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CHAPTER 1 

INTRODUCTION 

Studies have shown that there exists an indirect causal relationship between 

capacity increase and travel patterns, which induces growth in vehicle travel (Strathman 

et al 2000).  According to the induced demand hypothesis put forward by Fulton et al 

(2000), additions to highway capacity cause travel to increase.  

The question of whether such a relationship exists and the extent of this 

relationship have been source of controversy for many years.  The presence of this 

relationship also brings up the question of whether capacity expansions provide net costs 

or benefits to the society, as additional travel generates negative externalities. 

Research on the induced demand hypothesis to date has mostly been carried out at 

the aggregate level.  However disaggregation of the travel data is essential to understand 

where induced demand effects are the greatest (Noland 1999).  

The aim of this study is to analyze the induced demand hypothesis at the 

disaggregate level.  The Twin Cities highway network has been chosen for this study and 

the analysis is performed at the link level using a network from the regional planning 

agency and linking it with a traffic counts database and data from the capital 

improvement program.  

For each link in the network, the corresponding feeder, competitor and parallel 

links are identified.  The output of a link, measured as flow, is affected not only by the 

conditions on that link but also by the conditions existing on neighboring links (feeder, 

competitor and parallel links).  It is expected that improving a link would cause an 

increase in traffic on its feeder links and a decrease in the traffic flow on parallel links.  
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One aim of this study is find out to what extent links in a highway network influence 

each other.  Increase in highway capacity on a link induces traffic not only on that link 

but also on neighboring links due to network interactions.  This microscopic focus allows 

us to analyze the induced demand hypothesis in greater detail.  In addition to the flow and 

capacity variables, factors like the population of the Minor Civil Division (MCDs) and 

the adjacent MCDs are also taken as variables in the analysis. 

The study also focuses on network growth in addition to looking at network 

interactions.  This in essence means looking at how the network has grown over time.  

The Twin Cities network for the year 1995 from the Metropolitan Planning organization 

is taken as the base case and the network is built for the years from 1978-1998 using the 

investment data that was obtained from the capital improvement programs.  This study 

thus emphasizes network growth and interactions and how these factors affect the traffic 

flow on a link. 

 The next chapter provides a brief background and description of the studies on 

this topic.  A description of the data sets used for the analysis, the procedures required to 

format the data set for use in this study have been described in Chapter 3.  Chapter 4 

consists of an explanation of the methodology and functional forms used in this study.  

This is followed by a description of the hypothesis formulated, the analyses done and the 

results obtained from the various models in Chapter 5.  Finally a summary of the study 

and the scope for future research have been explained in Chapter 6. 
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CHAPTER 2 

BACKGROUND 

Transportation planners and economists have acknowledged the presence of 

induced travel to changes in road capacity since the 1930s when benefit-cost analyses 

were first applied to road projects.  Recently however there has been an increased interest 

in determining the relationship and size of this travel response to changes in highway 

capacity.  A great deal of attention has been placed on the potential of new construction 

to increase traffic (Kiefer and Mehndiratta 1998).  Strathman et al. (2000) feel that this 

attention has been caused by concerns about the relationship between highway 

construction, air quality and urban development patterns.  Recently there has been 

increased emphasis on strategies that are demand oriented or better manage existing 

infrastructure.  Urban road construction has suffered from diminished finances and 

concerns of adverse environmental effects. 

Hansen and Huang (1997) put forward the point that the difficulty in justifying 

urban road construction programs has caused the relationship between road supply and 

road use to become even more crucial.  If the relationship between road supply and road 

use were very strong then it would be difficult to justify road construction programs.  If 

however the relationship is not very strong, then the construction programs could be 

justified in terms of increased mobility and energy efficiency.  

 According to Strathman et al. (2000) induced growth in vehicle travel refers to an 

indirect causal relationship between increases in capacity and increases in travel patterns.  

Increase in capacity is considered the stimulus and increase in travel is considered the 

result of this stimulus. The hypothesis put forward by Noland  (1999) is that increasing 
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the capacity of a highway corridor attracts increased vehicle traffic. The basic theory of 

induced demand can be explained using the economic theory of supply and demand.   

From an economic perspective, the demand for travel is influenced by cost.  The 

cost of travel consists of the fixed capital costs of a vehicle inclusive of fuel and 

maintenance costs and the variable travel time costs.  A highway capacity increase would 

reduce travel time and thus increases overall demand.   

Figure 2.1 illustrates the induced travel hypothesis.  S1 represents the supply 

before the capacity expansion took place and S2 represents the supply after the capacity 

expansion.  S2 is shifted downward with respect to S1 indicating that the same demand is 

met at a lower cost than before the capacity expansion.  The increase in travel or induced 

travel in terms of Vehicle Miles Traveled (VMT) is indicated by Q1-Q2.  The figure 

shows that the change in supply reduces the cost of travel and this in turn increases the 

amount of travel.   

 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 2.1: Induced Travel Hypothesis 
(Source: Noland 1999)
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The quality and quantity of traffic data have limited analyses of induced travel.  

Further the results differ based on the methodologies and data sources used.  Moreover 

the cumulative effect of this phenomenon should be taken into account in analyses since 

induced travel does not occur instantaneously. Using the 1995 National Personal 

Transportation Survey (NPTS), Strathman et al. (2000) looked at the relationship 

between road capacity and vehicle miles of travel (VMT). The study used a sample of 

12000 respondents from 48 urban areas in the 1995 NPTS and concluded that VMT was 

related both directly and indirectly to road capacity. The study also found that VMT was 

related to vehicle ownership, socio-economic characteristics, urban scale and commuting 

distance.  

Another study carried out by Noland (1999) also concluded that the induced 

demand hypothesis should not be rejected. This aggregate study used a cross-section of 

data from the 50 U.S. states between the years 1984-1996.  The results showed a 

significant relationship between lane miles and VMT. Though there were other factors 

like population growth that contributed to increased VMT, increases in capacity 

accounted for nearly one quarter of this growth.  

Fulton, Noland, Meszler and Thomas (2000) looked at the induced demand 

hypothesis in the U.S. Mid-Atlantic region using county level data from Maryland, 

Virginia, North Carolina and Washington, D.C.  The results from this study showed a 

significant relationship between lane miles and VMT. The study showed that a 10% 

increase in lane-miles causes a 2-6 % increase in total VMT. The results from the study 

were generally significant and robust across the geographic areas considered.  The 
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Granger causality test that was conducted in this study showed that changes in travel 

were preceded by changes in lane miles.  

Pfleiderer and Dieterich (1995) have argued about the presence of induced 

demand on the basis of law of constant travel time budget.  Levinson and Kanchi (2000) 

developed a model to study the change in time use using the 1990 and 1995 NPTS data. 

The study tried to identify how travel time and activity durations change with change in 

capacity. The study concluded that increases in highway capacity cause small but 

significant changes in individual daily travel behavior and activity patterns.  

Hansen and Huang (1997) estimated the relationship between state highway lane 

miles and VMT using panel data between the years 1973-1990 for the state of California. 

The results show an elasticity of 0.6-0.7 at the county level and an elasticity of 0.9 at the 

metropolitan level between state highway lane miles and VMT.  The immediate effect of 

adding lane miles is about 0.2% at the metropolitan level and increases to a level of 0.9% 

in a 4-year period (Hansen 1995).  The authors conclude that increasing road capacity 

doesn’t do much to reduce congestion in the long run.  

 According to Dowling and Colman (1995) an increase in highway capacity, 

which brings about improvements in road congestion and travel times, also has an effect 

on the travel behavior of motorists. The associated behavioral changes are complex and 

can be seen in both the short and long run.  The short run changes include changes in 

route choice, time of the day the trips are made, mode choice, trip frequency and chaining 

and destination choice.  The long run changes are changes in automobile ownership, 

residential location, employment location and land development patterns. 
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Studies have concluded that there are many other factors that contribute to 

increased VMT.  Kiefer and Mehndiratta (1998) identify some of the factors as growth in 

population, decreasing household sizes, saturation of vehicle availability phenomenon 

and the effect of dispersion of residences and the work.  These factors play a role in 

determining demand and increasing growth in urban travel independent of the supply. 

The authors feel that what is actually seen is a disproportionate share of this growth, 

which has manifested itself on certain corridors with improved levels-of-service.   In this 

study the authors put forward the point that the high growth in traffic and Single 

Occupancy Vehicles (SOV) usage in particular is not due to induced travel alone.  Some 

portion of this growth especially the post war trends, can be attributed to the 

socioeconomic and demographic changes. The authors however feel that these 

socioeconomic and demographic changes have stabilized or are likely to reach their 

maximum soon.  

A recent study was carried out at the University of California, Davis by 

Mokhtarian et al (2001).  This study tests the existence of induced demand using a 

matched- pair approach.  Eighteen California Highway segments were considered and 

these segments were paired with control segments such that improved segments were 

paired with unimproved ones.  The study used the average daily traffic data (ADT) and 

design-hour-traffic-to-capacity (DTC) ratios for 21 years from 1976-1996.  The study 

concluded that there was no difference in the growth rates between the improved and 

unimproved segments. The authors however feel that the induced traffic effect due to 

capacity changes on existing facilities can be very small and hence its detection in such a 

study might not be possible without a large sample size. 
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From the studies it seems difficult to reject the induced demand hypothesis.  On 

the one hand, it is seen that increasing capacity reduces the cost of travel and results in 

greater travel and overall mobility.  The Fulton et al. (2000) study indicates that the 

downside of increasing capacity is that the benefits from congestion reduction would be 

lost over time due to increased travel. The results from the studies show that 

transportation planners and policy makers should take induced demand into 

consideration.  

A summary of the elasticity estimates obtained in the various studies are shown in 

the table below: 

Study Elasticity 
Dowling and Colman (1995) 0.3-0.5 % increase in trip generation due to congestion 

relieving projects 
Fulton et al. (2000) 0.2-0.6 increase in VMT due to 1% increase in lane miles 
Hansen and Huang(1997) 0.6-0.7 increase in VMT due to 1% increase in lane miles 

(County Level)  
0.9 increase in VMT due to 1% increase in lane miles  
(Metropolitan Level) 

Noland (1999) 0.2-0.5 increase in VMT due to 1% increase in lane 
miles(Short run estimates) 
0.7-1.0 increase in VMT due to 1% increase in lane miles 
(Long run estimates) 

Strathman et al. (2000) 0.29% direct effect for 1%increase in  road capacity 
0.033%  indirect effect for 10% increase in road capacity 

Table 2.1: Tabulation of elasticity estimates obtained by different studies 
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CHAPTER 3 

DATA DESCRIPTION 

3.1 Introduction 

The data used in the analysis are as follows: 

• Highway network data provided by the Metropolitan Planning Council for the Twin 

Cities  

• Average Annual Daily Traffic (AADT) data provided by the Minnesota Department 

of Transportation (MnDOT)  

• Population estimates for the Minor Civil Divisions (MCDs) provided by the State 

Demographic Center at Minnesota Planning  

• Investment data obtained from the  

 Transportation Improvement Program for the Twin Cities Metropolitan Area 

published by the Metropolitan Council 

 Hennepin County Capital Budget published by Hennepin County.  

The following sections of this chapter provide a description and summary of the data 

used, the merging method, identification methods and the network building procedures 

used in preparing the final data set used in the analysis. 

3.2 Data 

The network data were obtained for the year 1995.  The data contain information 

on the highway network given by links, which are defined by the start and end node 

respectively.  In addition the data contain information on the length of the link, the 

number of lanes on the link, capacity and modeled traffic flows on the link.  Each link 

has a coded road type and location.  A summary of the 1995 highway network for the 
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various road types has been attached (Table 3.1).  In addition to the above data the 

network map in GIS format was also obtained from the Metropolitan Council, which 

contained each link's attributes. 

 Interstates Trunk Highways Hennepin County 
Highways (CSAH) 

 Number of 
links 

Total link 
length 
(Kms) 

Number of 
links 

Total link 
length 
(Kms) 

Number of 
links 

Total link 
length 
(Kms) 

Total 1193 710.45 2138 1807.73 1658 1023.50 
Table 3.1: Summary of the 1995 Highway network of the Twin Cities Metro Area 

classified by road type 
(Note: These links are the ones that were considered for analysis) 

 

The traffic counts data in the form of Annual Average Daily Traffic (AADT) 

were obtained from the Minnesota Department of Transportation (MnDOT).  The AADT 

database contains the traffic volume for each roadway segment for the various years from 

1978-1998.  The AADT represents an estimate of the daily volume of all motorized 

vehicles for the segments, the segments being defined by MnDOT.  The counts are taken 

between April and November and are taken only on weekdays.  The counts are then 

adjusted to AADT using factors to account for the seasonal and weekend variations in 

traffic (Office of Transportation Data and Analysis, MnDOT).  

The traffic counts data obtained from MnDOT had many limitations.  First 

MnDOT has less confidence in data prior to 1992.  Second traffic counts couldn’t be 

obtained for road types below the County State Aided Highways (CSAH) level.  Third 

for a very large number of links in the network the change in flow between the years 

were negative. Table 3.2 summarizes the change in Vehicle Kilometers Traveled (AADT 

multiplied by link length) and lists the number of links where the change in VKT found 

to be negative.  However this traffic counts data was used since these were the best 
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estimate of traffic on the network that could be obtained.  Also the lack of data for certain 

types of roads doesn’t create much of a problem here since the analysis focuses on 

Interstates, Trunk Highways and CSAH roads for which data was available.  Further the 

reduction in VKT on the links doesn’t actually indicate that the counts are wrong since 

the volume on links can see actually see a decrease due to factors like changes in 

economy, new construction and changing demographics. 

