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ABSTRACT 
 

Federal transportation law requires that state departments of transportation and 
metropolitan planning organizations comply with environmental justice regulations in the 
development and implementation of transportation plans. Environmental justice requires that 
protected populations are neither disproportionately denied the benefits of nor disproportionately 
subjected to the detriments of transportation projects and programs. 
 

This paper proposes the Distance Value Model (DVM) as a technique to measure 
environmental justice. The DVM compares two transportation project distributions: The Ideal 
Distribution is proportional to the population, while the Planned Distribution is a new spatial 
method. A statistically significant difference between the distributions may indicate 
environmental injustice. 
 

The presentation will use transportation project data from a metropolitan planning 
organization in the western United States to demonstrate how transportation planners can use 
ArcGIS 9.3 Model Builder to implement the Distance Value Model. The modules will include 
data management, spatial analyses, and generation of the Ideal and Planned Distributions. 
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INTRODUCTION 
 

Environmental justice in transportation planning requires that transportation projects and 
programs be implemented without discrimination. Beyond ethical practice, environmental justice 
is required by various laws, orders, and regulations. The most prominent environmental justice 
law is Title VI of the Civil Rights Act of 1964 (1) which prohibits discrimination based on race, 
color, or national origin. In addition, Executive Order 12898 (2) prohibits discrimination against 
low-income and minority populations, while Executive Order 13166 (3) requires that those with 
limited English proficiency be provided meaningful access to federal programs. The U.S. 
Department of Transportation (4) also has regulations on environmental justice.  
 

Environmental justice analyses in transportation planning can be categorized into four 
domains (5). The first of these domains is human health and safety. Air quality is an important 
factor in human health and safety, and practitioners could conduct a general air quality review or 
a more technical assessment of particular matter (6). Similarly, various basic and sophisticated 
methods can be used to analyze transportation of and exposure to hazardous materials (7). Water 
quality is also important to environmental justice, and both qualitative and quantitative 
techniques are available. Perhaps the widest variety of analytic methods exists for evaluating 
safety as a form of environmental justice, including those that consider interactive effects (8). 
 

Environmental justice can also be reflected in economic development, land prices, and 
property values (5). Economic development can be influenced by the presence or absence of 
transportation resources that facilitate employment and productivity (9). These effects can be 
assessed with maps, focus groups, and mathematical models. There is a natural relationship 
between economic develop and land prices and property values (e.g., rent), so no less important 
to environmental justice are the effects that can be had on land prices and property values by 
highway projects (10) as well as transit projects (11). These effects can be assessed with market 
studies, property comparisons, and hedonic regression (12). 
 

Environmental justice can be assessed at societal and cultural levels in the form of 
transportation user effects, community cohesion, and cultural resources (5). Transportation user 
effects are affected by the accessibility of destinations as measured by methods such as 
transportation demand models (13), activity-based travel simulations (14), and transportation 
analysis and simulation systems (15). Community cohesion is the fabric that identifies and unites 
members of a community and can be examine with such methods as personal interviews and 
focus groups (16). Cultural resources include the man-made environment and the significance of 
this environment can be determined with methods including stakeholder charrettes (17). 
 

And in the natural environment, environmental justice can be addressed in terms of noise 
and visual quality (5). Vehicle noise (e.g., vehicles engines and road noise) has been assessed 
with acoustical models (18). Alternatively, social science methods have been used to assess the 
effect of and tolerance to transit noise such as locomotive engines and horns (19). Airport noise 
(e.g., aircraft takeoff and landing) has been measured with econometric models (20). Visual 
quality can influence the perception of transportation projects and this aspect of environmental 
justice can be measured with alternative design illustrations (21), three-dimensional computer 
animations (22), and computer generated virtual environments (23). 
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Multiple domains of environmental justice have been identified (5) and transportation 
practitioners can employ various methods to assess transportation projects and programs for 
indications of environmental injustice. In addition to environmental justice in human health and 
safety, economic development, society and culture, and the natural environment, environmental 
justice could also be assessed in the distribution of transportation projects and programs and the 
financial resources those projects and programs represent. Even if environmental justice was 
served in every other way, a financial imbalance in the distribution of transportation resources 
that disfavored a protected class would be fundamentally suspicious. 
 

