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PREFACE
The International Chinese Transportation Professionals Association (ICTPA) was established in the
United States as the North American Chinese Transportation Professionals Association (NACTPA) in
1987. The mission of the ICTPA is to promote the professional development of its members by fostering
fellowship and cooperation among its members and by maintaining a central point of reference and
deliberation. In an effort to promote local activities, there are currently six chapters across the entire USA
from east coast to west coast: Washington, DC Chapter, Northern California Chapter, Southern California
Chapter, Northeastern United States Chapter, Texas Chapter, and Florida Chapter. In addition, the Hong
Kong Chapter is the first in Asia.
During May 19-21, 2017, hundreds of young and senior transportation professionals and officers gathered
th
together in Houston for the 30 Annual Conference of International Chinese Transportation Professionals
Association (ICTPA), to share knowledge and research experiences in transportation studies, practices,
and policy makings. The three days’ program included two plenary sessions with four invited keynote
speakers, six concurrent sessions for all presenters to share with their research and practical experiences,
one reception on Friday, and one banquet on Saturday evening. The “Exemplary Achievement in
Transportation” Awards were presented to Elain Chao, the United States Secretary of Department of
Transportation, and Jimmy Lin, the past president of ICTPA and Mayor of Diamond Bar City. To
appreciate their long term services to ICTPA members, the "Distinguished Service" Awards were
presented to past presidents Jerry Cheng, Jimmy Lin, and Joe Lee. A “Transportation Pioneer in China”
Memorial Award was presented to Mr. Yumo Yao for his pioneer practices in transportation planning and
construction in China during the 1980s and 1990s when China just initiated the modern transportation
planning practices.
With all the papers received in this conference, 25 papers covering five topics were selected in the
proceedings. The theme is to advance the existing transportation systems with practical applications in
America and Asia. Five technical topics have been covered including: (1) Transportation System
Operation; (2) Sustainable Transportation System; (3) Multi-modal Transportation System Operation and
Management; (4) Healthy Transportation and Smart City Practices; and (5) Transportation Infrastructure
Design and Management. Besides, a special topic: Testimony of 30 Years’ ICTPA, which includes the
articles from several past presidents of ICTPA on their experiences with the growth of ICTPA during the
past 30 years.

Editors:

Fengxiang Qiao, Ph.D.
Texas Southern University

Lu Gao, Ph.D.
University of Houston
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Topic One:

Transportation System Operation
The important functions of transportation system operation include the efficient and safe operations of
transportation facilities. In this topic, Jiang and Cheng analyzed the crash data on a Geographical
Information System (GIS) platform and identified the high-risk fields within the five shale areas in Texas.
They recommended preventing and mitigating crashes in Shale areas to improve the transportation
situation in Texas. Lin et al. studied an optimization of RR operations in FDOT District 7 was conducted to
maximize benefits of Road Ranger services. A mathematical optimization model was developed, including
objective function, decision variables, and constraints. They found that, the patrol-only optimized solution
increases the benefit-to-cost ratio (B/C) by 60% compared to the existing solution and allocates more
truck hours to weekends and to links where high RR assist demand cannot be met by the existing solution.
The mixed-use optimized solution increases B/C by 10% compared to the existing solution; due to the
lack of knowledge and documents on detection time in a Traffic Management Center (TMC) and
stationary truck cost, the mixed-use solution is unreliable. They recommended for fine-tuning and
implementation of this model. Wu and Cheng utilized a Geographical Information System (GIS) platform
to collect and analyze roads and vehicle data, and spot the frequency and location of the car crashes.
Results indicate that the overall crash rates display an increasing trend in associated with the increased
shale activities. Khan et al. presented a discrete wavelet transformation procedure and discussed the low
frequency components of the analysis to approximate the relation between pavement roughness and gas
emissions. The results can assist in the prediction of vehicular emission for different pavement conditions.
Shi et al., proposed an updated cellular automaton model for urban two-way-four-lane network systems
with all-way stop control intersections to simulate the network level critical density and carrying capacity
under different conditions, which essentially indicates the limit number of vehicles that the network can
handle before going into gridlock. The simulation results show that an increase in network size is able to
expand the carrying capacity of a road network, whereas the expansion rate is less than the change rate
in the network size.
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A study of hot spots of shale area crashes in Texas

Yao Jiang*, Liang-Chieh (Victor) Cheng 1, 2*
1
University of Houston, Department of Information & Logistics Technology, Houston,
U.S.A
2
University of Houston, Department of Construction Management. Houston, U.S.A.
Abstract
Texas is the leading crude oil production state in the United States, averaging about 105
million barrels in 2015 according to Independent Statistics & Analysis of U.S. Energy
Information Administration (EIA). Texas has the most oil and natural gas resources in the
United States because it has the largest Shale Oil and Gas formations. Along with the
continued exploration and production of Texas shale Oil & Gas, there is a significant
increase of traffic in the shale areas. Apparently, the traffic growth causes roadway risks
and increase crashes in Texas. Significant growth of crashes brought nontrivial economic
losses, injuries, and fatalities in Texas shale areas. This phenomenon has become a
serious problem for the transportation stakeholders in Texas. To enhance the traffic safety
in shale areas in Texas, it is important to identify the hot spots of crashes within the state.
There are five major shale areas within Texas: Eagle Ford Shale, Barnett Shale, Granite
Wash, Permian Basin, and Haynesville/Bossier Shale. The present research will evaluate
all five fields. The goal is to generate comparable outcomes and visual presentations for
crash hot spots in Shale areas. The research analyzes the crash data on a Geographical
Information System (GIS) platform and identifies the high-risk fields within the five shale
areas in Texas. The crash data from 2003 to 2015 in Texas are ole to develop a list of highrisk locations in Texas to alert transportation agencies and road users to take risk-averse
actions, develop regulations, and improve roadway infrastructures. Finally, the research
presents recommendations to prevent and mitigate crashes in Shale areas to improve the
transportation situation in Texas.
Keywords:
Hot-spot, ArcGIS, Kernel Density Estimation, Getis Ord Gi*

*Corresponding author. Tel.:+ 1-713-743-1524.
E-mail: lcheng6@uh.edu (University of Houston, PhD, Associate Professor).
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1 Introduction
Texas is the state with the largest crude oil and natural gas reserves in the United States. On account of
new technologies, oil and gas activities in Texas have grown greatly in recent years. It has 142,610
producing leases, 3,903 producing operators, and 1,487,082 drilled wells in the oil and gas industry.
There are 79,322,155 barrels of oil and 654,335,444 MCF (thousand cubic feet) of gas produced in Texas
by June 2016. Barnett Shale, Eagle Ford Shale, Granite Wash Shale, Haynesville/Bossier Shale, and
Permian Basin are the major oil and gas formations of great economic significance to Texas.
The following sections provide historical backgrounds of critical Shale formations in Texas in
alphabetical order:
1) Barnett Shale was discovered in 1981 and contains a large quantity of natural gas. It includes 15
counties (Clay, Cooke, Dallas, Denton, Ellis, Erath, Hood, Jack, Johnson, Montague, Palo Pinto,
Parker, Somervell, Tarrant, and Wise) lie in the Fort Worth Basin, covers an area of 13,000 km² and
locates in North Texas and consists of sedimentary rocks since the Mississippian period, which dates
back 3.8 billion years. In 2012, it produced about 5,743 million cubic feet of gas per day, which is the
highest record since 1993.
2) Eagle Ford Shale is a shale area well known for the capability of producing both tight oil and natural
gas in southeastern Texas. It is also the largest tight oil paly in the United States and contains 30
counties. Since 2009, it has produced a peak of approximately 1,600 thousand barrels per day in
March 2015.
3) Granite Wash Shale consists of four counties (Gray, Hemphill, Roberts, and Wheeler) located in the
Texas Panhandle and three counties within Oklahoma with the production of both oil and gas. It
covers an area of 160 miles long and 30 miles wide and is one of the deeper unconventional
formations in the United States, with depth varying varies from 11,000 to 15,400 ft. Based on the
depth, both horizontal and vertical drilling are utilized to produce reserves from this shale. The
Granite Wash had 8.8 Tcf of technically recoverable natural gas as of January 1, 2013, according to
the Energy Information Administration.
4) Haynesville/Bossier Shale is located in East Texas, Northwest Louisiana, and Arkansas at vertical
depths between 10,000 and 14,000 feet with rich natural gas discovered in 2008. It had produced 75
trillion cubic feet of shale gas resources by 2009. There were 24 rigs counted in Haynesville in early
October, a far cry from a mid-2010 peak of 185 rigs. Prior to the commodity price rout of late 20142015, the Haynesville rig count was holding around 39-47 rigs since December 2013.
5) Permian Basin is one of the prolific basins reserves, containing both natural gas and tight oil within
West Texas. It occupies an area about 300 miles long and 250 miles wide. The Permian Basin has
produced over 29 billion barrels of oil and 75 trillion cubic feet of gas and it is estimated by industry
experts to contain recoverable oil and natural gas resources exceeding what has been produced over
the last 90 years.
Texas also leads the public road length with 313,228 miles, followed by California with 174,989 by
2013. However, with the traffic safety performance, Texas has more crashes from 1996 to 2012 than any
other state according to United States Department of Transportation. Based on “COMPARISON OF
MOTOR VEHICLE TRAFFIC DEATHS, VEHICLE MILES, DEATH RATES, AND ECONOMIC LOSS 2003
- 2015” from the Texas Department of Transportation, there is an average of 3,400 death and $24.6 billion
loss due to motor vehicle crashes each year. The number of crashes of Texas has been increasing in
these years due to traffic frequencies of the Shale resources, especially in the area with more oil and gas
activities.
The main objective of this research is to identify high-risk crash locations in the Share areas in the
state of Texas and to develop solutions to help mitigate the impacts. These locations, also termed as “hot
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spots”, provide stakeholders of the traffic systems and road users with an overall understanding of road
segments and intersection with abnormally high frequencies of crashes that have occurred in Texas, The
paper utilizes GIS techniques for data processing and applies two spatial analysis tools, Kernal Density
Estimation (KDE) and Getis-Ord Gi*, to specify these locations. This research aims to make the following
contributions to the traffic safety literature:
1) Developing an innovative, GIS-based approach to collect and process logistudinal data sets regarding
crashes in the Texas Shale areas;
2) Testing and implementing a new hot-spot analytical technique to identify high-risk crash locations in
Texas Shale areas;
3) Visually demonstrating high-risk crash locations in shale areas in Texas by creating GIS maps with
crashes hot spots and develop a list of the locations with location and crash features.
2

Literature Review

A body of literature is associated with utilizing either Kernel Density Estimation (KDE) or Getis-Ord Gi* to
analyze the crash data at the city level as opposed to the region level or county level.
Thiruvananthapuram city, which is the headquarter of Kerala, India, is an example of spatio-temporal
clustering based on Moran's I spatial autocorrelation combined with point KDE and Getis-Ord Gi* to study
the accidents that happened during monsoon and non-monsoon times near religious places and
education organizations (Prasannakumar, Vijith, and Geetha, 2011).
In a study on a big city in China, road crashes in Shanghai, China are studied for spatial point analysis
by network-constrained KDE method to identify spatial distribution in the city. The study places emphasis
on the bandwidth, which has great impacts on spatial distribution of density estimates (Loo, Yao, and Wu,
2011).
Another example of hot-spot analysis is concerning a city in the Turkey. Afyonkarahisar, a city in in
Western Turkey, is a junction point of industrial, tourism and agricultural areas as the capital of Afyon
Province. The authors focus on the highway network by using the KDE analysis and repeatability analysis
in GIS to determine the hot spots within the city and indicate the problematic places (Erdogan, Yilmaz,
Baybura, and Gullu, 2007).
Another paper uses KDE methods to study spatial patterns of injury related to metropolitan area of
London road accidents to generate maps of high density accident zones in 2008 (Anderson, 2008).
The Getis-Ord Gi* statistic is used to identify the clustering of low and high index values and to
generate a pedestrian-vehicle crash hot spots map of 13 years (1996–2008) of pedestrian-vehicle crash
data for the Adelaide metropolitan area. In this research, results show that the approach is efficient and
reliable in identifying pedestrian-vehicle crash hot spots and ranking unsafe bus stops (Truong and
Comenahalli, 2011).
3 Methodologies
3.1 Data sets
Texas crashes data sets from 2003 to 2015 were obtained from Crash Record Information System (CRIS)
of Texas Department of Transportation. Data sets include crash number in each county, county ID, crash
date, road name, and GIS coordinates (namely longitude and latitude data) of each crash each year in
Texas. The primary data required to conduct the analysis was filtered from the excel sheet downloaded
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from CRIS.
After the original crash data sets are completed, the resaerchers upload longitude and latitude data,
crash number, county ID, and road name of each crash to a GIS system, the ArcGIS platform of ESRI, to
generate maps of crash counts, density of point features, and cluster maps in shale area. The KDE and
Getis Ord Gi* prlcesses are executed on the GIS system.
3.2 The Kernel Density Estimation method for hot-spot analysis
Kernel Density Estimation (KDE) is a tool to calculate the density of features within an area nearby the
features. It works for both point and line features. Due to the data type, the research used is the number
of crash, so KDE is used to calculate the density of point feature around each output raster cell in order to
display a smoothly curved surface fitted over each point.
There are five steps algorithm to calculate the default search radius (bandwidth) of KDE in ArcGIS:
1. Based on the input points to calculate the mean center. If a Population field other than None was
selected, this, and all the following calculations, will be weighted by the values in that field.
2. Obtain the distance from the (weighted) mean center for all points.
3. Dm. is the Median of these distances, is calculated
4. Calculate the SD. (weighted) Standard Distance,
5. Apply the equation (1) to calculate the bandwidth:
𝐒𝐞𝐚𝐫𝐜𝐡𝐑𝐚𝐝𝐢𝐮𝐬 = 𝟎. 𝟗 ∗ 𝐦𝐢𝐧 (𝐒𝐃, √

𝟏
𝐥𝐧 𝟐

∗ 𝑫𝒎 ) ∗ 𝒏−𝟎.𝟐

(1)

where:
SD = standard distance
Dm = median distance
n = the number of points if no population field is used, or if a population field is supplied, n is the
sum of the population field values
Kernel Density Estimation is used for point features in this paper, generate a smoothly curved surface
due to the data used in this paper is point of crash. So, the density of point features around each output
raster cell is needed to be calculated.
The location of the point is with the highest surface value. With the increasing distance from the point,
the Search radius distance from the point reaches zero. “Kernel Density is only for a circular
neighborhood. The Population field value of the point equals the volume under the surface, or 1 if NONE
is specified. By adding values of all the kernel surfaces, the density at each output raster cell is able to be
calculated.
If a population field setting other than NONE is used, each item's value determines the number of
times to count the point. By default, a unit is selected based on the linear unit of the projection definition of
the input point feature data or as otherwise specified in the output coordinate system environment setting.
If an area unit is selected, the calculated density for the cell is multiplied by the appropriate factor before it
is written to the output raster.”
3.3 The Getis-Ord Gi* method for hot-spot analysis
Optimized hot spot analysis is an advanced tool based on Getis-Ord Gi* methodology. It executes the Hot
Spot Analysis (Getis-Ord Gi*) tool using parameters derived from characteristics of the crash data. It helps
to generate the spatial clusters of statistically significant hot and cold spots using the Getis-Ord Gi*
statistic in a map. This method automatically aggregates crash data, identifies an appropriate scale of
analysis, and corrects for both multiple testing and spatial dependence. It interrogates the crash data and
determines settings that will produce optimal hot spot analysis results.
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Given crash data points, Getis-Ord Gi* will identify those clusters of crash points with values higher in
magnitude than an expected value to find by random chance. A z score is the output of the Gi* for each
points feature. The z score represents the statistical significance of clustering for a specified distance. In
optimize hot spot analysis tool, the Z Score is based on Randomization Null Hypothesis computation.
Gi* creates a new feature class that duplicates the input feature class, and then adds a new Results
column for the Gi* z score. The name of the output field is Gi<distance_method>. If a field of this name
already exists in the input feature class, it will be overwritten in the output feature class.
A high z score for a feature indicates its neighbors have high attribute values, and vice versa. The higher
(or lower) the z score, the stronger the association. A z score near zero indicates no apparent
concentration (neighbors have a range of values).
3.4 Analysis Procedures
First, filter the longitude and latitude data of each crash in Texas from the data set obtained from TxDOT.

Table1 Example of part of filtered Latitude and Longitude data in Barnett Shale in 2003
Second, add longitude and latitude data on one Texas map to display the distribution of crash number
in ArcGIS. Fig.3 below shows the result map with 2003 crash number in Barnett Shale.
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Fig. 3 Example of number of crashes in Barnett Shale in 2003

Third, conduct the KDE analysis tool to determine the hot spot locations with darker blue color based
on the counts within shale area Fig 4 represents crash KDE result on Barnett Shale in 2003. It is obvious
that there are three counties with higher crash number with deeper blue color.

Fig. 4 Example of KDE result on Barnett Shale in 2003

8

Advances in Transportation Systems and Practices

Editors in Chief: Fengxiang Qiao, Lu Gao, Qing Li

The Post-conference Proceedings of the 30th Annual Conference of the International Chinese Transportation Professionals
Association (ICTPA), May 19-21, 2017, Houston, Texas, USA
ISBN: 978-1-64008-627-2

Fourth, use the Optimized Hot Spot Analysis (Gi) to obtain the results of county level shown by blue,
yellow, and red. Red represents the hot spot areas, yellow means fewer crashes than hot spot areas, and
blue shows the cold spot areas. Fig. 5 represents optimized hot spot analysis result on Barnett Shale in
2003. There are three counties with highest crash which are in red. Outside the red area is with yellow
color represent lower crash than the red area. Finally, identify the high-risk areas within the county to gain
the final results.

Fig. 5 Example of Optimized Hot Spot Analysis (Getis Ord Gi*) of Barnett Shale in 2003

4. Results and discussion
It is difficult to identify the hot spot areas only by the number input in ArcGIS because many numbers are
overlapped on the map. For example, from the maps with crash numbers from 2003 to 2015 in Barnett
Shale below (Fig. 6), the maps are quite similar and the high-risk areas are too hard to determine. So it is
necessary to use the hot spot analysis tools to find out the accurate locations with higher crashes.
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Fig. 6 Crash Number on Barnett 2003 – 2015

4.1 Barnett Shale
From Fig. 7, it is easy to find out that the counties with higher crash number are Denton, Dallas, and
Tarrant. (KDE result is at the left side and Getis-Ord Gi* result is at the right side) If add the road map
based on the county level and zoom in the map, the road location with higher crash numbers can be
easily identified.
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(a)

(b)
Fig. 7 KDE and Gi* Results on Barnett Shale in 2003

These two maps show the Denton County with road name and higher crash numbers in 2003. The left
one is the result by conducting KDE and the right-hand side picture shows the Getis-Ord Gi* results.
Over twelve years (2003 to 2015), Denton, Dallas, and Tarrant are the top counties where crashes
happened. Therefore, the maps are the same.

(a)

(b)
Fig. 8 KDE and Gi* Results on Denton county in 2003
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4.2 Eagle Ford Shale
Based on the results of KDE and Gi* on 2007 Eagle Ford Shale shown in Fig. 9 below, it can be
concluded that Gi* (right picture) is not appropriate for larger areas since the areas with red color are hard
to find out except zoom in the map to the county level, while map with KDE (left picture) is easier to find
out that Brazo and Webb are the most dangerous counties in Eagle Ford Shale.