 
Summary of ∆VKT (VKTt-VKTt-2) 

Year Interstates Trunk Highways CSAH 
 <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 3.2: Summary of ∆VKT 

(Note: Only link used in the analysis indicated) 
 

The population estimates for the Minor Civil Divisions (MCDs) in the Twin 

Cities area from 1980-2000 were obtained from the State Demographic Center at 

Minnesota Planning while the electronic map for the MCDs in GIS format was obtained 

from MetroGIS.  The electronic map of the MCDs obtained from MetroGIS contains a 

polygon layer of the counties and MCDs in the 7-county Twin Cities metropolitan area. 

The Census Bureau defines an MCD as "a primary government such as, a 

Township or an administrative subdivision of a county such as, a precinct or magisterial 

district" for demographic census purposes.  MCDs are primary political or administrative 
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divisions with a wide variety of governmental and/ or administrative functions 

(Decennial Management Division Glossary, 1999).  The Census Bureau recognizes 

MCDs in 28 states and provides data for these MCDs in all its data products 

(Demography Helpline, State Demographic Center).  The population estimates obtained 

from the State Demographic Center at Minnesota Planning didn’t have the population 

estimates for the year 1989.  Hence the estimates for this year were obtained by 

interpolation 

The investment data as indicated was obtained from two sources. The data from 

the Transportation Improvement Program for the Twin Cities Metropolitan Area provided 

information on the Interstates and Truck Highways in the 7 counties.  The data from the 

Hennepin County Capital Budget provided information on the County State Aided 

Highways (CSAH) in the Hennepin County.  The investment data obtained from these 

two sources provided information on the new links constructed and the expansion to the 

existing links for the years 1978-1998.  A summary of this data is provided in Table 3.3.  

3.3 Data Merging 

The three different data sources had to be merged to get a final network database. 

First the network data had to be merged with the AADT data so that each link on the 

network had the corresponding AADT associated with it.  This was done using a C 

program. The next merging was the merging of the MCD data with the network data. 

This merging was done using ARCVIEW GIS.  The MCD map was overlaid on the 

network map and from this we were able to identify the MCD to which each link belongs.  

A graphical description of the merging done in GIS is given in Figure 3.1. 
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The results of this merging gave a final database, which contained information 

about the links and their characteristics, the AADT on the links, the MCD to which it 

belongs and the population estimates for the MCD.   

Year No: of Projects in 
TIPS 

Total cost of 
projects in TIPS 

No: of Projects in 
Hennepin County Budget 

Total cost of projects in 
County 

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 3.3: Summary of Investment Data 
Note:  
Costs are in 1000’s of dollars 
Projects costing more than a million or of length more than 1.6 km only have been 
included 
Sources:  
Transportation Improvement Program  
Hennepin County Capital Budget 
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Fig 3.1: Merging of the network data with the MCD data in GIS 
 

 

3.4 Identification of neighboring links in the network 

Each link in the network was represented as a one-way link. For each link in the 

network, the feeder, competitor and parallel links were obtained using a C program and 

the results were checked with the network map.  

Feeder links are those that are connected to the link in question and have flow in 

the same direction as the link in question.  Competitor links are also connected to the link 

in question but have flows in the opposite direction. Parallel links are those that are not 
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Figure 3.3: Identifying parallel links in a network 
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Figure 3.2: Feeder and competitor links in a network 

connected to the link in question. These links bear the maximum traffic when the link in 

question was to be eliminated.   A graphical description of the feeder, competitor and 

parallel links is given in Figure 3.2 and Figure 3.3. 
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Hence for each link in the network the feeder, competitor and parallel links were 

identified.  The AADT of the feeder, competitor, and parallel links were obtained and 

summed to get the AADT in the feeder links, AADT in the competitor links and AADT 

in the parallel links.  For analysis purposes the AADT in the link was converted into 

Vehicle Kilometers Traveled (VKT) by multiplying the AADT on the link with the link 

length converted into Kilometers. 

For each MCD the adjacent MCDs were identified from the GIS map. The 

corresponding population estimates were summed to get the adjacent MCD population. 

Hence each link in the network was associated with population of both the MCD to 

which it belongs and the population of the adjacent MCDs. 

3.5 Network Building  

 The next step was to build the network for the various years. The 1995 network 

was used as the base year network.  The investment data provided information on the lane 

additions in the links for the various years.  Using this information, lanes were added to 

or subtracted from the base year network to build the network for the various years.  The 

built network contained 8281 links for a period of twenty years from 1978-1998.  A 

graphical description of the network building procedure that was followed is given in 

Figure 3.4. 
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The investment data could be obtained for the CSAH roads in Hennepin County 

alone.  Due to this the CSAH roads in counties other than Hennepin were removed from 

the analysis. Investment data was however obtained for the Interstates and Trunk 

Highways in all the 7 counties in the Twin Cities Metropolitan Area (Anoka, Carver, 

Dakota, Hennepin, Ramsey, Scott and Washington).  So the analysis concentrated on the 

Interstates and Trunk Highways in those 7 counties and the CSAH roads in Hennepin 

County. 

Further there were many other erroneous links.  Many links in the network had no 

traffic count though the link existed.  Also many links had traffic flows on them even 

though the link didn’t exist in the regional planning network.  Such links were removed 

from the data set and were not considered for analysis.  Table 3.4 contains a list of the 

number of links that were removed from the analysis.  The final network used for 

analysis consisted of 4989 links belonging to road types- Interstates, Trunk Highways 

and CSAH roads in Hennepin County. 

The data set was separated by road type namely Interstates, State & US Trunk 

Highways and CSAH roads in Hennepin County.  The traffic flow in terms of VKT was 

pooled for the years 1978-1998 for each road type.  In addition to the network variables, 

the population estimates of the MCDs and adjacent MCDs were also pooled.  Since the 

population estimates were available from 1980 only, the final data set used was a panel 

data set of the network for the years 1980-1998.  

 Number of links  
Links in built network initially 8281 
Remove CSAH links in all other counties 
except Hennepin County 

2592 

Remove links with lanes>0 but aadt==0 630 
Remove links with lanes=0 and aadt>0 70 

New Total 4989 
Table 3.4: Erroneous links in the network, which were removed 
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CHAPTER 4 

METHODOLOGY 

4.1 Introduction 

There are many approaches that can be used for analyzing the induced demand 

hypothesis. The analysis in this study uses 2 estimation procedures namely Ordinary 

Least Squares estimation and Maximum- Likelihood estimation.  The 2 estimation 

methods are applied to 2 functional forms namely the linear difference model and log-

linear difference model.  

This chapter highlights the approaches used in the analysis.  The following 

sections explain the theory behind the estimation procedures and functional forms and 

their application to the data set.  

4.2 Theory 

The general form of 2 -variable linear regression model is as follows (Pindyck & 

Rubinfeld 1998, Greene 1993) 

    

Yi = ! + "Xi +#i ,        i = 1, ...........n

where

Y = Dependent or explained variable 

X = Independent or explanatory variable

# = random error term

! = constant term or intercept

" = slope

i =  index of the n sample observations
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The matrix form of the above model is given as follows (Pindyck & Rubinfeld 1998): 
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Y = N *1 column vector of dependent variable observations

X = N * k matrix of independent variable observations

! = k *1 column vector of unknown parameters

" = N *1 column vector of errors

 

The simple regression model has the following assumptions (Pindyck & Rubinfeld 1998, 

Greene 1993): 

• The relationship between Y and X is linear and the functional form is as given above 

• The disturbance or error term has a zero mean, that is, E (ε)=0 

• The error term has a constant variance for all observations, that is, E (ε2)=σ2.  This is 

also called Homoscedasticity. 

• The random variables εi are statistically independent, that is, E (εiεj)=0 ∀i≠j 

• X is a non-stochastic variable and its value is fixed 

• The error term is normally distributed. 

The above regression model can be estimated in many ways and two of the 

methods that are used in this analysis are explained below.   

In the Ordinary Least Squares estimation procedure, the aim is to obtain a 

vector of parameters 
  
!
^

, which minimize the residual sum of squares (Pindyck  & 

Rubinfeld 1998, Baltagi 1999). 
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The residual sum of squares (RSS) is given as:

RSS= e
i

2

i =1

N
! = " e e

e is given by Y # X $
%

$
%

 denotes the guess on the regression parameter

The least - squares estimator is obtained by minimizing the RSS as follows:

&RSS

& $
^

= #2XY + 2 " X X $
^

= 0

$
^

= " X X( )
#1

" X Y( )

 

The basis of the Maximum Likelihood Estimation procedure is that different 

populations produce different samples and that one sample is more likely to have been 

obtained from some populations than others (Pindyck  & Rubinfeld 1998).   In the 

maximum likelihood estimation procedure the distribution being sampled is specified and 

the joint density of the sample obtained based on this.  The joint density is simply the 

likelihood function as it gives the probability of obtaining the sample of observations for 

a given distribution (Baltagi 1999).  

In case of the regression model, the likelihood function is obtained by specifying 

the nature of the disturbances (normal, exponential etc). The values of the regression 

parameters are obtained by maximizing the likelihood function with respect to the 

parameters.  

The individual probability distribution for the regression model 
  
Yi = ! + "Xi +#i  

assuming a normal distribution can be written as follows: 
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  For convenience the natural log of the likelihood function is taken, called the Log- 

Likelihood function and this function is maximized with respect to each parameter. The 

Log-Likelihood function is given as: 

    
logL = ! N 2( ) log 2"( )! N

2
# 
$ 

% 
& log '2# 

$ 
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& 
) ! '2 2# 

$ 
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& 
) Yi !* ! +Xi( ),

2  

 The Log-Likelihood function given above is maximized with respect to α, β and 

σ2 and the values obtained are the maximum likelihood estimates. 

The advantage of the maximum likelihood estimation procedure over the least 

squares estimation procedure is that the estimators obtained are consistent under a broad 

set of conditions, asymptotically efficient for large samples and asymptotically normal  

(Pindyck  & Rubinfeld 1998, Baltagi 1999).  Least squares estimation on the other hand 

gives estimators that are inefficient and inconsistent at times.  The disadvantages of the 

MLE procedure are that the estimators obtained are biased even when consistent and that 

the estimation procedure requires a very clear assumption about the distribution of the 

disturbances.  It is easy to compute the maximum likelihood estimators when the 

equation to be estimated is linear.  On the other hand, the MLE process becomes 

complicated when the equations are not linear.  Further the computation time for the 

MLE is much higher than the least squares estimation and in many cases the procedure 

doesn’t converge to a solution.  
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4.2.1 Functional Forms: Linear model vs. Log linear model 

 A linear model is one that specifies a linear relationship among the variables.  

The log linear model on the other hand is a transformed linear model wherein the 

variables are log-transformed.  

    

The linear model is given as (Baltagi 1999)

yi = b j X ij + ! sZis
s =1

l
" + ui

j = i

k
"       i= 1,2,........n

The log linear model is given as 

log yi = b j log X ij + ! sZis
s =1

l
" + ui

j = i

k
"       i =1,2 ,........n

 

In the linear model the parameter estimates obtained have interpretations as marginal 

effects.  In the log-linear model the parameter estimates obtained have interpretations as 

elasticities.  The log transformation holds only when all the observations in the data set 

are positive (Whistler 2000). 

 The analysis involves use of both functional forms and both estimation methods 

separately to each of the road types namely Interstates, Trunk Highways and CSAH roads 

in Hennepin County.  
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4.3 Models 

4.3.1 Linear difference model 

A linear difference model is used in this analysis which is given below: 

    

!Q = f (!Q1,!Qp1
,!L1,!Lp1

,!P1 ,!Pa1 ,Qt ,Qpt
,Lt,Lpt

,P1,Pa1 ,D )

where:

t = base year

!Q = Change in VKT on the link between time t + n and t

!Q1 = Change in VKT on the link between time t and t - n

!Qp
1
= Change in summed VKT on the parallel links between time t and t - n

!L1 =  Change in the number of lanes on the link between time t and t - n

!Lp
1
= Change in the summed number of lanes on the parallel links between time t and t- n

!Pt =  Change in the population of the MCD to which the link belongs, between time t and t - n

!Pat = Change in the summed population of the adjacent MCDs between time t and t - n

Qt = VKT in the link at base year t

Qpt
=  Summed VKT in the parallel links at base year t

Lt = Number of lanes in the link at base year t

Lpt
=  Summed number of lanes in the parallel links at base year t

Pt =  Population of the MCD to which the link belongs, at base year t

Pat =  Summed population of the adjacent MCDs, at base year t

D =  Dummy variable for the base years

n =  lag year = 2, 4, 6, 8

 The aim of the difference model given above is to predict the change in VKT on a 

link based on the changes occurring in the previous years.  The dependent variable is the 

change in VKT of a link (VKTt+n - VKTt).  The independent variables are the change 

variables of the previous years and the base year variables.  The change variables refer to 

the difference in the value of the variable at time t and time t-n [(t)-(t-n)] while the base 

year variable refers to the value of the variable existing at time t.  
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The traffic counts obtained from MnDOT are updated only once every two years 

on many links.  Due to this the value of the lag variable n was set at 2 and multiples of 2 

namely 4, 6 and 8. Hence the basic difference model given above has 4 different sub-

types: the 2-year lag model, the 4-year lag model, the 6-year lag model and the 8-year lag 

model.  Also, only even years are considered in the analysis.  Another reason to use the 4 

lag models is to account for both the short run and long run effects that are likely to be 

seen due to changes in the network.  

