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 ABSTRACT 

 

This thesis examines the growth of a network based on the present and historical 

conditions of the network, traffic demand, demographic characteristics, project costs, and 

budget constraints. The effects of expanding a link on its upstream and downstream 

neighbors, as well as on parallel links are also considered. New construction is modeled 

separately and the difference in the conditions leading to new construction rather than 

expansion is studied. Data spans two decades and consists of data on physical attributes 

of the network, their construction and expansion history, and AADT values on each of 

the links. An algorithm is developed to designate adjacent and parallel links in a large 

network. 

A non-linear cost model for construction and expansions is developed specifically 

for the Twin Cities Metropolitan Area. Results show that high capacity links are less 

likely to be expanded and a higher budget results in more links being expanded, 

supporting the underlying economic theory. Increasing usage of a highway has a 

significant effect on the expansion corroborating the induced supply hypothesis. An 

observation of this research is that the rate of network expansion has decreased over time. 

The pattern of expansion for each type of highway was found to differ only marginally 

indicating that the model estimated is reliable for general use. A mixed logit model has 

been used to control for the dependence between alternatives. New construction followed 

different criteria and greater access due to the possible construction increases its chances 

of getting constructed. The models developed here have important implications for 

planning and forecasting. 
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CHAPTER 1 

INTRODUCTION 

 

The dynamics of network growth at a microscopic level in response to increasing 

demand has been largely unstudied. Also, the effect of new transportation infrastructure 

in decreasing traffic congestion is not well understood. Noland (1999) and Strathman et 

al. (2000) have shown the presence of induced demand on newly expanded highways. 

This correlation between traffic demand and supply questions the possibility of building 

our way out of congestion. The increase in travel is due to re-routing of some trips to take 

advantage of the capacity improvement. In contrast, the process of induced supply, 

infrastructure improvement due to increasing travel demand, population, income, and 

demography is not known. The question of induced supply is crucial in our understanding 

of the decision process leading to infrastructure improvement. Transportation 

infrastructure supply is inelastic in the short term but varies in the long term as 

infrastructure providers respond to travel demand. Transportation infrastructure and 

economic development of a region are inter-related, particularly in under-developed 

regions. 

Literature is scant in the direction of transportation network growth at 

microscopic level. Most of the studies done so far in this perspective dealt with the 

effects of transportation investment on the overall economy. Miyagi (1998) questions the 

justification of building new infrastructure from a benefit-cost ratio perspective. 

Transportation improvements take several years to build and traffic in that area is 

inconvenienced during that period. It is yet to be proved that the long-term benefits of the 



 2 

improvement on the economy and traveler convenience in future offset this. He proposes 

a Spatial Computable General Equilibrium (SCGE) model interacting with a 

transportation model to study the interaction of transportation and economy. A theoretical 

framework is provided but the model was not demonstrated to converge. 

Miyao (1981) has studied the urban economy as a dynamical system changing 

with various kinds of externalities including transportation infrastructure. He has 

developed models to take transportation improvements as either an endogenous effect of 

urban economy or as an exogenous effect on the economy.  

Friesz et. al. (1998) study the Network Design Problem (NDP) limited to highway 

infrastructure. Traditionally, the network design problem is to identify the links for 

expansion to optimize total welfare of the travelers assuming traffic demand to be in 

equilibrium. Such a design may lead to a “temporal Braess’ Paradox” i.e., lowering 

overall delay in the short run but increasing it over the long run. The new methodology 

proposed here takes wardropian user equilibrium constraints into consideration. 

Taaffe et al.(1963) study the economic, political and social forces behind 

infrastructure expansion in underdeveloped countries. Their study finds that initial roads 

are developed to connect regions of economic activity and with lateral roads are built 

around these initial roads. Road mileage in a region is proportional to the square root of 

population and the square root of the area. A circular relationship between infrastructure 

supply and population was also observed. 

Other researchers looked at the growth of infrastructure at the macroscopic level. 

Grübler (1990) observes that the growth of infrastructure follows a logistic curve and that 

road infrastructure also has reached saturation levels in developed countries. He evaluates 
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the long term technology diffusion issues, considering, the total length of roadway, or 

vehicle kilometers traveled, or autos owned over the span of decades at an aggregate 

level. Comparison of various infrastructure networks in different countries showed 

invariance and regularity in their growth patterns. Hence, the results of modeling a given 

network can be used to predict the growth of other networks given the required variables. 

Some studies did examine specific networks (Barker & Robbins 1975), but no general 

theoretical framework has been given for network growth at the microscopic level. 

Carruthers and Ulfarsson (2001) find that various public service expenditures like 

roadways are influenced by demographic and political characteristics. Population density 

shows economies of scale in infrastructure expenditure and spread of the urbanized land 

leads to more expenditure. The New Jersey office of state planning (1996) also finds a 

similar pattern in roadways expenditure. These studies show that various demographic 

and political characteristics factor into the growth of a network. 

From the above-mentioned developments in the field of urban dynamics and 

transportation infrastructure it can be seen that the effect of the economy on 

transportation improvements has not been modeled at a microscopic level. Hence there is 

a need to develop models to predict the expansion and construction in a network in order 

to better understand the relationship between economy and infrastructure. Instead of 

looking at it as an optimization problem to maximize either economic welfare or traveler 

convenience, this thesis aims to understand the driving forces leading to spatially specific 

decisions on infrastructure improvements. This model can be used as policy tool to 

predict network growth as a function of projected future traffic pattern. 
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This thesis develops an insight into the growth and decline of transportation 

networks. Specifically, we want to know the rules governing the expansion of 

transportation networks to aid in planning and design. However, budget constraints limit 

network growth. To model how networks grow given traffic demand, costs, and budget 

constraints, we need to predict the investment rules governing its change. It is important 

to ascertain the conditions where new links are constructed rather than existing links 

being improved. In case an existing link is improved; we need to establish the conditions 

of single lane expansion versus double lane expansion. We want to find whether 

improving one link will cause upstream and downstream links to have greater demand, 

and parallel links to have lower demand. We posit the pressure to expand a link will 

decrease if we expand parallel links. The underlying question in this research is whether 

network changes can be predicted, and if so, to what extent? The discrete nature of 

capacity expansion and budget constraint complicates the issue. Also it is important to 

note if we can use budget constraints to “force” the network to grow in a way we want it 

to. If so, we can use this as a policy control to direct the growth of a city. This helps in 

planning and constructing infrastructure in advance. 

Data on construction over the previous two decades was obtained from the Twin 

Cites transportation improvement program and Hennepin county capital budget. For each 

link, feeder, competitor and parallel links have been designated and their corresponding 

AADT and capacities are used to input surrounding conditions of a link. It is expected 

that the surrounding conditions of a link have a strong effect on the growth of the link in 

consideration. A cost function for capacity expansion was developed based on the 

investment data collected on the Twin Cities network and is used to estimate the cost of a 
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probable link expansion. Multinomial logit modeling has been used to model the discrete 

process of selecting the number of lanes to be added. Further, flexible discrete choice 

modeling is done using mixed (random parameter) models to incorporate the possible 

dependence of the choices. 

The next chapter describes the data used in this study. Key steps in building the 

database are explained here. Some of the issues with regard to designating adjacent and 

parallel links in a transportation network are dealt with. Economic theory of network 

expansion is described in Chapter 3. Statistical techniques used in this thesis are 

discussed in Chapter 4. The merits of a mixed logit model over multinomial logit model 

are also described here. In Chapter 5, a cost function is developed to estimate the cost of 

expanding a link given the year of construction, location of the link, length of the section, 

number of lanes to be constructed and hierarchical level of the road. A cost function is 

necessary to obtain a cost estimate for probable future expansions and for expanding 

links on which we do not have data. Chapter 6 poses the specific hypotheses, and 

describes and compares results of the expansion models for various types of roads. Model 

for new construction is developed in Chapter 7 while Chapter 8 summarizes and 

concludes. 
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CHAPTER 2 
 

DATA 
 
 
2.1 Data Description 
 

To study network dynamics, data has been collected on construction of new links 

and on expansion of existing links spanning two decades (1978-1998). Data were 

obtained from the following sources: 

a) Network data from the Metropolitan Planning Council, Twin Cities. 

b) Average Annual Daily Traffic (AADT) data on each link from the Minnesota 

Department of Transportation (MnDoT). 

c) Investment data were obtained from two sources: 

• Transportation Improvement Program for the Twin Cities Metropolitan Area 

published by the Metropolitan Council. 

• Hennepin County Capital Budget published by Hennepin County. 

d) Population of Minor Civil Divisions (MCD) from the State Demography Center, 

Minnesota Planning. 

Network data obtained from the Metropolitan Council gave a physical description 

of each link in the network in terms of number of lanes, length of the link, capacity of the 

link, type of highway, and its physical position. Each link is uniquely identified by its 

start node and end node. Each node is associated with a set of geometric co-ordinates that 

define the orientation of a link. The Twin Cities network has around 15,000 links of 

which 1,525 links are Interstate highways, 2,362 links are Trunk highways, and 4,394 are 

County highways. Of the county highway links, only those in Hennepin County are used 

for analysis, which reduces the number to 1,802 links, as investment data on other county 
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highway links could not be obtained. Remaining links are local roads and ramps to 

highways that are not considered for the analysis because investment data and AADT 

data could not be obtained for these links. Each type of road is analyzed separately 

because of the inherent differences in the utilization of these roads and differences in 

financing these roads. 

AADT data obtained from the Minnesota Department of Transportation (MnDoT) 

has data on each of the links considered for analysis, for the years 1978-1998. In the 

analysis, AADT is used as a measure of traffic demand on a particular link. MnDoT takes 

traffic counts during weekdays between April and November. This is then corrected 

taking seasonal and weekend correction factors into consideration. However, this data 

were for a network slightly different from the one obtained from the Metropolitan 

Council. This network identifies only roads of hierarchy greater than or equal to county 

highways. Also, it doesn’t identify ramps for entering or leaving a highway. Since 

investment data were not available for these roads, it did not pose a problem. The 

network obtained was cleaned of some erroneous links that were identified when the 

network was mapped in GIS. Although MnDoT was not entirely confident of the data, it 

was the best dataset available for this study.  The data obtained was crosschecked for 

correctness using detector data for some of the years as has been discussed later in this 

chapter. Some of the links had decreasing flows over years. This is not unusual since 

usage of a link sometimes decreases with shifting traffic patterns due to new construction. 

Vehicle Kilometers Traveled (VKT), which is the product of AADT and length of the 

link, is used in the analysis. A summary of change in VKT over two years for the links 

used is shown in Table 2.1 below. 
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Summary of ∆VKT (VKTt-VKTt-2) 
Year Interstates Trunk Highways County Highways 

 <0 =0 >0 <0 =0 >0 <0 =0 >0 
1998 61 25 1107 403 298 1437 677 78 903 
1996 176 60 957 475 225 1438 554 127 977 
1994 198 61 934 587 303 1248 647 173 838 
1992 231 42 920 450 303 1385 888 160 610 
1990 181 52 960 562 135 1441 483 142 1033 
1988 186 0 1007 561 75 1502 655 85 918 
1986 288 22 883 515 101 1522 379 82 1197 
1984 79 8 1103 465 60 1613 464 30 1164 
1982 330 4 859 736 46 1356 709 76 873 
1980 696 17 480 894 90 1154 769 77 812 

Total 2426 291 9210 5648 1636 14096 6225 1030 9325 
Table 2.1: Summary of ∆VKT 

 

As said earlier, investment data were obtained from two sources. Transportation 

Improvement Program for the Twin Cities Metropolitan Area consisted of data on 

Interstate highway and Trunk Highway construction in all the seven counties (Anoka, 

Carver, Dakota, Hennepin, Ramsey, Scott and Washington). The Hennepin County 

capital budget gave details on construction and expansions of county highways in 

Hennepin County. This is the largest county of the seven in the Metro area and contains 

the city of Minneapolis. Data could not be obtained for other counties and these links 

were not considered in the analysis. Due to the presence of many smaller projects, data 

on projects costing more than a million dollars or of length greater than a mile only have 

been included. These discarded projects were mostly an addition of turning or 

accelerating/ decelerating lanes at intersections, which is not considered in this study. 