(a)

(b)
Fig. 9 KDE and Gj* Results on Eagle Ford Shale in 2007

According to Fig. 10 below, within Brazo county, for a smaller area, Gi* (right picture) performances
better than KDE since KDE generates a smoother feature and hard to identify the roads. It is also able to
find out the road name on these maps. During 2003 to 2015, Brazo and Webb are remaining the counties
with top crashes within Eagle Ford Shale. So, the maps are the same in twelve years.

(a)

(b)
Fig. 10 KDE and Gi* Results on Brazo County in 2007

4.3 Permian Basin
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Fig. 11 represents that KDE on the left and Gi* on the right have almost the same results based on
Permian Basin maps in 2009. Obviously, there are four counties, Tome Green, Ector, Midland, and
Lubbock are the places with frequent accidents.

(a)

(b)
Fig. 11 KDE and Gi* Results on Permian Basin in 2009

The maps (Fig. 12) within Tom Green shows that Gi* can identify more accurately in small area with
both red and yellow dots.

(a)

(b)

Fig. 12 KDE and Gi* Results on Tom Green County in 2009

As shown in Fig. 13, the results on Ector and Midland counties can also improve that Gi* is more
appropriate for smaller areas. Gi* shows more dots in yellow in other counties around Ector and Midland
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while there is no other deeper color in the KDE result map. Same conclusion can be made by the
Lubbock county maps in Fig. 14.

(a)

(b)

Fig. 13 KDE and Gi* Results on Ector and Midland Counties in 2009

(a)

(b)
Fig. 14 KDE and Gi* Results on Lubbock County in 2009

4.4 Haynesville
There are four counties are considered high risk areas within Haynesville based on the maps in Fig. 15
below. Angelina, Gregg, Harrison, and Nacogdoc are the areas with darker color.
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(a)

(b)
Fig. 15 KDE and Gi* Results on Haynesville in 2011

Also, zoom in the maps with road added, the risk on the section can be seen from the maps Angelina
in Fig. 16 below.

(a)

(b)
Fig. 16 KDE and Gi* Results on Agenlina in 2011

4.5 Granite Wash Formation
This shale area is the smallest among five shale areas because it only contains four counties. By this
reason, it allows more clear comparison between KDE and Gi* methods. KDE method on the below left
map of Fig. 17 shows a dot within Gray county while Gi* identifies the accidents dots in other counties.
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(a)

(b)
Fig. 17 KDE and Gi Results on Granite Wash Formation

The road sections with higher risks are able to be seen on the zoomed in Gray county maps (Fig. 18).

(a)

(b)

Fig. 18 KDE and Gi* on Gray County in 2011
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5

Conclusions

5. 1 Summary
The significant development of oil and natural gas industries in Texas leads to the on-going fracking boom.
The fracking boom has brought forth the economic growth of the industries participating the new domestic
oil and gas exploration, production, and logistics. On the other hand, the substantial growth to transport oil
and gas products and supporting equipments and materials also cause higher traffic volumes in the Shale
areas in Texas. As a consequence, more accidents have taken place, leading to more deaths, injuries,
property damages, and traffic congestions. Accordingly, the traffic authorities and the road users need to
pay more attention to the road segments with high-risk locations. The research enables the road users to
gain a visual method to easy and clear identify these areas, mitigate the risks and reduce the loss.
In the present research, GIS-based hot-spot analyses show areas names with higher crashes within
each shale play in Texas in visual method. The counties with high risk within shale plays in Texas are
identified as follows:
Barnett Shale: Dallas, Tarrant, Denton
Eagle Ford: Webb, Brazos, Bastrop
Granite Wash Formation: Gray, Hemphill, Roberts
Haynesville (Bossier): Gregg, Angelina, Harrison
Permian Basin: Lubbock, Ector, Tom Green
The researchers also found that the result indicates that Gi* method is more appropriate for analyzing
a smaller area than the KDE does.
5.2 Future research directions
Future research will focus on the specific road sections within Shale areas with hot spots of various car
crashes. The hot-spot analyses can provide specific locations of high-risk sections or intersections. Data
on risk factors of crashes at these locations may allow the researchers to conduct causation studies to
determine critical risk factors for crashes. Moreover, the research will expand the study areas to more
geographical areas in Texas to identify the crash hot spots and study the potential causes to inform
jurisdictions, planning agencies, and road users to improve the traffic safety in Texas.
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Abstract
A freeway patrol operation is an effective element of a state department of transportation’s
Traffic Incident Management (TIM) program that offers direct assistance to motorists by
quickly responding to, assisting with, providing maintenance of traffic (MOT) setup for, and
clearing primary incidents from travel lanes in close coordination with state highway patrol
and other law enforcement agencies. The major benefits of freeway patrol operations
include shortened incident response time, reduced motorist delay, and reduced excess fuel
consumption and emissions. Road Rangers (RR) is the Florida Department of
Transportation’s (FDOT) freeway patrol program. For this study, an optimization of RR
operations in FDOT District 7 was conducted to maximize benefits of RR services. A
mathematical optimization model was developed, including objective function, decision
variables, and constraints. Comprehensive datasets were collected from various data
sources to generate model inputs and assumptions, including RR route links, geometry data,
traffic data, and incident events data. The model was conducted using two strategies: patrolonly and mixed use of patrolling and stationary trucks. The optimized solutions were
assessed using the Freeway Service Patrol Evaluation (FSPE) model and compared to the
existing solution. Major conclusions of the study include the following: (1) The patrol-only
optimized solution increases the benefit-to-cost ratio (B/C) by 60% compared to the existing
solution and allocates more truck hours to weekends and to links where high RR assist
demand cannot be met by the existing solution. (2) The mixed-use optimized solution
increases B/C by 10% compared to the existing solution; due to the lack of knowledge and
documents on detection time in a Traffic Management Center (TMC) and stationary truck
cost, the mixed-use solution is unreliable. (3) Because of the significant improvement and
analysis reliability of the patrol-only solution, it is recommended for fine-tuning and
implementation.
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1 Introduction
One of the main goals of today's transportation systems is to provide a safe and reliable travel experience
for road users. To achieve this goal, transportation agencies strive to implement initiatives to mitigate
congestion effects. In 2010, congestion caused road users to spend 4.8 billion hours of extra time in
traffic, wasting 1.9 billion gallons of fuel. In monetary terms, this was equivalent to $101 billion (Schrank,
Lomax, and Eisele 2011). Factors such as crashes, special events, and hazardous weather affect the
network, causing non-recurring congestion and diminishing the reliability of the transportation network.
These unforeseen delays account for almost half of the congestion on the nation's roadway (Kimley-Horn
and Associates 2011).
Traffic incidents are random, capacity-reducing events that range from minor debris to major vehicle
crashes. Capacity reductions are not directly proportional to the number of blocked lanes. According to
the Highway Capacity Manual ( Highway Capacity Manual 2000), blockage of one lane on a three-lane
freeway causes more than a 50 percent reduction in capacity instead of only 33 percent, as might be
expected. Even an incident on the shoulder causes a reduction in capacity because curiosity leads to
driver distraction and speed reduction (Masinick and Teng 2004).
To reduce non-recurring delays caused by incidents, many states run freeway service patrols (FSPs).
FSPs are a special incident response initiative designed to alleviate non-recurrent congestion through
quick detection, verification, and removal of freeway incidents (Skabardonis et al. 1998). FSP services
have existed since 1960, and there are currently more than 50 freeway service patrols in the United
States (Feno and Ogden 1998).
The Road Ranger program is one of the most effective elements of the Florida Department of
Transportation’s (FDOT’s) Traffic Incident Management (TIM) Program (Florida Department of
Transportation Road Ranger Service Patrol 2011), offering direct assistance to motorists by quickly
responding to, assisting with, providing maintenance of traffic (MOT) setup for, and clearing primary
incidents from travel lanes in close coordination with the Florida Highway Patrol (FHP) and other law
enforcement agencies. The major benefits of the RR program include shortened incident response time,
reduced motorist delay, and reduced excess fuel consumption and emissions.
Studies conducted by the University of South Florida’s Center for Urban Transportation Research
(CUTR) (Lin et al. 2012; Hagen et al. 2005) found that benefit-to-cost (B/C) ratio can be improved with
more patrolling on beats with heavier traffic with lower speeds and more chances of lane blockage. FDOT
District 7 sought to increase fiscal responsibility by optimizing RR operations to maximize operational
benefits. A study by Chou, Miller-Hooks, and Promisel (2010) summarized the methodologies for benefitcost analyses of FSPs. Three types of models are often used to estimate the delay savings by FSPs—
mathematical models based on field data, deterministic queuing models, and computer simulation
models, of which the deterministic queuing model is the most widely implemented in practice.
Developing an optimization scheme for RR operations required identifying an objective function,
determining the domain for the function, and optimizing the objective function over the domain. Typically,
a B/C ratio serves well as the objective function and can be maximized over the domain to determine the
optimal solutions or solution, if unique; it can be used to prescribe new assigned beats (zones) and truck
hours to optimize RR operations.
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2 Basic Concepts
2.1 Capacity Reduction Caused by Incidents
Freeway incidents such as accidents, vehicle breakdowns, or the presence of debris may cause
blockages and reductions in capacity (Goolsby 1971; Qin and Smith 2001). The severity of capacity
reduction depends mainly on the incident type (e.g., crash, breakdowns, debris), lateral distribution (e.g.,
median, in-lane, shoulder), and number of lane blockages. Increased delays occur when traffic demand
exceeds the remaining freeway capacity during an incident, which translates into monetary terms when
performing B/C calculations. The methodology from the Freeway Service Patrol Evaluation (FSPE)
(Skabardonis and Mauch 2005; Skabardonis et al. 1998), as shown in Table 1, was adopted for this study
to compute the benefits of RR operations. This methodology uses the capacity remaining factors due to
incidents suggested by the Highway Capacity Manual (Highway Capacity Manual 2000).
Table 1 Remaining Factors of Freeway Capacity Due to Incident (%)

Number of Freeway Lanes/Direction
Incident Type

Accident

Breakdown

Debris

Location
2

3

4

5+

Right Shoulder

81.00

83.00

85.00

87.00

Median

81.00

83.00

85.00

87.00

1-Lane Block

35.00

49.00

58.00

65.00

Right Shoulder

95.00

98.00

98.00

98.00

Median

95.00

98.00

98.00

98.00

1-Lane Block

35.00

49.00

58.00

65.00

Right Shoulder

95.00

98.00

98.00

98.00

Median

95.00

98.00

98.00

98.00

1-Lane Block

35.00

49.00

58.00

65.00

2.2 Delay Reduction Due to RR Services
Delay reduction is one of the major benefits of an RR program. The difference in delay with and without
RR service is one of the main components of the net benefit calculations of the program. The delay
savings by an RR service consists mainly of reduced response and clearance times in incidents involving
RR assistance. The primary reasoning behind delay reduction modeling for RR operations is presented in
Fig. 1. The horizontal axis represents time, and the vertical axis represents the cumulative volume for a
freeway segment. The line represents the traffic volume through the segment (demand). The slope of this
line is the vehicle throughput rate of the freeway in the absence of incidents.
The figure assumes that the freeway is working at or near full capacity. When an incident occurs, the
capacity is reduced to Cr. During this period of reduced capacity, the incident is detected and reported,
and responders are dispatched. Once the responders arrive at the location, the incident is cleared as
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quickly as possible. The area between the normal condition line and the reduced capacity line is a
measure of the delay experienced by the general public due to the incident. Part A of Fig. 1 presents the
delay without RR assistance, and part B presents the same incident with RR assistance. Generally, the
detection and arrival times in part B (assisted by RR) are less than in part A (without RR assistance).
When the incident is cleared, capacity is restored to its normal value of C. In this example, since there
was additional volume during the incident, it took some time to recover and return to the initial conditions.
The calculated delay can be translated into monetary terms for B/C evaluation. These delay-saving
models require capacity reduction factors as inputs.
Volume
normal

normal

lanes conditions

lanes conditions

reopen

reopen

Delay
Savings

responder
responder

C

arrival
Incident

C
arrival

Delay
detection
Incident

Volume

Delay

Incident
detection
Incident

Cr

Cr

occurrence

occurrence

incident
duration

incident
recovery

incident
duration

A. No Road Ranger

incident
recovery

Time

B. With Road Ranger

Fig. 1 Conceptual Model of Delay Reduction Related to RR Services (Lin et al. 2012)

2.3 Fuel Consumption and Emissions Savings Due to RR Services
Wasted fuel and excess emissions occur during incident-induced delays. For measuring fuel and
emission savings from RR services, the selected evaluation methodology in this study used the EMissions
FACtor (EMFAC) model with the mobile source emission rates published by the California Air Resource
Board (CARB). Emissions rates and fuel consumption rates in the selected model were implemented as
the function of average speed (Barth, Scora, and Younglove 1999). Three pollutants were modeled using
the EMFAC emission rates in the form of a lookup table: reactive organic gases (ROG), which are
equivalent to volatile organic compounds (VOC); carbon monoxide (CO); and nitrogen oxides (NOx).
Table 2 represents the emissions rates and fuel consumption for the three pollutants (Skabardonis and
Mauch 2005).
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Table 2 Fuel and Emission Rates by Speed (Source: WashCOG, 2005)

ROG

CO

NOx

Fuel

(gr/mi)

(gr/mi)

(gr/mi)

(mi/gal)

5

1.563

11.415

2.258

7.510

10

0.716

6.819

1.668

9.996

15

0.489

5.524

1.361

12.778

20

0.394

5.229

1.307

15.708

25

0.343

5.131

1.272

18.581

30

0.307

5.106

1.254

21.159

35

0.278

5.262

1.248

23.203

40

0.260

5.700

1.274

24.510

45

0.244

6.153

1.322

24.950

50

0.231

6.620

1.392

24.487

55

0.221

7.100

1.490

23.184

60

0.215

7.629

1.626

21.184

65

0.211

8.178

1.815

18.685

Speed (mph)

2.4 Costs of Road Ranger Services
The main cost components of a service patrol program are capital, operating, and administrative. The
annual cost of an FSP depends upon the number of centerline miles covered, hours of operation, and
number of vehicles maintained. The hours of operation for a freeway segment may range from 0–24
hours, depending on levels of traffic congestion and budget.
3 Optimization Model
3.1 RR Rescue Modes
Several previous studies have been developed for optimizing freeway patrolling service (Geroliminis 2006;
Yin 2008; Lou, Yin, and Lawphongpanich 2011; Khattak et al., 2004; Yin 2006; Pal and Sinha 2002). All
these studies considered patrolling trucks only. In this study, two modes of RR rescue trucks were
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considered—patrolling and stationary, as described in Table 3. Patrolling trucks keep running along the
assigned roadway segment (beat or zone) and assist incidents they detect on roads. Stationary trucks
stand by at roadside (usually at the middle point of a segment) and wait for the rescue command from the
Traffic Management Center (TMC). Patrolling trucks is the traditional freeway patrol mode and does not
rely on a TMC command, but its operational cost is higher than the stationary mode. The stationary mode
can reduce gasoline consumption, but incident detection is fully based on the TMC. The effectiveness of
rescue modes fully depends on beat length, headway of RR trucks, detection time in TMC, distribution of
incidents, and fuel/maintenance price. To assess the effectiveness of the two modes, this study compared
two RR rescue strategies—patrolling truck only and mixed-use of patrolling truck and stationary truck.
Table 3 Comparison of Road Ranger Truck Modes

Operations
Incident
Detection
Response
Time

Patrolling Truck
Rescue vehicles continue to
patrol within their given beats
during operation hours.
Patrolling vehicles detect
incidents independently.
Depends on average
headway between patrolling
vehicles in a given beat.
More fuel consumption and
higher maintenance
requirements.

Cost

Stationary Truck
Rescue vehicles wait at off-road parking area and
start rescue activities when dispatch command
received from Traffic Management Center (TMC).
Stationary vehicles rely on incident detection in
TMC.
Depends on detection time in TMC and location of
parking lot (usually at mid-point of beat).
Relatively lower fuel consumption and
maintenance requirements (vehicle engines
required in running status for RR vehicle
monitoring).

3.2 Objective Function
The major goal of RR optimization is to maximize the B/C of RR services. Since the RR budget is
assumed to be constant, the optimization objective in this study was expressed as maximization of RR
benefits. The objective function and constraints are given as follows:
p

s
𝑀𝐴𝑋 ∑𝑏∈𝐵 ∑𝑡∈𝑇 𝑌𝑏,𝑡 𝑀𝑏,𝑡 (𝑌𝑏,𝑡 , 𝑋𝑏,𝑡 , 𝑋𝑏,𝑡
)

(1)

∑𝑡∈𝑇1 𝑌𝑏,𝑡 ≥ 1 , ∀𝑏 ∈ 𝐵

(2)

𝑌𝑏,𝑡 ≥ 1 , ∀𝑏 ∈ 𝐵1 , 𝑡 ∈ 𝑇

(3)

∑𝑏∈𝐵𝑎 𝑌𝑏,𝑡 ≤ 1 , ∀𝑎 ∈ 𝐴, 𝑡 ∈ 𝑇

(4)

∑𝑏∈𝐵 𝑌𝑏,𝑡 = 𝐵̅ ∀𝑡 ∈ 𝑇

(5)

p
s
∑𝑏∈𝐵(𝑋𝑏,𝑡
+ 𝑋𝑏,𝑡
) ≤ 𝑉̅ ∀𝑡 ∈ 𝑇

(6)

p
s
𝑋𝑏,𝑡 + 𝑋𝑏,𝑡
≤ 𝑉̅ 𝑌𝑏,𝑡 , ∀𝑏 ∈ 𝐵, 𝑡 ∈ 𝑇

(7)

p

s
𝑋𝑏,𝑡 + 𝑋𝑏,𝑡
≥ 𝑌𝑏,𝑡 , ∀𝑏 ∈ 𝐵, 𝑡 ∈ 𝑇, 𝑎 ∈ 𝐴𝑏

(8)

p p
s s
∑𝑏∈𝐵 ∑𝑡∈𝑇(𝑋𝑏,𝑡
𝑐𝑡 + 𝑋𝑏,𝑡
𝑐𝑡 ) < 𝑈

(9)
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𝑌𝑏,𝑡 = 𝑌𝑏,𝑡′

∀𝑏 ∈ 𝐵, 𝑡, 𝑡′ ∈ 𝑇1

(10)

𝑌𝑏,𝑡 = 𝑌𝑏,𝑡′

∀𝑏 ∈ 𝐵, 𝑡, 𝑡′ ∈ 𝑇2

(11)

p

𝑋𝑏,𝑡 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑖𝑛𝑡𝑒𝑔𝑒𝑟𝑠 , ∀𝑏 ∈ 𝐵, 𝑡 ∈ 𝑇

(12)

s
𝑋𝑏,𝑡
, 𝑌𝑏,𝑡 ∈ {0,1} , ∀𝑏 ∈ 𝐵, 𝑡 ∈ 𝑇

(13)

where 𝐴 – set of links; 𝐵 – set of all candidate beats; 𝐵̅ – total number of beats; 𝐵1 – set of beats for 24hour service ( 𝐵1 ⊂ 𝐵 ); 𝑇1 – set of day-time operational segment on a beat; 𝑇2 – set of night-time
operational segment on a beat; 𝑇 – operational time set (𝑇 = 𝑇1 ∩ 𝑇2 ); 𝐴𝑏 – set of all the links in a
candidate beat 𝑏, ∀ 𝑏 ∈ 𝐵; 𝐵𝑎 – set of candidate beats that cover link 𝑎, ∀ 𝑎 ∈ 𝐴; 𝑉̅ – total number of
trucks; 𝑈 – total budget (constant); 𝑀 – big constant (no need for data); 𝑠𝑏 – average truck speed on beat
p
𝑏 , ∀𝑏 ∈ 𝐵 ; 𝑐𝑡 – average operational cost of a patrolling truck in time section 𝑡 ∈ 𝑇 ; 𝑐𝑡s – average
operational cost of a stationary truck in time section 𝑡 ∈ 𝑇; 𝑙𝑎 – length of link 𝑎, ∀𝑎 ∈ 𝐴; 𝑙𝑏 – length of beat
𝑏, ∀𝑏 ∈ 𝐵; 𝑙 c – average TMC camera coverage length on each beat in the network; 𝑡 c – average camera
p
slide show time on a monitor in TMC; 𝑡𝑏,𝑡 – average time of patrolling beat 𝑏 at time section 𝑡, ∀𝑏 ∈ 𝐵, 𝑡 ∈
𝑙
p
p
̅ p – maximum time of capturing (detection time + response time) an incident in link 𝑎; 𝑡𝑎,𝑏,𝑡
𝑇, (𝑡𝑏,𝑡 = 𝑏 ); 𝑡𝑎,𝑏,𝑡
𝑠𝑏

s
– time of capturing (detection time + response time) an incident in link 𝑎; 𝑡𝑏,𝑡
– average incident detection
s
time for stationary trucks on beat 𝑏 at time 𝑡; 𝑙𝑎,𝑏 – average distance between link 𝑎 and stationary truck
s
located in beat 𝑏; 𝑡𝑎,𝑏,𝑡
– time of capturing an incident (detection time + response time) in link 𝑎; 𝑡𝑎̅ –
average time of capturing an incident in link 𝑎 without road ranger trucks; 𝑡𝑎,𝑏,𝑡 – time of capturing
(response time) an incident in link 𝑎; 𝑀𝑏,𝑡 – network improvement (monetary benefits due to reduction in
delay, usually in US$) by covering beat 𝑏 in time section 𝑡 with a patrolling or stationary truck; 𝑌𝑏,𝑡 – 1 if
beat 𝑏 is selected at time section 𝑡 (active beat); – number of trucks assigned to patrol beat 𝑏 at time
s
section 𝑡; and 𝑋𝑏,𝑡
– number of a truck assigned in a stationary station on beat 𝑏 at time section 𝑡 (the
maximum value is 1).