Table 4.1 illustrates the way in which the dependent variable and independent 

variables have been calculated in each of the 4 sub-types of the difference model 

Sub-Types Dependent variable Independent variables 
2- year lag(n=2) (t+2)-(t) (t)-(t-2) 
4- year lag(n=4) (t+4)-(t) (t)-(t-4) 
6- year lag(n=6) (t+6)-(t) (t)-(t-6) 
8- year lag(n=8) (t+8)-(t) (t)-(t-8) 

       Table 4.1: Method of calculating the variables in the model 

The analysis of each of the road types namely Interstates, Trunk Highways and 

CSAH roads in Hennepin County are done separately.  Also each road type is analyzed 

using the four different sub-types of the difference model given above. In total 12 

different trials of the basic difference model are carried out, which are listed in the Table 

4.2 below 

 Sub-Types 
Road Type 2-year lag  

(n=2) 
4-year lag 
(n=4) 

6-year lag 
(n=6) 

8-year lag 
(n=8) 

Total 

Interstates         4 
Trunk Highways         4 
CSAH         4 
Total 3 3 3 3 12 

Table 4.2: Trials of the difference model 
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Each sub-type of the difference model is constrained by the data set available.  

The data set used in this analysis is a pooled data set from 1980-1998 for each of the road 

types described in the previous chapter.  The independent variables in each version are 

calculated as [(t)-(t-n)].  The constraint for each sub-type of the difference model is that 

for the independent variables, t-n should be ≥1980, which limited the years that could be 

considered and consequently the sample size.   Table 4.3 indicates the years considered 

and the sample size on each road-type.  

Interstates Trunk Highways CSAH  
Sub-Types Years 

considered 
Sample 
size 

Years 
considered 

Sample 
size 

Years 
considered 

Sample 
size 

2- year lag 1984-1998 8736 1984-1998 16392 1984-1998 13264 
4- year lag 1988-1998 6552 1988-1998 12294 1988-1998 9948 
6- year lag 1992-1998 4368 1992-1998 8196 1992-1998 6632 
8- year lag 1996-1998 2184 1996-1998 4098 1996-1998 3316 

Table 4.3: Sample sizes and years considered in each model 
 

The analysis of the linear difference model is carried out as indicated above and the 

results are attached in the Appendix. 

4.3.2 Log-linear model 

The log-linear model used for analysis is given below 
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!Q = f(!Q"1 ,!Q+1 ,!Qp"1
,!Qp+1

,!L1,!Lp1
,!P"1 ,!P+1 ,!Pa"1 ,!Pa+1,

            Qt ,Qpt
,Lt ,Lpt

,Pt ,Pat ,D)

where:

t = base year

!Q = Change in VKT on the link between time t + n and t

!Q"1 =  Natural log of the absolute change in VKT(< 0) on the link 
              between time t and t - n

!Q+1 =Natural log of the change in VKT(# 0) on the link 
              between time t and t - n

!Qp"1
=Natural log of the absolute change in summed VKT(< 0) on the parallel links 

               between time t and t - n

!Q p+1
=Natural log of the change in summed VKT(# 0) on the parallel links 

               between time t and t - n

!L1 =  Change in the number of lanes on the link between time t and t - n, 
           incremented by one

!Lp
1
= Change in the summed number of lanes on the parallel links between time t and t- n,     

            incremented by one

!P"1 =  Natural log of the absolute change in the population of the MCD(< 0) to which the link belongs to, 
             between time t and t - n

!P+1 =Natural log of the change in the population of the MCD(# 0) to which the link belongs to, 
             between time t and t - n

!Pa"1 = Natural log of the absolute change in the summed population of the adjacent MCDs (<0)
              between time t and t - n

!Pa+1 =Natural log of the change in the summed population of the adjacent MCDs (# 0)
              between time t and t - n

Qt = VKT in the link at base year t

Qpt
= VKT in the summed parallel links at base year t

Lt = number of lanes in the link at base year t

Lpt
= number of summed lanes in the parallel links at base year t

Pt = Population of the MCD to which the link belongs, at base year t

Pat =  Summed population of the adjacent MCDs, at base year t

D =  Dummy variable for the base years

n =  lag year = 2, 4, 6, 8
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The log linear model analysis uses the difference terms obtained in the linear 

difference model.  The key difference between the models is the way in which the 

variables have been considered in the analysis.  The difference model uses the actual 

difference variables whereas the log-linear model uses the natural log of the difference 

variables. 

The dependent variable in this model is again the change in flow on a link given 

by (VKTt+n - VKTt).  The aim of this model is to predict the change in flow on a link in 

the future years based on the conditions (flow, capacity and population) on the link and 

the neighboring links in the previous years. This model however separates the change 

variables into positive and negative and analyzes the behavior of these variables 

separately. 

There are some problems in using the natural log of the difference variables.  For 

many of the observations the change in VKT on the links, change in VKT on the parallel 

links, the change in population estimates of the MCDs and the adjacent MCDs are 

negative or equal to zero.  The natural log of these variables shows up as missing values 

in the analysis.   Also for most of the links the change in the number of lanes on the link 

and the parallel links is equal to zero, which again show up as missing observations when 

the natural logs of the lane variables are taken.  This results in a steep decrease of the 

sample data set that can be used for analysis 

A slight variation of the log-linear model is used to overcome this problem.  The 

steps followed to overcome this problem of missing observations is shown below: 
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For each observation, the difference variable for the lanes is incremented by one.   

That is the change in the number of lanes and number of lanes on the parallel links is 

incremented by one and these incremented values are stored in separate variables. 

Observations where the difference in flows (both on the links and parallel links) is 

negative are replaced by its absolute value.  These observations are stored in 2 separate 

variables, one variable for the links and one variable for the parallel links.  Observations 

where the difference in flows (both on the links and parallel links) is positive or equal to 

zero are left as such and are stored in 2 separate variables, similarly created for the links 

and for the parallel links.  Within these separate variables, observations with change in 

flows equal to zero are replaced by one. 

The natural logs of the absolute negative and positive flow variables are taken.  

The natural logs of the incremented lanes and parallel lanes variables are also obtained.  

Each missing observation in the flow variables created above is replaced by zero if the 

original change variable for the links and parallel links is not a missing variable.  

Observations with missing values in the original flow variables are left as such. 

The log variables hence act as quasi- dummy variables that take the log of the 

absolute value if the original difference variable exists and takes the value zero if the 

original difference variable doesn’t exist 

The above steps help overcome the problem of missing observations in the log 

model.  Similar to the difference model, this analysis is carried out separately for the 3 

different road types namely Interstates, Trunk Highways, and CSAH roads in Hennepin 

County.   This model also has 4 different sub-types similar to the difference model: the 2-

year lag model, the 4-year lag model, the 6-year lag model and the 8-year lag model and 
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has the same constraints as the difference model.  In this model also 12 trials are carried 

out.  

Both models are similar in the variables that are being used for the analysis. Also 

in both the linear model and the log-linear model dummy variables have been introduced 

for each base year.  This has been done to see the behavior of each base year dummy 

variable rather than using the variable year as a continuos variable in which the effect of 

the base year dummies can not be clearly seen. 

The analysis has been done using both the functional forms and the estimation 

methods for all the 3 road types and 4 lag models. 
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CHAPTER 5 

INDUCED DEMAND ANALYSIS 

5.1 Introduction 

This chapter examines the induced demand analysis carried out using the data set.  

First the hypotheses formulated for the various variables in the analysis have been 

explained.  Next the application of the estimation methods and functional forms to the 

data set are described.  This is followed by a description and interpretation of the results 

obtained.  Finally the chapter compares the linear and log-linear model.   

5.2 Hypothesis 

The aim of this analysis is to predict the change in Vehicle Kilometers Traveled 

(VKT) on a link, based on the conditions existing in the previous years.  In essence we 

would be predicting the future flows on the link based on the flow and capacity 

conditions on the link and the neighboring links.  

The number of lanes serves as an estimate for supply on the link and the VKT 

serves as an estimate for demand.  The analysis focuses on how changes in capacity given 

by lane additions and expansion would have an effect on the traffic flow in the link.  In 

addition to looking at the influences of the changes on the link on traffic flow, the 

analysis examines the changes on neighboring links.   

An important point to note is that the feeder and competitor links are not 

considered in this analysis.  The basic runs of the models for each road type showed that 

the coefficients for these links were not significant, so they were dropped from the 

analysis. 
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The hypotheses considered are as follows: 

An increase in the number of lanes on the link will increase the VKT on the link 

in future as an increase in capacity causes the same demand to be met at a lower cost and 

more traffic will be induced.  Similarly the capacity of the link in the base year is 

expected to have a positive influence on the VKT on the link in future. 

An increase in the VKT in the previous years is expected to have a positive effect 

on the VKT in future years, which reflects the continuing of trends in traffic flow over 

time.  The VKT on the link in the base year is also expected to have a positive influence 

on the VKT on the link in the future years.  

The higher the change in the number of lanes on the parallel links, the lesser will 

be the VKT on the link.  The parallel links can handle more flow due to the increase in 

capacity and they act as substitutes to the link.   In the same manner the higher the 

number of lanes on the parallel links in the base year, the lesser will be the VKT on the 

link in future years. 

The influence of the change in VKT on the parallel links on the VKT on the link 

in future years is not clear.  The change in VKT on the parallel links can influence the 

VKT on the link in future years in either a positive or negative manner.  Similarly the 

VKT on the parallel links in the base year can cause the VKT on the link in future years 

to either increase or decrease.   

An increase in the population of the Minor Civil Divisions (MCD) (and adjacent 

MCDs) to which the link belongs in the previous years causes the traffic flow on the link 

to increase due to the extra traffic that the rise in population generates.  The population 
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variables for the base year, both for the MCDs and adjacent MCDs are expected to have a 

similar positive influence on the dependent variable.  

The various hypotheses listed above are tested on the pooled data set described 

previously.  The hypotheses are tested using the linear and log-linear difference model 

and using both the least squares estimation and maximum-likelihood estimation 

procedures.  The results obtained from the analysis are presented below. 

5.3 Results 

5.3.1 Linear Difference model-OLS estimation 

 The linear difference model is estimated by both Least Squares estimation and by 

Maximum Likelihood estimation. The aim of the analysis is to predict the change in VKT 

on a link based on the conditions existing in the neighboring links and other socio-

demographic variables in the previous years. The analysis is carried out separately for 

each road type. The results obtained from the OLS estimation are summarized in Table 

5.1.  The results for each individual model are attached in the appendix (A1-A12) 

 The results indicate the behavior of the explanatory variables for all road types 

considered separately and for all lag models.  Some of the variables have shown a 

variation in their behavior with respect to the road type indicating that the road type has 

an influence on the variable.  

Considering the lane variable, it is seen that the change in the number of lanes on 

a link in the previous years has a positive effect on the change in flow in 8 of the12 

models and a negative effect in 2 of the 12 models.  This indicates that as the number of 

lanes in the link increases, flow can be expected to increase, which in general confirms 

our induced demand hypothesis. 
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The coefficients of the base year lane variable vary from being insignificant in 2 

of the models, negative and significant in 6 of the 12 models to positive and significant in 

4 of the 12 models.  Overall it can be said that the number of lanes on the link in the base 

year has a negative influence on the VKT.  

The change in VKT on the link in previous years has a negative effect on the 

change in VKT in 9 of the 12 models and a positive effect in just 1 of the 12 models 

which, in general contradicts our hypothesis.  We may be seeing an equilibration process 

as travelers reroute over time to find the shortest time path in a changing environment. 

The VKT of the link in the base year influences the VKT in a positive manner in 

8 of the 12 models and influences the VKT in a negative manner in 3 of the 12 models.  

The results hence in general influence the VKT in a positive manner and are in line with 

what was hypothesized. 

The change in the number of lanes on the parallel links is insignificant in 5 of the 

12 models, positive and significant in 6 of the 12 models and negative and significant in 

only 1 of the 12 models.  The results indicate that, in general, an increase in the number 

of lanes on the parallel links causes the VKT on the link to rise thus contradicting our 

hypothesis  

The number of lanes on the parallel links in the base year has a negative influence 

on the VKT on the link in 9 of the 12 models and is insignificant in 3 of the 12 models. 

Overall, the higher the number of lanes on the parallel links, the lower will be the VKT 

on the link in future years, which is in line with our hypothesis.  

The change in VKT on the parallel links is insignificant in 5 of the 12 models, 

negative and significant in 6 of the 12 models and is positive and significant in 1 of the 



 36 

12 models.  This indicates that, in general, the change in VKT on the parallel links in the 

previous years has a negative effect on the VKT on the link in future years  

The VKT on the parallel links in the base year also has a positive influence on the 

VKT on the link in 8 of the 12 models and a negative influence in 4 of the 12 models.  

This indicates that, in general, as the VKT on the parallel links in the base year increases, 

the VKT on the links in future can also be expected to increase. 

 The change in population of the surrounding Minor Civil Division (MCD) has a 

positive effect on the VKT on the link in 7 of the 12 models, a negative effect in 2 of the 

12 models and is insignificant in 3 of the 12 models.  Overall, an increase in the 

population of the MCD to which the link belongs causes the VKT on the link in future 

years to increase, which is what was hypothesized.  