Hennepin County capital budget could not be traced before the year 1980. Although 

investment data are available up to the present date, limitation of AADT data availability 

after year 1998 limited the analysis up to that year. Summary of this data are as in Table 
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2.2. Table 2.3 shows the aggregate data on construction and additions to freeways by 

decade.  

 

Year No: of 
Projects in 

TIPS* 

Total cost 
of projects 

in TIPS 
($ 1000’s) 

No: of Projects 
in Hennepin 

County Budget* 

Total cost of 
projects in 

County 
($ 1000’s) 

1979 11 229633 - - 
1980 7 80197 - - 
1981 5 132176 3 2780 
1982 8 27120 1 6124 
1983 2 38980 2 7760 
1984 6 50711 3 13655 
1985 3 214031 2 3677 
1986 2 8538 4 13577 
1987 0 0 1 2436 
1988 0 0 3 10370 
1989 1 55300 4 8338 
1990 0 0 2 15312 
1991 0 0 3 15443 
1992 0 0 2 7158 
1993 7 253700 3 38353 
1994 1 8600 3 10380 
1995 4 187500 5 16991 
1996 0 0 7 35835 
1997 0 0 8 35762 
1998 0 0 4 22435 
1999 4 268200 6 21647 
2000 1 70000 4 18606 

 
Table 2.2: Summary of Investment Data 

 
* Projects costing more than a million or of length more than 1 mile only have been 
included 
Sources: Local Transportation improvement program and Hennepin county capital 
budget 
- Data unavailable 
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Time period  New freeway 
lane miles 

Lane miles 
added to existing 

freeway 

Total lane miles 

1958-1969  708 12 720 
1970-1981  381 0 381 
1982-1989  223 10 233 
1990-1996  88 24 112 

Total  1400 46 1446 
Source: Metropolitan Council, Minnesota. 

Table 2.3: Construction and Additions to Freeways 

 

 
One-lane 

Expansion 
Two-lane 
expansion 

New 
Construction Total 

Interstate 104 43 35 182 
TH 53 - 40 93 

County Highway 86 - 3 89 
Total 243 43 78 364 

 

Table 2.4: Number of Links Expanded or Constructed by Road Type (1978-Present) 

 

It was noted that VKT has increased by nearly 120% in the previous two decades while 

increase in the capacity has been less than 10%. Figure 2.1 graphs the growth of capacity 

vs. VKT over these years.  

To enter demographic characteristics of a link into the model, population 

estimates of Minor Civil Divisions (MCD) for the years 1980-2000 were obtained from 

State Demography Center, Minnesota Planning. MCD is defined by Census Bureau as "a 

primary government such as, a Township or an administrative subdivision of a county 

such as, a precinct or magisterial district". Data were unavailable for the year 1989 and is 
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substituted by the average population of the years 1988 and 1990. An electronic map of 

MCD’s was obtained from MetroGIS to aid in merging this data with other data sets as 

described in the next section. 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2 Data Merging 

 Data obtained as four separate data sets, described above, was merged to form a 

single database. The first step was to “merge” network data with investment data. This 

step involves building the network for all the years taking base network of year 1995, 

obtained from Metropolitan Council, using investment data to determine the number of 

lanes in previous and future years. Figure 2.2 describes the algorithm used to build the 

network for years other than year 1995.  

Figure 2.1: Percentage Growth in VKT and Lane-miles for State Roads 
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Figure 2.2: Building the Network 
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 After building the network for all the years, the next step was to integrate AADT 

data with the built network. As has been said earlier, this data were on a slightly different 

network. Plotting both the networks in GIS, it was observed that these networks were 

slightly displaced relative to each other. To correct this, a linear and rotational 

transformation was applied. Visually checking, five common points in both the networks 

were noted: one from center and one from each of the four corners. The center points 

were matched using linear transformation. Lines were drawn from the center to each 

corner point in both the networks and angular difference between the corresponding lines 

was calculated. Using the average angular difference of the four lines, a rotational 

transformation was applied to one of the networks. Since the networks didn’t match 

perfectly, a computer program written by the author in ‘C’ language for finding a parallel 

link (described in Section 2.4) was modified for merging these networks. Some of the 

links were manually checked to verify the exactness of merging these networks. 

 The final step was to merge MCD population data with the master database. The 

MCD map obtained from MetroGIS was overlapped with the master database plotted in 

GIS. This resulted in identification of each link with its corresponding MCD. The final 

database thus obtained has all the details of a network at link level for years 1980-1998: 

length of the link, number of lanes, type of road, its location, AADT of the link, and 

population of the corresponding MCD. 

 The database was checked for erroneous links. Links that have positive number of 

lanes and zero AADT were eliminated along with the links that had positive AADT with 

zero number of lanes. All the links below county highway hierarchy level were dropped. 

County highway links not in Hennepin County were also dropped. The database was then 
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split by road type to form separate databases for Interstate Highways, Trunk Highways, 

and County Highways. VKT was calculated for each of the links. Difference in number 

of lanes between year T+1 and T was calculated and entered as the dependent variable of 

the analysis.  

 

2.3 Accuracy of AADT data 

 Minnesota Department of Transportation (MnDoT) was not entirely confident of 

the AADT data supplied by them. Also as has been noted earlier, several links have 

decreasing flow over years that are of some concern. To check the accuracy of the data, 

an alternate data set giving AADT values of at least some of the links was needed. 

Unable to find one for all the years considered in analysis, detector data collected by 

Metropolitan Council from the year 1994 was taken. This data are of traffic flows for 

each five-minute interval throughout the day and for all the days of the year. Since the 

database of detector data of Metropolitan council is large and the process of obtaining 

detector data for all the detectors was time consuming, sampling the database was chosen 

as an alternative. The number of samples needed for an accurate measure of AADT 

depends on the mean and variance of daily traffic values, assuming a normal distribution. 

Six detectors were randomly chosen and their daily traffic values for all the days of the 

year were obtained. It is well known that normal distribution is given by: 

 f (x) =
1

2!"
e

# (x# µ )2

2"
2

 

 

 z =
x ! µ

"
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where, 

 f(x) is the density function of normal variable X 

µ is mean of X 

σ is variance of X 

z is the probability X<=x 

 The above equations are valid only if the population is infinite. In our case the 

population is limited, i.e., 365 days of the year. In this case, if we take a sample of N 

observations from the available 365 days, the z-statistic is given by: 

 z =
x ! µ

"

N
1 !

N

365

 

For the mean to be within 90% of the actual value with a 95% confidence, we have 

 1.96 =
0.1µ

!

N
1"

N

365

 

Based on the mean and variances of the six detector populations, number of samples 

required for the mean to remain within 90% of the actual value with a 95% confidence 

was calculated. It was found that an average of 36 samples was required for each detector 

for our purpose. Subsequently data were obtained for all the mainline detectors in the 

Twin Cities Metropolitan area. For a few detector positions, the data obtained was 

compared with the data supplied by MnDoT. The errors were within 10%, hence 

validating the accuracy of the data. Table 2.4 shows the percentage of errors at five 

detector locations. 
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Year Detector 
Group1 

Detector 
Group2 

Detector 
Group3 

Detector 
Group4 

Detector 
Group5 

1994 6.47 5.11 6.92 5.87 6.73 
1995 1.96 4.59 6.12 6.05 5.61 
1996 6.35 5.10 5.50 2.80 -6.81 
1997 3.24 3.83 3.29 0.85 -6.14 
1998 -9.97 -6.58 -2.49 -0.30 0.42 

  Table 2.5: Comparison of Detector Data and TIS Data 

The percentage errors in the above table are calculated as follows.  

% Error = (Detector data – TIS data) / TIS data 

It is seen that detector data errs on the higher volume side in most of the cases. This is 

because median value of the 36 random day detector values has been taken to represent 

the AADT value of the link. It was seen for a few detectors that the median value is 

consistently higher than the mean value when all of 365 days data were considered. 

 

2.4 Adjacent and Parallel links in a Network 

 To input the surrounding conditions for each link in the network, we need to 

identify links connected to it and its most parallel link. Each two-way link is divided into 

two one-way links. Adjacent links are divided into two categories: supplier links, and 

consumer links. Supplier links are those that have traffic flow in the same direction as the 

link in consideration and are physically attached to the start node of link in consideration. 

Consumer links are similar to supplier links but are attached to the end node of the link in 

consideration. Figure 2.3 shows supplier and consumer links of a link in a hypothetical 

network. For link 2-5: 1-2 and 3-2 are supplier links and links 5-7 and 5-8 are consumer 

links. 

 



 17 

 

 

     

     

 

 

 

 

    Figure 2.3: Adjacent Links in a Network 

 

 Transportation networks usually consist of a large number of links. A computer 

program has been written in C language to enumerate supplier and consumer links for 

each of the links. AADT values of supplier links were added to give a potential inflow 

that can go in a link. Note that a single link can be a supplier link to more than one link. 

Similarly consumer links AADT was added. Also the lanes on supplier and consumer 

links were added separately. 

 Parallel link description is a little more complicated. It can be thought of as the 

link that would bear the maximum brunt of diverted traffic if the link under consideration 

were closed. Note that a parallel link may or may not be in physical contact with the link 

in consideration. If a single link were to be closed, most of the diverted traffic goes to a 

link connected by the adjacent links of the link in consideration. This is what we mean by 

the term “physical contact”. However, in a broader sense of parallel link, a section of 
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links is closed and then traffic diversion is noted. But for analysis, each link in a section 

is matched with a parallel link from the parallel section. Figure 2.4 shows a parallel link. 

 

 

 

 

 

 

      

 

    Figure 2.4: Parallel Link in a Network 

 

 To designate a parallel link, the following procedure may be followed. Real or 

hypothetical traffic data are dynamically assigned to the network and traffic flows on 

each of the links is noted. Then the link for which we need to identify the parallel link is 

removed and again the same traffic data are assigned to the network. The link that has the 

maximum change in flow, other than the adjacent links, is the parallel link. The process 

has to be repeated for each of the links. Transportation networks usually consist of a large 

number of links, which renders manual enumeration of parallel links an excruciating task. 

In the case of Twin Cities Metropolitan area, the network has magnitude of around 

15,000 links. An alternate method to quantitatively designate a parallel link needed to be 

developed. A computer program was written by me in C language, using fuzzy logic, to 

perform this task. 
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 Merely looking at the mapped data and selecting a parallel link to a given link is a 

subjective choice. We need to define the attributes of parallel link to have a “feel” of the 

type of link to be designated as a parallel link. Crudely put, we are searching for a link 

that is in the proximity of the link L, approximately parallel to L in the literal sense, and 

of comparable length. Attributes have been defined based on this. The first attribute, 

Para, is how parallel the links are physically. The angular difference between the two 

links should be as small as possible.  Note that we can’t compare slopes as the 

trigonometric tangent function is non-linear and also, it would pose problems if the link 

were nearly parallel to Y-axis.  