3.3 Network Improvement Function
Assuming the following notations:
𝜆𝑡,𝑎 – arrival rate during incident in link 𝑎 during time section 𝑡
𝜇𝑎 – normal departure rate (capacity) in link 𝑖
′
𝜇𝐼,𝑡,𝑎
– departure rate during incident (reduced capacity) in link 𝑖 during time section 𝑡 for incident type
𝐼
1
𝑇𝐼,𝑡,𝑏
– incident duration in beat 𝑏 during time section 𝑡 for incident type 𝐼, if not RR assisted
2
𝑇𝐼,𝑡,𝑏
– incident duration in beat 𝑏 during time section 𝑡 for incident type 𝐼, if RR assisted
1,𝑅
𝑇𝑡,𝑏
– incident response time in beat 𝑏 during time section 𝑡, if not RR assisted (assuming 30 mins)
1,𝐶
𝑇𝐼,𝑡
– incident clearance time during time section 𝑡 for incident type 𝐼, if not RR assisted
2,𝑅
𝑇𝑡,𝑏
– incident response time at in time section 𝑡, if RR assisted;
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2,𝐶
𝑇𝐼,𝑡
– incident clearance time at during time section 𝑡 for type 𝐼, if RR assisted
1
𝐷𝐼,𝑡,𝑎
– total delay in link 𝑖 during time section 𝑡 for type 𝐼, if not RR assisted
2
𝐷𝐼,𝑡,𝑎
– total delay in link 𝑖 during time section 𝑡 for type 𝐼, if RR assisted

Δ𝐷𝐼,𝑡,𝑎 – delay reduction due to RR assistance in link 𝑖 during time section 𝑡 for type 𝐼
𝐼 – incident type indicator (Table 1)
𝑡 – time section (Table 4)
𝑎 – link index, 𝑎 ∈ 𝐴
𝑏 – beat (zone) index, 𝑏 ∈ 𝐵

The benefit due to delay reduction is calculated as:
1
2
Δ𝐷𝐼,𝑡,𝑎 = 𝐷𝐼,𝑡,𝑎
- 𝐷𝐼,𝑡,𝑎

(14)

2

1
𝐷𝐼,𝑡,𝑎
=

1
′
′
(𝑇𝐼,𝑡,𝑏
) (𝜆𝑡,𝑎 −𝜇𝐼,𝑡,𝑎
)(𝜇𝑎 −𝜇𝐼,𝑡,𝑎
)

(15)

2(𝜇𝑎 −𝜆𝑡,𝑎 )
2

2
𝐷𝐼,𝑡,𝑎
=

2
′
′
(𝑇𝐼,𝑡,𝑏
) (𝜆𝑡,𝑎 −𝜇𝐼,𝑡,𝑎
)(𝜇𝑎 −𝜇𝐼,𝑡,𝑎
)

(16)

2(𝜇𝑎 −𝜆𝑡,𝑎 )

Substitute Eq. 15 and 16 in Eq.14:

Δ𝐷𝑏,𝐼,𝑡,𝑎 =

′
′
(𝜆𝑡,𝑎 −𝜇𝐼,𝑡,𝑎
)(𝜇𝑎 −𝜇𝐼,𝑡,𝑎
)

2(𝜇𝑎 −𝜆𝑡.𝑎 )

2

2

1
2
× ((𝑇𝐼,𝑡,𝑏
) − (𝑇𝐼,𝑡,𝑏
) )

(17)

We also have
1,𝑅
1,𝐶
1
𝑇𝐼,𝑡,𝑏
= 𝑇𝑡,𝑏
+ 𝑇𝐼,𝑡

(18)

2,𝑅
2,𝐶
2
𝑇𝐼,𝑡,𝑏
= 𝑇𝑡,𝑏
+ 𝑇𝐼,𝑡

(19)

Assume the average clearance time is a constant by incident type 𝐼 and time section 𝑡 with and without
RR assistance:
1,𝐶
2,𝐶
𝐶
𝑇𝐼,𝑡
= 𝑇𝐼,𝑡
= 𝑇𝐼,𝑡

(20)

2
1
∆𝑇𝐼,𝑡 = 𝑇𝐼,𝑡
− 𝑇𝐼,𝑡
= 𝑇𝑡2,𝑅 − 𝑇𝑡1,𝑅

(21)

Assume the arrival rate is constant during a time section 𝑡:
𝜆𝑡,𝑎 = 𝐴𝐴𝐷𝑇𝑎 × 𝑃𝑡𝑇

(22)

26

Advances in Transportation Systems and Practices

Editors in Chief: Fengxiang Qiao, Lu Gao, Qing Li

The Post-conference Proceedings of the 30th Annual Conference of the International Chinese Transportation Professionals
Association (ICTPA), May 19-21, 2017, Houston, Texas, USA
ISBN: 978-1-64008-627-2

where 𝐴𝐴𝐷𝑇𝑎 – annual average daily traffic in link 𝑎; 𝑃𝑡𝑇 – traffic proportion in time section 𝑡. The normal
departure rate is the capacity of in link 𝑎:
𝜇 𝑎 = 𝑐 × 𝑛𝑎

(23)

where 𝑐 – ideal capacity per lane, assuming 2,100 pcphpl (HCM); 𝑛𝑎 – number of through lanes in link 𝑎.
The departure rate during incident in link 𝑎 is the reduced capacity due to lane blockage:
𝑐
′
= 𝜇𝑎 × 𝑃𝐼,𝑛
𝜇𝐼,𝑡,𝑎

(24)

𝑐
where 𝑃𝐼,𝑛
– capacity reduction factor for incident type 𝐼 with 𝑛 through lanes. The benefits due to delay
reduction in link 𝑎 during time section 𝑡 can be converted to monetary values:
𝑑
𝑀𝑡,𝑎
= ∑𝐼(Δ𝐷𝐼,𝑡,𝑎 × 𝑁𝐼,𝑡,𝑎 ) × 𝐶 𝑑

(25)

𝐶 𝑑 = 𝐶 𝑑,𝑝 × 𝑂𝑝 × (1 − 𝑃𝑇 ) + 𝐶 𝑑,𝑡 × 𝑃𝑇
𝑑
where 𝑀𝑡,𝑎
– total monetary value of delay reduction in the target year in link 𝑎 during time section 𝑡; 𝑁𝐼,𝑡,𝑎
– total number of incidents by incident type 𝐼 in link 𝑎 during time section 𝑡 in the target year; 𝐶 𝑑 –
average delay cost ($/hour); 𝐶 𝑑,𝑝 – time value per person ($/person-hour); 𝐶 𝑑,𝑡 – time value per truck
($/truck-hour); 𝑂𝑝 – average occupancy per passenger car; 𝑃𝑇 – truck percentage (%). The network
improvement (total benefit improvement) can be derived as
𝑑
𝑀𝑏,𝑡 = ∑𝑎 𝑀𝑡,𝑎

(26)

Note that the monetary values of fuel consumption and emission savings were not included in the total
benefit improvement ( 𝑀𝑏,𝑡 ) to reduce the computing load in optimization. Since the benefits of fuel
consumption and emission savings are a monotone function of delay reduction with RR service, the
exclusion of fuel consumption and emission savings in optimization will not influence the optimized result.
The benefits of fuel consumption and emission savings were considered in the assessment of optimized
solutions.
3.4 Decision-Making Variables and Constraints
The optimization updates the decision-making variables to maximize the RR benefits. The decisionmaking variables include:
• Beat (zone) coverage (unit roadway segment for RR service assignment) – the unit space in
which FDOT District 7 assigns RR services. It may consist of several successive basic freeway
segments, which are defined as freeway links between two neighboring interchanges. Beat
coverage may be varied based on RR assist demands. In general, a shorter beat is assigned to
freeway segments with higher traffic volume and incident density. This study searched the optimal
solution to reconfigure the beat coverage considering temporal and spatial distributions of traffic
volume and incidents for weekdays and weekends, respectively.
• Patrolling truck hours in each beat
• Stationary truck hours in each beat
The major constraints for this RR operations optimization include (1) upper limit of FDOT District 7 RR
annual budget of $5,000,000, (2) minimum beat length of 3.5 miles, (3) minimum truck hours of four hours
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for each beat during each week day, and (4) three specified segments with 24 hours of RR service every
day throughout a year.
3.5 Optimization Solver and Codes
The RR optimization model was coded in Julia (Julia Language 2016), a high-level, high-performance,
dynamic programming language for technical computing that provides a sophisticated compiler,
distributed parallel execution, numerical accuracy, and an extensive mathematical function library. The
non-linear mixed integer programming technology using the solver of Bonmin (Basic Open-source
Nonlinear Mixed INteger programming) in the JuMP (Julia for Mathematical Optimization) package was
used to implement the optimization (Bonmin Users' Manual 2016). An Intel i7 (3.6GHz)-based computer
powered by Linux (Ubuntu 14) was used to execute the optimization.
3.6 Optimization Procedure
For this study, optimization was a complex process involving 903 candidate beats with a combination of 6
time sections for weekdays and weekends. The model searched different combinations of beat coverage
and truck type (patrolling or stationary) in each time section to maximize the total benefits of delay
reduction due to the implementation of RR service. With the mixed-use strategy, the selection of a
patrolling truck or a stationary truck in a given beat was determined by the relative difference in the
average response time of the two modes. Incident detection time (IDT) for stationary trucks is fully based
on notification from TMC operators who monitor cameras along the RR routes; no knowledge or
documents on the characteristics of IDT in TMCs were found in previous studies. Thus, a sensitivity
analysis was conducted to compare optimization of mixed use of patrolling and stationary trucks with the
five IDT scenarios of 15, 30, 45, 60, and 90 seconds per mile. From the optimization results for mixed use
of patrolling and stationary trucks, an IDT of 15 seconds per mile produced the best results.
Once the optimal solutions were produced, the FSPE model (ver. 14) was used to comprehensively
assess the solutions. With this model, the benefits from delayed reduction, fuel consumption savings, and
emission decreases were calculated for three RR solutions (existing, optimized solution with patrol only,
optimized solution with mixed use of patrolling and stationary trucks). Costs for the optimal solution were
also calculated. Based on the calculated benefits and costs, B/Cs for the optimal RR solutions were
derived.
4 Data Preparation
Data and associated sources collected for this study are listed in Table 4.
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Table 4 Data Collection and Sources

Data Sheet

Items

Road Ranger

Beat layout (weekdays)

Operation
Configuration

Beat layout (weekends)

Format

Source

GIS

RR Operation Routes 11/2015, FDOT
District 7

GIS

FDOT GIS Layers (Florida Department
of Transportation 2010)

Beat shift hours
Number of lanes

Geometry

Right shoulders
Median
AADT (2012–2014)

Traffic

D-factor (2012–2014)

Database

FDOT Traffic Information DVD 2014

Database

SunGuide® system (Florida
Department of Transportation 2010)

K-factor (2012–2014)
Incident

Additional
Parameters

Incident events
(2012–2015)
Delay and fuel costs

Value

Expected gas price in Florida for target
year, value of time from TTI Urban
Mobility report

Patrolling hourly cost ($55/h)

Value

FDOT D7 RR Manager

Stationary hourly cost ($50/h)

Value

Estimated (truck engines always
required to be in “on” status)

4.1 Prediction of Traffic Demand
A simple linear regression based on the collected Annual Average Daily Traffic (AADT) was developed to
predict directional AADTs on each link at the target year (2018). An example is shown in Fig. 2.
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PREDICTED AADT IN TARGET YEARS
Collected AADT

Predicted AADT

Linear (Collected AADT)

31000
30000

29998
29280

AADT

29000

28562

28000
27000

27279

y = 718x + 24254
R² = 0.9555
25472
25157

26000
25000

27844

26286

24000
23000
22000
2011

2012

2013

2014

2015

2016

2017

2018

Year
Fig. 2 Example of AADT Prediction

In addition, hourly traffic profiles by direction for weekdays and weekends were collected and predicted
for each link in the target year. An example is given in Fig. 3.

T RA FFI C P RO FI L E O N I -2 7 5 NO RT HB O UND
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8

9

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

HOURS
Fig. 3 Example of Traffic Profile

Directional factors were collected from the Florida Traffic Information DVD for each link. The predicted
hourly traffic volume by direction for each link was calculated for weekdays and weekends, respectively,
using Eq. 27.
Hourly Traffic Volume = AADT × Directional Factor × Hourly Profile Factor
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The calculated hourly traffic volume for each link was aggregated into six time sections (Table 5). The
traffic demand by direction and time section for each link in the target year (2018) was produced.

Table 5 Definition of Time Sections

Time
Section

Hours

Nighttime

1

6:00 AM – 10:00 AM

No

2

10:00 AM – 2:00 PM

No

3

2:00 PM – 6:00 PM

No

4

6:00 PM – 10:00 PM

Yes

5

10:00 PM – 2:00 PM

Yes

6

2:00 PM – 6:00 PM

Yes

4.2 Prediction of Incident Events
The research team collected information on incident events that occurred on RR routes in FDOT District 7
for four years (2012–2015). The incident events were spatially matched to each link by time section and
incident type, which are defined by three event types (Accident, Breakdown, Debris), combining the lateral
position of incidents (Right shoulder, Median, on Road). A simple linear regression was developed based
on the historical incident data (2012–2015) to predict the incident distribution on each link by incident
types and time sections in the target year (2018).
4.3 Optimization Assumptions
Based on the collected data, the researchers made some assumptions as shown in Table 6.
Table 6 Optimization Assumptions

Parameter

Value

Source
US Department of Energy, Vehicle Technology
Office–Office of Energy Efficiency & Renewable
Energy

• Fuel consumption of patrolling truck =
Stationary hourly cost
rate

23 mpg, 2.39 gal/hour (in 55 mph)

$50.1 per hour

• Fuel consumption of stationary truck =
0.44 gal/hour

• Assume operational cost difference between
patrolling truck and stationary truck is fuel
consumption
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• Gasoline price = $2.5 per gal
• Cost difference = $2.5 × (2.39 – 0.44) gal/hour
= $4.875 per hour
Average response time
without RR service

30 min

Previous reports (Lin et al. 2012)

Time value per person

$13.75 per person-hour

Previous reports (Lin et al. 2012)

Time value per truck

$72.65 per truck-hour

Previous reports (Lin et al. 2012)

Average occupancy
per car

1.22 per car

Previous reports (Lin et al. 2012)

Average time value

$18.92 per
passenger car-hour

Ideal capacity

2,100 pcplph

Highway Capacity Manual 2000

Gas price in target year
(2018)

$2.5 per gal

“US Energy Information – Analysis & Projections,”
2016

Default value in FSPE model

5 Optimization Results and Assessment
The optimization results are given in Table 7. The results show that both the patrol-only optimization and
mixed-use optimization improve the benefit-cost ratio of the RR service. Compared to the existing solution,
the patrol-only solution increases the B/C of RR service by 60% ([14.7 – 9.16] / 9.16 × 100%); the mixeduse solution of patrolling and stationary trucks increases the B/C by 10% ([10.07 – 9.16] / 9.16 × 100%).
For weekdays, the patrol-only solution improves the B/C by 34% (= [15.22-10.3]/10.3). However, the
mixed-use solution decreases the B/C by only a small amount (9.70 vs 10.03) for weekdays. For
weekends, the existing solution provides a relatively low B/C value (5.97). This means that the existing
truck-hours assigned to weekends (180 truck-hours per day) are too low to satisfy incident assistance
needs for weekends. The optimal solutions increase the truck-hours for weekends (248 truck-hours per
day for patrol-only and 268 + 28 = 296 truck-hours per day for mixed-use) so that the B/Cs for weekends
are greatly improved (13.39 vs. 5.97 for patrol-only and 10.76 vs. 5.97 for mixed-use).
Compared to the mixed-use solution, the patrol-only solution presents a more effective improvement in
B/C ratio for weekdays and weekends. The operations of stationary trucks for incident management are
not well documented in existing reports. The average incident detection time in the TMC, which is the
critical factor influencing the benefits of stationary trucks, are not clear in this study. An assumption of two
minutes was adopted. In addition, the cost of stationary truck could not be estimated accurately. The
assumption of $50.1 per hour considered only the difference of fuel assumption from the patrolling trucks.
The benefit-cost assessment on the mixed-used solution was unrealizable and inaccurate. Thus, the
patrol-only solution is preferred to the existing solution and the mixed-use solution.