 The coefficients for the population of the MCD in the base year to which the link 

belongs has a negative and significant effect in 7 of the 12 models and a positive and 

significant effect in 3 of the 12 models which, in general, contradicts the hypothesis.  

Larger stable jurisdictions do not produce a change in VKT, while growing MCDs do. 

The change in the population of the adjacent is insignificant in 7 of the 12 models.  

The coefficient for the change in population of the adjacent MCDs is negative and 

significant in 3 of the 12 models and positive and significant in 2 of the 12 models.  Thus, 

in general, the change in population of the adjacent MCDs doesn’t seem to have an 

influence on the VKT on the link in future years.   The coefficients of the adjacent MCDs 

in the base year shows a significant negative effect on the VKT on the link in future years 

in 11 of the 12 models and doesn’t seem to have any influence in the remaining model, 

which, in general, contradicts our hypothesis.  Another point is that the base year dummy 
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variables considered in each lag model are in most cases highly significant and negative 

indicating that the change in VKT on the link has shown a decrease over the years. 

 The results indicate that the VKT on a link in future years is affected by the flow 

and capacity conditions existing on the link in the previous years.  The influence of the 

conditions existing on the neighboring links doesn’t seem to be very clear from the 

results.  
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Dependent variable = Change in VKT between t+n and t(∆Q) 
  Interstates Trunk Highways Hennepin County Highways 

(CSAH) 
Variable [(t)-(t-n)] Hyp. 2-lag 4-lag 6-lag 8-lag 2-lag 4-lag 6-lag 8-lag 2-lag 4-lag 6-lag 8-lag 

Su
m
ma
ry 

Change in lanes on the 
link (∆L1) 

+ S NS - S + S + S -S + S + S NS + S + S + S + S +S 

Number of lanes on the 
link in base year t (Lt) 

+ S NS NS - S - S + S + S + S + S - S - S - S - S -S 

Change in VKT on the 
link (∆Q1) 

+ S - S - S N  S - S - S - S + S NS - S - S - S - S -S 

VKT on link in base year 
t (Qt) 

+ S + S + S + S + S + S + S + S + S - S - S - S NS +S 

Change in lanes on the 
parallel links (∆Lp1) 

- S NS NS +  S + S NS NS - S NS + S + S + S + S +S 

Summed  number of 
lanes on the parallel link 
in base year t (Lpt) 

- S NS NS NS - S - S - S - S - S - S - S - S - S -S 

Change in summed VKT 
on the parallel links 
(∆Qp1) 

 NS NS NS + S NS NS - S - S - S - S - S - S -S 

Summed VKT on 
parallel links in base year 
t (Qpt) 

 - S - S - S - S + S + S + S + S + S + S + S + S +S 

Change in population of 
the MCD (∆Pt) 

+ S - S - S +  S + S NS + S NS NS + S + S + S + S +S 

Population of the MCD 
at base year t (Pt) 

+ S NS - S - S - S - S - S - S - S NS + S + S + S -S 

Change in population of 
the adjacent MCDs 
(∆Pat) 

+ S NS NS - S - S - S NS + S + S NS NS NS NS NS 

Population of the 
adjacent MCDs at base 
year t(Pt) 

+ S - S - S - S - S NS - S - S - S - S - S - S - S -S 

_cons  + S + S + S + S + S + S + S + S + S + S + S + S  
Sample Size  8736 6552 4368 2184 16392 12294 8196 4098 13264 9948 6632 3316  
R-square  0.2192 0.3448 0.4811 0.5485 0.1030 0.1689 0.2021 0.2470 0.1385 0.1473 0.1677 0.1241  

(Significance at 90% confidence level)                        Table 5.1: Results from Linear Model (OLS) 
Note:  - S= Negative & Significant, + S= Positive & Significant, NS= Not Significant, Bold / Italic = Consistent/ Not Consistent with Hyp.
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5.3.2 Log Linear Model- OLS estimation 

The log linear model like the linear difference model is analyzed for all the three 

road types and for all the lag models.  The aim of this model is similar to the linear 

difference model and is to predict the change in flow on a link in future years based on 

the flow and capacity conditions existing in the link and neighboring links and the 

population estimates in the previous years.  However in this model the observations with 

negative and positive change in flow and population are separated and analyzed as 

separate variables.  The focus here is to separate the influence of these change variables 

and study them individually.  A summary of the results obtained from this model is 

presented below in Table 5.2.  Results from each individual model are attached in the 

appendix (Tables A13-A24). 

Considering the lane variable for the links, the coefficients obtained are positive 

and significant for 8 of the 12 models, negative and significant in 2 of the models and 

insignificant in the remaining 2 of the 12 models.  Overall, this indicates that an increase 

in the number of lanes on the link in the previous time periods causes the VKT on the 

link in the future periods to increase, which confirms our induced demand hypothesis.  

The number of lanes on the link in the base year has a positive influence in 5 of the 12 

models, a negative influence in 5 of the 12 models and is insignificant in 2 of the 12 

models.  Hence the number of lanes on the link in the base year doesn’t seem to show a 

clear pattern of influence on the VKT on the link in future 

 Separating the change variables for the VKT on a link does indicate a cyclic 

pattern.  A negative change in VKT on a link has a positive effect on the VKT on the link 

in future years in 8 of the 12 models and is insignificant in 4 of the 12 models.  A positive 
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change in the VKT on the link in the previous years has a negative effect in 6 of the 12 

models, a positive effect in 4 of the 12 models and is insignificant in 2 of the 12 models. 

Thus in general, a positive change in the VKT on the link in the previous years causes a 

drop in VKT in the future years whereas a negative change in the VKT on the link causes 

a rise in the VKT in the future years.   

The VKT on the link in the base year has a positive influence on the VKT on the 

link in future years in 8 of the 12 models and a negative influence in 4 of the 12 models. 

Hence, in general, the VKT on the link in the base year has a positive influence on the 

VKT on the link in future years  

The change in the number of lanes on the parallel links doesn’t seem to have 

much significance, as the coefficients obtained are insignificant in 7 of the 12 models. 

The number of lanes on the parallel links in the base year seems to have a negative 

influence on the VKT on the link in future years in 8 of the 12 models and is insignificant 

in 4 of the 12 models.  Thus in general, the higher the number of lanes on the parallel 

links, the lesser the change in VKT on the link in future, confirming our hypothesis. 

For the change in VKT on the parallel links, separation of the change variables 

doesn’t seem to show a difference in pattern.  The negative change variable for the VKT 

on the parallel links has a significant positive coefficient in 10 of the 12 models and an 

insignificant coefficient in 2 of the 12 models.  The positive change variable for the VKT 

on the parallel links has a significant positive coefficient in 7 of the 12 models, 

significant negative coefficient in 1 of the 12 models and an insignificant coefficient in 4 

of the 12 models.  Overall, the change in VKT on the parallel links in the previous years 

has a positive effect on the VKT on the link in the future years. 
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The influence of the VKT on the parallel links in the base year doesn’t show a 

clear pattern.  The VKT on the parallel links in the base year has a negative effect in 4 of 

the 12 models, a positive influence in 5 of the 12 models and is insignificant in 3 of the 

12 models.  

The change variables for the population of the MCD, in general, have the same 

positive effect on the VKT in future years.  A negative change in the population of the 

MCD to which the links belongs, has a positive coefficient in 7 of the 12 models, a 

negative coefficient in 3 of the 12 models and is insignificant in 2 of the 12 models.  A 

positive change in the population of the MCD is positive and significant in 7 of the 

models, negative and significant in 2 of the 12 models and is insignificant in 3 of the 12 

models.  Thus separating the change variables for the population of the MCDs doesn’t 

seem to indicate much and both the change variables have a positive influence on the 

VKT on the link in future years.   

An increase in the population of the MCD in the base year causes a decrease in 

the VKT of the link in future years in general.  This is because the population of the 

MCD in the base year has a negative influence in 9 of the 12 models, a positive influence 

in 1 of the 12 models and in insignificant in 2 of the 12 models.   

A negative change in the population of the adjacent MCDs has a positive and 

significant coefficient in 5 of the 12 models, a negative and significant coefficient in 3 of 

the 12 models and an insignificant coefficient in 4 of the 12 models.  The positive change 

variable for the population of the adjacent MCDs is significantly negative in 5 of the 12 

models, significantly positive in 3 of the 12 models and is insignificant in 4 of the 12 

models.  Thus separating the change variables for the population of the adjacent MCDs 
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indicates a cyclic pattern.  A positive change in the population of the adjacent MCDs in 

the previous years has a negative influence on the VKT of the link in future years. On the 

other hand, a negative change in the population of the adjacent MCDs in the previous 

years has a positive influence on the VKT of the link in future years.  

The population of the adjacent MCDs like the MCD population has a negative 

coefficient in 9 of the 12 models, a positive coefficient in 1 of the 12 models and is 

insignificant in the remaining 1 of the 12 models.   Thus an increase in the population of 

the adjacent MCDs causes a decrease in the VKT on the link in future years.  

Like the linear difference model, the dummy variables for the base years have a 

significant negative coefficient indicating that the change in VKT on the link is 

decreasing with the years.  

The behavior of the log-linear model is more or less similar to the linear 

difference model.  The variables in both the models seem to show the same behavioral 

pattern.  However the log-linear model has helped separate the behavior of the change 

variables for the VKT on the link.  The cyclic pattern shown by the change variables for 

the VKT on a link in the previous years is clearly indicated in this model and is an 

important finding in this model. 

The results from the log-linear model also show that the capacity enhancements in 

the previous years causes a rise in the VKT on the link in future which confirms the 

induced demand hypothesis. 
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Dependent Variable: Change in VKT on the link between [(t+n)-(t)] 
 Interstates Trunk Highways Hennepin County Highways 

(CSAH) 
Variable[(t)-(t-n)] 2-lag 4-lag 6-lag 8-lag 2-lag 4-lag 6-lag 8-lag 2-lag 4-lag 6-lag 8-lag 

Sum 
mary 

Natural log of the 
incremented change 
in the no. of lanes on 
the link (∆L1) 

N S - S N S + S - S + S + S + S + S + S + S + S +S 

No. of lanes on the 
link at base year t 
(Lt) 

+ S N S - S - S + S + S + S + S N S - S - S - S Not 
Clear 

Natural log of the 
abs. change in VKT 
(<0) on the link  
(∆Q-1) 

+ S N S N S N S + S + S + S N S + S + S + S + S +S 

Natural log of the 
change in VKT (≥0) 
on the link (∆Q+1) 

N S - S - S - S - S  N S + S - S - S  + S + S + S -S 

VKT on the link at 
base year t (Qt) 

+ S + S + S + S + S + S + S + S - S - S - S - S +S 

Natural log of the 
incremented change 
in the summed no. of 
lanes on parallel 
links (∆Lp1) 

N S N S + S + S N S  N S - S - S N S N S + S N S NS 

Summed no. of lanes 
on parallel links at 
base year t (Lpt) 

N S  N S N S  N S - S - S - S - S - S - S - S - S -S 

Natural log of the 
abs. change in 
summed VKT (<0) 
on parallel links 
(∆Qp-1) 

 N S + S + S + S + S + S + S + S + S  N S + S + S +S 

Natural log of the 
change in summed 
VKT (≥0)on parallel 
links (∆Qp+1) 

+ S + S + S  N S - S + S + S + S + S N S  N S N S +S 
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Results from Log- Linear Model (OLS) Contd. 
Dependent Variable: Change in VKT on the link between [(t+n)-(t)] 
 Interstates Trunk Highways Hennepin County Highways 

(CSAH) 

Sum 
mary 

Summed VKT on 
parallel links at base 
year t (Qpt) 

- S - S - S - S + S N S N S N S + S + S + S + S +S 

Natural log of the 
abs. change in popn. 
(<0) to which the 
link belongs (∆P-1) 

+ S + S + S + S N S - S - S - S N S + S + S + S +S 

Natural log of the 
abs. change in popn. 
(≥0) to which the 
link belongs (∆P+1) 

+ S  N S + S  + S  N S N S - S - S + S + S + S + S +S 

Population of the 
MCD to which link 
belongs, at base year 
t (Pt) 

- S - S - S - S - S - S - S - S N S - S N S + S -S 

Natural log of the 
abs. change in 
summed popn (<0). 
of the adjacent 
MCDs (∆Pa-1) 

+ S + S  N S - S + S N S N S + S - S - S + S N S +S 

Natural log of the 
abs. change in 
summed popn (≥0). 
of the adjacent 
MCDs (∆Pa+1) 

+ S + S N S - S  N S - S N S + S - S - S - S  N S -S 

Summed  popn of 
the adjacent MCDs, 
at base year t (Pat) 

- S - S - S - S - S + S N S N S - S - S - S - S -S 

_cons N S N S + S + S + S + S N S + S + S + S + S N S  
Sample Size 8736 6552 4368 2184 16392 12294 8196 4098 13264 9948 6632 3316  
R-square 0.2252 0.3537 0.4971 0.5625 0.0972 0.1788 0.2197 0.2910 0.0531 0.0690 0.1130 0.1596  

(Significance at 90% confidence level)     Table 5.2: Results from Log- Linear Model (OLS) 
Note: - S= Negative & Significant, + S= Positive & Significant, NS= Not Significant, Bold/Italic: Consistent/Not consistent with Hyp.
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5.3.3 Linear Difference Model - Maximum -Likelihood estimation 

 The MLE estimation procedure is another estimation procedure that has been 

considered for the analysis in addition to the ordinary least squares estimation.  The data 

set used for the analysis is the pooled data set described before.  The aim of this 

estimation is to predict the change in the traffic flow (VKT) on the link based on the 

previous changes using the MLE procedure.   The variables considered are same as those 

considered in the linear and log-linear difference model. 