There is very little published research on the spatial distribution of transportation 
resources and environmental justice. One study of transit projects (24) recognized that all 
populations should equally benefit from public sector investments such that the proportion of a 
protected population should be distributed the same proportion of the value of transit projects. 
Another study of the distribution of multiple projects and their financial values in a 
transportation plan (25) used Census tracts as the distributive basis of protected populations and 
assigned demographic characteristics of the Census tracts to their respective centroids. Other 
partitioning methods were tested and did not reveal significantly different results. 
 
DISTANCE VALUE MODEL 
 

In this paper, the Distance Value Model (DVM) is proposed to study the financial 
distribution of transportation resources as a form of environmental justice. The DVM has the 
advantages of using commonly accepted Census data, the strengths of quantitative spatial and 
financial data, and the power of statistical analyses. The method combines geospatial, 
computational, and statistical techniques for model operation. These techniques can be 
implemented with commonly available software. The procedure of the DVM includes two tables 
of data, a series of computations, and a test for equality of means. They are described in detail 
below. 
 

The data required for the DVM consist of spatially referenced transportation projects and 
population measurement areas (e.g., Census tracts). Spatially referenced transportation projects 
are often available from transportation planning agencies, and spatially referenced population 
measurement areas are available from the U.S. Census. 
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The DVM includes the following notation: 
 
TABLE 1  Model Notation 
Notation Description 

i  Index of projects 
j  Index of areas 

M  Total number of projects 
N  Total number of areas 
vi  Value of project i 
pj  Total population in area j 
p′j  Protected population in area j 
dij  Distance from project i to area j 
Di  Mean distance to project i 
cj  Protected population percentage in area j 
Cj  Areal protected population percentage in area j 
sij  Standardized distance between project i and area j 

IDj  Ideal Distribution to area j 
PDj  Planned Distribution to area j 

 
Suppose we have three projects as shown in Table 2 that will be distributed across a 

transportation planning region. Likewise, Table 3 displays the population information for five 
areas in the region that are to receive the distributions from the three projects.  
 
TABLE 2  Projects 
Project (i) Value (vi) 
1 $60,000,000 
2 $40,000,000 
3 $50,000,000 
 
TABLE 3  Areas 
 Total Protected 
Area (j) Population (pj) Population (p′j) 
1 180,000 15,000
2 360,000 20,000
3 120,000 18,000
4 200,000 12,000
5 140,000 35,000
 

The environmental justice in the DVM is reflected by exploring the spatial context of 
both the projects and areas. When examining project utility, the farther away a project is from a 
potential traveler, the less accessible a project is to the traveler and is therefore less likely to be 
used by (and thus directly benefit) the traveler. In the DVM, the spatial accessibility is measured 
by the inverse distance of projects to areas. Therefore, the value of a project to be assigned to 
individuals in an area is inversely related to the distance between the project and the area. In the 
DVM, the distances between each of the projects and each of the areas are measured to provide 
the weights for project value adjustment. In particular, the distances between projects and areas 
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can be obtained using the Point Distance tool in ArcGIS. Table 4 contains the distances between 
the projects and areas showed in Tables 2 and 3. 
 
TABLE 4  Distances (dij) 
 Area     
Project 1 2 3 4 5 
1 10 30 50 40 50 
2 50 50 30 10 30 
3 40 20 50 40 20 
 

The tables of projects, areas, and distances are then combined to derive the Ideal 
Distribution and the Planned Distribution. These computations can be conducted using common 
Structured Query Language (SQL) commands. First, the protected population percentage in each 
area is computed as the quotient of the protected population in that area divided by the total 
population. This formula is expressed as:  

∑
=
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j
j

j
j
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p
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Table 5 contains the distribution of protected population percentages. 
 
Table 5  Protected 
Population Percentages 
Area Percentage (cj) 
1 1.5%  
2 2.0%  
3 1.8%  
4 1.2%  
5 3.5%  
 

Then, the areal protected population percentage is computed as the quotient of the 
protected population in that area divided by the total population in that area. This formula is 
expressed as:  
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Table 6 contains the areal distribution of protected population percentages. 
 