32

Advances in Transportation Systems and Practices

Editors in Chief: Fengxiang Qiao, Lu Gao, Qing Li

The Post-conference Proceedings of the 30th Annual Conference of the International Chinese Transportation Professionals
Association (ICTPA), May 19-21, 2017, Houston, Texas, USA
ISBN: 978-1-64008-627-2

Table 7 Comparison of Benefits, Costs and B/C Ratios

Existing
Solution
Weekdays (261 days per year)
Daily patrolling truck-hours
262
n/a
Daily stationary truck hours
Annual benefits due to delay reduction ($)
31,452,008
Annual benefits due to fuel consumption
6,268,896
and emission savings ($)
Annual total benefits – B ($)
31,452,008
Annual cost – C ($)
3,761,010
10.03
B/C
Weekends (104 days per year)
Daily patrolling truck-hours
180
n/a
Daily stationary truck hours
Annual benefits due to delay reduction ($)
5,123,486
Annual benefits due to fuel consumption
1,021,194
and emission savings ($)
Annual total benefits – B ($)
6,144,678
Annual cost – C ($)
1,029,600
5.97
B/C
Total
Annual total benefits – B ($)
43,865,583
Annual cost – C ($)
4,790,610
9.16
B/C
RR Performance Measures

Optimal Solution
Patrol-only
Mixed-use
244
n/a
44,457,917

60
168
24,722,042

8,861,187

4,927,507

53,319,103
3,502,620
15.22

29,649,549
3,058,085
9.70

248
n/a
15,840,822

268
28
15,062,141

3,157,335

3,002,124

18,998,159
1,418,560
13.39

18,064,265
1,678,851
10.76

72,317,262
4,921,180
14.70

47,713,814
4,736,936
10.07

6 Conclusions and Recommendations
The major conclusions and recommendations of this study are the following:
• Delay reduction is a major benefit of the RR program, with delay saving consisting mainly of
reduced response and clearance times in incidents.
• Compared to the existing solution, the two optimized solutions of patrol-only and mixed use of
patrolling and stationary trucks improve the performance of RR services in FDOT District 7 in
terms of an increased B/C.
• The patrol-only optimized solution increases B/C by 60% compared to the existing solution by
allocating more truck hours to weekends and links in which high RR assist demand cannot be met
by the existing solution. This optimized solution could greatly increase the B/C and obtain an
additional approximately $28 million of benefit.
• The mixed-use optimized solution increases B/C by 10% compared to the existing solution.
• The performance of the mixed-use strategy was determined by detection time in the TMC, beat
length, and relative costs of the patrol and stationary modes. Because of the lack of knowledge
and documents on detection time in the TMC and stationary truck cost, the mixed-use
optimization result is unreliable.
• Considering the significant improvement and reliability of the patrol-only optimized solution, it is
recommended for fine-tuning and implementation.
• The optimization model includes assumptions such as gas prices and location of construction
zones that may vary frequently in the future. It is suggested that the RR solution be optimized
annually using the optimization model developed in this study with new model inputs and
assumptions.
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Disclaimer
The opinions, findings, and conclusions expressed in this publication are those of the author(s) and not
necessarily those of the Florida Department of Transportation or the US Department of Transportation.
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Abstract
The "Fracking Boom", which stimulates Shale Oil & Gas production, in recent years has
increased Texas`s roads traffic and hence intensified the risks of crashes for road users’ daily
operation across corridors that transport liquid bulk products as well as supplies and service
materials. In this paper, the research focuses on five major areas of Oil & Gas production in
Texas, including the Permian Basin, Granite Wash Formation, Barnett Shale,
Haynesville/Bossier Shale and the Eagle Ford Shale. A Geographical Information System
(GIS) platform was utilized to collect and analyze roads and vehicle data, and spot the
frequency and location of the car crashes. The entire original crash numbers and crash rate
data have been input into GIS to generate the maps by six classes ranging from the lowest to
the highest. The data gathered in this research is from roadway crash databases of the U.S.
Department of Transportation (DOT) and Texas DOT. The data includes a total crash number
for each county in Texas from 2003 to 2015, and related vehicle miles traveled (VMT) during
2003-2014. Crash rates of each county in Texas were calculated during 2003-2014. Results
indicate that the overall crash rates display an increasing trend in associated with the
increased shale activities. However, crash rates in different shale plays do not all display
increasing trends. Those findings provide crucial information for fleet safety and risk
management to supply chain operators in Texas Oil and Gas industry. The results also
facilitate road users in shale counties to plan for transport routes for accident risk prevention
and necessary incident management development, which means they can have target areas
to invest the resources.
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1 Introduction
1.1 Project Background
Texas has played a pivotal role in the U.S. transportation system to support critical industries in the
national economy, especially the petroleum, petrochemical, construction, and energy industries. Texas
has 313,228 miles by 2013, with more miles of public roads than any other state. The Port of Houston
and the Port of Corpus Christi are ranked the second and eighth in the U.S., respectively, and are the two
gateways for the world trade to the America, especially the Midwestern states. Texas is also a transit
passage for The North American Free Trade Agreement (NAFTA). In 2012 and 2013, Texas was the first
state to trade with Mexico. It was the third in trading with Canada.
Texas is known for the strong presence and high density of corporations in the petroleum, petrochemical,
natural gas, and energy industries. According to EagleFordShale.com, a business portal of the Eagle
Ford Shale companies, the Eagle Ford Shale boundaries include 30 counties in Texas. The recent
“fracking boom” has significantly increased the domestic oil and gas production in Texas. This “boom” has
drastically mobilized a variety of exploration, production, and transportation activities in the oil and gas
supply chain. Unfortunately, one of the impacts of this boom has been an increase in truck traffic and
crashes involving commercial vehicles, which hinders economic growth and the benefits from the
“fracking boom”.
Regarding traffic risks in the Shale areas, two important factors should be considered. First, Shale Plays
are located in mostly remote areas where road transportation infrastructure is not well established.
Secondly, shale play products are dangerous by nature. These two factors have increased the probability
and severity of the car crashes. Crashes involving large trucks are always a problem for road users that
depend heavily on roadway transportation. In Texas, transportation accidents always delay freight
transportation, especially for large truck crashes.
Texas has seen more large truck crashes than any other states from 1996 to 2012. According to the
Bureau of Transportation Statistics, in 2013, up to 60.8% of NAFTA trucks have done transportation.
Currently, more and more large trucks, e.g. single-unit and combination trucks are on the road.
Consequently, more trucks are involved in fatal or severe injuries. One possible reason is the growth of
domestic oil & natural gas exploration and production activities, which generate a high demand for truck
traffic in Texas.
General public holds a perception that the Shale fracking boom caused the growing trends of car
accidents, especially truck crashes, in Texas. Given the substantial geographical coverage of Shale plays
in the state of Texas, there is a crucial need to pinpoint the high-risk areas of crashes in Texas Shale
areas. Therefore, the present research conducts a scientific analysis on the crash trends among Shales
counties and proposes solutions to improve safety.

1.2 Objectives of the work
Data on traffic safety of the freight system is essential for the efficiency and safety of the transportation
system. This research gathers safety data from sources of state and federal DOTs and identifies highrisk spots associated with large truck crashes in Shale areas of Texas according to the statistics and
geospatial findings. The research also recommends risk prevention and mitigation strategy for large truck
crashes on Texas road networks.
This research conducts a longitudinal study on car crashes in Texas, especially for large truck crash
data. The research presents a first systematic method to study the crash trends in Shale areas, especially
about large trucks. The technical objectives associated with the problem are:
1) To identify the hotspots for the crashes and
2) To verify the links between fracking boom and car crashes.
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2

Materials and methods

2.1 Literature review
The purpose of the crash rate research is to identify the hotspot locations of road accidents and safety
deficiency. Spatial analysis is one of the most important factors in crash rate research while several
analysis methods have been proposed in the past. Valverde et al. (2006) conducted a spatial analysis of
fatal and injury crashes in Pennsylvania for 1996-2000. The analysis indicated that a full Bayesian model
with spatial correlation is more advanced over the traditional negative binomial estimates. Their countylevel spatial model provided a method to quantify the crash rate and mechanism. Deublein et al. (2013)
also performed a Bayesian hierarchical approach to analyze and successfully predict road accidents in
Austrian rural motorway networks.
Geographical Information Systems (GIS) has become a popular tool to visualize the distribution and
trend of road accidents in the recent decades. GIS had evolved by the late 1980s into a widely adopted
software application. Liang et al. (2005) described GIS as computerized systems, which comprise a
digital map background and layers of additional information, which can be viewed in any desired
combination and at any scale. According to Foote and Lynch (2014), GIS can be used as an integrating
technology. It is possible to map, model, query and analyze large quantities of data all held together
within a single database. Erdogan (2008) performed a GIS aided traffic accident analysis for the city of
Afyonkarahisar in Turkey. They used the GIS not only as a visualization tool, but also as a management
system for accident analysis and determination of hot spots with statistical analysis methods, such as
Kernel Density Analysis (Silverman, B.W., 1986). Liang et al (2005) developed a GIS-based viewing
system to facilitate the analysis of road accidents. The users of this system can easily retrieve accident
information through the node analysis or the distribution plot, perform the statistical analysis, and thus
identify the accident hot spot.
Several studies have been performed to identify the geographic patterns of road accidents. Many areawide characteristics have been investigated, such as intersection destiny, different speed limits, different
functional classifications, junctions, traffic volume and speed, trip generation and distribution, weather
conditions, land use, population density, population ages, household income, employment rate, etc. For
example, Affum and Taylor (1997) developed a Safety Evaluation Method for Local Area Traffic
Management, which is a GIS-based program for analyzing accident patterns over time and for the
evaluation of the safety benefits of Land Area Traffic Management schemes.
Xu and Huang (2015) analyzed the crash data pattern in different zones from the county of Hillsborough,
Florida. The result suggested that daily VMT (DVMT) reveals an obvious pattern of spatial non-stationarity,
and indicates that the increase of DVMT always increases the crash frequency. Based on the EPA
document, “Volume IV: Chapter 2, Use of Locality- Specific Transportation Data for the Development of
Mobile Source Emission Inventories,” (September 1996) Section 3, “Developing Locality-Specific Inputs
from Travel Demand Models,” VMT can be estimated by vehicle type with equations: VMT for Single Unit
Combined Vehicles (SUCVs), Combinations, and 4-Tire Vehicle Types.
2.2 Data sources
The researcher collected more than 10 years database of crash numbers, and daily Vehicle Miles
Traveled (DVMT) in 254 counties in TX. The following sections detail the data sources and the data
processing steps.
Total crash numbers: The total crash number from 2003 to 2015 is from the Texas Department of
Transportation (TxDOT). The basic data is from the Crash Records Information System (CRIS). We
choose the item named “Rpt_CRIS_Cnty_ID”, which means the county name in which the crash was
located. Then the researcher collected the crash numbers in each county of Texas by years using the
Pivot Table in Excel.
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Crash numbers of large trucks: A historical snap shot of September 25th, 2015 in Motor Carrier
Management Information System (MCMIS) provides history report of all reported fatal and non-fatal
crashes involving large truck in the period of 2011-2014, which serves as the basis of crash number data
in this research.
Vehicle Miles Traveled: The data of daily vehicle miles traveled (DVMT) from 2003 to 2014 is
obtained from TxDOT One-Stop online (Demographic Data Analysis Tool). Total DVMT was used as the
basic data. According to the introduction of TxDOT, “Total DVMT number means sum of on-system and
off-system miles. On-system is a roadway owned by TxDOT. Off-system is everything else (city streets,
county roads, etc.)” The data is filtered at the county level with both on the system and off system miles
included for the same period mentioned above.
Shales: Based on the outcomes of on-line search and sources from the TxDOT, the researchers
identify all the counties of Shales in Texas, including the Permian Basin, Granite Wash Formation,
Barnett Shale, Haynesville/Bossier Shale and the Eagle Ford Shale. Table 1 shows the counties
associated with respective Shales in Texas.
Table 1 All Shales and their covered counties

Shales
Barnett

Eagle Ford

Permian
Basin
Granite
Wash
Formation
Haynesville
(Bossier)

Counties
Clay, Cooke, Dallas, Denton, Ellis, Erath, Hood, Jack, Johnson, Montague, Palo
Pinto, Somervell, Tarrant and Wise
Atascosa, Austin, Bastrop, Bee, Brazos, Burleson, Colorado, DeWitt, Dimmit,
Duval, Fayette, Frio, Goliad, Gonzales, Grimes, Karnes, La Salle, Lavaca, Lee,
Leon, Live Oak, Madison, Maverick, McMullen, Milam, Robertson, Washington,
Webb, Wilson, Zavala
Andrews, Borden, Cochran, Coke, Crane, Crosby, Dawson, Dickens, Ector,
Gaines, Garza, Glasscock, Hale, Hockley, Howard, Irion, Jeff Davis, Kent, Kimble,
Lamb, Loving, Lubbock, Lynn, Martin, Midland, Mitchell, Nolan, Pecos, Reagan,
Reeves, Scurry, Sterling, Terry, Tom Green, Upton, Ward, Winkler, Yoakum
Hemphill, Roberts, Wheeler, Gray

Angelina, Gregg, Marion, Nacogdoches, Rusk, Sabine, Harrison, Panola, Shelby,
San Augustine

Maps of all Shales: All Shales (the Permian Basin, Granite Wash Formation, Barnett Shale,
Haynesville/Bossier Shale and the Eagle Ford Shale) are outlined on the map to visualize the covered
counties, which is shown in Fig. 1.
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Fig. 1 Maps of all Shales

2.3 Methodology for crash data analysis
The methodology for data analysis is longitudinal studies. The techniques the researchers applied are
data collection, data processing, variable operationalization, and visualization of outcomes. The variables
in the present research include: total crash numbers of each county in Texas, large truck crash numbers
of each county in Texas, DVMT, and crash rates of each county in Texas and all the Shales in Texas.
This project designed an equation for crash rate calculation according to the literature review.
Specifically, crash rate is obtained by dividing the crash number by the VMT. It reflects the possibility of a
crash per VMT in the specific county during 2003-2014 periods.
The foundation of this research is the following:
crash rate = crash number⁄VMT (number⁄mile)

(1)

The formula mentioned above is applied to calculate crash rate per U.S. Department of Transportation
(DOT) Federal Highway Administration (FHWA, 2011) study.
Crash rate raw data is then fed into the ArcGIS system and plotted on a county map of Texas. Six color
categories were used to visualize different rate ranges. In addition to graphical inspections, a total of the
crash rate from each area was calculated and plotted against time to visualize the annual trend for the
purpose of analysis.
All the crash numbers and crash rate data have been entered into the Geographical Information
System (GIS) to generate the maps by six classes ranging from the lowest to the highest.
3

Results and discussion

3.1 Crash Trends in Shale Counties in Texas
As shown in Fig. 2, we can see that both the total crash numbers and crash rates in TX increased steadily
year by year since the year 2011, even though there has been a downward trend from the year 2003 to
2011.
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Fig. 2 Total crash numbers and crash rates in Texas

All Shales cover 97 counties in Texas. According to Fig. 3 below, the crash rates of all Shales in TX
start to increase from the year 2013. Before the year 2013, the trends of the Shales are different. The
crash rates of Permian Basin, Bossier and Eagle ford decreased a little on the whole despite fluctuations
in the middle. However, the crash rates of Barnett Shales increased since the year 2011 and the crash
rate of Granite Wash Formation has no obvious trend.
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Fig. 3 Total crash rates in Shales

3.2 Eagle Ford Shale
The Eagle Ford Shale is a hydrocarbon producing formation. However, it is capable of producing more
gas and oil than other traditional shale plays. The high percentage of carbonate makes it more brittle and
“fracable”. The shale play ranges across Texas from the Mexican border up into East Texas, roughly 50
miles wide and 400 miles long with an average thickness of 250 feet. It covers 30 counties, but most
extraction activities focus on the southwest border of Texas.
In the Fig. 4 below, the trend of crash numbers of all Eagle Ford Shale counties has been raising since
the year 2010. According to the overall crash numbers from 2009 to 2015, we got the top three counties
of Eagle ford Shale: Webb, Brazos, and Bastrop. Total crash numbers of Eagle Ford Top3 counties kept
increasing from the year 2010. The trends of crash rates of Eagle Ford Top3 counties are kind of
different: Webb kept decreasing during the year 2003 to 2011, and the changes are sharp during the year
2012 to 2014; Brazos and Bastrop are kind of same that the trends are raising from 2012 and 2011
separately.
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Fig. 4 Total crash numbers and crash rates in Eagle Ford shale

3.3 Barnett Shale
Barnett Shale is located at the border of Texas and Oklahoma, and it is one of the earliest exploratory
shale areas in Texas. According to the Railroad Commission of Texas, the Barnett Shale is also a
hydrocarbon-producing geological formation of great economic significance to Texas. Barnett Shale is the
largest active onshore natural gas field in Texas as well as one of the largest in the United States, with
known reserves of more than 2 trillion cubic feet (TCF) of natural gas and an estimated 30 trillion cubic
feet of natural gas resources. The counties where the shale resides include 15 counties. The core
counties include Denton, Johnson, Tarrant, and Wise.
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A historical crash number and crash rate report are shown in Fig. 5 below, and the trend of crash rate
of Barnett shale is also raising from the year 2011. Based on the overall crash numbers from 2009 to
2015, the top three counties of Barnett Shale were selected: Dallas, Tarrant and Denton. From the year
2011, both the crash numbers and crash rates of Barnett Shale Top3 counties increased. The crash
number of Dallas is the largest and has increased sharpest. The crash rate of Denton increased sharpest.
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Fig. 5 Total crash numbers and crash rates in Barnett Shale

3.4 Permian Basin
The scope of Permian Basin is the 38 counties in the western part of the U.S. state of Texas. Permian
Basin has a large oil and natural gas producing area, part of the Mid-Continent Oil Producing Area.
Counties such as Upton, Midland, Ector, Tom Green, Howard, and Hale are all part of Permian Basin.
Permian Basin remains a significant oil-producing area, producing more than 270 million barrels of oil in
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2010 and more than 280 million barrels in 2011. A recent increase in the use of enhanced-recovery
practices in the Permian Basin has made a substantial impact on U.S. oil production.
Based on Fig. 6 below, we can see that the total crash numbers in Permian Basin increased steadily
since the year 2010 and dropped a little in the year 2015. Based on the overall crash numbers from 2009
to 2015, the top five counties of Permian Basin were chosen: Lubbock, Midland, Ector, Tom and Howard.
The crash rates of Permian Basin Top5 counties have no regular changes except Midland, which has a
lower rate but increased since the year 2010. Concerning the total crash numbers of the top 5 counties,
the trends are not clear.
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Fig. 6 Total crash numbers and crash rates in Permian Basin Shale
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3.5 Granite Wash Formation
The Granite Wash (GW) runs northwest to southeast across the Texas Panhandle into Oklahoma. The
scope of Granite Wash (GW) Formation in this project is only 4 counties in Texas. This unusual tight-gas
sandstone formation is geographically large. It is a significant field for both oil and gas production and,
has been a beneficiary of horizontal drilling methods developed for shale plays. Parts of its deposits are
conventional, producing significant amounts of gas and liquids with little technological intervention. Well
completions in the Granite Wash have steadily increased since the early 1970s. The current activity is
focused on the Stiles Ranch field where several horizontal wells have recently been gauged at more than
20 million cubic feet per day.
According to Fig. 7 below, we can see that the total crash numbers of Granite Wash Formation
increased since 2008 even though the growth size is small. The changes of crash rates are chaotic.
However, the total crash numbers of Gray increased steadily since the year 2010. All in all, there are only
4 counties total and the total crash numbers are less than other counties of other Shales in Granite Wash
Formation.
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Fig. 7 Total crash numbers and crash rates in Granite Wash Formation

3.6 Haynesville/Bossier Shale
The Haynesville/Bossier Shale is a hydrocarbon producing geological formation that can deliver large
amounts of gas. It is located in East Texas and Western Louisiana. The core counties appear to be
Panola, Harrison and Shelby. Also in this project the scope of Haynesville/Bossier Shale is the 10
counties in TX. Much like the Barnett Shale, the Haynesville/Bossier Shale is part of a stratigraphic
section that operators drilled through to reach the conventionally productive formations.
As is shown in Fig. 8 below, total crash numbers of Haynesville/Bossier Shale dropped down in the
year 2007 and kept the same level since the year 2011. Based on the overall crash numbers from 2009 to
2015, the top five counties of Haynesville/Bossier Shale were got: Gregg, Angelina, Harrison,
Nacogdoches and Rusk. Both the total crash numbers and crash rates of Top5 counties in
Haynesville/Bossier Shale have no obvious increasing trends except Angelina, the crash rate of which
increased since 2011.
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Fig. 8 Total crash numbers and crash rates in Haynesville/Bossier Shale

3.7 Total crash numbers and crash rates in Non-Shales
Non-Shales cover 157 counties in Texas. Based on the data showed in Fig. 9 below, the researcher can
conclude that both the total crash numbers and crash rates in TX increased steadily year by year since
the year 2011, even though there has been a downward trend from the year 2003 to 2011. The trends of
the total crash numbers and crash rates in Non-Shales are almost the same as that in Texas.
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Fig. 9 Total crash numbers and crash rates of Non-Shales

3.8 Crash numbers of large trucks
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The spatial distributions of crash numbers and crash rates are different. Fig. 10 below shows the crash
numbers by county in Texas from 2011 to 2013 (similar distributions were obtained for other years). It is
clear that the highest values are clustered around the Shales, such as Barnett Shale and Eagle Ford
Shale. It is obvious to identify which county or area is with the higher crash number. In 2011, Harris and
Dallas were with the highest values and hence marked by red color. The crashes were more clustered in
eastern and southern Texas in 2013.