 The MLE estimation has been done using STATA, a statistical analysis package, 

which estimates user specified models using the maximum likelihood estimation method.  

The maximum likelihood estimation is done for both the linear and log-linear model. 

Similar to the least squares estimation, this analysis was done separately for the three 

road types and the 4 lag models   

However there were some problems in using this method.  The estimation 

procedure took a long time, about 2-3 hours to estimate the coefficients and in many of 

the models the program didn’t converge to a solution.  The results of some of the models 

for which solutions could be obtained using the MLE are given in the appendix (Tables 

A25-A30). A summary of the results obtained from the MLE is given in Table 5.3.   

The change in the number of lanes on the link in the previous years is negative 

and significant for 3 of the 6 models, positive and significant for 2 of the 6 models and is 

insignificant for 1 of the 6 models.   The number of lanes on the link in the base year is 

positive and significant for 3 of the 6 models, negative and significant for 2 of the 6 

models and is insignificant in the remaining 1 of the 6 models.  
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The change in the VKT on the link in the previous years has a negative influence 

on the VKT on the link for all the 6 models.  The VKT on the link in the base year has a 

positive influence in 4 of the 6 models and a negative influence in 2 of the 6 models.  

The change in the number of lanes on the parallel links in the previous years is 

negative and significant in 2 of the 6 models, positive and significant in 2 of the 6 models 

and is insignificant in the remaining 2 of the 6 models.  The number of lanes on the 

parallel links in the base year has a negative influence in 3 of the 6 models and is 

insignificant in the remaining 3 models.  

The change in VKT on the parallel links doesn’t seem to have significant 

influence on the VKT on the link in the future years in 5 of the 6 models.  The VKT on 

the parallel links in the base years has a positive influence on the VKT on the link in 

future years in 3 of the 6 models and has a negative influence in 3 of the 6 models. 

The change in the population of the MCD to which the link belongs has a 

negative effect in 3 of the 6 models, a positive effect in 2 of the 6 models and is 

insignificant in 1 of the 6 models. The population of the MCD in the base years doesn’t 

seem to have much influence on the VKT on the link in future years as the coefficient is 

insignificant in 4 of the 6 models.  

The change in the population of the adjacent MCDs is insignificant in 3 of the 6 

models, positive and significant in 2 of the 6 models and is negative and significant in 1 

of the 6 models.  The population estimates for the adjacent MCDs in the base year have a 

negative influence on the VKT on the link in future years.  

Since only 6 of the models could be estimated, no overall conclusion could be 

drawn about the variables with respect to the entire network.  The behavior of the 
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variables with respect to the in these models is more or less similar to the results obtained 

using the least squares estimation.  The coefficients of the variable differ from the least 

squares estimation. 

Though the behavior of the variables is similar in both the estimation procedures, 

some of the variables show differences in the signs compared to the OLS estimation.  The 

change in the number of lanes on a link and the number of lanes on the parallel links in 

the previous years show a variation in the signs compared to the models in OLS 

estimation.  Similarly, the number of lanes on the link in the base year shows a variation 

in signs compared to the OLS model. A similar variation of the signs compared to the 

OLS estimation is seen in the change in the population estimates of the MCD and 

adjacent MCDs.  The signs of the variables in the other models estimated by the MLE 

method, for which estimates could be obtained, are similar to the OLS estimation.  
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  Interstates Trunk Highways Hennepin County Highways (CSAH) 
Variable Hyp. 2-lag 4-lag 6-lag 2-lag 6-lag 8-lag 
Change in lanes on the link (∆L1) + S N S - S  - S - S + S + S 
Number of lanes on the link in base year t (Lt) + S N S + S + S + S - S - S 
Change in VKT on the link (∆Q1) + S - S - S - S - S - S - S 
VKT on link in base year t (Qt) + S + S + S + S + S - S - S 
Change in lanes on the parallel links (∆Lp1) - S N S - S  - S N S + S + S 
Summed number of lanes on the parallel link in 
base year t (Lpt) 

- S N S N S N S - S - S - S 

Change in summed VKT on the parallel links 
(∆Qp1) 

 N S N S N S N S - S  N S 

Summed VKT on parallel links in base year t 
(Qpt) 

 - S - S - S + S + S + S 

Change in population of the MCD (∆Pt) + S - S - S  - S  N S + S + S 
Population of the MCD at base year t (Pt) + S  N S N S  N S - S N S + S 
Change in population of the adjacent MCDs 
(∆Pat) 

+ S  N S + S + S - S N S N S 

Population of the adjacent MCDs at base year 
t(Pt) 

+ S - S - S - S N S - S - S 

_cons  + S + S + S  + S + S 
Sample Size  8736 6552 4368 16392 6632 3316 

(Significance at 90% confidence level)         Table 5.3: Results from Linear Model (MLE) 
Note:  - S= Negative & Significant 

+ S= Positive & Significant 
N S= Not Significant 
Bold/Italic: Consistent/Not consistent with Hyp.
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5.4 Comparison of the linear model and log-linear model 

The behavior of the variables seems to be similar in both the linear difference and 

log-linear models.   Looking at the overall picture of the behavior, it is seen that both the 

models indicate more or less the same influence of the variables considered and the sign 

and significance of the variables in both the models shows a similar pattern. 

 Also a comparison of the R- squares of both the models for the various road types 

indicate that the predictive capacity of both the models is more or less the same.  The 

tabulation of the R-squares obtained for both the linear and log-linear models is attached 

in the Table 5.4.  It is generally seen that the R-square of the log-linear model is slightly 

higher than the linear model in 9 of the 12 cases.  However the value of the R-squares 

obtained from both the models are comparable.   

  R-squares 
  Linear model Log-linear model 

2-lag model 0.2192 0.2252 
4-lag model 0.3448 0.3537 
6- lag model 0.4811 0.4971 

 
 
Interstates 

8-lag model 0.5485 0.5625 
2- lag model 0.1030 0.0972 
4- lag model 0.1689 0.1788 
6- lag model 0.2021 0.2197 

 
 
Trunk Highways 

8- lag model 0.2470 0.2910 
2- lag model 0.1385 0.0531 
4- lag model 0.1473 0.0690 
6- lag model 0.1677 0.1130 

 
 
CSAH roads 

8- lag model 0.1241 0.1596 
Table 5.4: Comparison of R-squares between the linear and log linear model s 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

The focus of this study was to analyze the induced demand hypothesis at a 

disaggregate level and also identify the influence of network interactions and dynamics. 

Studies on the induced demand hypothesis to date have mostly been aggregate level 

studies.  The reason that the link level approach was chosen is that the effects on changes 

in the network were expected to be clearly seen at the link level.  Any capacity changes 

on a link in the network are likely to have a very clear effect not only on the link alone 

but also on the other links. The output of a link, measure in terms of VKT here is going to 

be affected not only by the capacity changes occurring on it but also by the capacity 

changes on the neighboring parallel links.  The analysis aimed to understand and measure 

this neighboring influence in inducing traffic on a link. 

Chapter 2 provided a brief background on induced demand.  In this chapter the 

various studies that have been carried out on this topic were highlighted.  The various 

study objectives and hypotheses, methodologies, analysis methods and key conclusions 

were briefly explained in this chapter.    

 Chapter 3 discussed the data used in this analysis.  In this chapter the data sources 

used and the steps involved in merging the various data sources were described.  Also an 

explanation procedures carried out to obtain the final data set were described. 

 Chapter 4 described the methodology used in the study.  Here the basis of the 

two-estimation procedures- Ordinary Least Squares estimation and Maximum Likelihood 

Estimation were explained.  The formulation of the two models - linear difference model 
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and log-linear difference model and the steps involved in applying the two models to the 

data set were also described in detail. 

 The hypotheses formulated in this study have been described in Chapter 5. This 

chapter also includes explanations about hypothesis testing, description of the results 

obtained from the models, estimation methods and the comparisons between the models.  

The induced demand hypothesis is largely, but not universally corroborated.  The results 

obtained indicate that the neighboring links do affect the output of a link but the influence 

is not clearly seen.  The population estimates also do seem to affect the output but even 

here the influence is not seen clearly.  Though key conclusions have been drawn for some 

of the variables like the changes in capacity and flow, the signs and the coefficients 

obtained for the many of the other variables don’t seem to follow any particular pattern.   

This analysis is limited to examining expansion on exiting links. That is only 

those links that already existed and underwent lane additions from the period from 1978-

1998 are considered.  The induced demand effect is more obvious for other links that 

were newly added to the network.  

Further analysis can be carried out by applying the models used in this study to 

another more accurate data set for the traffic counts.  This might help obtain a better idea 

of the induced demand effects and also evaluate the performance and applicability of the 

models developed in this study.  Also the flow and capacity estimates for the feeder and 

competitor links were dropped from this analysis since they weren't significant. Better 

estimates for the traffic flows especially for the years before 1992 could provide a clear 

indication of these neighboring link effects in inducing traffic. 
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A key conclusion that has however emerged from this study is that the capacity 

expansions on a link in the previous years do have an positive effect on the Vehicle 

Kilometers Traveled (VKT) in future, which is in line with the induced demand 

hypothesis.  

The results from this study are important from a transportation planning and 

policy viewpoint.  This study focuses on the links where the capacity changes in the 

network are actually made in practice.  Hence use of the results from this study would 

help policy makers understand the effects of changes at a link level, on the entire 

network. Results from this would also provide a microscopic focus on induced demand to 

policy makers, which is needed to understand the induced demand effects better. 
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  Linear Difference models results- Least Squares Estimation 

Variable Coefficient Std. Error t P>|t | 
delvkt* -0.228 0.012 -18.640 0.000 
delparalvkt -0.010 0.016 -0.630 0.527 
dellanes -632.708 470.559 -1.340 0.179 
delparalanes 62.496 351.792 0.180 0.859 
delmcdpop* -0.121 0.032 -3.790 0.000 
deladjpop -0.013 0.016 -0.800 0.424 
Basevkt* 0.097 0.002 41.920 0.000 
Baseparalvkt* -0.022 0.003 -7.300 0.000 
Baselanes 31.971 89.782 0.360 0.722 
Baseparalanes -4.098 96.110 -0.040 0.966 
Basemcdpop -0.001 0.001 -1.600 0.109 
Baseadjpop* -0.003 0.001 -4.510 0.000 
Baseyrdum96 -2049.635 305.853 -6.700 0.000 
Baseyrdum94 -3693.687 302.109 -12.230 0.000 
Baseyrdum92 -1467.895 307.186 -4.780 0.000 
Baseyrdum90 -2120.997 357.016 -5.940 0.000 
Baseyrdum88 -2948.174 303.964 -9.700 0.000 
Baseyrdum86 -2306.335 299.950 -7.690 0.000 
Baseyrdum84 -2844.145 310.026 -9.170 0.000 
_cons 4067.609 326.644 12.450 0.000 
   
   

Number of obs =    8736 
R-squared     =  0.2192 

 * Indicates significance at 90% confidence level 
Table A1: 2-lag linear difference model for interstates 
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Variable Coefficient Std. Error t P>|t | 
delvkt* -0.058 0.015 -3.740 0.000 
delparalvkt -0.023 0.020 -1.170 0.243 
dellanes* -1111.864 476.493 -2.330 0.020 
delparalanes -438.051 447.169 -0.980 0.327 
delmcdpop* -0.110 0.031 -3.490 0.000 
deladjpop 0.015 0.013 1.150 0.248 
Basevkt* 0.170 0.004 39.520 0.000 
Baseparalvkt* -0.038 0.005 -7.500 0.000 
Baselanes -174.145 138.218 -1.260 0.208 
Baseparalanes -132.471 146.649 -0.900 0.366 
Basemcdpop* -0.004 0.001 -3.060 0.002 
Baseadjpop* -0.007 0.001 -8.470 0.000 
Baseyrdum94 99.660 390.144 0.260 0.798 
Baseyrdum92 692.926 425.373 1.630 0.103 
Baseyrdum90 1931.108 417.627 4.620 0.000 
Baseyrdum88 16.973 388.214 0.040 0.965 
Baseyrdum86 902.072 387.380 2.330 0.020 
-cons 3993.461 492.462 8.110 0.000 
   
   

Number of obs =    6552 
R-squared     =  0.3448 

* Indicates significance at 90% confidence level 
Table A2: 4-lag linear difference model for interstates 

 
Variable Coefficient Std. Error t P>|t | 
delvkt -0.013 0.021 -0.620 0.536 
delparalvkt -0.026 0.029 -0.900 0.369 
dellanes* 1128.506 541.304 2.080 0.037 
delparalanes* 1178.609 515.437 2.290 0.022 
delmcdpop* 0.124 0.041 3.060 0.002 
deladjpop* -0.029 0.013 -2.200 0.028 
Basevkt* 0.279 0.007 38.030 0.000 
Baseparalvkt* -0.074 0.009 -8.210 0.000 
Baselanes* -657.647 217.551 -3.020 0.003 
Baseparalanes -342.941 230.354 -1.490 0.137 
Basemcdpop* -0.007 0.002 -3.370 0.001 
Baseadjpop* -0.012 0.001 -8.750 0.000 
Baseyrdum92 404.972 543.516 0.750 0.456 
Baseyrdum90 -438.469 518.713 -0.850 0.398 
Baseyrdum88 472.918 486.210 0.970 0.331 
-cons 7923.902 756.391 10.480 0.000 
   Number of obs =    4368 