The second attribute, Perp, is the perpendicular distance from mid-point of link L 

to the other link divided by length of link L. The third attribute, Shift, is the sum of 

distances between start nodes and end nodes of the two links being compared. The final 

attribute, Comp, takes the ratio of lengths of the two links, into consideration. Note that 

each of the attributes takes a range of values. Fuzzy logic has proven useful in this kind 

of case.  

Fuzzy theory assumes a continuous truth-value rather than the deterministic 

Boolean values used conventionally. Fuzzy logic is used when there is an ambiguity 

present in modeling the problem. A fuzzy system consists of rules, membership function, 

and an inference procedure. The set of rules defines the attributes to be considered to 

model the situation. Each of the attributes can take a range of values depending on the 

link considered. For each link in the network, we have to assign a degree of membership 

based on each of the attribute values. Defining a membership function for each attribute 

does this. A typical membership function is shown in Figure 2.5. 
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  Figure 2.5: Typical Membership Function 

 The next step is the inference procedure. This step consists of finding the truth-

value of each of the attributes and combining them into a single interpretable value. 

There are many ways of combining these values, also know as composition. Two of the 

popular methods are minimum composition method and product composition method. As 

the terms themselves define, minimum value of the four attributes is taken in minimum 

composition method while their product is taken in product composition method. 

For our purposes, the sum composition method combined with appropriate weights has 

been found suitable. In sum composition, computing the truth-value of each attribute and 

summing these values obtain the combined fuzzy output. Here, we modified this method 

by weighing the truth-values of the attributes based on the importance of that attribute in 

relation to others. Although the weights are subjective, various likely combinations have 

been tried to yield satisfactory results. 
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µ: Membership function 
X: Attribute 
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Finally, the algorithm to find the parallel link needs some explanation. For a link 

L in consideration, we need to throw out links that are highly improbable to be parallel. 

This greatly reduces the number of links to be considered as a likely candidate for 

parallel link. In no case should we identify a link in the continuous chain of links of 

which link L is a part, as the parallel link. For instance, in figure 2.6, link 4-5 should 

never be designated as a parallel link to 2-3. We need to remove all links of this type 

before evaluating attributes.  

 

 

 

 

 

 

 

 

 

One way to do this would be to drop perpendiculars from the nodes of the link L and 

check if the link we are comparing with has any point on it that falls between these 

perpendiculars. The strategy here is to check if for each of the nodes of link L, the other 

node of link L and at least one end of the potential parallel link fall on the same side of 

the perpendicular dropped from that node. Note that if points are on opposite sides of 

line, the equation of the straight line underestimates the Y-value given X-value for one of 

the points and overestimated for the second point. 
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9 
2-3: Link in consideration 
8-9: Parallel link 
1-2,3-4,4-5: Improbable links 

a 

b 

Figure 2.6: Improbable links as parallel 
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Mathematically, this can be formulated as: 

(y1-m*x1-c) / (y2-m*x2-c) <  0  

If the points (x1, y1) and (x2, y2) lie on the same side of the straight-line y = m*x + c, the 

value on the left hand side of the inequality is positive. Using this formula, we can 

eliminate most of the improbable links. Further all the links whose angular difference 

with link L is greater than 45 degrees are removed.  

The membership functions of the attributes are defined as follows in the order 

described above: 

 

1. Para = 1 – (angular difference) / 45 

2. Perp = 1 – a*(perpendicular distance) / length of link L 

3. Shift  = 1 – b*(sum of node distances) / length of link L 

4. Comp = 1 – c*(lratio-1) 

where perpendicular distance is from the center of link L to the other link, node distances 

are distances between the corresponding start nodes and end nodes, lratio is the ratio of 

length of probable parallel link to the length of link L or the inverse of it, whichever is 

greater. Values a, b and c can be varied according to our judgment. Each of the attributes 

is also given a weight when determining the parallel link. It was found that giving a 

smaller weight to attribute, Para, led to favorable results. The program was run for the 

Twin Cities network and the results have been manually inspected for reasonableness. 

AADT data and capacity of the parallel link have been added to the database. Table 2.5 

shows the weights and values used for attributes and parameters respectively. 
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Attribute Weight Parameter 
Para 0.5 - 
Perp 0.5 a=0.40 
Shift 1.0 b=0.25 
Comp 0.5 c=0.50 

Table 2.6: Values of Weights & Parameters  
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CHAPTER 3 

ECONOMIC THEORY OF NETWORK GROWTH 

 

While small segments of the network may be changed at any given time, those 

investments are limited by decisions that have come before; and more importantly, 

today’s decisions constrain future choices. A decision to increase the capacity of a link 

usually comes in the wake of congested flow conditions on the link or in attempt to divert 

the traffic from other competing routes. In undeveloped areas, capacity expansion usually 

anticipates commercial development of that area. Ideally, one would like to expand and 

construct the network to meet all of the increasing demand. However, expansion of links 

is constrained by land use and the available budget for such purposes. Specifically, we 

want to test if capacity increases on the network depend on the capacity of the link in 

consideration, flow present and previous, as well as flows and capacities of connected 

and parallel links.  

The traditional supply-demand curve for infrastructure supply is shown in Figure 

3.1. Each of the above variables affects either the supply curve or the demand curve 

resulting in a new equilibrium. Higher budget (B) for a year is surplus income for a 

consumer that increases the demand to expand or construct highways. A higher budget 

results in an outward shift of the demand curve. From the curve, it can be seen that higher 

cost of expansion per lane mile (E) results in less demand for the infrastructure. Studies 

have shown that various infrastructure growth rates in mature systems decline with time 

(Gubler 1990), i.e., the supply curve is becoming more inelastic (more vertical) with 

time. The X-axis in the figure is new lane miles of capacity (C). 
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Due to the convex nature of the supply curve, a marginal increase in capacity 

decreases average travel demand per lane as existing capacity increases. In other words, 

due to the law of diminishing marginal returns, the likelihood of expanding a highway 

decreases with its capacity. There are diminishing returns because costs rise with scarcity 

of land for expansion. Increasing road use over time due to population growth (ΔP) or 

changes in travel demand is reflected by the outward shift of the demand curve. Due to 

the shift in the demand curve, a new equilibrium is reached with an increased supply of 

infrastructure. Note that the new equilibrium has a higher equilibrium price. 

Changes in capacity of the network induce additional trips on that link due to re-

routing and re-scheduling of the trips. This is known as induced demand (Fulton 2000, 

Noland 1999). Although the presence of induced demand is widely accepted, the exact 

relationship between a capacity increase and induced demand is not clear. Most of the 
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Figure 3.1: Infrastructure Supply -Demand Curve 

ΔP 
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studies done in this direction are at an aggregate level. Parthasarathi (2002) has studied 

this relationship at the link level using the same dataset as has been considered for this 

study. 

 

 

 

 

 

 

 

 

 

 

 

 

The shaded area in the graph is the consumer surplus resulting from the lower 

price and additional demand after increase in infrastructure supply. Although consumer 

surplus increases after construction, traffic is inconvenienced during construction. If the 

project takes a long time to be executed, the negative effects might overrun the consumer 

surplus of future years. Duration of the project is then an important consideration in the 

benefit-cost analysis of the expansion. Since we do not have data on duration for unbuilt 

projects, length of the link is used as a surrogate. Regressions on available data showed 
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Figure 3.2: Induced Demand and Consumer Surplus 
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length to be a good indicator of the duration of the project. In view of this, longer roads 

are less likely to be expanded. 

 Networks tend to grow more in the peripheries once it reaches saturation levels 

near downtown areas. Land scarcity and high volumes of traffic in the downtown areas 

make it an inconvenient place to expand the network. Higher capacity is needed to cater 

to the traffic needs but again land acquisition problems in such areas act as a deterrent. 
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CHAPTER 4 
STATISTICAL THEORY 

4.1 Instrumental Variables 

 We assume independence of independent variables in Ordinary Least Squares 

(OLS) regression or Maximum Likelihood (ML) estimation. Violation of this assumption 

leads to inconsistent and biased results. The presence of one or more endogenous 

variables in the regression gives rise to correlation of the variables with the error terms 

violating the independence of observations assumption required for maximum likelihood 

estimation. The variation of an endogenous variable depends on other exogenous or 

endogenous variables in the model. This is also known as simultaneous equation bias. 

The problem is overcome by instrumenting the endogenous variable into the equation of 

interest. For example, consider the following two equations: 
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Here y2 is an endogenous variable in the first equation. To obtain consistent and unbiased 

results, an estimated value of y2 from the second equation is used in the first equation.  

4.2 Mixed Logit Model 

Multinomial logit is one of the widely used and popular models in analyzing 

travel demand mainly because the logit choice probabilities are easier to calculate 

compared to other qualitative choice models. As is the case with other qualitative choice 

models, a multinomial logit model calculates the probability that a decision maker 

chooses a particular alternative from a set of alternatives, given data observed by the 

researcher. The logit probabilities are derived under the assumption that the unobserved 
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portion of the utility (combined with error term) is distributed in accordance with the 

extreme value distribution.  

“Suppose a decision-maker has n alternatives and let the utility of alternative j be 

Uj. It is composed of two parts, a part known to the researcher, Vj and other a random 

variable, ej. Given the distribution for the unobserved component of the utility, the 

probability that the decision-maker will choose alternative j is”  (Train 1986) 

 

Pj =
e
Vj

e
Vj

j

!  

Restrictions of Multinomial Logit Modeling: 

One of the problems for multinomial logit modeling is the Independent and Identically 

Distributed (IID) property of its error terms. Current research aims to relax the strong 

assumptions of IID and to model different situations in a more behaviorally plausible 

way. Multinomial logit also assumes that tastes are invariant across the populations and 

consequently estimates fixed coefficients for the variables. In general, individual tastes 

vary across population and this variance in tastes (random effects) has to be included in 

modeling to get closer to reality.  

The multinomial logit model also suffers from the assumption of Independence of 

Irrelevant Alternatives (IIA). IIA states that the choice of an individual between any two 

alternatives must depend only on the characteristics of the two alternatives and not on 

other alternatives. Several flexible models have been developed to partially overcome this 

restriction, nested logit being a good example.  
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Also models in some situations might have heteroscedasticity, i.e., the variance of 

the error term depends on the value of a variable. 

V(! ) = "
2
f (xi )  

Although f(x) can take many functional forms, in most cases it takes a linear form in x 

and x2. White’s test is a general test for this kind of variance structure. Essentially this 

test reduces to running the regression on e2 on x and x2. Once the functional form is 

determined based on statistical significance of the test, the variance structure is corrected 

by dividing the equation with square root of f(x). STATA, the statistical software used to 

estimate the models, corrects for this using the ‘robust’ option while estimating the 

model. In view of the above restrictions of a general multinomial logit model, mixed logit 

modeling is considered. 

 

Mixed logit modeling:  

In mixed (random parameter) logit models, the unobserved heterogeneity (individual-

specific effects) is taken care of. The model specified in a different form disentangles IID 

from IIA and is capable of relaxing both assumptions simultaneously. Estimated using 

robust standard errors, it eliminates the heteroscedasticity problem too. The likelihood 

function is similar to multinomial logit models, the only difference being that a subset of 

the parameters can be randomly distributed across individuals. Also the random 

parameters might also be a function of individual characteristics and other choice 

invariant attributes. The most general specification for each random parameter is given 

below.  