Fig. 10 Spatial distributions of crash numbers of large trucks by county (2011 – 2013)
By utilizing ArcGIS, the crash rate results are visualized on the Texas map the same as the total crash
number. Crash rate data were also categorized into six classes. From the map of 2011, it is clear that the
crash rate in Northern, Western and Southern Texas was higher than the rates in Eastern Texas.
Likewise, in 2012 and 2013, the higher concentrations of crash rates are within the areas, except Eastern
Texas.
Fig. 11 below summarizes the statistics of total crash numbers in Texas during four years. It is obvious
to conclude that in 254 counties, there is an increasing trend of total crash numbers from 2011 to 2014.
About the crash rates of large trucks in Shales, almost all Shales increased since the year 2011 except
Granite Wash Formation.
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Fig. 11 Total crash numbers of large trucks in Texas (2011 – 2013)

3.9 Discussion on Shale crash number and crash rate trends
The results in previous sections on crash counts in Shales areas of Texas provide interesting information.
In terms of the total crash number, not all the Shales displayed strict increasing trends. The exception is
the Eagle Ford Shale. The crash number trend of Eagle Ford Top 3 Counties, namely Webb, Brazos,
Bastrop kept increasing from the year 2010.
In contrast, the results on crash rates of the Shales displayed trends more reflective to the perception
of the general public. While the trends of crash rates in Shales generally have decreased since 2003, the
crash rates of all the Shales have increased since 2013. In particular, the crash rate of Barnett Shale rose
from the year 2011.
It should be noted that the impacts of Shales on crash rates are even larger in the shale area with
more counties. Eagle Ford has average 64.55% more crashes, which is on the top of the list. Barnett,
which is on the bottom, has an average of 22.63% more crashes. This trend has probably resulted from
more traffic activities around wider coverage of wellheads.
For the total crash numbers in Texas, the crashes increased steadily year by year since the year 2011.
Furthermore, crash Numbers and Crash Rate in Texas (both Shales and Non-Shales Areas) increased
from the year 2011.
The crash rate analyzes render useful findings associated with the high-risk spots of car crashes in
counties within Shales. Shales counties include major metropolitans, like Houston and Dallas, which are
considered high-risk areas of on-road accidents. In order to combat the problem, there needs to be close
coordination and collaboration, using a holistic and integrated approach, across many sectors and many
disciplines. Specific measures may be implemented, such as Drivers’ safety education, speed limitations,
road Infrastructure constructions, and traffic laws and police surveillance.
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Interestingly, not all Shale areas, or Shale counties displayed uniform, increasing trends of car crashes.
There perhaps is a force behind the annual trend that counter the crash rates of counties with Shales
away from steadily increasing. One possible cause might be the wellhead price for the natural gas.
According to Energy Information Administration (EIA), in 2012 there was a drop-in price in US natural gas
market. This factor may tentatively lower the natural gas production and reduce the related traffic.
4

Conclusions

4.1 Concluding remarks
With increasing traffic induced by the development of the “fracking boom”, the number of crashes in
commercial vehicles increased dramatically, especially for large trucks. Inevitably, higher traffic tends to
result in more risks, causing more fatalities, injuries, property damages, and impacted the logistics
conditions. As truck transportation is important for public safety, freight transportation, traffic safety, and
the overall economic growth, the recent trends of truck-related accidents in Shale areas in Texas is
alarming for the safety of general public. As such, it is necessary to conduct studies on accident trends in
Texas Shales. The present research focuses on two aspects of accidents: 1) Annual crash numbers, and
2) Annual crash rates. The data gathered in this project is from the U.S. Department of Transportation
and Texas Department of Transportation.
The important contribution of this research project is to identify the high-risk counties in Shales:
Denton, Dallas, and Tarrant of Barnett; Webb, Brazos, Bastrop of Eagle Ford; Gray of Granite Wash
Formation. Through identifying the high-risk counties in Shales, The results will facilitate the
transportation operators and traffic safety regulators in the oil and gas industry to make decisions to
reduce crashes in high-risk counties, which means they can have target areas to invest the resources.
4.2 Future research directions
While the results presented in this report are preliminary findings, future research can conduct analytical
techniques to statistically test the extent of impacts of Shales activities on traffic safety. Design analytical
models to find the relationship between the increased crashes and the development of Shales and
confirm the reasons for crashes. Identify the specific areas of the most frequent crashes counties, which
mean the researcher can further narrow the scope to know the specific roads of higher crashes. And
Develop recommendations to avoid large truck crashes.
Other possible causes, such as population density, an increase in the number of registered vehicles,
VMT in relation to petroleum price, etc., are not analyzed in this study and will be studied through further
research. Lastly, future research may consider categorizing risk types and factors associated with large
truck crashes (according to the statistics and geospatial findings). A causation study can help develop
specific recommendations on risk prevention and mitigation strategy for to enhance traffic safety in
Shales areas and the entire Texas road networks.
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Abstract
Vehicular emission has been recognized as one of the major sources of air pollution as such
emissions contain harmful greenhouse gases. Hence processing of air pollution data has
gained interest which, in turn, made decomposition and transformation algorithms to be
important tools in data analyses. For analyzing vehicular pollution, the key variables are the
speed, acceleration and pavement roughness. Presently, portable emission measurement
system (PEMS) can be employed to collect on-road gas emission data for every second and
smartphone apps such as Roadroid are used to estimate road roughness. Although
analytical modeling can provide average estimation on the behavior of roughness and how it
affects the emission, numerical transformation and decomposition can offer superior
approximation since these techniques sweep the whole spectrum of available data. This
paper presents a discrete wavelet transformation procedure and discusses the low
frequency components of the analysis to approximate the relation between pavement
roughness and gas emissions. Here, PEMS data of several road segments from greater
Houston were considered. These road segments, selected as testing sites, are
approximately 550 km of length in total. The emission data obtained from PEMS in these
sites for various gas exhaust such as CO 2, CO, NOx, and HC and fuel consumption (FC) are
decomposed by Multilevel 1-dimensional discrete wavelet analysis to analyze the wavelet
approximations of emission and the underlying trends. The results of this literature can
assist in the prediction of vehicular emission for different pavement conditions.
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Discrete wavelet transformation, approximation analysis, wavelet decomposition, pavement roughness,
vehicular emission
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1 Introduction
Vehicular emission is one of the major contributors to air pollution and, thus, a risk for human health as
well as for the environment. According to the National- Level Greenhouse Gas Inventory of EPA (2016),
transportation sector is accounted to be the second largest portion of U.S. greenhouse gas emissions in
2014 contributing 26% to it. A report from the Massachusetts Institute of Technology’s (MIT) Laboratory
for Aviation and the Environment in 2013 presents that every year in the USA 53,000 early deaths occur
due to vehicle pollutants (Caiazzo 2003). Carbon dioxide (CO2), carbon monoxide (CO), nitrogen oxides
(NOx), hydrocarbons (HC) etc. are the most malevolent gasses emitted by vehicles while in use.
Identifying the causes that trigger the vehicular emissions and then modelling the emission to estimate
accurately for planning emission control is necessary as they pose high risk to the environment and
longer also, human health (Li 2015).
The several factors that could be responsible for influencing the type and amount of gas emissions on
the road are vehicle type, ambient temperature, vehicle age, fuel type, and vehicle speed. Nabi et al.
(2016) showed that activities such as changing lanes may have impact on vehicular emission and fuel
consumption. But there could be another factor, pavement roughness, affecting vehicle speed and
acceleration. Although speed and acceleration directly affect emissions, it is generally assumed that
roadway pavement roughness might not directly affect gas emission rates as much as speed and
acceleration, but the combined effect might be highly notable. Thus, studies have been conducted to
explore the effect of road roughness on vehicular emission. One study indicated a slight decrease in the
CO2 emission from roads in poor conditions to roads in either fair or good condition (Kalembo 2012).
Another study from Greene, Suzanne et al (2013) revealed a linear increase of fuel consumption with
respect to roughness index for different types of vehicles. Both researches suggested that driving on
rough roads consumes more fuel and produces more vehicular emission than driving on smooth roads. In
order to assess its impact, the international roughness index (IRI) was invented as a common index for
profile measurements of the road surface. It measures roughness that is based on the simulated
response of a generic motor vehicle to the roughness in a single-wheel path of the road surface. The IRI
was developed by the World Bank in the 1980s and has been identified as a primary factor to indicate the
condition of pavement (Papageorgiou 2014).
Portable emission measurement system (PEMS) is one of the most common and effective methods to
collect on-road emission data. The PEMS can measure emissions from an engine’s combustion so that
the real-world in-use testing condition can be identified. It accurately measures gas emissions such as
CO2, CO, NOx, and HC as well as fuel consumption for each second while the vehicle or the equipment
are in use.
Wavelet transform or wavelet analysis is a very useful mathematical tool for frequency analysis as it has
overcome the limitations of Fourier transform. Wavelets are a type of function that is used for confining a
given function in both position and scaling (Veitch 2005). Fundamentally, the wavelet transform can
decompose a signal into several frequency features and then presents each of them with a product
matched to its scale (Wei 2002). It has been used widely in various other fields involving computation
such as computing, biology, and statistics especially for signal processing, image compression, subband
coding, and sound synthesis. However, several recent studies have been successfully utilized this tool in
the area of transportation research as it is proficient of analyzing complicated mathematical function. Wei
et al. (2005) suggested that wavelet analysis can present detailed information of road roughness that is
useful to maintenance operations, detection of pavement surface deterioration, and the trend of
roughness deterioration. Another research of Wei et al. (2004) showed that wavelet transform can
characterize detailed features of pavement roughness of different wavelengths quantitatively with regard
to wavelet energy. Zhao et al. (2006) proposed a wavelet-based distress detection, isolation and
evaluation which can be a useful index for pavement inspection and distress evaluation. In an advanced
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research, Wang et al. (2014) developed a model incorporating wavelet neural network and genetic
algorithm that can predict the distribution of air pollution in real-time near road intersections. This research
is motivated by these previous studies where transformation techniques such as wavelet analysis were
employed in the field of pavement studies, whereas we intend to use it to reveal the complicated relation
between pavement roughness and vehicular emission.
2 Research Objective
The goal of this research is to evaluate the relationship between pavement roughness and vehicular
emission through performing multilevel discrete wavelet analysis on the gas emission and fuel
consumption data collected during test drive. The results will be later validated by comparing with another
curvilinear analysis. During wavelet analysis and subsequent sections, each type of emission data for all
the road segments will be sorted according to the ranges of VSP (vehicle specific power) and then
decomposed individually in order to be analyzed based on the approximations. Successful outlining of the
dependency of vehicular emission on pavement roughness and its validation are expected to be the
outcome of this analysis. These findings can be utilized later for roadway designing and planning to
decrease vehicular emissions due to roughness.
3 Wavelet Transformation
Wavelet transform or analysis is the study on how a particular function is varying over time by finding a
suitable wavelet function that matches with the given function with the variation of scales and position
(Qiao 2003). The wavelet transform can be divided into two types: continuous wavelet transform (CWT)
and discrete wavelet transform (DWT) based on whether the scale can be continuously taken or in a
discrete manner.
Each wavelet is derived from a function ψ, which is generally referred to as the “mother wavelet” from
two linear transformations that determine the width of the window and hence define the resolution of the
transform as given in Eq. (1) (Daubechies 1992).
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where, s and u are scale parameters for dilation and translation, correspondingly.
The wavelet transform of a function f (x) for a given resolution (s, u) is then given as Eq. (2) (Daubechies
1992).
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There is one independent variable and one corresponding dependent variable in 1D wavelet analysis. It is
effective to calculate wavelet coefficients of the dependent variable by choosing a subset of scales and
positions of the independent variable rather than at every possible scale, which would, in turn, produce a
huge amount of data (Qiao 2006). This analysis can be obtained from the discrete wavelet transform
(DWT). In DWT, there are two relative terms: “approximations” and “details.” The “approximations” are the
high-scale, low-frequency components of the signal, while the “details” are the low-scale, high-frequency
components.
The decomposition process can be iterated, with successive approximations being decomposed in turn,
so that one signal is broken down into many lower resolution components. This is called the wavelet
decomposition tree. For example, a 1D signal s[n] is passed through a series of stages consisting of one
high-pass and one low-pass filters in order to realize 1D-DWT. During each stage (also known as levels),
the filter outputs are subsampled by 2. The process is shown in Fig 1. Where, A 1 and D1 denote impulse
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functions through Level 1 low- and high-pass filters, respectively.

Fig. 1 Wavelet Decomposition Tree

We can continue this process for further levels shown in Eq. (3).

∑∞
𝑘=−∞ 𝑠[𝑘]𝑎1 [2𝑛
(3)

𝐿𝑒𝑣𝑒𝑙 2

− 𝑘] = 𝐴1 [𝑛] →

∞
2
2
∑∞
𝑘=−∞ 𝐴1 [𝑘]𝑎2 [2 𝑛 − 𝑘] + ∑𝑘=−∞ 𝐴1 [𝑘]𝑑2 [2 𝑛 − 𝑘]

This process can be repeated for level m, and we will have one “approximation” signal A m along with
m-numbers of “details” signals, namely, Dm, D(m-1) ,D(m-2),………,D2,D1. As shown, the decomposition
process can be iterated, with successive approximations being decomposed in turn, so that one signal
s[n] is broken down into m+1 lower-resolution components. These components are then analyzed to
reveal the nature and characteristics of the original signal.
4 Test Description
Several road segments of different length were selected to collect on-road data in greater Houston and
are 422.66 km of length in total. The selected pavements are asphalt and were due to be treated at the
time of test. The testing period was from May 1, 2015, to June 11, 2015, for the period of nonpeak hours
during dry weather conditions (Average temperature was 84℉ with an average humidity of 68%). To
maintain the integrity in driving behavior and pattern and also similar outputs of vehicular activities, one
dedicated driver and vehicle were in service to conduct all the field tests. The vehicle was a light-duty
gasoline vehicle: a 2004 Subaru Forester.
The PEMS was installed inside the vehicle and connected to the engine through three types of sensors:
temperature, air-pressure, and RPM (Rotation Per Minute) sensors. When the vehicle was in use, the
PEMS accurately recorded time, RPM, intake air temperature, air pressure, emission concentrations of
CO2, CO, HC, and NOx and speed for every second. Also, coordinates (latitude, longitude, and altitude) of
the location for each second were obtained using Global Positioning System (GPS). An Android app
called Roadroid was used to measure the roughness of the road the vehicle was driven on. Roadroid
provides IRI data obtained by smartphone accelerometer and GPS-photo of the road, which is later highly
correlated with the roughness measured by the Laser IRI surveys (Forslöf 2013). Then the app server
wirelessly transfers the collected data to an internet mapping server with spatial filtering functions which
makes the datasets highly reliable. A cell-phone with that app installed was mounted in the front of the
vehicle, and the app was turned on the entire time of testing. The Roadroid can provide two options of IRI:
a) estimated IRI (eIRI) and b) calculated IRI (cIRI) (Forslöf 2015).
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5 Data Processing
PEMS produces data for CO2, CO, NOx, and HC and fuel consumption in time dependent manner such as
gram/second or milligram/second whereas the IRI data are in the space domain (m/km). Therefore, the
emission rates obtained directly from the PEMS were converted into emission factors (gram/meter or
milligram/meter) for every 5 meter. Roadroid provides two types of IRI data: a) estimated IRI (eIRI) and b)
calculated IRI (cIRI). The setup for eIRI is assumed to compensate for speed in a relatively larger range
(20-100 km/hr) than cIRI which can accommodate narrower speed range such as 60-80 km/hr. The value
of eIRI shows more consistency considering this factor and therefore, was used in this analysis. Vehicle
specific power (VSP) is a function of speed and acceleration rate which was estimated from the
instantaneous speed data acquired from PEMS. VSP for light duty vehicles was estimated by using the
Eq. (4), as proposed by Jimenez–Palacios et al. (1998).
𝑉𝑆𝑃 = 𝑣 × (1.1𝑎 + 9.81 × 𝑔𝑟𝑎𝑑𝑒% + 0.132) + 0.000302𝑣 3

(4)

where, v is the vehicle speed (m/s), a is the acceleration (m/s2) and grade is the vehicle’s vertical rise
divided by slope length which can be assumed to be zero if the terrain is flat.
The data points were uniformly spaced for sampling to decompose. In addition, data were binned into
four VSP ranges: VSP < 0, 0 < VSP < 10, 10 < VSP < 20 and VSP > 20, to reduce the number of
independent variables. The emission versus roughness data for each VSP range were collected and then
sorted and interpolated in uniform data points. Although the PEMS data contains a large variation of both
VSP and roughness, it was found that, the acceptable range of VSP is no less than -10 and no more than
30. IRI data were interpolated within a range of 1 m/km to 3 m/km having an interval of 0.01 m/km per the
spreading of data points. Next, multi-level discrete wavelet analysis was performed using built-in MATLAB
functions. Among the various types of wavelets, haar, Daubechies of order N (dbN), and Symlets of order
N (symN) possess the properties required for simple discrete wavelet analysis. Although, above
mentioned three types of wavelets were applied initially to decompose the data set but finally, “sym4” was
used due to the minimum error.
The analysis provides the approximations of level 2 for all the gasses and FC for all VSP ranges. For the
sake of discussion, an example of wavelet analysis of level 4 is showed in Fig. 2. Here, the approximation
is denoted by A4 and it shows follows the trend of the original data. Emission factors or rates can be
predicted using the approximation and thus, identifying the cause of emission features and finding a
probable solution of such emission occurring due to uneven pavement. The level 4 analysis also provides
four two high-frequency components and two other low-frequency components. These frequency
subbands combined with percentage of energy associated with each subband can reveal the lead
contributor behind vehicular emission on road (Khan 2017). Although, the level of the analysis can be
further increased, but an excessive level will not be able to provide any additional information; rather it will
only burden computational labor.
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Fig. 2 1D discrete wavelet analysis to decompose one emission (mg/m) versus roughness (m/km) data

6 Result and Discussion
One major advantage offered by wavelets is the ability to perform local analysis—that is, to analyze a
localized area of a larger signal due to its adaptive solving methods (Nagy 2015). Therefore, wavelet
analysis is capable of revealing aspects of emission versus roughness data that other signal analysis
techniques (such as Fourier Analysis) miss-aspects such as emission trends, breakdown points, and how
emission changes for a small or large change of roughness. Furthermore, wavelet analysis inherently
compresses large sets of data and is capable to de-noise a signal to reveal simplified approximations
without degrading the signal itself. In this literature, the emission versus roughness data for a particular
range of VSP are decomposed and analyzed using 1D wavelet analysis.
6.1

Wavelet Analysis of Gas Emissions and Fuel Consumption versus Roughness

As discussed above, the analysis on current data sample is limited in 2-level analysis for evaluating the
approximations. This is because higher level of approximations will only lose data trend and thus, is
detrimental for the purpose of this study. Now, multilevel 1D wavelet analysis is performed on CO 2, CO,
HC, and NOx emission data collected from the selected road segments in order to decompose the data.
Then the approximation is analyzed to understand the pattern and trend of the emissions and fuel
consumption for each VSP range. The data for each emission were also fitted to Polynomial curvature of
order 6. The Polyfit and Wavelet results were then compared to find out the best analysis.
Fig. 3 shows the comparison among original, wavelet and PolyFit data of CO2 emission for the four
different VSP ranges. The first sub-figure shows that the CO2 emission has sharp peaks leading to 2 – 3
mg/m emission for negative VSP regime. For positive VSP, the maximum values of peaks are below 1
mg/m. It is evident from the figures that wavelet analysis is superior in approximating the experimental
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(g/m)

(g/m)

data than the polynomial fitting. While the polynomial fitting can only follow the general trend of the data,
wavelet approximation captures the sudden rise and fall observed in PEMS data as well. This enables
wavelet analysis to be a better candidate in approximating emission vs roughness trends for untested
pavements.