 59 

   R-squared     =  0.4811 
* Indicates significance at 90% confidence level 

Table A3: 6-lag linear difference model for interstates 
Variable Coefficient Std. Error t P>|t | 
delvkt* -0.139 0.034 -4.050 0.000 
delparalvkt* 0.083 0.047 1.760 0.078 
dellanes* 2362.342 777.839 3.040 0.002 
delparalanes* 2948.597 762.447 3.870 0.000 
delmcdpop* 0.244 0.055 4.440 0.000 
deladjpop* -0.058 0.018 -3.260 0.001 
Basevkt* 0.427 0.014 30.620 0.000 
Baseparalvkt* -0.138 0.018 -7.540 0.000 
Baselanes* -1301.878 377.415 -3.450 0.000 
Baseparalanes* -735.262 395.887 -1.860 0.063 
Basemcdpop* -0.007 0.003 -2.030 0.043 
Baseadjpop* -0.016 0.002 -6.680 0.000 
Baseyrdum90 939.855 646.501 1.450 0.146 
_cons 10678.620 1256.118 8.500 0.000 
   
   

Number of obs =    2184 
R-squared     =  0.5485 

* Indicates significance at 90% confidence level 
Table A4: 8- lag linear difference model for interstates 

 
Variable Coefficient Std. Error t P>|t | 
delvkt* -0.206 0.009 -24.060 0.000 
delparalvkt -0.003 0.006 -0.580 0.564 
dellanes* -967.381 509.262 -1.900 0.058 
delparalanes -179.561 167.628 -1.070 0.284 
delmcdpop 0.013 0.014 0.950 0.343 
deladjpop* -0.014 0.007 -2.030 0.042 
Basevkt* 0.063 0.002 35.740 0.000 
Baseparalvkt* 0.003 0.001 2.030 0.043 
Baselanes* 239.756 48.675 4.930 0.000 
Baseparalanes* -114.700 39.615 -2.900 0.004 
Basemcdpop** -0.003 0.000 -8.840 0.000 
Baseadjpop -0.00003 0.000 -0.210 0.833 
Baseyrdum96 -331.307 110.327 -3.000 0.003 
Baseyrdum94 -455.708 109.387 -4.170 0.000 
Baseyrdum92 -469.349 110.892 -4.230 0.000 
Baseyrdum90 -10.383 128.367 -0.080 0.936 
Baseyrdum88 -356.944 110.149 -3.240 0.001 
Baseyrdum86 -189.313 107.483 -1.760 0.078 
Baseyrdum84 82.754 110.173 0.750 0.453 
_cons 511.296 117.729 4.340 0.000 
   Number of obs =16392    
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   R-squared = 0.1030   
* Indicates significance at 90% confidence level 

Table A5: 2-lag linear difference model for Trunk Highways 
Variable Coefficient Std. Error t P>|t | 
delvkt* -0.058 0.010 -5.770 0.000 
delparalvkt* -0.019 0.007 -2.510 0.012 
dellanes* 5431.211 609.511 8.910 0.000 
delparalanes -320.076 234.173 -1.370 0.172 
delmcdpop* 0.039 0.013 2.930 0.003 
deladjpop 0.007 0.007 1.110 0.268 
Basevkt* 0.111 0.003 36.900 0.000 
Baseparalvkt* 0.007 0.003 2.660 0.008 
Baselanes* 354.913 75.329 4.710 0.000 
Baseparalanes* -295.763 60.861 -4.860 0.000 
Basemcdpop* -0.004 0.001 -8.190 0.000 
Baseadjpop* 0.000 0.000 -1.710 0.087 
Baseyrdum94 -495.307 143.936 -3.440 0.000 
Baseyrdum92 -823.439 155.852 -5.280 0.000 
Baseyrdum90 -457.831 155.098 -2.950 0.003 
Baseyrdum88 -189.477 141.989 -1.330 0.182 
Baseyrdum86 -362.923 141.863 -2.560 0.011 
-cons 972.311 172.958 5.620 0.000 
   
   

Number of obs =12294    
R-squared =0.1689   

* Indicates significance at 90% confidence level 
Table A6: 4-lag linear difference model for Trunk Highways 

 
Variable Coefficient Std. Error t P>|t | 
delvkt* 0.031 0.015 2.010 0.044 
delparalvkt* -0.041 0.011 -3.740 0.000 
dellanes* 2246.200 778.558 2.890 0.004 
delparalanes* -574.802 297.270 -1.930 0.053 
delmcdpop 0.006 0.016 0.360 0.718 
deladjpop* 0.022 0.008 2.860 0.004 
Basevkt* 0.140 0.005 26.200 0.000 
Baseparalvkt* 0.015 0.005 3.330 0.001 
Baselanes* 505.441 119.740 4.220 0.000 
Baseparalanes* -465.930 96.796 -4.810 0.000 
Basemcdpop* -0.005 0.001 -6.400 0.000 
Baseadjpop* -0.002 0.000 -4.080 0.000 
Baseyrdum92 -733.268 201.013 -3.650 0.000 
Baseyrdum90 -442.702 195.941 -2.260 0.024 
Baseyrdum88 -318.677 184.653 -1.730 0.084 
-cons 1642.112 260.888 6.290 0.000 
   Number of obs =8196    
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   R-squared     =0.2021   
* Indicates significance at 90% confidence level 

Table A7: 6-lag linear difference model for Trunk Highways 
Variable Coefficient Std. Error t P>|t | 
delvkt 0.002 0.025 0.080 0.938 
delparalvkt* -0.045 0.020 -2.200 0.028 
dellanes 1534.855 1031.383 1.490 0.137 
delparalaness -671.673 409.635 -1.640 0.101 
delmcdpop -0.028 0.021 -1.300 0.195 
deladjpop* 0.027 0.010 2.660 0.008 
Basevkt* 0.202 0.010 20.280 0.000 
Baseparalvkt* 0.018 0.008 2.180 0.029 
Baselanes* 795.404 203.926 3.900 0.000 
Baseparalanes* -609.011 166.556 -3.660 0.000 
Basemcdpop* -0.008 0.001 -5.640 0.000 
Baseadjpop* -0.002 0.001 -3.780 0.000 
Baseyrdum90 -57.629 239.183 -0.240 0.810 
_cons 1727.805 425.157 4.060 0.000 
   
   

Number of obs =4098    
R-squared     =0.2470   

* Indicates significance at 90% confidence level 
Table A8: 8-lag linear difference model for Trunk Highways 

 
Variable Coefficient Std. Error t P>|t | 
delvkt* -0.332 0.009 -38.960 0.000 
delparalvkt* -0.006 0.003 -2.040 0.041 
dellanes* 594.076 204.912 2.900 0.004 
delparalanes* 199.974 92.253 2.170 0.030 
delmcdpop* 0.040 0.006 7.190 0.000 
deladjpop 0.006 0.004 1.500 0.133 
Basevkt* -0.024 0.003 -7.320 0.000 
Baseparalvkt* 0.002 0.001 3.870 0.000 
Baselanes* -67.465 27.567 -2.450 0.014 
Baseparalanes* -79.689 21.525 -3.700 0.000 
Basemcdpop 0.0002 0.0001 1.400 0.161 
Baseadjpop* -0.001 0.0001 -7.650 0.000 
Baseyrdum96 4.312 63.237 0.07 0.946 
Baseyrdum94 -2.131 62.151 -0.030 0.973 
Baseyrdum92 -241.246 64.539 -3.740 0.000 
Baseyrdum90 -487.265 76.465 -6.370 0.000 
Baseyrdum88 -120.132 65.296 -1.84 0.066 
Baseyrdum86 -73.448 62.274 -1.18 0.238 
Baseyrdum84 266.741 64.788 4.120 0.000 
_cons 1011.203 69.110 14.630 0.000 
   Number of obs =13264    
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   R-squared =0.1385    
* Indicates significance at 90% confidence level 

Table A9: 2- lag linear difference model for Hennepin County Highways (CSAH)  
Variable Coefficient Std. Error t P>|t | 
delvkt* -0.352 0.011 -30.910 0.000 
delparalvkt* -0.022 0.003 -6.860 0.000 
dellanes* 951.615 190.056 5.010 0.000 
delparalanes* 368.142 130.280 2.830 0.005 
delmcdpop* 0.076 0.005 15.000 0.000 
deladjpop -0.003 0.003 -1.200 0.229 
Basevkt* -0.020 0.005 -4.080 0.000 
Baseparalvkt* 0.007 0.001 6.730 0.000 
Baselanes* -169.904 39.091 -4.350 0.000 
Baseparalanes* -145.062 30.346 -4.780 0.000 
Basemcdpop* 0.001 0.000 2.450 0.014 
Baseadjpop* -0.002 0.000 -10.230 0.000 
Baseyrdum94 -276.081 74.578 -3.700 0.000 
Baseyrdum92 -745.015 82.975 -8.980 0.000 
Baseyrdum90 -917.804 82.308 -11.150 0.000 
Baseyrdum88 -295.625 74.593 -3.960 0.000 
Baseyrdum86 -234.739 74.318 -3.160 0.002 
-cons 1985.270 96.659 20.540 0.000 
   
   

Number of obs =9948 
R-squared =0.1473   

* Indicates significance at 90% confidence level 
Table A10: 4-lag linear difference model for Hennepin County Highways (CSAH)  
Variable Coefficient Std. Error t P>|t | 
delvkt* -0.364 0.015 -25.000 0.000 
delparalvkt* -0.023 0.004 -5.480 0.000 
dellanes* 1717.306 222.774 7.710 0.000 
delparalanes* 591.028 155.213 3.810 0.000 
delmcdpop* 0.074 0.006 12.500 0.000 
deladjpop -0.001 0.003 -0.230 0.814 
Basevkt* -0.033 0.007 -4.570 0.000 
Baseparalvkt* 0.010 0.002 5.990 0.000 
Baselanes* -336.724 56.042 -6.010 0.000 
Baseparalanes* -203.797 43.509 -4.680 0.000 
Basemcdpop* 0.002 0.000 5.900 0.000 
Baseadjpop* -0.003 0.000 -9.990 0.000 
Baseyrdum92 -383.071 98.748 -3.880 0.000 
Baseyrdum90 -310.314 94.271 -3.290 0.001 
Baseyrdum88 -24.747 87.145 -0.280 0.776 
-cons 2380.448 135.540 17.560 0.000 
   
   

Number of obs =6632 
R-squared =0.1677  
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* Indicates significance at 90% confidence level 
Table A11: 6-lag linear difference model for Hennepin County Highways (CSAH)  

 
Variable Coefficient Std. Error t P>|t | 
delvkt* -0.142 0.018 -8.020 0.000 
delparalvkt* -0.012 0.005 -2.360 0.018 
dellanes* 1711.161 258.324 6.620 0.000 
delparalaness* 252.473 150.853 1.670 0.094 
delmcdpop* 0.039 0.006 6.230 0.000 
deladjpop 0.001 0.003 0.400 0.687 
Basevkt -0.014 0.009 -1.540 0.123 
Baseparalvkt* 0.009 0.003 3.540 0.000 
Baselanes* -643.659 70.094 -9.180 0.000 
Baseparalanes* -168.851 54.708 -3.090 0.002 
Basemcdpop* 0.004 0.000 10.190 0.000 
Baseadjpop* -0.003 0.000 -9.820 0.000 
Baseyrdum90 -212.817 86.513 -2.460 0.014 
_cons 2694.657 168.076 16.030 0.000 
   
   

Number of obs =3316    
R-squared     =0.1241   

* Indicates significance at 90% confidence level 
Table A12: 8-lag linear difference model for Hennepin County Highways (CSAH)  
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Log-Linear model results- Least Squares Estimation 
 
Variable Coefficient Std. Error t P>|t | 
ldelvktneg* 534.870 55.087 9.710 0.000 
ldelvktpos -66.575 49.040 -1.360 0.175 
ldelparalvktneg -13.766 47.361 -0.290 0.771 
ldelparalvktpos* 86.432 41.262 2.090 0.036 
ldellanes -1294.088 789.764 -1.640 0.101 
ldelparalanes -270.946 623.321 -0.430 0.664 
ldelmcdpopneg* 293.365 79.726 3.680 0.000 
ldelmcdpoppos* 239.303 63.275 3.780 0.000 
ldeladjpopneg* 171.946 90.521 1.900 0.058 
ldeladjpoppos* 143.402 76.305 1.880 0.060 
Basevkt* 0.079 0.002 36.600 0.000 
Baseparalvkt* -0.023 0.003 -7.520 0.000 
Baselanes* 194.965 90.480 2.150 0.031 
Baseparalanes 84.301 96.179 0.880 0.381 
Basemcdpop* -0.003 0.001 -3.220 0.001 
Baseadjpop* -0.002 0.001 -3.450 0.000 
Baseyrdum96 -1492.571 308.449 -4.840 0.000 
Baseyrdum94 -3618.824 303.313 -11.930 0.000 
Baseyrdum92 -1150.398 327.063 -3.520 0.000 
Baseyrdum90 -2659.250 327.537 -8.120 0.000 
Baseyrdum88 -3074.444 295.933 -10.390 0.000 
Baseyrdum86 -2458.093 294.699 -8.340 0.000 
Baseyrdum84 -2942.845 326.802 -9.000 0.000 
_cons -22.192 805.466 -0.030 0.978 
   
   