! ji = m + "µ + #w  
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where, m is mean; µ is a distribution with mean zero and unit standard deviation and 

hence σ is the standard deviation of the random parameter, δ is the parameter vector of 

choice invariant characteristics w. The presence of vector w, which is invariant across 

choices, correlates the utility across different alternatives. Such correlation among 

alternatives relaxes the assumption of IIA because the relative probability of two choices 

is dependent upon the utilities of other choices too. Also the probability of any choice 

depends on the covariance of the error term distributed across alternatives. In the case of 

multinomial logit model, the extreme value distribution leaves the IIA property 

untouched. But in mixed logit models, the presence of the covariance structure of σ gives 

rise to heteroscedasticity among alternatives, thus relaxing the IIA assumption (Bhat and 

Castelar, 2002). 

As earlier, the error term is assumed to have an extreme value distribution while 

the selected random parameters are allowed any distribution (not necessarily the same 

distribution for all the random parameters). It should be noted that the constant term 

could also be random which has the effect of making the error term the sum of two 

different distributions. Making all the random parameters zero results in our original 

multinomial logit modeling. The random parameters can take on a number of functional 

forms although normal, uniform, and triangular distributions are popular. Different 

substitution patterns are obtained by using different distributions for the random 

parameters causing unobserved heterogeneity.  

Before proceeding to flexible functional forms, we need to check if the IIA 

restriction is violated at all. The Likelihood Ratio (LR) test using a restricted model is a 

reliable test to check IIA restriction.  
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The test statistic ‘r’ is the ratio of probability of the restricted model and non-restricted 

model. 

! 

r =
P(X /H

1
)

P(X /H
0
)
  

The restricted model in our case is the model with one of the alternatives dropped. 

Given the value of random parameters from their distribution, the choice 

probability is again multinomial logit. Since we do not know the value of random 

parameters, we integrate the logit probability over all values of random parameters using 

their respective density functions. The choice probability of an alternative for an 

individual is then given by: 

.....
exp(! ij + "ij xij )

exp(! ij + "ij xij )#$$$ f ("1 /%1 ).... f ("n /%n )d"1.....d"n  

 

where  Ω ‘s are the distributional parameters of random parameters in the likelihood 

function.  

This is called mixed logit since the terms are split into a mixture of distributions. 

The integral above does not have a closed form in general. Moreover, the complexity 

increases as the dimension of the integral (number of random parameters) increases. To 

overcome this problem, for each individual we need to average over a range of simulated 

values of likelihood. Taking this value as the probability, the log-likelihood function of 

multiplication of simulated probabilities of all individuals is maximized to obtain the 

coefficients of utility functions of each alternative. 

Generation of simulated probabilities needs some explanation. A random number, 

r, is generated for each of the random parameters in the interval [0, 1]. Let us assume the 
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parameter in question is normally distributed with mean µ and standard deviation σ. 

Since we do not know µ and σ a priori, β is generated as: 

β=µ  +z σ  

where z is the inverse normal probability of r in the unit normal distribution   

 

 

 

 

 

 

 

 

 

 

 

Values of µ and σ are estimated in the model giving us its distribution. Similarly, we 

estimate the mean and spread in case of uniform and triangular distributions. The 

lognormal distribution defined as the distribution whose logarithm results in normal 

distribution, is used for parameters where we suspect (or want) the coefficient of the 

variable to be positive. The normal distribution has the property of having at least some 

simulated values of the coefficient as negative. This restriction is not necessarily 

applicable to uniform and triangular distributions (shown in Figure 4.2) depending on 
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r 

Probability density 
function 

Figure 4.1: Normal distribution 
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mean and standard deviation. Choice of the distribution is changed according to the 

hypothesis tested. Triangular estimates are best when the range of variance is limited.  

 

 

 

 

 

 

 

 

 

 

Given the values of the parameters, the simulated probability is: 

 

SPij =
1

1+ exp(!ij + (µij + z" ij)xij )
1

J

#
  for base case (j=0) 

SPij =
exp(!ij + (µij + z" ij)xij )

1+ exp(!ij + (µij + z" ij)xij )
1

J

#
   for other cases (j>0) 

z is equal to zero for fixed parameters. The log-likelihood of the simulated probability is 

a biased estimator of true probability. This bias decreases as the number of draws 

increase.  

Triangular Distribution Uniform Distribution 

X X 

Figure 4.2: Uniform and Triangular Distributions 
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Figure 4.3: Algorithm to Simulate Mixed Logit Model 
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Halton Sequences: 

In the simulations described above, values from a uniform random generator are 

converted to the distribution of the random parameter. When using a random number 

generator, it is sometimes possible that large sections of the distribution are not 

generated. The uniform random number generator does not guarantee a uniform coverage 

in a given simulation (even coverage is guaranteed only on infinite draws). Halton draws 

have been suggested for their specific advantage of even coverage. It has been found that 

125 Halton draws are as efficient as 2000 random draws in simulations of this kind (Bhat 

2001). Let us consider an example for Halton draws using prime number 3. Divide the 

unit interval (0,1) into three intervals and the dividing points i.e., 1/3 and 2/3 become the 

first two draws. Divide each interval again to three parts. The first part of the each 

previous interval follows in the sequence. It is followed by the second part of the each 

previous interval. This procedure generates a Halton sequence: 1/3, 2/3, 1/9, 4/9, 7/9, 2/9, 

5/9, 8/9. Divide each of the intervals into three again and continue. There is another 

interesting way to look at Halton draws. As we count along natural numbers, convert 

them to base 3 (or any desired number, preferably prime) and invert the number including 

the decimal point. Reconvert this number from base 3 to base 10 again resulting in the 

Halton sequence. Prime numbers are preferred because Halton sequence numbers 

generated with them do not match with any number from another prime number 

generated Halton sequence. Figure 4.3 shows the algorithm to simulate mixed logit 

model. 
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CHAPTER 5 

COST FUNCTION 
 
5.1 Theory 

 
 This chapter gives a detailed explanation of estimating a cost function for the 

construction of highways, relevant for the Twin Cities highway network. To frame the 

network investment decision, a cost function is needed to estimate the cost of new 

construction or expansion of an existing facility. Data collected on previous investments 

are used to estimate a cost function for the Twin Cities network. The cost function 

developed here is used to estimate the cost of expanding the roads in future years and for 

the links on which we do not have any data. Of the 15,000 links in the Twin Cities 

network, approximately 1000 links had a capacity increase in the last two decades. 

Projects costing more than a million dollars or of length more than a mile only have been 

included. These links have been developed under a total of 110 projects listed in Table 

2.2. As it appears, the last two decades have been spent mostly on improving the existing 

links rather than building any new facilities. Although, the ratio of links developed to 

total number of links is low, the number of observations is statistically large enough to 

develop a cost function.  

Whitman and Wegmann (1972) applied linear regression to historical highway 

construction data to determine future construction costs of West Virginia rural interstate 

highways. They had divided the costs into sub-categories of grade and drain costs, paving 

cost, major structure costs and total cost. However the model gives more emphasis to the 

physical characteristics of the road and construction and is valid only for interstate 

highways in West Virginia. 
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 Parsley and Robinson (1983) consider a road investment model for developing 

countries. Construction cost for this model is known before hand but it can also calculate 

cost of construction based again on physical characteristics and materials. This model is 

used to study the interrelations between road design, road construction standards and cost 

of operating vehicles. 

 Herbsman (1986) attempts to model the complexity of a construction project in 

terms of physical characteristics like earthwork, type of pavement and steel used. He 

claims that previously built statistical methods for estimating the cost based on historical 

construction data are unsatisfactory and stresses the need to model on physical 

characteristics. 

 Since previous research on estimating the cost of a expansion or construction is 

valid for a particular region and depends on construction procedure rather than historical 

data, a cost model was required for the Twin Cities Metropolitan Area network. Cost of 

construction can be modeled as: 

 

Eij = f (Lij*∆Cij, F, N, T, Y, D, X)      

where, 

Eij  = cost to construct or expand the link  (in 1000’s of dollars) 

Lij*∆Cij = lane miles of construction 

F   = dummy variable for type of funding program 

N   = dummy variable to check if it is a new construction or expansion 

T   = dummy variables for Inter state highways and State highways 

Y   = year of completion – 1979 
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D  = duration of construction 

X  = Distance of the link from the nearest downtown 

 

5.2 Results 

Initially, a linear model with limited number of variables was estimated on the 

data collected to check the credibility of such a model. The results were not satisfactory 

with the regressed model having an R-squared value of 0.38. The best linear model had 

an R-squared value of 0.51. A Cobb-Douglas model was then estimated to predict the 

cost of expanding a link. Initially, all the variables mentioned above were entered into the 

model. It was found that both funding source and road type were insignificant. But 

examining the data reveals that most interstate highway construction is built under one 

funding source and non-interstate highways under a different program. This lead to a very 

high correlation between funding source and road type. To overcome this problem, 

funding source was dropped, as road type was sufficient for segregation. Also, 

subsequent models suggested that reconstruction, widening etc., could be grouped into 

one category.  

The cost function estimated would give the cost of constructing or expanding a 

link for that particular year. For analysis, we need to bring the cost to a constant scale 

such as value in terms of year 2000 US dollars. The basic Cobb-Douglas equation with 

only lane-miles of construction and year of construction as independent variables is 

written in exponential form is as follows: 

Eij  = (Lij*∆Cij )aYb 
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In order to give the implicit rate of inflation with respect to the highway construction 

sector, the model was re-estimated as: 

Eij  = (Lij*∆Cij )a (1+n)Y 

i.e., ln(Eij) = a* ln(Lij*∆Cij )+ln(1+n)*Y 

Note that the modified year variable has been introduced into the model in a non- 

logarithmic fashion. The results of the model including other variables are given in Table 

5.1 (Model 1). If the model is written in exponential form, n = (exp.(0.078)-1)= 0.0814, 

gives the rate of inflation (8.14%). This is quite high compared to the actual rate of 

inflation. Reasons include an increase in the costs of transportation materials at a rate 

larger than general goods and services, an increase in labor costs, an increase in land 

costs, and highways are being constructed with better materials due to improvements in 

technology. Cost per lane mile was also considered as the dependent variable, but it did 

not improve results.  

Finally, duration of construction (D) and distance from the nearest downtown (X) 

variables were also introduced into the regression. To record downtown distance, the 

location of the projects was identified from a GIS map of the city. Noting the 

Minneapolis and St. Paul downtown locations, distances were calculated to each of the 

projects from both of the downtowns. The minimum of those distances is taken for our 

purpose. The best model taking duration of construction and distance from the nearest 

downtown into consideration with all the variables significant at 95% level is shown in 

Table 5.1 (Model 2). 
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Ln(Eij) Model 1 Model 2 
Description of the 

Variable 
Variable Coef. P>|t| Coef. P>|t| 

Lane-miles of  
Construction 

Ln(Lij*∆Cij) 0.56 0.00* 0.50 0.00* 

Dummy for new 
constructions 

N 0.39 0.05* 0.39 0.04* 

Dummy for 
Interstate roads 

Inter 1.42 0.00* 1.97 0.00* 

Dummy for State 
Roads 

TH 0.45 0.06* 0.56 0.02* 

Year-1979 Y 0.08 0.00* - - 
Log of year-1979 Ln(Y) - - 0.75 0.00* 
Log of duration of 
construction 

Ln(D) - - 0.16 0.06* 

Distance from 
nearest downtown 

X - - -0.03 0.04* 

 _cons 6.39 0.00* 5.79 0.00* 
Number of Observations 

     Adj. R-squared 
102 
0.65 

76 
0.77 

* Significance at 90% confidence interval 
- Variable not present in that model 

Table 5.1: Coefficients of Regression for Cost Models 

 

In general, construction other than interstate highways was only one year of duration. 