(g/m)

(m/km)

(g/m)

(m/km)

(m/km)
(m/km)
Fig. 3 Comparison between Wavelet Approximation and Polyfit of CO2 emission for different VSP ranges

Similarly, Fig. 4, 5, 6 and 7 show the comparison among original, wavelet and PolyFit data of CO, HC,
NOx emission and FC correspondingly for the four different VSP ranges. All of them have very sharp
peaks for negative VSP than the other VSP ranges. A distinct superiority of wavelet analysis is visible in
all the figures in case of approximating the original data over polynomial fitting. Following the analysis of
CO2, the other analysis also imply that the polynomial fitting can only follow the general trend of the data,
whereas wavelet approximation captures the details of sudden rise and fall observed in PEMS data as
well. Therefore, overall analysis qualifies wavelet analysis to be a better candidate in approximating
emission vs roughness trends for untested pavements.
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Fig. 4 Comparison between Wavelet Approximation and Polyfit of CO emission for different VSP ranges
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(m/km)Wavelet Approximation and Polyfit of HC emission for different VSP ranges
Fig. 5 Comparison between
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Fig. 6 Comparison between Wavelet Approximation and Polyfit of NOx emission for different VSP ranges
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Fig. 7 Comparison between Wavelet Approximation and Polyfit of fuel consumption for different VSP ranges

A general trend of emissions and fuel consumption can be recognized from above figures. For CO2, CO
and HC emissions and also FC are lower in negative VSP, 0< VSP<10 and 10<VSP<20 bins for lower
pavement roughness and then the emissions become higher as the roughness increases. Only NOx
shows somewhat different trend than the other emissions having larger emissions at the middle range of
roughness within negative VSP range. For the bin where VSP>20, CO2, NOx and FC are showing initial
spike of emissions for lower roughness and increases again for the higher IRI.
6.2

Error Measurement for Wavelet Approximations and Polynomial Fitting

The Root Mean Square Errors, shown in Eq. (6), from Wavelet approximation analysis and Polynomial
curve fitting were calculated for each gas and FC and for every VSP range. The Table 1 shows that the
RMSE calculated for Wavelet is less than RMSE calculated for Polyfit. Thus, wavelet approximation
performs better than the polynomial approximation in all five emissions. However, the root mean square
error for both analyses is relatively higher for negative VSP than the positive ones. We believe this is due
to the presence of sharp, large-valued emission peaks that were observed in negative VSP regime. Our
previous study also indicated large emission vs roughness trend for negative VSP and, thus we can
univocally assume that sources of such emissions should be addressed in order to realize more fuel-
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efficient transportation.
𝑅𝑀𝑆𝐸 = √

2
∑𝑛
𝑖=1(𝑦𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 −𝑦𝑚𝑜𝑑𝑒𝑙 )

(6)

𝑛

where, n is the number of data and RMSE = Root Mean Square Error
Table 1 RMSE of Wavelet Approximation and PolyFit

Emission

CO

CO2

HC

NOx

FC

VSP range

Polyfit
RMSE

Wavelet
RMSE

-10<VSP<0

2.7883

2.4174

0<VSP<10

0.4506

0.4163

10<VSP<20

0.5535

0.4421

VSP>20

0.8739

0.7518

-10<VSP<0

0.2799

0.2427

0<VSP<10

0.1046

0.0866

10<VSP<20

0.084

0.0719

VSP>20

0.0677

0.0526

-10<VSP<0

0.0578

0.0419

0<VSP<10

0.0376

0.0287

10<VSP<20

0.0422

0.0368

VSP>20

0.108

0.0871

-10<VSP<0

0.2637

0.2380

0<VSP<10

0.0812

0.0682

10<VSP<20

0.1592

0.1218

VSP>20

0.1821

0.1369

-10<VSP<0

0.0895

0.0776

0<VSP<10

0.0331

0.0274

10<VSP<20

0.0265

0.0227

VSP>20

0.0215

0.0166

63

Advances in Transportation Systems and Practices

Editors in Chief: Fengxiang Qiao, Lu Gao, Qing Li

The Post-conference Proceedings of the 30th Annual Conference of the International Chinese Transportation Professionals
Association (ICTPA), May 19-21, 2017, Houston, Texas, USA
ISBN: 978-1-64008-627-2

7

Conclusions

In this paper, the relatively new technique of wavelet transformation and analysis has been employed to
analyze the relation of emission and road roughness profile. The application methods and procedures for
performing the analysis have been presented in detail which included the use of approximation signal
generated from multi-level discrete wavelet transform. Based on the analysis presented in this paper, it
can be concluded that wavelet analysis possesses the ability to perform local analysis on PEMS data to
identify emission trends more accurately than other common nonlinear analysis. In addition, it has been
shown that the analysis can be done for different VSP to understand the emission trend for different
vehicular conditions. Thus, 1D DWT can be considered as an effective means of estimating emissions for
highway engineers to plan on reduction of vehicular emissions on road.
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Abstract
The number of vehicles that a road network can carry is limited. When the limit is exceeded,
the network system is not able to function effectively. In this paper, an updated cellular
automaton model for urban two-way-four-lane network systems with all-way stop control
intersections is proposed to simulate the network level critical density and carrying capacity
under different conditions, which essentially indicates the limit number of vehicles that the
network can handle before going into gridlock. In the proposed model, two update rules,
including lane changing and the longitudinal location update, are adopted to represent
vehicle movements on road sections according to the driving condition on the road and the
vehicle’s direction in the downstream intersection. The vehicle’s movements in intersection
areas are prioritized based on vehicle’s position, so as to prevent collisions within the
intersection area. The simulation results show that an increase in network size is able to
expand the carrying capacity of a road network, whereas the expansion rate is less than the
change rate in the network size. The carrying capacity is also associated with the structure of
the road network. The carrying capacity is inversely proportional to the number of
intersections, and proportional to the length of the road in the network. Besides, Optimizing
the O-D distribution also can increase the carrying capacity, speed and efficiency of the
urban road network.
Keywords:
carrying capacity; urban road network; congestion; critical density; cellular automata model
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1 Introduction
Capacity of a road network ought to be an essential part of any urban traffic planning and management.
The capacity of an urban road network indicates the maximum attainable throughput of the given network
(Yang et al., 2000), which is highly associated with various factors, such as the road layout, right of way,
type of intersection, control method, road section capacity, intersection spacing, origin-destination (O-D)
distribution pattern, route choice and the Level Of Service (LOS).
The primary objective of a network capacity problem is to determine the maximum attainable flow that a
network can carry (Chen et al., 2002). For a simply network with single O-D, the network capacity is
defined as the maximum flow and minimum cut problem, i.e., the maximum flow between two nodes r
and s in a network is equal to the capacity of the minimum cross section in all cut sets that separate such
the two nodes r and s (FordandFulkerson, 1956;Ahuja et al., 1993). However, the maximum flow
minimum cut theorem can only describe the maximum flow problem of one O-D pair, and cannot solve the
maximum flow problem with multiple origin-destinations (O-Ds). When the O-D demand pattern is fixed
and only the route choice behavior is considered, the maximum capacity of the road network can be
obtained by a traffic assignment method (Lam and Zhang, 2000). On the other hand, when all or part road
users can choose their own destinations, the O-D demand pattern becomes uncertain. A nonlinear
programming method can be used to estimate the maximum attainable flow in the road network with the
uncertain O-D demand pattern (Kasikitwiwat and Anthony,2005;Zhu and Zhang, 2008). Similar research
includes the studies on reserve capacity (Gao and Song, 2002; Wong, 1996; Wong and Yang, 1997;
Zhang et al., 2010; Miandoabchi and Farahani, 2011), and capacity reliability (Soltani-Sobh et al., 2016).
In addition, a number of studies have been conducted to optimize the road network capacity from the
perspectives of design variables, routing behavior models, demand characteristics, and design objective
functions (Yangand Bell, 1998; Farahaniet al., 2013; Chen et al., 2011; Sohn,2011; Xu et al., 2016).
Most of the methods mentioned above focused on the maximum demand that the network can handle
without traffic degradation. However, the results from these methods cannot indicate how many vehicles
the road network can support, carrying capacity. The term carrying capacity is borrowed from biology,
where it is defined as the maximum number of members of a species that can survive indefinitely in a
given environment, given the space and resources available ( Angus and Butler, 2011). It can be used
as a new network performance index to estimate how many vehicles the urban road network can support.
In this paper, the carrying capacity of a road network is defined as the maximum vehicles that can move
indefinitely (or for a very long time) without traffic degradation (gridlock) in a given road network.
One way to understand the carrying capacity of an urban road network is to run a micro-simulation of
traffic movements in the network based on relevant micro-simulation models such as the cellular
automata (CA) model. CA is a discrete model studied in computability theory, mathematics, physics,
complexity science, theoretical biology, microstructure modeling, and transportation modeling. The CA
model is an effective tool to simulate road network due to its characteristics of simplicity, flexibility and
immediacy. The first traffic CA model was proposed by Wolfram in 1983 (Wolfram, 1983). Then, the onedimensional CA traffic model (NaSch) (Nagel and Schreckenberg, 1992) and the two-dimensional CA
traffic model (BML)(Biham et al., 1992) were proposed. In 1999, a “unified” CA model of city traffic named
Chowdhury-Schadschneider (Chsch) model was developed based on the NaSch model and the BML
model (Chowdhury and Schadschneider, 1999). A CA model of vehicular traffic in a Manhattan-like urban
system studied the influences of advanced traveler information system and adaptive traffic lights (Li et al.,
2011; Jiang et al., 2016). Zhang et al. (2013) proposed a stochastic cellular automaton model for urban
traffic flow to study and compare Macroscopic Fundamental Diagrams (MFDs) of arterial road networks
governed by different types of adaptive traffic signal systems. Recently, a new CA model simulated the
traffic dynamics in urban two-way road network systems to investigate network fundamental diagram and
the effect of the randomization probability and the maximum vehicle speed on network traffic mobility (Shi
et al., 2014).
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In this paper, the CA model is further updated with the rules of the two-way-four-lane all-way stop
control intersection and the practicality of the CA model is improved accordingly. In the proposed model,
vehicles on roads follow the rules of turning for lane changing, overtaking lane changing, and longitudinal
location update. To reduce vehicle conflicts and improve traffic efficiency, the vehicles within an
intersection are assumed to have the priority over the vehicles in the cells outside the intersection, and
the vehicles in the cells outside the intersection have the priority over the vehicles in the cells nearby the
intersection, and an additional rule is developed to avoid the ‘gridlock’ phenomenon in the intersection.
Simulations were carried out to investigate the effects of the road network scale, the road network
structure, and the O-D demands distribution pattern on the road network carrying capacity.
The rest of the paper is organized as follows: In section 2, an updated CA model is proposed for urban
two-way-four-lane networks. In Section 3, the simulation results are presented and discussed. Finally, the
conclusions are drawn in Section 4.
2 Updated CA Model
As shown in Figure 1, an urban road network with S S roads is constructed. Each road has 2 lanes, and
each lane is divided into L cells, and the length of each cell is 7.5 m, and each vehicle occupies one cell.
Vehicles drive on the right-hand side of the road. Each vehicle can turn left, right, or go through at
intersections, but driving in the reverse direction is not allowed. All-way stop control is applied to all
intersections, which means vehicles need to stop and wait for a safe gap before proceeding into the
intersection. The total number of the cells (𝑁𝑐𝑒𝑙𝑙 ) in the road network is the sum of the number of cells in
roads and intersections, as expressed in Eq. 1.

Ncell

8 S ( S 1) L16
S2
(1)
The network density is defined as the percentage of the total number of cells occupied by the vehicle,
while the network speed is the average of instantaneous speed of all vehicles in the road network (Shi et
al., 2014).
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At the initial time, N vehicles (here all vehicles are assumed to be cars) are randomly distributed to the
network. Each vehicle is randomly assigned with an origin and a destination. Besides the cells in
intersections, all other cells can be selected as origins and destinations by vehicles. The distance is
adopted to reflect the different impedance between each road section pairs, and assume vehicles travel
along the shortest path in terms of their distance to relevant destinations. Then, the Dijkstra’s algorithm
can be used to generate the shortest path tree between road sections (Dijkstra, 1959). For example, in
Figure 1, there are 3 shortest paths from origin (road section 20) to destination (road section 67). Among
these three shortest paths, each vehicle randomly selects one to finish its trip. Once the vehicle arrives at
this destination, a new destination will be assigned. In this way, vehicles in the network keep moving and
the number of vehicles in the road network is constant, which is a condition for further study of the urban
road network traffic flow under different traffic densities.
Assume that the critical density in the urban road network is c( N) . When the density is less than such

critical density, vehicles can travel at a higher speed without congestion. On the contrary, the congestion
will occur and eventually lead to gridlock after running for a period of time. The carrying capacity of urban
road network is defined as the maximum number of vehicles running within the critical density, i.e., the
product of the total number of cells and the critical density, which is estimated by Eq. 2.

Nc( )

N cell ( )c N

(2)
Starting from section 2.1, the rules of vehicle movement in the network will be discussed in details. As
the movement of a vehicle traveling through an intersection is quite different from that on the mainline of a
road, the discussion of the rules on the mainline section and the intersections are arranged in different
sections.
2.1

Update rules of road sections

In Figure 2, Let x n and v n indicate the position and speed of the n th vehicle on a given road section,
respectively. Each vehicle has a maximum speed v max , andv n

0 , 1,

, v max . The distance between the

n th vehicle and its leading vehicle is denoted as𝑑𝑛 , and can be calculated by Eq. 3.

dn

xn

1

xn 1

(3)

and, when the n vehicle is the first vehicle in the mainline section, it is estimated by Eq. 4.
th

dn

L xn

(4)

whereL is the length of the mainline section.
The distance between the n th vehiclevehicle and the downstream intersection is 𝑆𝑛 , the calculation of
which is similar to 𝑑𝑛 as is shown in Eq. 5.

Sn

L xn

(5)

Let d back and d other represent the distance between the n th vehicle and its following vehicle and leading
vehicle in the adjacent lane, respectively. The length of prohibitions against changing lanes is indicated as

d avoid , while the lane number of the n th vehicle is K n , where K n is either 1 or 2, with 1 indicating that the

vehicle is driving on the innermost lane, and 2 indicating driving on the outermost lane. The direction of

the n th vehicle on the next intersection is represented by Fn . The value of Fn could be 1, 2, and 3 for left
turning, through movement, and right turning, respectively. Let
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speed and position of each vehicle on a road section is updated in parallel according to the designed lane
changing rule and the longitudinal location update rules.
v

d avoid

dn
d back

d other

xn
L

v

Fig. 2 The sketch of the road.

2.1.1

Lane changing rule

(1) Turning lane changing
A vehicle entering a road section from the upstream intersection will change its lane according to the
direction to the downstream intersection, with a condition that the gap provided on the adjacent lane is
safely acceptable.
If the n th vehicle meets all the following conditions, the vehicle will change its lane to the adjacent lane.
① xn

L d avoid , the n th vehicle is in the front of prohibitions against changing lanes;

②( Fn

1 and K n

③ d back

v max

2) or ( Fn

3 and K n

1) , the n th vehicle is not on the correct lane;

t , the n th vehicle’s lane changing will not affect the vehicle at the back of it on the

adjacent lane.
(2) Overtaking lane changing
If vehicles cannot move normally with the current speed, and the driving condition of the adjacent lane is
better, part of the vehicles will choose to change lane, and the other part of the vehicles will choose to
slow down. Within a fleet, if a leading vehicle suddenly stops or slows down and the driving speed in the
adjacent lane is relatively faster with acceptable safe gaps, part of the following vehicles would select to
change to the adjacent lane, while the rest might still remain in the original lane. Thus the n th vehicle will
change to its adjacent lane with the probability pchange , if the following conditions occur.
① min( v n 1,

v max)

d n , the speed of the n th vehicle is higher than the distance between it and the

leading vehicle;
② d other

d n , the adjacent lane has a better driving condition;

③ d back

v max

t , the n th vehicle’s lane changing will not affect the vehicle at the back of it in the

adjacent lane.

70

Advances in Transportation Systems and Practices

Editors in Chief: Fengxiang Qiao, Lu Gao, Qing Li

The Post-conference Proceedings of the 30th Annual Conference of the International Chinese Transportation Professionals
Association (ICTPA), May 19-21, 2017, Houston, Texas, USA
ISBN: 978-1-64008-627-2

2.1.2

The longitudinal location update

Step 1: Acceleration. v n
Step

vn

2:

Deceleration.

min( v n 1, v max) ;
If

min( v n, d n, s)n , otherwisev n

Step 3: Randomization. v n
Step 4: Vehicle movement. x n
2.2

( Fn

1 or K n

1 ) or ( Fn

3 or K n

2) or Fn

2 ,

then

min( v n, d n, sn d avoid) .

max( v n 1, 0)

with probability pslow .

xn vn .

Update rules of the vehicles in intersection areas

As shown in Figure 3, there are three types of cells related to each intersection: (i) cells outside the
intersection (i.e., Cells 1-12), (ii) cells inside the intersection (i.e., Cells 13-16), and (iii) cells nearby the
intersection (i.e., Cells 17-32). Vehicles of different directions travel through an intersection with different
trajectories. Using the eastbound movement as an example, the left-turning vehicles travel to the north
through Cells 17, 12, 13, 14, 15, 8, and 29, the through movement vehicles travel to the east through
Cells 17, 12, 13, 14, 5 and 25 (the left lane) or Cells 18, 1, 2, 3, 4 and 26 (the right lane), and the rightturning vehicles travel to the south through Cells 18, 1, and 32. The movements of vehicles in the
remaining three approaches follow the same patterns. The speed of the vehicle in an intersection is
assumed to be either 0 or 1. Hence, vehicles must travel through the cells one by one along its trajectory
in the intersection areas.

28

24

23

29

30

10

9

8

7

20

27

11

16

15

6

19

17

12

13

14

5

25

18

1

2

3

4

26

32

31

21

22
Through
Left turning
Right turning

Fig.3 Cell representation of an intersection.