Table 6  Areal Protected 
Population Percentages 
Area Percentage (Cj) 
1 8.3%  
2 5.6%  
3 15.0%  
4 6.0%  
5 25.0%  
 

Next, the mean and standard deviation of distances between the projects and areas are 
computed for all projects. Table 7 shows the distribution of means and standard deviations of 
distance between the projects and areas. 
 
TABLE 7  Distance Means 
and Standard Deviations 
Project Di Std Dev 
1 36.0  16.7  
2 34.0  16.7  
3 32.0  11.0  
 

Then, the standardized distances between each pair of projects and areas are computed. 
These standardized distances allow the total value of each project to be distributed according to 
the distance between the projects and the areas. Table 8 contains the distribution of standardized 
distances between the projects and areas. 
 
TABLE 8  Standardized Distances (sij) 
 Area     
Project 1 2 3 4 5 
1 1.55 0.36 -0.84 -0.24 -0.84
2 -0.96 -0.96 0.24 1.43 0.24
3 -0.73 1.10 -0.73 -0.73 1.10
 

Finally, the Ideal and Planned Distributions are computed. The Ideal Distribution is an 
allocation of transportation projects that meets the demand of environmental justice, which is 
that protected populations must receive equal treatment. The Ideal Distribution of a project is 
computed as the product of a project value and percentage of the protected population in an area, 
summed across all areas. This formula is expressed as: 

∑
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Table 9 contains the Ideal Distribution of project values to the protected population in 
each area and the total Ideal Distribution of each project. 
 
TABLE 9  Ideal Distribution 
 Area      
Project 1 2 3 4 5 Total (IDi) 

1 900,000 1,200,000 1,080,000 720,000 2,100,000 6,000,000 
2 600,000 800,000 720,000 480,000 1,400,000 4,000,000 
3 750,000 1,000,000 900,000 600,000 1,750,000 5,000,000 

 
The Planned Distribution is computed as the mean project value adjusted by the 

standardized distance between the project and the Hispanic population in the area, summed 
across all areas as: 
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Table 10 contains the Planned Distribution of project values to the protected population 

in each area and the total Planned Distribution of each project. 
 
TABLE 10  Planned Distribution 
 Area      
Project 1 2 3 4 5 Total (PDi) 
1 1,038,988 678,693 1,758,167 715,219 2,930,278 7,121,345
2 645,326 435,401 1,208,437 500,249 2,014,062 4,803,475
3 811,058 579,170 1,465,767 586,307 2,585,582 6,027,884
 

A t-test for equality of means must be conducted to determine if there is a statistically 
significant difference between the Ideal Distribution and the Planned Distribution contained in 
Table 11. In particular, a t-test for of means for a paired sample should be used because the Ideal 
Distribution of a project can be directly related to the Planned Distribution of a project. In 
addition, a two-tailed test should be conducted because the direction of difference between the 
means (if any) is irrelevant. 
 
Table 11  Project Distributions 
 Ideal Planned 
Project Distribution Distribution 
1 6,000,000 7,121,345
2 4,000,000 4,803,475
3 5,000,000 6,027,884
 

If environmental justice is being served, then there should not be a statistically significant 
difference between the Planned Distribution and the Ideal Distribution. The hypotheses for this 
comparison would be: 

H0: µPD = µID 
H1: µPD ≠ µID 
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Although there are too few projects in this example to conduct a meaningful comparison, 
typical transportation plans contain an adequate number of projects to conduct such analyses. If 
the difference is statistically significant at some predetermined level (e.g., p < .05), then further 
examination of the transportation plan may be warranted, as well as the examination of previous 
transportation plans. 
 

Although environmental justice requires that everyone in a transportation planning area 
be equally treated, in reality it would be unlikely to find that the percentage of a protected 
populations is exactly equal to the percentage of total project values represented in a 
transportation plan. In this example, the protected population received a higher percentage of 
transportation project values than the protected population represents in the population of the 
transportation planning area because the protected population is closer than average to the 
projects. Yet this inequality is not necessarily evidence of environmental injustice. Because there 
are typically many transportation projects in a transportation plan, a statistical comparison of the 
Ideal Distribution and the Planned Distribution can suggest the likelihood that any difference 
between the two distributions is random. 
 