One might then be tempted to say that duration would also be accounted by the road type 

variable; but interstate construction projects took a variable amount of time.  

All the coefficients are positive and significant except for distance from nearest 

downtown, which is negative and significant. The coefficient of lane miles of 

construction is less than one, indicating economies of scale in construction. As can be 

expected, cost of a new construction project is higher than expanding an existing link. 

The cost of construction increases with the hierarchy of the road. This is so because of 

the greater thickness of pavements on higher-class roads and their larger width including 

shoulders.  Higher duration projects cost more and construction becomes costlier over 
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time. Distance from nearest downtown that was entered as linear variable shows that the 

project cost would decrease as we move away from downtown areas. Downtown areas 

have higher traffic flows and land costs, and hence restrict the construction flexibility 

justifying the extra cost. Note that in the final model, modified year has been entered as a 

logarithmic variable. This may be a better model due to the non-linear increase in costs 

with date of construction. According to Model 2, a lane-mile of interstate highway taking 

3 years to construct by year 2001 would cost approximately 22.6 million dollars. 
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CHAPTER 6 

NETWORK EXPANSION MODEL 

 

6.1 Introduction 

 Expanding a link affects traffic demand on its upstream and downstream 

neighbors, and on the link parallel to it. Only a few links are expanded in the network in a 

given year. There have been no instances of expanding a link twice in the years 

considered for this study. Since previous expansion of a link predicts failure to expand in 

a given year perfectly, observations of such links are dropped from the data after its 

expansion.  

This analysis uses discrete choice models to predict the specific links expanded 

and the magnitude of its expansion. Multinomial logit modeling and mixed logit 

modeling techniques were used to model the growth of the network. The following 

sections describe the results of these models. 

 

6.2 Model 

Capacity in the next time period (Cijt+1) can be modeled as a function: 

 

! 

Cijt +1 =  f(Cij,L ij,Qij/Cij,Qp/Cp,"(Qij * Lij),B,E ij,Y,X,(Qhi +Q jk ),

(Chi +Cjk #Cij),"(Qhi +Q jk ),"(Chi +Cjk ),P,"P)
 

where, 

Cijt+1  = Capacity on arc ij (arc running from node i to node j) at time t+1 

Cij  = Capacity on arc ij 

Lij  = Length of arc ij 
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Qij  = Flow on arc ij 

Qp  = Flow on parallel link 

Cp  = Capacity of parallel link 

Eij = Unit expense of construction of improvements on arc ij 

B  = Budget constraint 

Y = Year of proposed construction- 1979 

X = Distance from the nearest downtown 

Qhi  = Sum of flows on arcs hi 

Qjk  = Sum of flows on arcs jk 

Chi  = Sum of capacities on arcs hi (arcs supplying flow) 

Cjk  = Sum of capacities on arcs jk (arcs receiving flow) 

P = Population of the surrounding Minor Civil Division (MCD) 

All variables are vectors 

Flows are bi-directional 

∆ indicates change between time period t and (t-n) 

  

The number of lanes was used as capacity in modeling. Modeling was directed at 

predicting the increase in the number of lanes rather than predicting the absolute number 

of lanes in the next time period as a whole. This is because the number of lanes in the 

previous time period largely explains the number of lanes at a given period (since most 

links do not change each year). It should be noted that the increase in number of lanes is a 

discrete number and the increase is zero for most of the links in a given time period. To 

overcome this problem and to consider the discrete nature of the increase in number of 
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lanes, discrete choice modeling was considered appropriate. A multinomial logit model 

was used for this purpose. Logit models have been successfully used in a wide variety of 

multi-variate discrete choice contexts and seemed appropriate here.  

 

6.3 Hypothesis 

 The presence of induced demand presents the problem of circular relationship 

between capacity increase and change in demand, i.e., the problem of endogeneity. 

Models used in our study assume independence of variables. The problem is overcome by 

substituting the endogenous variables in the model with instrumented variables 

(described in chapter 4). The process of modeling is thus broken into a two-step process 

with instrumenting of the endogenous variable being the first step and actual modeling 

being the second step. For the purpose of this study, change in demand has been 

instrumented using models estimated by Parthasarathi (2002) on the same dataset. The 

change in demand predicted there was in terms of change in vehicle kilometers traveled 

and the same is used in our study. 

The effect of different variables on the change in capacity of a link depends on the 

type of road and so the analysis is performed separately for each road type. Accordingly, 

the dataset is segregated by road type. Based on the theory described in chapter 3, the 

hypotheses are as follows: 

• It is posited that the links with higher capacity (Cij) and longer length (Lij) are less 

likely to be expanded.  
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• Congestion on a link (Qij/Cij) increases the probability of its expansion or of the link 

parallel to it. The same is expected to reflect in the congestion measure of the 

parallel link (Qp/Cp). 

• Increase in VKT on a link (∆Qij*Lij) should increase the likelihood of its expansion. 

• The higher the cost of a link expansion (Eij), the lower is its probability to be 

expanded.  

• A higher budget for a year would result in more links being expanded and thus 

increasing the probability of expansion of a particular link. 

• Capacity expansion on a parallel link decreases the chances of the link in 

consideration to be expanded.  

• Higher VKT of upstream and downstream links increases the chances of link 

expansion to facilitate the incoming traffic. 

• Increase in capacity of a downstream link or an upstream link (∆Chi or ∆Cjk) would 

cause the link in consideration also to be expanded to take the burden of the resulting 

traffic.  

• Chances of re-expansion of a link are assumed to be low since alternate routes will 

also be considered for expansion.  

• Distance from the nearest downtown favors the expansion of a link. 

• Increase in population in an area (∆P) would result in expansion of the links in that 

area to take care of the excess traffic. 

• As can be observed, lane expansions are decreasing over time and this is expected to 

reflect in the time variable of the regression. 
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The above hypotheses are tested using both multinomial logit models and mixed 

multinomial logit models. Each type of the road types was modeled separately due to 

their functional differences. Construction data on county highways was available for only 

Hennepin County. County highways are built under a different funding source and the 

decision process for construction or expansion of county highways is different from State 

roads. Also, in the data set considered, there were no two-lane expansions of trunk 

highways and county highways, warranting separate modeling for each hierarchy of the 

network. Since AADT and construction data were not available for roads below county 

highways in the hierarchy, they are not modeled. 

 

6.4 Interstate Highways 

A multinomial logit model was used to model the increase in number of lanes    

(∆Cijt+1) over the previous year. Results of the regression for interstate highway are given 

in Table 6.1.  
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 ∆Cijt+1=1 ∆Cijt+1=2 
Variable Hypo. Coef. P>|z| Hypo. Coef. P>|z| 

Cij -S  -1.92E+00 0.00* -S -2.22E+00 0.00* 
Lij -S -2.20E+00 0.02* -S -3.54E+00 0.01* 

Qij/Cij +S -1.82E-05 0.05* +S -3.84E-05 0.00* 
Qp/Cp +S 1.82E-05 0.03* +S 1.79E-06 0.87 

∆02(Qij*Lij) +S 4.58E-04 0.00* +S 3.63E-04 0.01* 
∆24(Qij*Lij) +S 5.34E-04 0.00* +S 5.33E-04 0.00* 
∆46(Qij*Lij) +S 5.34E-04 0.00* +S 5.33E-04 0.00* 
∆68(Qij*Lij) +S -8.04E-04 0.00* +S -3.53E-04 0.11 

Eij -S -6.54E-09 0.00* -S -3.19E-09 0.00* 
B +S 4.16E-06 0.04* +S 7.83E-06 0.02* 
Y -S -1.12E+00 0.00* -S -1.72E+00 0.00* 
X +S 2.09E-01 0.00* +S -1.54E-01 0.01* 

Qhi+Qjk +S 1.17E-05 0.00* +S 1.13E-05 0.00* 
Chi+Cjk- Cij -S -7.18E-01 0.00* -S -5.27E-01 0.00* 

P - 7.78E-06 0.00* - -3.09E-06 0.24 
∆P +S 1.63E-04 0.07* - 4.97E-04 0.00* 

_cons   3.02E+00 0.05*  7.59E+00 0.00* 
Number of Observations: 10986 

Log Likelihood = -277.65 
Psuedo R2: 0.51 

* Significance at 90% confidence interval 
 

Table 6.1: Multinomial Logit Model for Interstate Highways 
 

Variables Cij, Lij, Qij/Cij, Eij, Chi+Cjk-Cij, and Y are negative and significant while the 

variables ∆02(Qij*Lij), ∆24(Qij*Lij), ∆46(Qij*Lij), Qhi+Qjk, B and ∆P are positive and 

significant. This shows that as the number of lanes increases, the probability of its 

expansion decreases and the probability of a two-lane increase is still lower in this case, 

supporting the hypotheses. So, we find that links that already have higher capacities are 

less likely to be expanded due to decreasing marginal returns. Links with lower capacities 

would then likely to be expanded in order to achieve uniformity in the network. Long 
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links that take more time to build tend to be overlooked for expansion in favor of other 

shorter links. It is difficult to divert traffic for a long time, required for longer links. It has 

been noted in previous studies (Miyagi 1998) that the overall welfare can be negative in 

some cases if high volumes of traffic are inconvenienced for a longer period of time. 

Higher capacity on downstream and upstream links deters link expansion, again 

indicating decreasing marginal returns. 

Increasing traffic demand for a particular link increases its probability for both 

one-lane expansion and two-lane expansion. Here we see the response of infrastructure 

supply to increases in travel demand. The probability of a link expansion increases if the 

flow on downstream and upstream links is high, showing again that links with greater 

inflow demand get expanded. Cost is negative and significant showing that links that 

involve higher expenditure are less likely to be expanded. The budget constraint is 

positive and significant as expected; a higher budget favors expansion of more links. 

A very interesting trend comes into light with the linear variable year of 

construction (Y). The negative coefficient of the year of construction for two-lane 

expansion is considerably higher than that of single lane expansion. The expansion rate of 

the network has decreased and the probability of a two-lane expansion over one-lane 

expansion declines with time. 

Surprisingly, the congestion measure on the link is negative and significant for 

both one-lane expansion and two-lane expansion.  However, congestion on the parallel 

link is positive and significant for one-lane expansion.  

Distance from downtown is positive and significant for one-lane expansion and 

negative and significant for two-lane expansions. This implies that two-lane expansions 
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are preferred near downtown where traffic demand is high and one-lane expansions are 

sufficient in the peripheries where traffic demand is comparatively low. Population in the 

adjacent jurisdiction (MCD) has a positive effect on one-lane expansion. Since rights for 

land acquisition would be costly in such areas, a one-lane increase is feasible to cater to 

the traffic generated but a two-lane expansion might overrun the budget. A higher 

population increase in a MCD favors expansion to meet the additional demand generated 

as expected. 

 

6.5 Trunk Highways 

Results with the trunk highway network differ as expected. All of the trunk 

highway expansions are one-lane expansions in each direction and only new construction 

had two-lanes built in each direction. The results of this binomial logit model are given in 

Table 6.2.  

