting the analysis over time. Some preliminary results have been
obtained.
The findings of the empirical study of the most probable growth rule presented in this
report and the ongoing study of the co-evolution process of highway network and land-use
can be used in developing the dynamic highway evolution model based on the conceptual
framework.
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