THE DISTANCE VALUE MODEL: APPLICATION USING MODEL BUILDER 
 

The DVM was applied to realistic data to determine its suitability as a tool for 
transportation planning agencies to assess the environmental justice of short- and long-range 
transportation plans. To further demonstrate the utility of the DVM, the application was 
conducted with data and software that transportation planners might normally use. In this 
section, the method and results are presented, followed by a brief discussion. 
 
Method 
 

The method included data representing plausible transportation projects and budgets 
which were located on existing roadways in an actual transportation planning area. Although the 
project data are intended to enhance the realism of this application, they are hypothetical and do 
not represent the transportation improvement plan of any transportation planning agency. The 
method also included a procedure of geospatial, computational, and statistical techniques. These 
techniques were accomplished with commonly available software packages. Thus, the data and 
procedure were intended to produce realistic results without the need for custom software 
development. The data and procedure used in this method are described below. 
 
Data 
 

The data used in this application of the DVM consisted of projects from a hypothetical 
transportation improvement program (TIP) in a transportation planning area in the western 
United States. The transportation projects, while hypothetical, were placed on existing roadways 
and were provided realistic cost values. That is, fictional projects with typical budgets were 
located on existing roadways in an actual transportation planning area. The attributes of the 
projects included a sequential identification number, spatial reference, centroid, and cost value.  
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Data on the population measurement areas representing the transportation planning area 
were also collected. The data on the population measurement areas are official 2000 Census data 
measured at the census tract level. The attributes of the areas included a sequential identification 
number, spatial reference, centroid, population of a protected class, and total population. 
Descriptive statistics on the projects and population measurement areas are provided below. 
 
Projects  A total of 67 hypothetical projects scheduled for construction during the five-year 
period of 2007-2011 were included in the analyses. The geometry of these projects was either 
point (e.g., intersection improvement) or linear (e.g., roadway extension). Projects that were not 
spatially referenced (e.g., groups of small projects aggregated for administrative convenience) 
and projects represented by polygons were not included. Similarly, programs (e.g., transit) were 
not included in the analyses. 
 

The project cost values ranged from $180,000 to $335,600,000 and totaled $1.2 billion. 
The project cost value mean was $18.6 million and the standard deviation was $46.1 million. The 
project cost values are adjusted for inflation at 3.0% compounded annually in years 2008 through 
2011. Some projects had cost values that extended beyond either or both ends of the five-year 
planning period. Cost values that were budgeted outside of the five-year planning period were 
not included in the analyses. 
 
Using Model Builder, the centroids of the projects and areas are created using the Feature to 
Point tool in ArcToolbox. The Model Builder content is depicted in Figure 1. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
FIGURE 1  Model Builder centroid creation. 
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FIGURE 2  Project centroids. 
 
Areas  A total of 605 population measurement areas were included in the analyses. The total 
population per area ranged from 63 to 36,146 individuals and totaled 2.8 million individuals. The 
population per area mean was 4,651.0 individuals and the standard deviation was 2,174.0 
individuals. The Hispanic population per area ranged from 3 to 7,949 individuals and totaled 
750,965 individuals. The Hispanic population per area mean was 1,241.3 individuals and the 
standard deviation was 1,187.7 individuals. 
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FIGURE 3  Area centroids. 
 
Procedure 
 

The analytical procedure consisted of geospatial, computational, and statistical 
techniques. These techniques were applied using ArcGIS, Microsoft Access, and Microsoft 
Excel, respectively. The application of these techniques and their relationship to the example 
provided in the description of the DVM is detailed below. 
 
Geospatial  A geospatial analysis of the distances between each of the projects and each of the 
areas was conducted to provide a basis for the weights needed to decrease the value of a project 
as the distance to the project increases. The product of the 67 projects and 605 areas was table of 
40,535 records (cf. Table 4). The shortest distance between a project and area centroid pair was 
228.4 feet (69.7 meters) and the longest distance was 82.4 miles (132.7 kilometers). 
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Using Model Builder, the distances between each of the projects and each of the areas was 
computed using the Point Distance tool in ArcToolbox. The Model Builder content is depicted in 
Figure 4. 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
FIGURE 4  Model Builder distance calculation. 
 