To prevent vehicle collisions, the vehicles in the cells inside an intersection (Cells 13-16) are assumed
to have the priority over the vehicles in the cells outside the intersection (Cells 1-12), and the vehicles in
the cells outside the intersection have the priority over the vehicles in the cells nearby the intersection
(Cells 17-32). The following four rules are applied to the vehicles in intersection areas:
(1) Updated rules for vehicles in the cells inside the intersection: If the next cell along its trajectory is
empty, the vehicle moves forward the next cell at the end of the step; otherwise, the vehicle will stand still.
This rule is adopted for all vehicles in Cells 13-16.
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(2) Updated rules for vehicles in cells outside the intersection: If the next cell along its trajectory is
empty and there is no vehicle in any cells inside the intersection attempting to occupy this cell, the vehicle
moves forward to this cell at the end of the step; otherwise, the vehicle will stand still. For example, if Cell
16 is occupied by a westbound left-turning vehicle, or a southbound through movement or left-turning
vehicle, the vehicle in Cell 12 will be forbidden to drive into Cell 13. If there is at least one of Cell 13 and
Cell 16 being occupied by a southbound through movement vehicle, the vehicle in Cell 1 will be forbidden
to drive into Cell 2. This rule is adopted for all vehicles in Cells 1-12.
(3) Updated rules for vehicles in cells nearby the intersection: If the next cell is empty and there are no
vehicles in cells outside the intersection attempting to occupy this cell, the vehicle moves forward to this
cell at the end of the step; otherwise, the vehicle will stand still. For example, if there is at least one of Cell
10 and Cell 11 being occupied by a through movement vehicle from the north, the vehicle in Cell 17 will
be forbidden to drive into Cell 12. If there is at least one of Cells 10, 11, and 12 being occupied by a
through movement vehicle from the north, the vehicle in Cell 18 will be forbidden to drive into Cell 1. This
rule is adopted for all vehicles in Cells 17-24.
(4) An additional rule for vehicles avoiding ‘gridlock’ phenomenon: the ‘gridlock’ phenomenon can occur
for a special case when Cells 13-16 are empty, and Cells 3, 6, 9, and 12 are, respectively, occupied by a
through movement or left-turning vehicle. In this case, if the four vehicles in Cells 3, 6, 9, and 12
simultaneously move forward to the same cell, Cells 13-16 will all be occupied at the next step and the
four vehicles can never move forward. To avoid the ‘gridlock’ phenomenon, one vehicle in Cells 3, 6, 9,
and 12 would be selected randomly to stand still, and the other three vehicles move forward for one cell.
3 Simulation results
3.1

Parameter settings

The variables of the proposed CA model are preset for five network scales to investigate the change in
the capacity of the two-way-four-lane road network. Specifically, the scale of network changes from 3 3
to 7 7 with increment of 1 road. The cell number of each road sections is 20 (i.e., 150 m), and the values

ofv max , d avoid , pslow and pchange are 3, 3, are0.3, and 0.2, respectively. The network density ranges from
7

0.005 to 0.9 with an increment of 0.005. Each simulation runs for 10 time steps until gridlock happens
and all vehicles stop. If the gridlock does not take place, the network density would increase by 0.005.
Otherwise, the network density is the critical density of the road network ( c( N) ).
3.2

The effect of the road network scale

Table 1 shows the network carrying capacity estimation from the simulation results for the five networks
with five scales ( K is assumed as the number of lanes in one road). The influence of the road network
scale on carrying capacity is illustrated in Figure 4. One can observe that there are some relationships
between the road network scale and carrying capacity are stated in the following paragraphs.
(1) There is a specific critical density and road network carrying capacity in different scales of road
network. For example, the critical density of the 3 3 road network is 0.135, and the network carrying
capacity is 149. When the road network changes to 5 5 , the critical density and the carrying capacity of
the road network become 0.085 and 306, respectively. If the traffic flow in the road network exceeds the
road network carrying capacity and the operation time is long enough, congestion will be formed,
leading to gridlock.

(2) The critical density decreases with the increase in the network scale. The critical density
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( N) would be higher when the network scale is smaller. When the road network scale is large and
thus the density is low, the local deadlocks would possibly occur if most vehicles are concentrated on
a particular region, such as a Central Business District (CBD). This also explains that why big cities
are more prone to traffic congestion even though the average road area per vehicle is the same. The
present simulation results are not yet determined to convergent to a critical value, or converge to 0
when the road network scale tends to infinity.
c

(3) The carrying capacity of the road network is proportional to the road network scale, but the carrying
capacity is less sensitive to the change in the network scale. For example, the 7 7 road network has
7,504 cells, which is 6 times more than the 3 3 road network (1,104 cells). Nevertheless, the road
network carrying capacity only increases less than 3 times, from 149 to 488. This implies that, even if the
expansion of the road network matches the growth of the traffic demand, the urban road network will still
be even more congested.

Network speed (cell/s)

2.1
1.8
1.5
1.2

3×3
4×4
5×5
6×6
7×7

0.9
0.6
0.3
0.0

0.025 0.050 0.075 0.100 0.125 0.150
Network density (veh/cell)

Fig. 4 The influence of the road network scale on carrying capacity.
Table 1 Estimated indicators of road network based on CA model simulation

3.3

Scale

K

L

N cell

3×3

2

20

1,104

0.135

149

4×4

2

20

2,176

0.1

218

5×5

2

20

3,600

0.085

306

6×6

2

20

5,376

0.075

403

7×7

2

20

7,504

0.065

488

( N)

c

N c( )

The effect of the road network structure

The road network structure is a comprehensive concept, including the functional structure, hierarchical
structure and layout structure of the road network. In practice, two road networks with the same scale may
have quite different capacities due to the different configurations of the road network. Three road
networks with different structures to simulate and analyze the influence of the road network structure on
road network carrying capacity are shown in Table 2.
The influences of the road network structure on carrying capacity are plotted in Figure 5. One can
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observe that there are some relationships between the road network structure and carrying capacity.
(1) Road widening can improve the road network carrying capacity, but the increase in carrying capacity
is less than the increase in the number of lanes. For example, the critical density of a 5 5 two-way-twolane road network is 0.11, and the carrying capacity is 187. Assuming that the road length and scale of
the network are constant, and the two-way-two-lane roads are changed to two-way-four-lane roads, and
then the total number of cells is changed from 1,700 to 3,600. Here, the road width is doubled and the
total area of the road network is increased by 1.1 times, but the road network carrying capacity is only
increased to 306 (0.6 times). This means simply widen roads cannot induce the same effect in the growth
of road network carrying capacity.

(2) The carrying capacity of the road network is inversely proportional to the number of
intersections and proportional to the road length. For example, there are two different road networks
with two-way-four-lane. The one is a 5 5 network with 20 cells in the road length and 25
intersections. Another one is a 4 4 network with 35 cells in the road length and 16 intersections.
The total number of cells of the two road network are 3,600 and 3,616, respectively. Table 2 shows
that the critical density of the 5 5 road network is 0.085, and the carrying capacity is 306, and the
critical density of the 4 4 road network is 0.09, and the carrying capacity is 325. This means the
decrease in the number of intersections and the increase in the length of the road are beneficial to
improve the carrying capacity of the road network.
Table 2 Network carrying capacity estimations based on simulation results

Scale

K

L

N cell

5×5

2

20

3600

0.085

306

5×5

1

20

1700

0.11

187

4×4

2

35

3616

0.09

325

( N)

c

N c( )

Network speed (cell/s)

2.4
2.0
1.6
1.2
5×5, L=20, K=2
5×5, L=20, K=1
4×4, L=35, K=2

0.8
0.4
0.0

0.02

0.04

0.06

0.08

0.10

0.12

Network density (veh/cell)
Fig. 5 The influence of the road network structure on carrying capacity.

3.4

The effect of the O-D demand pattern

In the model, the destination of the vehicle is randomly selected. Therefore, the O-D matrix is positionindependent and the spatial distribution of the O-D demand is balanced, while the attracted traffic and
generated traffic on each road section is balanced. Table 3 shows the probability of being selected for 80
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mainline sections within the 5 5 road network from the relatively shortest path sets. The traffic flow of
each mainline section is positively related to the probability of what are selected from the shortest path
set. This means that, the higher the probability of being selected, the heavier the traffic flow would be.
Here, the position-independent O-D matrix pattern is changed to the position-dependent one, which
means the probability that the mainline section is selected as an origin or a destination is negatively
related to the probability of being selected from the shortest path set, so as to simulate the effect of the OD demands distribution pattern on the road network carrying capacity.
Table 3 The probability of being selected in the shortest path set.

Road section number

Proportion（%）

1，7，9，18，63，72，74，80

6.0

2，8，10，17，64，71，73，79

7.2

3，5，27，36，45，54，76，78

7.3

11，16，19，25，56，62，65，70

9.0

4，6，28，35，46，53，75，77

9.4

12，15，20，26，55，61，66，69

9.9

13，14，37，38，43，44，67，68

10.3

21，23，29，34，47，52，58，60

12.6

22，24，30，33，48，51，57，59

13.8

31，32，39，40，41，42，49，50
Total

14.4
100

The effect of the O-D demand distribution pattern on the road network carrying capacity is
displayed in Figure 6. One can observe that the critical density is 0.085 when the O-D demand
distribution pattern is position-independent, while the critical density is 0.09 when the O-D demand
pattern is position-dependent. As can be seen, changing the O-D demands distribution pattern may
change the road network carrying capacity. In addition, changing O-D demands distribution pattern
would affect the network speed. This implies that the optimization of O-D demands distribution would
improve the road network efficiency.

75

Advances in Transportation Systems and Practices

Editors in Chief: Fengxiang Qiao, Lu Gao, Qing Li

The Post-conference Proceedings of the 30th Annual Conference of the International Chinese Transportation Professionals
Association (ICTPA), May 19-21, 2017, Houston, Texas, USA
ISBN: 978-1-64008-627-2

Network speed (cell/s)

2.20
1.65
1.10
0.55
0.00

Position-independent
OD matrix
Position-dependent
OD matrix
0.02
0.04
0.06
0.08
Network density (veh/cell)
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Fig. 6 The effect of O-D demands distribution pattern on the road network carrying capacity.

4

Conclusions

In this paper, an updated CA model for urban two-way-four-lane network systems with all-way stop control
intersections was proposed to investigate the effect of the road network scale, the road network structure,
and the O-D demand pattern on the road network carrying capacity. The main findings are summarized
below.
(1) The critical density and road network carrying capacity in different scales of road network are
different.
(2) The critical density decreases with the increase in the network scale.
(3) The carrying capacity of the road network can be expanded by increasing the road network scale,
but the increase in the carrying capacity of the road network is less than the increase in the road network
scale.
(4) Road widening can improve the road network carrying capacity, but the increase in carrying capacity
is less than the increase in the number of lanes.
(5) The carrying capacity of the road network decreases with the increase in the number of
intersections and the decrease in the road length.
(6) Changing the O-D demand distribution pattern can affect the network carrying capacity, speed and
efficiency.
Since the updated CA model has not been validated by field tests, more factors will be considered in
the future to simulate the realistic road network, such as signal control, reasonable traffic demand
distribution, diverse routing choice, and so on. In addition, the road network design problem should be
considered, such as adaptive signal control, connected vehicle, and route guidance to optimize the
carrying capacity of urban road networks.
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Topic Two:

Sustainable Transportation Systems
Sustainable transportation system includes a broad subject of vehicles, goods, and persons that is
sustainable in the senses of social, environmental and climate impacts. It should have the ability to supply
the source energy indefinitely and globally. Chung and Huang in Taiwan collected and processed big data
of more than three million YouBike (a bikesharing program in Taiepi) trips before and after the toll
adjustment. They found a minor toll adjustment could make a noticeable difference on the bike demand.
YouBike additionally provided a transport choice for trips without mass rapid transit (MRT) or bus services.
Wang et al. established an entity platform of urban road traffic micro area scene, buries traffic flow
detectors, and leads vehicles running through the detectors cycle continuously. The oscilloscope
connects to the detectors and gets the real-time detection of waveform of all kinds of detector, and later to
carry out its detection performance comparison analysis. Nabi et al. developed a machine learning
algorithm of Forest Tree to predict emission factors of CO 2, CO, HC, NOx, and Fuel Consumption (FC)
based on real-world driving tests on Texas roadways. A portable emission measurement system was
used to collect emissions and vehicle activity data, and a Smartphone application Roadroid was used to
collect corresponding pavement roughness data. The statistical analysis can help agencies to determine
and allocate proper construction and maintenance measures to reduce pavement roughness related
vehicular emissions, and suggests considering proper roadway roughness profiles to improve emission
inventory for Texas Highways. Chen et al. presented a systematic analysis of effects of different public
transportation development scenarios on CO2 reductions. A total of 180 potential development scenarios
of the public transportation system, including different shifts, different travel demand levels, and different
prospective scenarios for the bus and subway, are identified and tested based on a case study in Beijing.
The results indicate that the public transportation system has a great potential to reduce the total CO 2
emissions as well as the average CO2 emissions per capita in Beijing. The modal share values of 61-64%
are turning points at which CO2 emissions begin to decline in the year 2020.
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How toll adjustment affects trip characteristics: big data
analysis and experiences of Taipei’s public bike system

Chih-Lin Chung**, Chun-Liang Huang*
* Department of Transportation Management, Tamkang University, Tamsui Dist., New Taipei City 25137,
Taiwan.

Abstract
The bikesharing program in Taiepi, YouBike, adjusted the rental fee from free of
charge to NT$5 (about $0.15) for the first 30 min. To understand how the toll adjustment
would have changed the trip characteristics, this research collected and processed big data
of more than three million YouBike trips before and after the toll adjustment. By applying
descriptive statistics and data mining methods, we found 1) The number of trips dropped
about 43% on weekends and 14% on weekdays. This indicates that the price elasticity of
weekend rentals was higher than that on weekday rentals. 2) The peak period, duration, and
travel distance were approximately the same, regardless of the toll adjustment. 3) The
turnover rate decreased from 9.6 to 7.3 times per day per bike, albeit it is still higher than
many bikesharing programs. 4) Most trips had one end next to the MRT stations or schools.
This study identified that minor toll adjustment could make a noticeable difference on the
bike demand. The current practice of locating YouBike stations by the MRT lines and major
trip generation spots had multi-faceted impacts. YouBike offered the first- and last-mile
service of MRT, but also replaced some short MRT trips because of time and/or money
savings. YouBike additionally provided a transport choice for trips without mass rapid transit
(MRT) or bus services. As Taipei YouBike has long been subsidized by the government, it is
suggested that 1) innovated business models be adopted for sustainable operation, and 2)
more big data be released to the public for research purposes.
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1

Introduction

Bikesharing or public bike systems could be regarded as one of the most popular urban transportation
initiatives in the last decade. According to the Bikesharing World Map (2017), 1,232 cities have
bikesharing programs in operation. access. Heinen et al. (2010) indicated bike use affected by various
factors from the natural environment (topography, attractive built environments, seasons and weather) to
the built scheme (urban form, infrastructures, facilities at work, etc.), socio-economic and psychological
conditions (attitudes and social norms, habits, ecological beliefs, etc.), and mode related attributes (cost,
travel time, effort and safety). Taipei is of great potential developing urban biking given the flat terrain at
the bottom of Taipei Basin, year-long nonfreezing subtropical weather, high population density, gradually
completed bike route network, and the rising attitudes towards energy saving and carbon reduction as
well as slow-paced life. Meanwhile, as the Taipei MRT network acts as the backbone with the support of
extensive city bus services, many transport stations/stops are still too far by walking. The city government
believed the public bike system as a possible medium for people to access MRT and buses. In an attempt
to make the city more livable and sustainable, in 2009 the city government commissioned Giant, a world
famous bike manufacturer headquartered in Taiwan, to run the public bike system—YouBike (Taipei City
DOT, 2013a, 2013b).
As of mid-April 2017, there are 687 YouBike stations (320 in Taipei and 367 in New Taipei) in the
metropolitan area and over 3.3 million trips per month (YouBike, 2017). The planned amounts of
stations/bikes are 400/13,138 in Taipei by December 2018 and 450/14,400 in New Taipei by December
2
2017. Existing stations are primarily in the 243-km flat bottom of Taipei Basin with the population of 5.8
million. Like most bikesharing programs, Taipei City was free of charge for the first 30 min. Users will be
charged NT$10-40 for every additional 30 min afterwards. In response to the user-pays principle, the
authority started to charge NT$5 of the start fee since April 2015, as shown in Table 1. It offers a great
opportunity to examine the effect of toll adjustment. Fishman et al. (2013) indicated that the value for
money appears paramount in the public bike members’ motivation to use the programs. The new toll
structure seems not much different from the old one, but it did make a huge drop of YouBike trips. At the
same period, the tolls of the adjacent city, New Taipei, were unchanged (no start fee). Its monthly
ridership consistently grew, as shown in Fig. 1. Despite the impact of the start fee, the success of
bikesharing in Taipei has shaped biking into an urban fashion that soon spread out to other places.
Currently there are 10 public bike systems in operation and some under planning in Taiwan. Local cities,
including Changhua and Hsinchu, followed in Taipei’s footsteps to charge users NT$5 and NT$10
respectively after implementing a 30-min complimentary period for months. Other cities, although
struggling with the huge subsidies for the complimentary 30 min, are hesitating to implement the start fee
due to the unknown impact. The study can fill the unanswered gap between the policies with and without
start fees.
Table 1 YouBike progressive toll structure

Rental Duration

Old policy: 2015.3.31 and before

New policy: 2015.4.1 and after

0.5 h

0

NT$5

0.5-4 h

NT$10 per 30 min

NT$10 per 30 min

4-8 h

NT$20 per 30 min

NT$20 per 30 min

>8h

NT$40 per 30 min

NT$40 per 30 min
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Fig. 1 Monthly You Bike trips in 2015

2

Data and methodology

Many cities periodically release their public bikes’ operational data online, such as Divvy in Chicago, Citi
Bike in New York, Bay Area Bike Share in San Francisco, and Hubway in Boston, etc. There are two
types of operational data. One is station-based data that contain the number of bikes and vacant docks
available at certain point of time (e.g., every five minutes). The other is trip-based data that contain the
trip duration, start time, stop time, start station, stop station, and costs. Sometimes bike ID and user
attributes (gender, membership, and ZIP code) are also available. Station-based data have been used to
measure the service quality of bike systems, and spatiotemporal characteristics of bike stations (Chung &
Huang, 2016; O’Brien et al., 2014; Chung & Chien, 2014; Kaltenbrunner et al., 2010; Froehlich et al.,
2009). Trip-based data have been used to assess the spatiotemporal characteristics of bike trips and
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related rental behaviors (Bordagaray et al., 2016; Corcorana et al., 2014; Berloco & Colonna, 2012;
Borgnat et al., 2011; Vogel et al., 2011). Some research involved both data types, e.g., Zhou (2015)
analyzed the station- and trip-based data of the public bike system in Chicago, Divvy. These two data
types have strengths and weaknesses that could make a complement to each other. Trip-based data do
not reveal the availability of bikes or vacant docks at bike stations. This may cause twisted rental
behaviors if there is frequent lack of bikes or docks at certain stations, i.e., users would choose a station
nearby or simply cancel the bike trip. On the other hand, station-based data could neither present the
origins and destinations (OD) of bike trips, nor such items as the turnover rate, costs, and rental duration.
It would be difficult to verify whether the public bikes fulfill the original intention of last- and first-mile
service.
This study adopted trip-based data. The Department of Transportation (DOT) of Taipei City offered
the two-month dataset with 3,315,691 YouBike trips before (in March 2015) and after (in June 2015) the
toll adjustment. Like most trip-based open data of bikesharing programs, our raw data contain such
columns as origins, destinations, and duration of each trip. We further associated each trip with two types
of data: 1) trip-based rental fees, lengths, and speed; and 2) the corresponding hourly weather
information such as temperature and raindrop. It should be noted that the real YouBike trip lengths are
unknown. Given the grid network in Taipei, we assume the trip lengths be the summation of longitudinal
and latitudinal distances between two ends. Some trips were found to have identical origin and
destination stations; the travel speed would be excluded in this case. Besides, YouBikers may take a
break during a long rental period, leading to under-estimated speed. Fortunately, over 75% of the trips
were within 30 min. According to our field observation, taking a break or running an enroute errand was
not common for those short-time rentals.
This study has three major differences from the previous ones (Bordagaray et al., 2016; Corcorana
et al., 2014, Berloco & Colonna, 2012; Borgnat et al., 2011; Vogel et al., 2011) that also used trip-based
data. First, the rental fee is a key operational factor but has often been neglected previously. Second, this
is unprecedented work to assess the impact of toll adjustment on the public bike operation. Third, our
dataset (3.3 million trips) is greater than others (usually tens or hundreds of thousands of trips). Similar to
the studies mentioned above, we applied descriptive statistics and data mining methods. Kantardzic
(2011) defined that data mining is the search for new, valuable, and nontrivial information in large
volumes of data. To verify the co-opetition relationship between YouBike and MRT, the bike trips were
classified into distinct types based on their origin and destination stations. The K-means clustering was
used to explore the characteristics of different trip groups (Kantardzic, 2011; Roiger & Geatz, 2003).
3