Capacity and length of the link are negative and significant as earlier. Flow and 

capacity variables of its adjacent links also behave in the same manner as for interstate 

highways. Again congestion measure on the link in consideration is negative and 

significant but it is insignificant on the parallel link. Some of the changes in VKT in the 

last eight years are positive and significant. Cost of expansion is insignificant and budget 

constraint is positive and significant as usual.  Both population and increase in population 

have the effect of favoring an expansion. Year is again negative and significant indicating 

gradual decline in network growth with time. 
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6.6 County Highways 

Hennepin County is largest of the seven counties in the metropolitan area and 

encompasses the city of Minneapolis. Results of the county highways network in 

Hennepin County are given in Table 6.2.  

As earlier, capacity and length of the link are negative and significant. This is the 

first network in which the congestion measure is positive and significant. As in the case 

of trunk highways, the spillover effects on parallel link are not significant. This is 

because trunk highways and county highways have lower capacity compared to interstate 

highways and their expansion does not interrupt traffic significantly. Change in VKT has 

a positive effect on its expansion. Higher flow on adjacent links decreases its chances of 

expansion. Cost of expansion is again insignificant and the reason might be the necessity 

to expand lower capacity links (compared to interstate highways) to facilitate smoother 

traffic flow within the Metropolitan area. Surprisingly, both population and population 

increase have a negative effect on the chances of expanding. 

 

6.7 Comparison of Highways 

 In order to compare and contrast the results of each of the highways, a binomial 

logit model was estimated for interstate highways. Each of the models coefficients and 

their elasticities is summarized in Table 6.2. 
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 Interstate Trunk Highways County Highways 

Variable Hypo. Coef. Elasticity Coef. Elasticity Coef. Elasticity 
Cij -S  -2.06E+00* -4.04E+00 -8.15E+00* -1.40E+01   
Lij -S -2.62E+00* -9.39E-01 -2.28E+01* -1.19E+01 -5.52E-01 -2.87E-01 

Qij/Cij +S -2.50E-05* -9.40E-01 -9.30E-05* -1.48E+00 1.97E-04* 1.72E+00 
Qp/Cp +S 1.57E-05* 4.55E-01 1.05E-05 1.54E-01 -1.99E-05 -2.99E-01 

∆02(Qij*Lij) +S 3.98E-04* 7.12E-01 1.67E-03* 2.03E+00 2.81E-03* 1.66E+00 
∆24(Qij*Lij) +S 5.10E-04* -9.63E+03 4.89E-04 -4.10E+03 2.72E-03* 2.96E+04 
∆46(Qij*Lij) +S 5.10E-04* 9.63E+03 4.89E-04 4.10E+03 2.72E-03* -2.96E+04 
∆68(Qij*Lij) +S -5.96E-04* -1.55E+00 4.54E-03* 6.60E+00 3.80E-03* 3.74E+00 

Eij -S -3.21E-09* -1.22E+00 -8.18E-10 -8.25E-02 6.84E-10 4.32E-02 
B +S 4.38E-06* 6.68E-01 7.32E-05* 1.41E+00 1.07E-05* 4.05E-01 
Y -S -1.09E+00* -7.26E+00 -1.17E+00* -7.77E+00 8.37E-02 5.50E-01 
X +S -6.23E-03 -5.28E-02 1.13E-01 1.21E+00 5.19E-02 5.53E-01 

Qhi+Qjk +S 1.09E-05* 1.50E+00 2.37E-05* 1.52E+00 -1.71E-05* -5.58E-01 
Chi+Cjk- Cij -S -6.07E-01* -2.64E+00 -5.49E-01* -2.31E+00 5.43E-02 1.95E-01 

P - 2.56E-06* 3.24E-01 1.28E-05* 9.45E-01 -1.63E-05* -1.47E+00 
∆P +S 2.54E-04* 1.23E-01 1.17E-03* 7.26E-01 -1.40E-04* -1.18E-01 

_cons - 5.22E+00 - 3.86E+00 - -1.40E+01 - 
No. of Obs:10986 No. of Obs:17926  No. of Obs:6531   

LL= -293.92 LL= -41.34 LL= -202.98 
 Psuedo R2 = 0.46 Psuedo R2 = 0.61 Psuedo R2 = 0.29 

* Significance at 90% level 

Table 6.2: Comparison of Elasticities of Highways
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The elasticity’s in the above table are obtained using the following formula: 

! 

E =
d(ln(y))

d(ln(x))
 

This approximately equals the percentage change in the dependent variable (probability 

of expansion) for one percent change in the independent variable. The absolute value of 

the elasticity indicates the sensitivity of the dependent variable on the independent 

variable. 

 In all the three models, capacity, length, change in VKT, total inflow and budget 

constraint have similar coefficients and significance. These fundamental variables 

indicate the basic underlying properties of network growth and show that the models 

estimated here can be used for all transportation networks in general. It is interesting to 

note the differences in the models. While interstate highways depend on both the budget 

and cost of expansion, the lower hierarchies of roads depend only on budget constraint. 

Congestion is positive and significant on county highways in contrast to negative and 

significant for other highways. Interstates and Trunk highways show a decline in their 

growth with time that is not reflected in county highways. The elasticities of variables for 

trunk highways are generally higher except for the population variables. These 

differences between different highways give us a picture of the change in policy for each 

type of road. 

 

6.8 Mixed Logit Models 

 Results of the mixed logit models are as given in Table 6.3. Standard deviations 

of only two variables, change in demand over previous two years and length of the link, 

were found to be significant.  Initially, models were estimated assuming the coefficients 
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to be distributed independently and normally across the population. This resulted in non-

significance of the standard deviations. The assumption of a normal distribution places an 

important constraint on the behavior of the links, although theory suggests the same sign 

on the coefficients for all the links. To overcome this problem, distributions like 

lognormal distributions that do not result in negative coefficients for some links can be 

used. Another way is to specify a distribution that may result in negative coefficients but 

do not necessarily impose such a situation. The triangular distribution satisfies this 

property and was chosen here. County highways did not have any significant standard 

deviations in the coefficients. ∆02(Qij*Lij) has a standard deviation comparable to the 

coefficient itself indicating a wide range of response of individual links to this variable. 

Standard deviation of random variables for trunk highways is comparatively small 

although significant. This shows that links on the hierarchy below interstates have a 

consistency in their response to the variables. Mixed logit models with unknown tastes as 

a random parameter failed to converge for all the highways. 
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 Interstate Trunk Highways 

Variable Hypo. ∆Cijt+1=1 ∆Cijt+1=2 ∆Cijt+1 
Cij -S  -2.15E+00* -2.27E+00* -6.83E+00* 
Lij -S -2.21E+00* -3.69E+00* -1.55E+01* 

Qij/Cij +S -1.12E-05* -2.94E-05* -6.17E-05* 
Qp/Cp +S 2.12E-05* 8.62E-06 1.26E-05 

∆02(Qij*Lij) +S 5.41E-04* 2.29E-04* -1.20E-03* 
∆24(Qij*Lij) +S 6.51E-04* 5.10E-04* 3.99E-04 
∆46(Qij*Lij) +S 6.51E-04* 5.10E-04* 3.99E-04 
∆68(Qij*Lij) +S -1.24E-03* -2.13E-04 3.51E-03* 

Eij -S -7.39E-09* -3.35E-09* -1.22E-08 
B +S 4.73E-06* 8.59E-06* -1.34E-05* 
Y -S -1.20E+00* -1.82E+00* -1.69E+00* 
X +S 2.44E-01* -1.46E-01* 8.62E-02 

Qhi+Qjk +S 1.17E-05* 1.15E-05* 1.91E-05* 
Chi+Cjk- Cij -S -7.35E-01* -6.46E-01* -4.80E-01* 

P - 7.65E-06* -3.50E-06 1.12E-05* 
∆P +S 1.34E-04* 5.27E-04* 8.62E-04* 

_cons  3.47E+00* 8.79E+00* 1.18E+01 
Triangular Deviations    

Lij 6.13E-02* 7.45E-01* 1.21E-07* 
∆02(Qij*Lij) 2.92E-04* 4.41E-05* 2.13E-10* 

No. of Obs:10986 No. of Obs:17926  
LL= -232.99 LL= -38.27 

*Significance at 90% confidence interval 
 
Table 6.3: Mixed Logit Model for Interstate and State Highways 
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CHAPTER 7 

NEW CONSTRUCTION MODEL 

 

7.1 Methodology  

Construction of new links follows entirely different criteria than link expansions. 

While the link to be expanded is chosen from the existing network, construction of a new 

link has to be chosen from a set of possible links between nodes. Hence, construction of a 

new link cannot be modeled taking the present network on which the new links were built 

as the basis of comparison. In the case of the Twin Cities network, creation of new nodes 

because of new construction was not observed. The possible set of new links is based 

only on existing nodes. Theoretically, a node can be connected to any of the remaining 

nodes. 

There were a total of 76 bi-directional new links (all highways) constructed in the 

past two decades. Since the type of road of a possible new link is not known a priori, 

distinction between hierarchies was not considered in modeling new construction. 

Intersections of freeways have large number of nodes depending upon the type of 

interchange built. The intersection has to be treated as a single node while considering the 

possibility of connecting it with a new link. With the network in the present form, this 

possible connection can be made with any of the nodes at the interchange. To overcome 

this redundancy in the dataset, all the nodes within 50 meters of each other were given 

the same node number. A computer program was written to accomplish this task and the 

resulting node set was used to investigate new construction. Figure 7.1 shows the effect 

of this change in the dataset. 
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 The mean length of newly constructed links was 0.68 km and the maximum 

length of a new link was 4.54 km. Because of the large number of possible connections 

within the radius of 4.54 km, a shorter range of possible lengths was considered. In the 

new scenario, only links of length between 200 meters and 3.2 km were considered. 

These lengths were arrived at by removing new construction in the five percentile regions 

on both ends of the dataset. Since we have assumed that new nodes are not created by 

new construction, the possible set of new links should be such that they do not cross any 

of the existing links at the higher end of the hierarchy. With the above restrictions in 

place, each node has a set of ten possible connections on an average.  

Due to the very low number of new links over the last two decades, the 

construction is assumed to happen in five-year intervals and the dataset is built 

accordingly. Budget over these five years is added to act as budget constraint. Nodes 

connecting only local roads (below county highways) were not considered in modeling 

Figure 7.1: Intersection as a node 

Single Node 
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since we do not have data on new construction of such types of roads. Also, it was 

assumed that new construction could cross local roads without intersecting them as these 

new links are of a higher-class road than local roads. Since the number of new links is 

low, changes in traffic demand has not been considered in modeling as this would result 

in exclusion of some of the new links. New construction in the next time interval can be 

modeled as a function of:: 

! 

Nijt +1 =  f(Lij,Cp,Lp,Qp/Cp,A,Eij ,B,Y,X,D)  

where, 

Nijt+1  = Dummy for new construction of link ij in period (t+1) 

Lij  = Length of arc ij 

Cp  = Capacity of the parallel link 

Lp  = Length of the parallel link 

Qp/Cp = Congestion measure on the parallel link 

A = Product of total supplier links flow and total consumer links flow (access) 

Eij  = Cost of constructing the new link 

B = budget constraint 

Y = time period of expansion 

X = Distance from nearest downtown 

D = Number of nodes within the interval of 200 meters and 3.2 Km 

All links are bi-directional 

 Variable A can be considered as an accessibility measure of the new link. It 

represents the effect of supplier link flows and consumer link flows on the possibility of 

new construction. 
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7.2 Hypothesis 

Construction of a new link usually aims to alleviate traffic congestion in an area. Such a 

link would lead to the availability of an additional route choice and thus bring a change in 

the surrounding area’s traffic patterns. The effect of surrounding conditions is expected to 

be prominent in the construction of a new link and vice versa compared to a link 

expansion. The hypotheses are as follows: 

• High congestion on the parallel link favors the construction of the link to cater to the 

traffic on the parallel link. 