Computational  The tables of projects, areas, and distances were subjected to a series of 
computational procedures to create the Ideal Distribution and the Planned Distribution. First, the 
Hispanic population percentage per area was computed as the quotient of the Hispanic 
population in an area divided by the total population (see Formula 1). The resulting table of 605 
records contained the distribution of Hispanic population as percentages of the total population 
(cf. Table 5) and each area (cf. Table 6). Overall, the Hispanic population represented 26.7% of 
the total population. 
 

Next, the mean and standard deviation of distances between the projects and areas were 
computed and summed across projects. The resulting table of 67 records contained the 
distribution of means and standard deviations between projects and areas (cf. Table 7). Then, the 
standardized distances between the each project and area pair were computed. The resulting table 
of 40,535 records contained the distribution of standardized distances between projects and areas 
(cf. Table 8). 
 
Using Model Builder, the mean and standardized distances between each of the projects and each 
of the areas was computed using the Calculate Field tool in ArcToolbox. The Model Builder 
content is depicted in Figure 5. 

 
FIGURE 5  Model Builder mean and standardized distance calculation. 
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Finally, the Ideal and Planned Distributions were computed. The Ideal Distribution was 
computed as the product of a project value and the percentage of Hispanic population in an area, 
summed across all areas (see Formula 3). The Planned Distribution was computed as the mean 
project value adjusted by the standardized distance between the project and the Hispanic 
population in the area (see Formula 4). The resulting table of 67 records contained the Ideal 
Distribution and the Planned Distribution (cf. Table 11). 
 
Using Model Builder, the Ideal and Planned Distributions were computed using the Calculate 
Field tool in ArcToolbox. The Model Builder content is depicted in Figure 6. 
 

 
 
 
 
 

FIGURE 6  Model Builder distribution calculation. 
 
Statistical  A t-test for equality of means was conducted to determine if there was a statistically 
significant difference between the Ideal Distribution and the Planned Distribution using 
Microsoft Excel. The t-Test Paired Sample for Means tool in the Data Analysis toolbox was used 
to test for a difference between the two distributions. A two-tailed test was conducted because 
the direction of difference is irrelevant, and a difference with a t-statistic value at or beyond p < 
.05 was considered statistically significant. 
 
Results 
 

As indicated in Table 12, the test for equality of means revealed a difference that was 
statistically significant at p < .05. 
 
TABLE 12  Paired Sample t-Test Results 
 Ideal 

Distribution 
Planned 
Distribution 

Mean 4,963,961.4 4,962,607.1
Standard Deviation 12,400,739.2 12,398,582.5
N 67   
R 0.9999  
Df 66   
t Statistic 3.5322  
p (one-tailed) .0004  
 
CONCLUSION 
 

The DVM revealed a number of strengths in evaluating environmental justice. The DVM 
demonstrated the ability to create and test for differences between the Ideal and Planned 
Distributions using realistic data and commonly available software. Although ArcGIS, Microsoft 
Access, and Microsoft Excel were used in this study, any software with comparable features 
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could be used. The DVM demonstrated the ability to distribute the value of each transportation 
project across the entire planning area. This is an important advantage over models that distribute 
project values over arbitrarily defined areas. The DVM reflects a higher level of sophistication 
over techniques that rely on concentrations of protected populations because the DVM includes 
every member of a protected population in the planning area regardless of concentration. 
Overall, the quantitative and objective features of the DVM yield results that are highly robust.  
 

The description and application of the DVM results of this research suggest additional 
areas of research. One such area is the formulation of the Planned Distribution. The DVM does 
distribute the total value of each project across the entire planning area but the distribution could 
have a stronger connection to the percentage of the protected population in each area. Another 
area of additional research is a further investigation of accessibility to projects. In this paper, the 
accessibility is evaluated using a function of straight line distance. Future research will include 
the incorporation of practical network distance given that travels are made on roads. As another 
extension from this research, spatial optimization models will be developed to allocate projects 
so that the usefulness of the projects is maximized while addressing environmental justice 
simultaneously. This functionality would be useful if the initial analysis yielded results 
suggesting that the demands of environmental justice were not met. Thus, the DVM appears to 
have promise as a practical tool that transportation planners could use to evaluate environmental 
justice in transportation plans, and that additional improvements to the model would be 
worthwhile. 
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