Number of obs =    8736 
R-squared     = 0.2252 

* Indicates significance at 90% confidence level 
Table A13: 2-lag log-linear difference model for Interstates 
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Variable Coefficient Std. Error t P>|t | 
ldelvktneg 133.220 112.016 1.190 0.234 
ldelvktpos* -291.906 94.647 -3.080 0.002 
ldelparalvktneg* 240.696 90.575 2.660 0.008 
ldelparalvktpos* 161.822 75.234 2.150 0.032 
ldellanes* -2259.842 818.515 -2.760 0.006 
ldelparalanes -924.187 780.081 -1.180 0.236 
ldelmcdpopneg* 263.497 130.516 2.020 0.044 
ldelmcdpoppos 149.754 113.356 1.320 0.187 
ldeladjpopneg* 244.451 142.807 1.710 0.087 
ldeladjpoppos* 268.128 122.014 2.200 0.028 
Basevkt* 0.165 0.004 46.700 0.000 
Baseparalvkt* -0.044 0.005 -9.400 0.000 
Baselanes 14.837 138.946 0.110 0.915 
Baseparalanes -53.430 145.834 -0.370 0.714 
Basemcdpop* -0.005 0.002 -3.260 0.001 
Baseadjpop* -0.008 0.001 -7.580 0.000 
Baseyrdum94 25.072 406.705 0.060 0.951 
Baseyrdum92 106.187 407.015 0.260 0.794 
Baseyrdum90 1486.442 404.045 3.680 0.000 
Baseyrdum88 -194.154 387.748 -0.500 0.617 
Baseyrdum86 905.007 383.283 2.360 0.018 
-cons 968.806 1371.648 0.710 0.480 
   
   

Number of obs =    6552 
R-squared     = 0.3537 

* Indicates significance at 90% confidence level 
Table A14: 4-lag log-linear difference model for Interstates 
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Variable Coefficient Std. Error t P>|t | 
ldelvktneg -82.839 191.581 -0.430 0.665 
ldelvktpos* -720.042 157.339 -4.580 0.000 
ldelparalvktneg* 628.382 158.568 3.960 0.000 
ldelparalvktpos* 302.848 126.676 2.390 0.017 
ldellanes 1475.037 914.768 1.610 0.107 
ldelparalanes* 2074.292 880.557 2.360 0.019 
ldelmcdpopneg* 520.939 213.885 2.440 0.015 
ldelmcdpoppos* 454.192 204.341 2.220 0.026 
ldeladjpopneg 40.251 215.717 0.190 0.852 
ldeladjpoppos 255.684 183.176 1.400 0.163 
Basevkt* 0.289 0.006 50.660 0.000 
Baseparalvkt* -0.081 0.008 -10.690 0.000 
Baselanes* -421.713 215.494 -1.960 0.050 
Baseparalanes -278.222 226.678 -1.230 0.220 
Basemcdpop* -0.006 0.003 -2.360 0.018 
Baseadjpop* -0.013 0.002 -7.590 0.000 
Baseyrdum92 -536.339 542.535 -0.990 0.323 
Baseyrdum90 -1108.925 510.942 -2.170 0.030 
Baseyrdum88 443.706 479.432 0.930 0.355 
-cons 5033.774 2271.108 2.220 0.027 
   
   

Number of obs =    4368 
R-squared     = 0.4971 

* Indicates significance at 90% confidence level 
Table A15: 6-lag log-linear difference model for Interstates 
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Variable Coefficient Std. Error t P>|t | 
ldelvktneg -417.729 378.662 -1.100 0.270 
ldelvktpos* -1598.090 299.383 -5.340 0.000 
ldelparalvktneg* 761.810 300.116 2.540 0.011 
ldelparalvktpos 318.255 233.842 1.360 0.174 
ldellanes* 3830.566 1323.102 2.900 0.004 
ldelparalanes* 4787.053 1301.962 3.680 0.000 
ldelmcdpopneg* 961.711 406.873 2.360 0.018 
ldelmcdpoppos* 973.515 394.560 2.470 0.014 
ldeladjpopneg* -1051.913 428.446 -2.460 0.014 
ldeladjpoppos* -645.212 362.365 -1.780 0.075 
Basevkt* 0.414 0.010 40.670 0.000 
Baseparalvkt* -0.107 0.013 -8.050 0.000 
Baselanes* -925.652 375.839 -2.460 0.014 
Baseparalanes -613.749 390.298 -1.570 0.116 
Basemcdpop* -0.010 0.005 -2.010 0.044 
Baseadjpop* -0.014 0.003 -5.090 0.000 
Baseyrdum90 405.864 687.141 0.590 0.555 
-cons 18442.760 4227.994 4.360 0.000 
   
   

Number of obs =    4368 
R-squared     = 0.4971 

* Indicates significance at 90% confidence level 
Table A16: 8-lag log-linear difference model for Interstates 
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Variable Coefficient Std. Error t P>|t | 
ldelvktneg* 95.992 15.046 6.380 0.000 
ldelvktpos* -88.282 13.460 -6.560 0.000 
ldelparalvktneg* 37.634 14.047 2.680 0.007 
ldelparalvktpos -3.963 12.197 -0.320 0.745 
ldellanes* -1601.844 737.446 -2.170 0.030 
ldelparalanes -97.144 315.855 -0.310 0.758 
ldelmcdpopneg -30.329 27.030 -1.120 0.262 
ldelmcdpoppos -1.098 20.148 -0.050 0.957 
ldeladjpopneg* 94.868 31.306 3.030 0.002 
ldeladjpoppos 13.779 26.156 0.530 0.598 
Basevkt* 0.053 0.002 30.420 0.000 
Baseparalvkt* 0.003 0.001 2.110 0.035 
Baselanes* 234.562 48.917 4.800 0.000 
Baseparalanes* -123.725 39.748 -3.110 0.002 
Basemcdpop* -0.003 0.000 -8.950 0.000 
Baseadjpop* 0.000 0.000 -1.830 0.067 
Baseyrdum96 -107.569 111.518 -0.960 0.335 
Baseyrdum94 -300.816 111.033 -2.710 0.007 
Baseyrdum92 -273.827 118.166 -2.320 0.020 
Baseyrdum90 163.381 116.049 1.410 0.159 
Baseyrdum88 -231.345 108.333 -2.140 0.033 
Baseyrdum86 -93.378 106.892 -0.870 0.382 
Baseyrdum84 339.242 115.791 2.930 0.003 
_cons 450.691 217.334 2.070 0.038 
   
   

Number of obs =16392     
R-squared     =0.0972  

* Indicates significance at 90% confidence level 
Table A17: 2-lag log-linear difference model for Trunk Highways 
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Variable Coefficient Std. Error t P>|t | 
ldelvktneg* 117.540 30.938 3.800 0.000 
ldelvktpos -15.714 27.830 -0.560 0.572 
ldelparalvktneg* 107.138 25.921 4.130 0.000 
ldelparalvktpos* 85.972 21.853 3.930 0.000 
ldellanes* 7847.691 874.815 8.970 0.000 
ldelparalanes -381.376 439.600 -0.870 0.386 
ldelmcdpopneg* -235.171 40.871 -5.750 0.000 
ldelmcdpoppos -13.049 33.415 -0.390 0.696 
ldeladjpopneg -41.043 47.849 -0.860 0.391 
ldeladjpoppos* -97.755 43.633 -2.240 0.025 
Basevkt* 0.104 0.003 36.370 0.000 
Baseparalvkt -0.001 0.002 -0.470 0.641 
Baselanes* 373.444 74.915 4.980 0.000 
Baseparalanes* -287.773 60.488 -4.760 0.000 
Basemcdpop* -0.004 0.001 -6.200 0.000 
Baseadjpop* 0.001 0.000 2.600 0.009 
Baseyrdum94 -607.875 148.175 -4.100 0.000 
Baseyrdum92 -819.578 150.709 -5.440 0.000 
Baseyrdum90 -456.336 149.484 -3.050 0.002 
Baseyrdum88 -201.769 141.749 -1.420 0.155 
Baseyrdum86 -432.475 140.843 -3.070 0.002 
-cons 1331.704 380.546 3.500 0.000 
   
   

Number of obs =12294    
R-squared     =0.1788  

* Indicates significance at 90% confidence level 
Table A18: 4-lag log-linear difference model for Trunk Highways 
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Variable Coefficient Std. Error t P>|t | 
ldelvktneg* 319.834 56.293 5.680 0.000 
ldelvktpos* 95.463 49.762 1.920 0.055 
ldelparalvktneg* 176.641 45.204 3.910 0.000 
ldelparalvktpos* 150.160 37.236 4.030 0.000 
ldellanes* 3277.763 1113.276 2.940 0.003 
ldelparalanes* -1567.630 541.524 -2.890 0.004 
ldelmcdpopneg* -461.562 66.556 -6.930 0.000 
ldelmcdpoppos* -135.168 57.682 -2.340 0.019 
ldeladjpopneg 120.966 79.190 1.530 0.127 
ldeladjpoppos 14.236 71.565 0.200 0.842 
Basevkt* 0.147 0.005 31.630 0.000 
Baseparalvkt -0.004 0.004 -1.000 0.319 
Baselanes* 508.455 118.517 4.290 0.000 
Baseparalanes* -413.368 95.682 -4.320 0.000 
Basemcdpop* -0.006 0.001 -6.390 0.000 
Baseadjpop 0.001 0.000 1.320 0.189 
Baseyrdum92 -957.114 199.903 -4.790 0.000 
Baseyrdum90 -669.384 193.658 -3.460 0.000 
Baseyrdum88 -386.115 181.850 -2.120 0.034 
-cons 726.613 643.275 1.130 0.259 
   
   

Number of obs =8196     
R-squared     =0.2197  

* Indicates significance at 90% confidence level 
Table A19: 6-lag log-linear difference model for Trunk Highways 
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Variable Coefficient Std. Error t P>|t | 
ldelvktneg -66.203 113.301 -0.580 0.559 
ldelvktpos* -363.325 99.673 -3.650 0.000 
ldelparalvktneg* 266.095 82.815 3.210 0.001 
ldelparalvktpos* 245.075 66.287 3.700 0.000 
ldellanes* 3129.281 1438.540 2.180 0.030 
ldelparalane* -2232.104 729.309 -3.060 0.002 
ldelmcdpopneg* -1104.466 94.641 -11.670 0.000 
ldelmcdpoppos* -580.980 88.900 -6.540 0.000 
ldeladjpopneg* 853.252 126.670 6.740 0.000 
ldeladjpoppos* 505.110 113.868 4.440 0.000 
Basevkt* 0.223 0.008 26.840 0.000 
Baseparalvkt -0.008 0.007 -1.170 0.241 
Baselanes* 738.770 198.407 3.720 0.000 
Baseparalanes* -614.994 161.733 -3.800 0.000 
Basemcdpop* -0.009 0.002 -5.240 0.000 
Baseadjpop -0.001 0.001 -1.080 0.278 
Baseyrdum90 51.741 237.415 0.220 0.827 
-cons 2233.997 1095.098 2.040 0.041 
   
   

Number of obs =4098    
R-squared     =0.2910  

* Indicates significance at 90% confidence level 
Table A20: 8-lag log-linear difference model for Trunk Highways 
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Variable Coefficient Std. Error t P>|t | 
ldelvktneg* 43.308 9.091 4.760 0.000 
ldelvktpos* -28.015 8.748 -3.200 0.001 
ldelparalvktneg* 22.151 8.452 2.620 0.009 
ldelparalvktpos* 17.687 7.642 2.310 0.021 
ldellanes* 750.969 310.216 2.420 0.016 
ldelparalanes 155.388 173.973 0.890 0.372 
ldelmcdpopneg -0.540 15.618 -0.030 0.972 
ldelmcdpoppos* 42.925 12.323 3.480 0.000 
ldeladjpopneg* -70.138 20.924 -3.350 0.001 
ldeladjpoppos* -59.141 18.373 -3.220 0.001 
Basevkt* -0.053 0.004 -14.760 0.000 
Baseparalvkt* 0.002 0.001 2.860 0.004 
Baselanes -28.863 28.979 -1.000 0.319 
Baseparalanes* -76.812 22.615 -3.400 0.001 
Basemcdpop 0.000 0.000 -1.130 0.257 
Baseadjpop* -0.001 0.000 -3.680 0.000 
Baseyrdum96 -2.475 66.314 -0.040 0.970 
Baseyrdum94 57.013 64.057 0.890 0.373 
Baseyrdum92 -318.147 74.261 -4.280 0.000 
Baseyrdum90 -335.174 72.329 -4.630 0.000 
Baseyrdum88 -65.635 63.951 -1.030 0.305 
Baseyrdum86 -88.159 63.992 -1.380 0.168 
Baseyrdum84 290.768 70.885 4.100 0.000 
_cons 1203.788 169.448 7.100 0.000 
   
   