• Higher capacity of the parallel link increases the likelihood of its construction as we 

have noticed that high capacity links are less likely to be expanded. 

• Longer length of parallel link favors the construction because longer links tend not to 

be expanded as often due to the duration involved in such an expansion. 

• A higher access score for a link increases its chances of construction. 

• As was observed in literature, road construction declined over time and this is 

expected to reflect in the year variable. 

• New links have a higher probability of being constructed far from downtown as land 

acquisition is easier there. 

•  A large node density in the surrounding area results in less new links being 

constructed as the number of links is high in such areas. 

 

Binomial logit modeling and mixed logit modeling have been used to analyze the dataset 

and the results are shown in the following sections. 
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7.3 Results of Logit Model 

A binomial logit model was used to model the construction of a new link between 

existing nodes. Results of the regression are given in Table 7.1. 

Variable Hypo. Coefficient P>|z| 
Lij - -5.91E-01 0.18 
Cp +S -3.31E-01 0.07* 
Lp +S 4.93E-01 0.10* 

Qp/Cp +S -1.96E-05 0.21 
A +S 4.24E-05 0.00* 
Y -S 7.31E-01 0.01* 
Eij -S -2.82E-01 0.00* 
B +S 5.68E-06 0.03* 
X +S -1.21E-01 0.00* 
D -S -6.32E-04 0.85 

_cons  -6.09E+00 0.00* 
Number of Observations: 89031 

Log Likelihood = -473.19 
Psuedo R2: 0.16 

* Significant at 90% confidence interval 

Table 7.1: Logit Model for New Construction 

 

Variables Cp, Eij and X are negative and significant while the variables Lp, A, Y, and B 

are positive and significant. As has been noted earlier, the construction of a new link 

depends significantly on its surrounding conditions and alternate route conditions. Larger 

length of the parallel link increases the probability of a new link. This might be because 

of the cost involved in the expansion of the larger parallel link and also because of the 

traffic diversion problems on the parallel link if it is expanded. Capacity of the parallel 

link is negative and significant refuting the hypothesis. High capacity links can serve high 

volumes of traffic in an area (generated in or passing through that area) and reduces the 



 61 

need for a new link. High access measure between two nodes tends to increase the 

probability of a new construction connecting those nodes. Access is directly proportional 

to the total timesavings because of the new construction and hence it is logical high 

demand between two nodes has this effect. 

A higher cost of constructing a new link reduces its probability of expansion as 

expected. Also, more new construction is possible when the budget is higher. Nearest 

downtown distance variable is negative and significant, indicating that new links are 

likely to be built nearer to the downtown than in the suburbs. More new links are being 

constructed with the passage of time, refuting the hypothesis. We have noted earlier that 

the expansion rate of the existing links has decreased over the years. The two results 

combined show a policy shift from expansion to new construction. Expanding a road 

leads to traffic inconvenience during construction. This problem is avoided by new 

construction and this may explain the reasoning behind more new construction.  

 

7.4 Results of Mixed Logit Models 

 All the variables in the model had an insignificant variance except for the 

unknown taste parameter. The results of the model are given in Table 7.2. As has been 

mentioned earlier, changes in traffic demand were not considered due to the low number 

of new links. The significant variance in the constant term reflects the variance in the 

links due to the effects of these omitted variables and the inherent taste variance. More 

data are needed to model new construction with all the influencing variables. However, a 

mixed logit model can be used as a substitute that encompasses the effect of these 

variables to some extent. 
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Variable Hypo. Coefficient P>|z| 
Lij - 1.84E-01 0.79 
Cp +S -4.87E-01 0.10* 
Lp +S 1.42E+00 0.05* 

Qp/Cp +S -5.23E-05 0.06* 
A +S 1.92E-04 0.01* 
Y -S 3.00E+00 0.00* 
Eij -S -8.97E-01 0.00* 
B +S 7.78E-06 0.00* 
X +S -3.08E-01 0.00* 
D -S -1.27E-02 0.08* 

_cons  -1.24E+02 0.00* 
Triangular Deviation   

Constant 4.72E+01 0.00* 
Number of Observations: 89031 

Log Likelihood = -459.68 
* Significant at 90% confidence interval 

Table 7.2: Mixed Logit Model for New Construction 
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CHAPTER 8 

SUMMARY AND CONCLUSIONS 

 This thesis developed for the first time a model to predict network expansion as a 

function of traffic flow, flow on adjacent and competitor links, flow on parallel links, and 

estimated cost using data from the Twin Cities Metropolitan area. Other studies try to 

optimize the traveler welfare due to infrastructure investment. Growth of a network at the 

link level depends on its present conditions and also on the surrounding conditions 

represented by adjacent links, parallel link and other demographic characteristics. Ideally, 

the supply of infrastructure should match the increase in demand but is constrained by 

project costs and land use. 

 Data used for this study and its organization has been discussed in chapter 2. 

Various methods used to integrate the data in four different datasets were described here. 

Accuracy of the AADT data used was checked with Transportation Information System 

(TIS) database using random sampling techniques. Also an algorithm to find adjacent and 

parallel links in a large network was developed. 

 Chapter 3 explained the economic theory behind network growth decisions. A 

discrete choice model was specified in this chapter to test the theory on the Twin Cities 

transportation network. The effect of different variables used in the model was analyzed 

using this theory and specific hypotheses were formulated. 

  Chapter 4 described the statistical techniques used in this study and the 

importance of using flexible modeling techniques in view of the constraints of the 

multinomial logit model to make a discrete choice. Mixed logit allows for the coefficients 

to have a particular distribution instead of a fixed value. 
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 A cost model to estimate the cost of expanding an existing link or to construct a 

new link has been estimated in chapter 5. It was found that there were economies of scale 

for such projects and cost increases with the hierarchy of the road. The rate of inflation 

was higher in this sector compared to the average rate of inflation. 

  Chapter 6 discussed the results of network expansion models. The three sub-

networks, viz., Interstate Highways, Trunk Highways, County Highways, were modeled 

separately due to their different purposes and funding sources. Each of the sub-networks 

served as an individual network to test the theory. It was found that the results are nearly 

the same, supporting the theory. The effect of a change in road usage as measured by 

change in VKT over years was highly significant in the decisions leading to expansion. 

An interesting trend was that the growth of networks is declining with time. High 

capacity links are less likely to be expanded and higher budget leads to more expansions. 

The effect of the demographic variable, population, was not clear. The results of the three 

networks were compared along with the elasticity estimates. Interestingly, only interstate 

highways depended on both the budget and cost of expansion while the lower hierarchies 

of roads depended only on the budget constraint. The results of mixed logit models are 

also included here. 

 The problem of new construction was dealt with in Chapter 7. The process of 

building the possible construction network is explained here and hypotheses for new 

construction were developed. The model for new constructions was limited by small 

number of construction in the past two decades. As expected, new construction followed 

different criteria than link expansion. Results indicate significant dependence on parallel 

link attributes and access to traffic due to possible new construction.  
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In conclusion, the results suggest that a number of basic factors drive network 

expansion and new construction. While it is obvious that politics factors into 

transportation infrastructure investment decisions, this model is based on empirically 

measurable attributes. The importance of this is in extension for modeling the 

implications of transportation planning decisions. Decisions made today have an 

irreversible effect on future investment that is not considered in most static modeling 

frameworks. Endogenous network growth, and the pressures placed on future decision-

makers because of today’s decision are critical factors for planning and modeling.  
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APPENDIX 

 

COMPUTER PROGRAMS 

Program 1: Supplier and Consumer links 
/*Network search program to find adjacent links and competitor links*/ 
 
#include <stdio.h> 
#include <stdlib.h> 
#include <math.h> 
#include <time.h> 
unsigned short int a[15009][2],b[15009][6], c[15009][6]; 
 
/* array a stores start node,end node; 
   array b stores link identification numbers of Supplier links; 
   array c stores link identification numbers of Consumer links */  
 
main() 
{ 
unsigned short int i,j,s,e,flag; 
FILE *init,*fpt; 
  
init=fopen("entry.txt","r"); 
/* entry.txt has start and end nodes of each link */ 
for(i=0;i<15009;i++) 
for(j=0;j<2;j++) fscanf(init,"%hu",&a[i][j]); 
for(i=0;i<15009;i++) printf("%d ",a[i][0]); 
fclose(init); 
for(i=0;i<15009;i++) 
for(j=0;j<6;j++) {b[i][j]=30000; c[i][j]=30000;} 
      
/* code to identify feeder links */  
for(i=0;i<15009;i++) 

{ 
 s=a[i][0];e=a[i][1];flag=0; 
 for(j=0;j<15009;j++) 
  { 
  if(a[j][0]!=e) 
  if(a[j][1]==s) 
  {b[i][flag]=j;flag++;} 
  } 
 } 
 
/* Code to identify Consumer links */ 
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for(i=0;i<15009;i++) 
 { 
 s=a[i][0];e=a[i][1];flag=0; 
 for(j=0;j<15009;j++) 
  { 
  if(a[j][1]!=s) 
  if(a[j][0]==e) 
  {c[i][flag]=j;flag++;} 
  } 
 }  
  
/* code to print values to a file */ 
fpt=fopen("output.txt","w"); 
for(i=0;i<15009;i++) 
 { 
 fprintf(fpt,"link%d: ",i); 
 for(j=0;j<6;j++) 
 fprintf(fpt,"%d ",b[i][j]); 
 fprintf(fpt,"----> "); 
 for(j=0;j<6;j++) 
 fprintf(fpt,"%d ",c[i][j]); 
 fprintf(fpt,"\n"); 
 } 
 fclose(init); 
 fclose(fpt); 
 return 0; 
} 
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Program 2: Parallel links 
 
/*Network search program to find Parallel link */ 
 
#include <stdio.h> 
#include <stdlib.h> 
#include <math.h> 
#include <limits.h> 
unsigned int a[8281][5]; 
 
/* array a stores start node & end node co-ordinates and parallel link number*/ 
 
main() 
{ 
int i,j,ax,ay,bx,by,pax,pay,pbx,pby,flag,yflag; 
float sum,asum,d1,d2,d3,min,m,c,ra1,ra2,rb1,rb2,att1,att2,att3,att4,para; 
float xcen,ycen,pdist,apdist,bpdist,length,plength,shift,lratio; 
double angle,pangle; 
FILE *init,*fpt; 
  
init=fopen("entry.txt","r"); 
/* Initializing variables */ 
for(i=0;i<8281;i++) 
for(j=0;j<5;j++) a[i][j]=30000; 
for(i=0;i<8281;i++) 
for(j=0;j<4;j++) fscanf(init,"%u",&a[i][j]); 
fclose(init); 
 
fpt=fopen("paraout.txt","w"); 
for(i=0;i<8281;i++) 
{ 
ax=a[i][0];ay=a[i][1]; 
bx=a[i][2];by=a[i][3]; 
angle=atan2(by-ay,bx-ax)/3.141593*180; 
if(angle<0) angle=angle+360; 
sum=0; 
 
for(j=0;j<8281;j++) 
 { 
 if(j==i)continue; 
 pax=a[j][0];pay=a[j][1]; 
 pbx=a[j][2];pby=a[j][3]; 