Number of obs = 13264    
R-squared     =0.0531  

* Indicates significance at 90% confidence level 
Table A21: 2-lag log-linear difference model for Hennepin County Highways (CSAH)  
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Variable Coefficient Std. Error t P>|t | 
ldelvktneg* 84.139 15.835 5.310 0.000 
ldelvktpos* 25.766 15.436 1.670 0.095 
ldelparalvktneg 10.169 13.963 0.730 0.466 
ldelparalvktpos -0.030 12.092 0.000 0.998 
ldellanes* 1124.516 287.013 3.920 0.000 
ldelparalanes 348.960 234.644 1.490 0.137 
ldelmcdpopneg* 71.440 24.745 2.890 0.004 
ldelmcdpoppos* 141.992 20.849 6.810 0.000 
ldeladjpopneg* -76.188 29.771 -2.560 0.011 
ldeladjpoppos* -80.278 27.307 -2.940 0.003 
Basevkt* -0.073 0.005 -14.130 0.000 
Baseparalvkt* 0.003 0.001 3.150 0.002 
Baselanes* -116.969 41.181 -2.840 0.005 
Baseparalanes* -139.223 31.745 -4.390 0.000 
Basemcdpop* -0.001 0.000 -2.630 0.009 
Baseadjpop -0.001 0.000 -4.990 0.000 
Baseyrdum94 -108.144 81.382 -1.330 0.184 
Baseyrdum92 -438.350 88.522 -4.950 0.000 
Baseyrdum90 -716.721 87.472 -8.190 0.000 
Baseyrdum88 -378.135 78.157 -4.840 0.000 
Baseyrdum86 -327.364 77.470 -4.230 0.000 
-cons 1516.487 265.069 5.720 0.000 
   
   

Number of obs =9948    
R-squared     =0.0690  

* Indicates significance at 90% confidence level 
Table A22: 4-lag log-linear difference model for Hennepin County Highways (CSAH)  
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Variable Coefficient Std. Error t P>|t | 
ldelvktneg* 330.641 25.035 13.210 0.000 
ldelvktpos* 231.135 24.156 9.570 0.000 
ldelparalvktneg* 50.378 22.494 2.240 0.025 
ldelparalvktpos 19.876 18.840 1.050 0.291 
ldellanes* 2107.171 332.496 6.340 0.000 
ldelparalanes* 556.214 276.439 2.010 0.044 
ldelmcdpopneg* 53.840 32.440 1.660 0.097 
ldelmcdpoppos* 108.383 30.515 3.550 0.000 
ldeladjpopneg* -71.892 42.055 -1.710 0.087 
ldeladjpoppos* -78.729 39.549 -1.990 0.047 
Basevkt* -0.142 0.007 -19.380 0.000 
Baseparalvkt* 0.003 0.001 2.440 0.015 
Baselanes* -238.782 58.506 -4.080 0.000 
Baseparalanes* -185.014 44.878 -4.120 0.000 
Basemcdpop 0.000 0.000 0.720 0.473 
Baseadjpop* -0.002 0.000 -6.990 0.000 
Baseyrdum92 156.898 111.736 1.400 0.160 
Baseyrdum90 74.085 97.803 0.760 0.449 
Baseyrdum88 27.866 88.956 0.310 0.754 
-cons 658.915 398.746 1.650 0.098 
   
   

Number of obs =6632     
R-squared     =0.1130  

* Indicates significance at 90% confidence level 
Table A23: 6-lag log-linear difference model for Hennepin County Highways (CSAH)  
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Variable Coefficient Std. Error t P>|t | 
ldelvktneg* 412.369 31.409 13.130 0.000 
ldelvktpos* 314.092 30.334 10.350 0.000 
ldelparalvktneg* 54.370 29.259 1.860 0.063 
ldelparalvktpos 11.674 24.107 0.480 0.628 
ldellanes* 1875.339 364.879 5.140 0.000 
ldelparalane 374.844 258.394 1.450 0.147 
ldelmcdpopneg* 64.570 38.841 1.660 0.097 
ldelmcdpoppos* 105.571 36.714 2.880 0.004 
ldeladjpopneg 23.680 52.179 0.450 0.650 
ldeladjpoppos -15.509 45.168 -0.340 0.731 
Basevkt* -0.085 0.009 -9.490 0.000 
Baseparalvkt* 0.004 0.002 2.220 0.027 
Baselanes* -505.221 69.604 -7.260 0.000 
Baseparalanes* -173.780 53.330 -3.260 0.001 
Basemcdpop* 0.002 0.001 3.120 0.002 
Baseadjpop* -0.003 0.000 -8.820 0.000 
Baseyrdum90 87.001 92.306 0.940 0.346 
-cons -140.571 460.402 -0.310 0.760 
   
   

Number of obs =3316    
R-squared     =0.1596  

* Indicates significance at 90% confidence level 
Table A24: 8-lag log-linear difference model for Hennepin County Highways (CSAH)  
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Maximum Likelihood Estimation results 
 
Variable Coef. Std. Err. z P>|z| 
delvkt* -0.230 0.013 -17.740 0.000 
delparalvkt -0.010 0.016 -0.640 0.525 
dellanes -633.057 470.000 -1.350 0.178 
delparalanes 63.351 351.439 0.180 0.857 
delmcdpop* -0.121 0.032 -3.810 0.000 
deladjpop -0.013 0.016 -0.790 0.432 
Basevkt* 0.097 0.002 41.300 0.000 
Baseparalvkt* -0.022 0.003 -7.260 0.000 
Baselanes 35.765 90.936 0.390 0.694 
Baseparalanes -2.555 96.944 -0.030 0.979 
Basemcdpop -0.001 0.001 -1.560 0.118 
Baseadjpop* -0.003 0.001 -4.490 0.000 
Baseyrdum96 -2043.477 305.629 -6.690 0.000 
Baseyrdum94 -3683.604 302.364 -12.180 0.000 
Baseyrdum92 -1461.044 307.002 -4.760 0.000 
Baseyrdum90 -2115.022 356.886 -5.930 0.000 
Baseyrdum88 -2942.384 303.650 -9.690 0.000 
Baseyrdum86 -2304.540 299.341 -7.700 0.000 
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Baseyrdum84 -2834.468 310.147 -9.140 0.000 
_cons 4066.169 328.175 12.390 0.000 
s_u     
_cons 5.890 1.131 5.210 0.000 
s_e     
_cons 8.812 0.008 1071.770 0.000 
   Number of obs   =       8736                                            
   Wald chi2(19)   =    2393.77 
   Prob > chi2     =     0.0000 
   Log likelihood =  -89387.53 
* Indicates significance at 90% confidence level 

Table A25: 2-lag linear difference model for Interstates (MLE) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Variable Coef. Std. Err. z P>|z| 
delvkt* -0.252 0.015 -16.350 0.000 
delparalvkt -0.001 0.019 -0.040 0.970 
dellanes* -1942.012 467.504 -4.150 0.000 
delparalanes* -1133.309 439.106 -2.580 0.010 
delmcdpop* -0.189 0.030 -6.260 0.000 
deladjpop* 0.061 0.016 3.770 0.000 
Basevkt* 0.170 0.006 28.180 0.000 
Baseparalvkt* -0.055 0.007 -7.540 0.000 
Baselanes* 513.504 219.097 2.340 0.019 
Baseparalanes 189.168 227.187 0.830 0.405 
Basemcdpop 0.000 0.002 -0.180 0.856 
Baseadjpop* -0.009 0.001 -6.650 0.000 
Baseyrdum94 250.357 347.313 0.720 0.471 
Baseyrdum92 473.406 389.254 1.220 0.224 
Baseyrdum90 1635.284 380.569 4.300 0.000 
Baseyrdum88 -401.237 340.024 -1.180 0.238 
Baseyrdum86 915.091 338.365 2.700 0.007 
-cons 3737.224 686.374 5.440 0.000 
s_u     
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_cons 8.512 0.036 235.980 0.000 
s_e     
_cons 8.938 0.010 898.370 0.000 
   Number of obs   =6552                                                  
   Wald chi2(19)   =1297.20     
   Prob > chi2     =0.000      
   Log likelihood =-68554.204   
* Indicates significance at 90% confidence level 

Table A26: 4-lag linear difference model for Interstates (MLE) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Variable Coef. Std. Err. z P>|z| 
delvkt* -0.384 0.018 -21.900 0.000 
delparalvkt -0.032 0.023 -1.390 0.164 
dellanes* -1420.133 503.245 -2.820 0.005 
delparalanes* -1615.702 478.915 -3.370 0.001 
delmcdpop* -0.138 0.033 -4.190 0.000 
deladjpop* 0.032 0.018 1.730 0.083 
Basevkt* 0.255 0.012 21.070 0.000 
Baseparalvkt* -0.095 0.013 -7.050 0.000 
Baselanes* 934.800 414.925 2.250 0.024 
Baseparalanes 33.373 427.624 0.080 0.938 
Basemcdpop 0.001 0.004 0.260 0.795 
Baseadjpop* -0.017 0.003 -6.530 0.000 
Baseyrdum92 1128.632 403.515 2.800 0.005 
Baseyrdum90 -160.516 368.588 -0.440 0.663 
Baseyrdum88 1348.668 306.726 4.400 0.000 
-cons 9202.999 1290.432 7.130 0.000 
s_u     
_cons 9.259 0.029 321.620 0.000 
s_e     
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_cons 8.797 0.013 662.380 0.000 
   Number of obs   =4368                                                  
   Wald chi2(19)   =1049.01     
   Prob > chi2  =0.000      
   Log likelihood =-45934.857   
* Indicates significance at 90% confidence level 

Table A27: 6-lag linear difference model for Interstates (MLE) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Variable Coef. Std. Err. z P>|z| 
delvkt* -0.219 0.009 -23.740 0.000 
delparalvkt -0.003 0.006 -0.540 0.591 
dellanes* -1081.661 509.441 -2.120 0.034 
delparalanes -165.824 167.509 -0.990 0.322 
delmcdpop 0.011 0.014 0.790 0.432 
deladjpop* -0.016 0.007 -2.180 0.029 
Basevkt* 0.061 0.002 32.030 0.000 
Baseparalvkt* 0.003 0.002 1.860 0.063 
Baselanes* 258.482 51.872 4.980 0.000 
Baseparalanes* -117.610 41.883 -2.810 0.005 
Basemcdpop* -0.003 0.000 -8.730 0.000 
Baseadjpop 0.000 0.000 -0.170 0.866 
Baseyrdum96 -305.950 109.945 -2.780 0.005 
Baseyrdum94 -434.044 108.872 -3.990 0.000 
Baseyrdum92 -442.914 110.499 -4.010 0.000 
Baseyrdum90 20.835 128.736 0.160 0.871 
Baseyrdum88 -338.766 109.545 -3.090 0.002 
Baseyrdum86 -173.057 106.723 -1.620 0.105 
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Baseyrdum84 99.847 109.537 0.910 0.362 
_cons 520.038 121.923 4.270 0.000 
s_u     
_cons 6.105 0.154 39.710 0.000 
s_e     
_cons 8.109 .006 339.860 0.000 
   Number of obs   =     16392 
   Wald chi2(19)   =    1733.87 
   Prob > chi2     =     0.0000 
   Log likelihood =  -156327.69 
* Indicates significance at 90% confidence level 

Table A28: 2-lag linear difference model for Trunk Highways (MLE) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Variable Coef. Std. Err. z P>|z| 
delvkt* -0.605 0.016 -37.700 0.000 
delparalvkt* -0.023 0.004 -5.470 0.000 
dellanes* 1110.070 242.973 4.570 0.000 
delparalanes* 449.309 150.490 2.990 0.003 
delmcdpop* 0.057 0.006 9.710 0.000 
deladjpop 0.000 0.004 -0.130 0.896 
Basevkt* -0.132 0.013 -9.940 0.000 
Baseparalvkt* 0.014 0.002 6.190 0.000 
Baselanes* -307.901 91.309 -3.370 0.001 
Baseparalanes* -300.373 70.505 -4.260 0.000 
Basemcdpop 0.000 0.001 0.790 0.432 
Baseadjpop* -0.003 0.000 -7.620 0.000 
Baseyrdum92 -384.056 90.295 -4.250 0.000 
Baseyrdum90 -195.283 83.993 -2.320 0.020 
Baseyrdum88 -4.980 71.875 -0.070 0.945 
-cons 3684.014 212.825 17.310 0.000 
s_u     
_cons 7.480 0.031 240.690 0.000 
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s_e     
_cons 7.559 0.011 671.980 0.000 
   Number of obs   =6632                                                  
   Wald chi2(19)   =2322.70     
   Prob > chi2  =0.000      
   Log likelihood =-60775.011   
* Indicates significance at 90% confidence level 

Table A29: 6-lag linear difference model for Hennepin County Highways (CSAH)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Variable Coef. Std. Err. z P>|z| 
delvkt* -0.195 0.018 -10.640 0.000 
delparalvkt -0.008 0.005 -1.530 0.126 
dellanes* 2015.357 258.730 7.790 0.000 
delparalanes* 345.366 144.194 2.400 0.017 
delmcdpop* 0.014 0.004 3.040 0.002 
deladjpop 0.003 0.003 0.850 0.396 
Basevkt* -0.050 0.012 -4.210 0.000 
Baseparalvkt* 0.010 0.003 3.340 0.001 
Baselanes* -621.687 92.087 -6.750 0.000 
Baseparalanes* -225.385 71.855 -3.140 0.002 
Basemcdpop* 0.003 0.001 6.060 0.000 
Baseadjpop* -0.004 0.000 -8.390 0.000 
Baseyrdum90 -41.327 55.729 -0.740 0.458 
-cons 3181.267 212.570 14.970 0.000 
s_u     
_cons 7.523 0.022 346.710 0.000 
s_e     
_cons 7.047 0.018 395.580 0.000 
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   Number of obs   =3316                                                  
   Wald chi2(19)   =422.64     
   Prob > chi2  =0.000      
   Log likelihood =-29583.744   
* Indicates significance at 90% confidence level 

Table A30: 8-lag linear difference model for Hennepin County Highways (CSAH)
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