 
/* Code to remove improbable links. The strategy for this is to draw a 
perpendicular at each end of the line and check if the other end and any one of 
the end points of the line in comparison fall on the same side */ 
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 flag=0;yflag=0; 
  
 if(ay==by) 
  {  
  yflag=1; 
  ra1=(float) (pax-ax)/(bx-ax);ra2=(float)(pbx-ax)/(bx-ax); 
  rb1=(float)(pax-bx)/(ax-bx);rb2=(float)(pbx-bx)/(ax-bx); 
  if(((ra1>0)||(ra2>0))&&((rb1>0)||(rb2>0))) flag=1; 
  } 
 if((yflag==1)&&(flag==0)) continue; 
 if(yflag!=1) 
  { 
  m=(float)(ax-bx)/(by-ay); c=-m*ax+ay; 
  ra1=(float)(pay-m*pax-c)/(by-m*bx-c); 
  ra2=(float)(pby-m*pbx-c)/(by-m*bx-c); 
  c=-m*bx+by; 
  rb1=(float)(pay-m*pax-c)/(ay-m*ax-c); 
  rb2=(float)(pby-m*pbx-c)/(ay-m*ax-c); 
  if(((ra1>0)||(ra2>0))&&((rb1>0)||(rb2>0))) flag=1; 
  } 
 if(flag==0) continue; 
  

/*Code to check slopes */ 
 pangle=atan2(pby-pay,pbx-pax)/3.141593*180; 
 if(pangle<0) pangle=pangle+360; 
 d1=fabs(angle-pangle); 
 d2=fabs(angle-pangle+360); 
 d3=fabs(angle-pangle-360); 
 if (d1>d2)min=d2; else min=d1; 
 if (min>d3)min=d3; 
 if(fabs(min)>45) continue; else asum=0.5*(1-fabs(min)/45);para=asum; 
  

/* Code to check perpendicular distance from centre to the other link */ 
 xcen=(ax+bx)/2.0;ycen=(ay+by)/2.0; 
 if(pax==pbx) pdist=fabs(xcen-pax); 
 else{ 
  m=(float)(pay-pby)/(pax-pbx); 
  c=-m*pax+pay; 
  pdist=fabs(ycen-m*xcen-c)/sqrt(1+m*m); 
  pdist=pdist/cos(min*3.141593/180); 
  } 
 length=sqrt((ax-bx)*(ax-bx)+(ay-by)*(ay-by)); 
 pdist=0.5*(1-pdist*0.4/length); 
 if(pdist<0) pdist=0; 
 else asum+=pdist; 
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/* Code to check shift in link. Here we find distances between  
 start nodes and that between end nodes*/ 
 apdist=sqrt((ax-pax)*(ax-pax)+(ay-pay)*(ay-pay)); 
 bpdist=sqrt((bx-pbx)*(bx-pbx)+(by-pby)*(by-pby));  
 shift=1-(apdist+bpdist)*0.25/length;  
 if(shift<0)shift=0; 
 asum+=shift;  
  

/* Code to check length ratio */ 
 plength=sqrt((pax-pbx)*(pax-pbx)+(pay-pby)*(pay-pby)); 
 if(plength>length) lratio=plength/length-1; 
  else lratio=length/plength-1; 
  lratio=0.5*(1-0.5*lratio); 
  if(lratio<0) lratio=0; 
  asum+=lratio; 
 
 if(asum>sum){sum=asum;a[i][4]=j;att1=para;att2=pdist;att3=shift;att4=lratio;} 
 } 
 
fprintf(fpt,"%d\n",a[i][4]); 
} 
fclose(fpt); 
printf("finished\n"); 
return 0; 
} 
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Program 3: Mixed Logit Modeling 
/* STATA .ado file to simulate mixed logit for two random parameters */ 
 
program define mixedml2 
version 6 
args lnf theta1 theta2 theta3 theta4 theta5 theta6 
 
tempvar p 
quietly gen double `p'=0 
 
local n=1 
 
/* n is the number of simulations */ 
 
while `n'<= 125 { 
local i1=`n' 
local i2=`n' 
local i3=`n' 
local i4=`n' 
 
local h1=0 
local h2=0 
local h3=0 
local h4=0 
 
local pr1=2 /* change pr_ values (prime numbers) for different simulations */ 
local pr2=3 
local pr3=5 
local pr4=7 
 
local d1=1/`pr1' 
local d2=1/`pr2' 
local d3=1/`pr3' 
local d4=1/`pr4' 
 
/* this loop is halton sequence generator */ 
while ((`i1'!=0)|(`i2'!=0)|(`i3'!=0)|(`i4'!=0)){ 
 
local digit1=mod(`i1',`pr1') 
local h1=`h1'+`digit1'*`d1' 
local i1=(`i1'-`digit1')/`pr1' 
local d1=`d1'/`pr1' 
 
local digit2=mod(`i2',`pr2') 
local h2=`h2'+`digit2'*`d2' 
local i2=(`i2'-`digit2')/`pr2' 
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local d2=`d2'/`pr2' 
 
local digit3=mod(`i3',`pr3') 
local h3=`h3'+`digit3'*`d3' 
local i3=(`i3'-`digit3')/`pr3' 
local d3=`d3'/`pr3' 
 
local digit4=mod(`i4',`pr4') 
local h4=`h4'+`digit4'*`d4' 
local i4=(`i4'-`digit4')/`pr4' 
local d4=`d4'/`pr4' 
} 
local h1=invnorm(`h1') /* convert h values to appropriate distribution */ 
local h2=invnorm(`h2') 
local h3=invnorm(`h3') 
local h4=invnorm(`h4') 
 
quietly replace `p'= `p'+ 1/(1+exp(`theta1'+`h1'*`theta3'+h3'*`theta5') 
+exp(`theta2'+`h2'*`theta4'+`h4'*`theta6')) if $ML_y1==0 
 
quietly replace `p'= `p'+ (exp(`theta1'+`h1'*`theta3'+ `h3'*`theta5'))/ 
(1+exp(`theta1'+`h1'*`theta3'+ `h3'*`theta5') + exp(`theta2'+`h2'*`theta4'+`h4'*`theta6')) 
if $ML_y1==1 
 
quietly replace `p'= `p'+ (exp(`theta2'+`h2'*`theta4'+ `h4'*`theta6')) 
/(1+exp(`theta1'+`h1'*`theta3'+ `h3'*`theta5')+exp(`theta2'+`h2'*`theta4'+`h4'*`theta6')) if 
$ML_y1==2 
 
local n=`n'+1 
} 
 
quietly replace `lnf'=ln(`p'/(`n'-1)) 
end 
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Program 4: Changing an Interchange into a single node 

#include <stdio.h> 
#include <stdlib.h> 
#include <math.h> 
#include <limits.h> 
float a[5084][2]; 
 
/* array a stores co-ordinates of the nodes */ 
main() 
{ 
int i,j; 
int newnode[5084]; 
float dist,x,y; 
FILE *init,*fpt; 
 
for(i=0;i<5084;i++) newnode[i]=i; 
init=fopen("coord50.txt","r"); 
for(i=0;i<5084;i++) 
for(j=0;j<2;j++) 
fscanf(init,"%f",&a[i][j]); 
fclose(init); 
fpt=fopen("newnode50-1.txt","w"); 
 
for(i=0;i<5084;i++) 
 { 
 if(newnode[i]>=i) 
  {  
  for(j=i+1;j<5084;j++) 
   { 
   x=(a[i][0]-a[j][0]); 
   y=(a[i][1]-a[j][1]); 
   dist =sqrt(x*x+y*y); 
   if ((dist<=50)&(newnode[j]>i)) newnode[j]=i; 
   } 
  } 
 } 
  
for(i=0;i<5084;i++) fprintf(fpt,"%d\n",newnode[i]); 
fclose(fpt); 
  
printf("finished");  
return 0; 
} 
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Program 5: Identifying probable connecting nodes and building network for new 
constructions. 
 
Code 1: Identifying nodes in the range 0.12 to 2 miles 
 
#include <stdio.h> 
#include <stdlib.h> 
#include <math.h> 
#include <limits.h> 
float a[5059][2]; 
 
main() 
{ 
int i,j,count; 
float dist,x,y; 
int b[5059]; 
FILE *init,*fpt,*cnt; 
 
init=fopen("node-coord.txt","r"); /* File has node number and its co-ordinates */ 
for(i=0;i<5059;i++) 
{ 
fscanf(init,"%d",&b[i]); 
for(j=0;j<2;j++) fscanf(init,"%f",&a[i][j]); 
} 
fclose(init); 
 
fpt=fopen("no-nodes.txt","w"); /* File to write node numbers within the range */ 
cnt=fopen("count.txt","w"); /* File to write number of nodes in the range */ 
 
for(i=0;i<5059;i++) 
 { 
 count=0; 
 for(j=0;j<5059;j++) 
  { 
  x=(a[i][0]-a[j][0]); 
  y=(a[i][1]-a[j][1]); 
  dist =sqrt(x*x+y*y); 
  if ((dist>200)&(dist<3200)&(i!=j)) {fprintf(fpt,"%d\t",b[j]); count+=1;} 
  } 
 fprintf(fpt,"\n"); 
 fprintf(cnt,"%d\n",count); 
 } 
fclose(fpt); 
fclose(cnt);  
return 0; 
} 
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Code 2: Deleting connections that intersect existing roads and building the network 
 
#include <stdio.h> 
#include <stdlib.h> 
#include <math.h> 
#include <limits.h> 
float a[6189][2]; 
 
main() 
{ 
int i,j,k,count,node,cnode,check; 
float x1,x2,x3,x4,y1,y2,y3,y4,u,u1,u2; 
int b[6189]; 
FILE *init,*fpt,*cnt,*net,*enet; 
 
for(i=0;i<6189;i++) b[i]=-1; 
init=fopen("node-coord.txt","r"); /* File has node number and its co-ordinates */ 
for(i=0;i<5059;i++) 
{ 
fscanf(init,"%d",&node); 
b[node]=node; 
for(j=0;j<2;j++) 
fscanf(init,"%f",&a[node][j]); 
} 
fclose(init); 
fpt=fopen("no-nodes.txt","r"); /* File has node numbers of nodes in range */ 
cnt=fopen("count.txt","r"); /* File has number of nodes in range */ 
enet=fopen("enet.txt","r"); /* File has existing network */ 
net=fopen("net.txt","w"); /* File to write new construction network */ 
 
for(i=0;i<6189;i++) 
if (b[i]!=-1) 
 { 
 printf("%d\n",i); 
 x1=a[i][0];y1=a[i][1]; 
 fscanf(cnt,"%d",&count); 
 for(j=0;j<count;j++) 
  { 
  fscanf(fpt,"%d",&cnode); 
  if(cnode>i) 
  { 
  x2=a[cnode][0];y2=a[cnode][1]; 
  check=0; 
  for(k=0;k<5325;k++) 
   { 
   fscanf(enet,"%f %f %f %f",&x3,&y3,&x4,&y4); 
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   u=(y4-y3)*(x2-x1)-(x4-x3)*(y2-y1); 
   if (u!=0) 
   { 
   u1=((x4-x3)*(y1-y3)-(y4-y3)*(x1-x3))/u; 
   u2=((x2-x1)*(y1-y3)-(y2-y1)*(x1-x3))/u; 
   if((u1>0)&(u1<1)&(u2>0)&(u2<1)) check=1; 
   } 
   } 
  if(check==0)fprintf(net,"%d\t%d\n",i,cnode); 
  rewind(enet); 
  } 
  } 
 } 
  
fclose(fpt); 
fclose(cnt); 
fclose(net); 
fclose(enet);  
printf("finished"); 
return 0; 
} 
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Figure A.1: Map of Twin Cities Network 

 