Results and discussion

3.1

Ridership and turnover rate

Given that YouBike was consistently at the scale of 196 stations and 6,406 bikes in Taipei City before and
after the toll adjustment, the start fee of NT$5 reduced 43% of the trips and turnover rates on the
weekends, 14% on the weekdays, and an average drop of 24% in total, as shown in Table 2. By contrast,
the average daily ridership declined 28% in Changhwa when the start fee of NT$5 was applied, and 40%
in Hsinchu when the start fee of NT$10 was applied. The declines comply with two principles: First, the
greater the fees increase, the more the ridership drops (e.g., Hsinchu’s case versus Taipei’s or
Changhwa’s case). Second, the increased fee would cause less impact on the place with better socioeconomic condition (e.g., Taipei’s case versus Changhwa’s case).
The impact of applying the start fee is long-lasting. As of February 2017, Taipei City had 304
stations and 9,970 bikes, the average daily trips were 53,100, higher than June 2015 as 46,923 daily trips,
but lower than March 2015 as 61,549 daily trips. The daily turnover rate defined in Eq.(1) fell from 9.6
trips/bike in March 2015 to 7.3 in June 2015, and further to 5.3 in February 2017. Zhao et al. (2014)
compiled the bike turnover rates of 69 Chinese cities; the rates ranged between 9.5 and 0.7 trips/day.
Compared those cities with Taipei, the pre-, post-adjustment, and current turnover rates of YouBike
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respectively took the 1 , 6 , and 22 places. Although having been in the leading group, the continuous
drop of YouBike turnover rate is a warning sign. This shows that the impact of the start fee remains.
Identical results were found in Changhwa and Hsinchu, where the current bike utilization has not yet
th
resumed to the pre-adjustment level. Taipei YouBike is moving toward its 9 year of operation. It
experienced the introduction and growth stages, and is now in the maturity stage, if not the decline stage,
as shown in Fig. 2. More innovated strategies are needed to boost operation.
𝐷𝑇𝑅 = 𝐴𝐷𝑇/𝑁𝑏

(1)

where 𝐷𝑇𝑅 is the daily turnover rate (trips/bike), 𝐴𝐷𝑇 is the average daily trip, and 𝑁𝑏 is the number of
bikes, which was 6,406 in March and June 2014, and 9,970 in February 2017.
Table 2 ADT and DTR before and after the toll adjustment

Attribute
Weekend

Weekday

Total

March 2015 a*

June 2015 b*

Drop=1-(b*/a*)

Average daily trip (ADT)

72,672

41,414

43%

Daily turnover rate (DTR)

11.3

6.5

43%

Average daily trip (ADT)

56,998

48,926

14%

Daily turnover rate (DTR)

8.9

7.6

14%

Average daily trip (ADT)

61,549

46,923

24%

Daily turnover rate (DTR)

9.6

7.3

24%

Fig. 2 Daily trips and turnover rate by the month of year

3.2

Trip pattern and price elasticity

In addition to the drop of trips due to the start fee, the time-of-day patterns were different on the
weekends, but quite the same during the weekdays, as shown in Fig. 3. Such a result is under
expectation because the weekend trips are more flexible. Once the temperature rises over 30 degrees
and the daytime becomes longer, people try to prevent sunburns and thus noticeably shift the weekend
afternoon peak in March to the expanded evening peak in June. In other words, it was not the start fee
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but the temperature that influenced the weekend trip patterns. As for the weekday pattern, the working
and school hours are relatively fixed, forming the AM and PM peaks as well as a mini noon peak during
the lunch break. Similar weekend and weekday patterns were also found elsewhere (Zhou, 2014; Borgnat
et al., 2011). Due to the short daytime, the weekday PM pattern in March was about 1 h earlier than that
in June.

(a) Weekends

(b) Weekdays

Fig. 3 Time-of-day trip patterns and temperatures

Regardless of the toll adjustment, the majority (over 75%) of rental duration was within the first 30
min, as shown in Table 3. The duration medians of weekends and weekdays were respectively around 14
and 12 min, close to those of Divvy in Chicago (Zhou, 2015). The most popular YouBike sites were still
those next to MRT stations or schools. The weekend trips reduced in every rental duration after the start
fee took place, indicating that the start fee had kept YouBikers away from unnecessary trips. Some
YouBike trips were cancelled or replaced by walk. As YouBike was so popular, lack of bikes at certain
stations was not uncommon during the weekend peak hours. It became a concern of the authorities. The
rental reduction accidentally extricated the lack-of-bike situation (Taipei City DOT, 2016).
Interestingly, the weekdays presented another case. Over 80% of the weekday rental duration was
less than 30 min. The start fee reduced short trips, but longer trips surprisingly increased. Again, the
reduced weekday short trips might be replaced by walk, if not cancelled. For any trip beyond a
reasonable walking distance, as long as riding YouBike is cheaper than taking a bus (with a fare ranging
from NT$12 to 15) or MRT (with a start fee of NT$16), some would still choose YouBike. Also, owing to
the higher density of bike stations and literarily no waiting time, YouBike stayed competitive. Even so, the
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YouBike ridership over 30 min should not have grown, or at most remained at the same level in March.
As the number of those trips was quite small, any minor factor could cause its fluctuation. For instance,
quite a few students started their summer break in June, producing extra bike trips for outdoor activities.
This would lift the demand curve upwards that resulted in the growth of bike trips longer than 30 min.
Table 3 also shows that very little trips were longer than 1.5 h. Since the progressive toll (see Table
1) will not take place until the fourth hour of rental, the progressive toll is nominally existent but practically
ineffective. The authority could consider a shorter time segment to activate the progressive toll should the
lack of bikes remain an issue. The price elasticity of demand can be derived from Table 3 and Eq.(2).
Regardless of weekends or weekdays, the majority—the trips within 30 min—were inelastic, albeit the
weekend price elasticity (0.3) was greater than the weekday (0.1), and the trips remarkably declined. The
toll adjustment brought more impacts on the weekends. A closer look was taken to distinguish how the
start fee affected different weekend trips. The bike OD pairs were set into three clusters based on the Kmeans method, namely A as high demand and short distances, B as median demand and distances, and
C as low demand and long distances. Clusters A and B became elastic (1.4 and greater) if the rental
duration was more than 30 min. For Cluster C to be elastic, it required the duration more than 1 h. The
longer the duration was, the greater elastic each cluster was. Cluster C had the greatest price elasticity
(4.0) of all when the duration was between 1.5 and 2 h. In other words, the impact of the start fee would
increasingly extend to the period longer than 30 min.
Table 3 Number of daily trips by rental duration

Weekend

Weekday

Rental
duration

March 2015 a*

June 2015 b*

March 2015 a*

June 2015 b*

< 0.5 h

56,726 (78%)

31,237 (75%)

49,434 (87%)

39,729 (81%)

0.5-1.0 h

8,331 (11%)

5,173 (12%)

4,960 (9%)

5,487 (11%)

1.0-1.5 h

3,079 (4%)

2,117 (5%)

1,324 (2%)

1,777 (4%)

> 1.5 h

4,536 (6%)

2,886 (7%)

1,280 (2%)

1,932 (4%)

Total

72,672 (100%)

41,414 (100%)

56,998 (100%)

48,926 (100%)

𝐸=−

(𝑄2 −𝑄1 )/(𝑄2 +𝑄1 )
(𝑃2 −𝑃1 )/(𝑃2 +𝑃1 )

(2)

where 𝐸 is the price elasticity of demand, 𝑄1 (𝑄2 ) is the number of trips before (after) the toll adjustment,
and 𝑃1 (𝑃2 ) refers to the old (new) toll policy.
The estimated bike trip length was on average 1.8-2.0 km, without noticeable differences
between the weekends or weekdays, or before or after the toll adjustment. The weekend mean speed
varied from 5.5 to 5.6 kph. The weekday mean speed was unsurprisingly higher, at the level between 6.4
and 7.1 kph. This matches the field observation that more people were in a hurry during the weekdays.
Another issue comes out: typical bike speed can easily reach 12-15 kph under situations without any
interruption. This is, however, not the case in Taipei or other populated city schemes. The dense
signalized intersections are one of the reasons for the lower YouBike speed. Although the signals along
major streets are synchronized for progressive movement, such green bandwidths are designed based
on car speed, which is around 40-50 kph. The synchronized signals do not match the bike speed. Second,
the bike lanes are not always exclusive and have to share the right-of-way with scooters or pedestrians,
needless to say when the bike lanes are not available. Sometimes even the exclusive bike lanes might be
occupied by pedestrians who do not recognize or simply neglect the bike signs or markings. Third, the
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field observation also found that back-home or weekend riders were more relaxed and enjoyed the
“downshifting”. All these factors contribute to a lower speed.
3.3

Co-opetition relationship

The original purpose of bikesharing is to offer the last- and first-mile service for public transit. Ideally, the
use of scooters—a main concern in Taiwan—may reduce because of YouBike, but unfortunately so may
the transit ridership. According to the government statistics and research projects, Fig. 4 shows the
average travel distances and costs per trip of seven common urban modes in Taipei. YouBike, buses,
MRT, and scooters form a group that meets the short and inexpensive travel demand. This group can be
specifically demarcated as the travel distance less than 10-15 km and travel cost less than NT$25-30 in
the local transportation scheme. To some extent the four modes within the group compete against and/or
complement one another. For example, when buses and MRT are not in operation in the midnight,
YouBike becomes an inexpensive alternative in comparison to taxi. During daytime, YouBike is a
competitor against MRT/buses on certain trips. YouBike can also be appealing to scooter riders because
of such reasons as the exclusive and less congested bike lanes, no need to wear helmets (so as no bad
hair days), easy parking, bi-directional movement in the one-way street system, and so on. Fishman et al.
(2013) pointed out that public bike users demonstrate a greater reluctance to wear helmets that have
acted as a deterrent of the programs if wearing helmets is mandatory. On the other hand, as scooters can
be as fast as cars, they more likely match the progressive green lights, and riding a scooter requires less
physical strength than riding a bike, especially on the slopes. Scooters and YouBike can be day-of-week
alternatives. Despite YouBike’s co-opetition relation to scooters/buses/MRT, it serves as an additional
transport option for the general public. The private cars and commuter rail are in another group with the
travel distance over 15-20 km and cost from NT$30 to 80. Taxi alone forms a group for short but
expensive (business) trips.

Fig. 4 Travel distances and costs of urban transportation modes

Note: The travel costs of private cars and scooters only include gas, tolls, and parking fees.
To further examine the intermodal relation between YouBike and MRT, the YouBike trips were
classified into four types. Types 1 and 2 tend to complement (cooperate with) MRT, Type 3 possesses
dual attributes, and Type 4 may be either irrelevant or a complement to MRT, as explained below.

Define that

𝑂𝑖𝑀 : origin station 𝑖 next to MRT
𝑂𝑖𝑁 : origin station 𝑖 not next to MRT
𝐷𝑗𝑀 : destination station 𝑗 next to MRT

(3)

𝑁
{𝐷𝑗 : destination station 𝑗 not next to MRT
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Type 1: 𝑂𝑖𝑀 → 𝐷𝑗𝑁 ; 𝑂𝑖𝑁 → 𝐷𝑗𝑀
YouBike serves as the last- and first-mile mode of MRT.
Type 2: 𝑂𝑖𝑁 → 𝐷𝑗𝑁 , 𝑖 ≠ 𝑗.
YouBike offers another choice of green transport in the area without MRT.
Type 3: 𝑂𝑖𝑀 → 𝐷𝑗𝑀 , 𝑖 ≠ 𝑗.
This type has dual attributes. Depending on time of day (whether the MRT is open or not),
YouBike may compete against or complement MRT.
Type 4: 𝑂𝑖𝑁 → 𝐷𝑖𝑁 ; 𝑂𝑖𝑀 → 𝐷𝑖𝑀 .
YouBike has identical origins and destinations. They may be 1) newly created travel demand, 2)
MRT extension service, or 3) originally walk trips that are now replaced by YouBike.
One of the keys to successful public bike systems is the location of bike stations and their relation to
trip demand and the public transport system (García-Palomares, 2012; Lin & Yang, 2011). Among the
196 bike stations, 58 were next to the MRT stations, and the rest were close to either such trip attraction
sites as public service/commercial buildings, schools, and parks, or such production sites as major
communities and mixed land-use areas. Table 4 shows the shares of the four trip types with respect to
the number of OD pairs (=196*196=38,416), as well as the weekend and weekday trips before and after
the toll adjustment. The city DOT’s policy that locates YouBike by MRT stations successfully sustained
Type 1 to serve about half (47.4-50.2%) of the total trips, higher than its share of OD pairs (41.6%). In fact,
Type 1 bike trips and MRT complement each other. Jäppinena et al. (2013) found that a hypothetical
public bike system in the Greater Helsinki area in Finland could reduce public transit travel times on
average by more than 10%, or some 6 min per each individual trip. They concluded that such bikesharing
potentially increases the competitiveness and attractiveness of sustainable modes of urban transport and
thus helps cities to promote sustainable daily mobility.
The second largest trips were Type 2 that accounted for 27-29% of the total trips, albeit its share of
OD pairs was up 49.2%, of which 55% were longer than 6 km. Since the average bike speed was only
around 6 kph, those long-distance OD pairs in Type 2 were not popular by YouBikers. This presented that
the first- and last-mile service of Type 1 was more significant than the long-haul service of Type 2. No
matter on the weekends or weekdays, the trip shares of Types 1 and 2 were not noticeably affected by
the toll adjustment. Lin et al. (2017) conducted a stated preference survey on Taipei MRT passengers
regarding their choice of using YouBike as a transfer mode, i.e., the Type 1 trips here. They found that
Type 1 was highly dependent on the start fee and the its period (30 min in this study), not the variable fee
afterwards. Irregular Type 1 riders were more sensitive to the start fee and regular riders were more
sensitive to the start period. Although our data could not identify regular or irregular riders, it is reasonable
that the variable fee (after 30 min) was not a major concern since over 80% of the trips were within 30
min.
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Table 4 YouBike’s share by different trip types

Weekend trip share (%)

Weekday trip share (%)

Trip type

No. of OD
pairs (%)

March 2015

June 2015

March 2015

June 2015

Type 1

16,008 (41.6)

( 47.7)

( 47.4)

( 50.2)

( 49.4)

Type 2

18,906 (49.2)

( 27.0)

( 27.0)

( 28.8)

( 28.6)

Type 3

3,306 ( 8.6)

( 12.7)

( 10.8)

( 11.4)

( 10.2)

Type 4

196 ( 0.5)

( 12.6)

( 14.8)

( 9.7)

( 11.8)

(100.0)

(100.0)

(100.0)

(100.0)

Total

38,416 (100.0)

Fig. 2 has shown the relatively low ridership of YouBike during 0:00-6:00 am (when the MRT was
closed). Type 3 was thus more a competitor than a complement to MRT. The top 10 MRT trips replaced
by YouBike are shown in Fig. 5; for those short and indirect MRT trips, YouBike is a competitive
alternative that saves money and time (no need to transfer, wait, and go up or down when taking MRT).
Some trips in Fig. 5 were bidirectional, indicating that people may alternately take MRT and YouBike for a
round trip. The competitiveness of YouBike over MRT, however, was mitigated by the start fee of NT$5.
The trip share of Type 3 on the weekends dropped from 12.7% to 10.8%—a decline rate of 15.0%; that
on the weekdays dropped from 11.4% to 10.2%—a decline rate of 10.5%. Should the start fee be raised
to a higher level in the future (for example, the start fee in Hsinchu is NT$10), the decline rate of Type 3 is
expected to be greater than other types.
As for Type 4, the share of its OD pairs was only 0.5%, but the trip shares were as high as 9.714.8%. The city DOT defines the rentals completed within 5 min at the same station as failures due to a
flawed bike being checked out. Such trips were excluded in Type 4. The top 10 stations of Type 4 were
primarily by the universities (where YouBike was used to substitute some walk or even scooter trips when
the students ran an errand nearby), or by the scenic spots (where the visitors had a choice of bike riding).
Since some scenic spots were next to the MRT, it formed another cooperative model between MRT and
YouBike, i.e., people take MRT to a scenic spot that offers a bike tour. In addition, based on the field
observation, it was also popular for people who live by YouBike stations to have a short bike ride alone or
with the family members around their neighborhood. In this case, some of the Type 4 trips were newly
created as riding YouBike had become a way of life. The start fee did not stop the trip share of Type 4
from growing.
4

Conclusions

As a follow-up research of bikesharing operations assessment (Chung and Huang, 2016), this paper
analyzed over three million of YouBike trips. We found that small adjustment on the rental fee could make
a huge drop on the bike ridership. It reminds the authorities that pricing is a powerful tool in transportation
management, albeit raising prices is politically unpopular. The last- and first-mile service remains the
most important function of YouBike, while special attention is needed—YouBike could potentially compete
against MRT, forming the co-opetition relationship. Due to certain concerns of the authorities, the raw
open data did not include the whole trip chain. The upstream and downstream trips of YouBikers were
thus unknown. Such basic information as riding frequency cannot be retrieved either. It is suggested that
more data items be open to the public for research purposes. YouBike, MRT, buses, and scooters were
identified as an inexpensive mode properly for middle- to short-distance urban travel. This study primarily
targeted the relationship of YouBike and MRT. Future research can focus on the intermodal relationship
between bikesharing, buses, and even scooters.
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Fig. 5 Top 10 YouBike trips of Type 3: how YouBike competes against MRT
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flow detector of buried type testing
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Abstract
The detection performance of all kinds traffic flow detectors of buried type has certain
differences. This research builds the entity platform of urban road traffic micro area scene,
buries traffic flow detectors, and leads vehicles running through the detectors cycle
continuously. The oscilloscope connects to the detectors and gets the real-time detection of
waveform of all kinds of detector, and later to carry out its detection performance
comparison analysis.
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1 Introduction
At present, equipment of traffic flow detection has widely applied in the traffic flow detection. But
the kinds of equipment can only get easy results of teaching experiment or appear the result in
demonstration and simulation. Students can’t understand the working principle, layout methods,
installation operation and data collection and processing of the equipment visually (He et al.,
2006). The experimental platform of high level integration integrated is expensive. Its installation
is complex and the maintenance is complex and so on (Yang et al., 2015). Through a lot of
practice analysis and the application of related testing equipment, the theory applying and
practice was set in one body. The traffic flow detection experiment device was designed and built.
The traffic flow detection experiment is composed of vertical miniature real road traffic
system, road path, plane crossroads, transport facilities, traffic guide groove modified remote
control vehicles, traffic flow detection, equipment bay, oscilloscope and so on. Remote control
vehicles drive along the route. The oscilloscope shows waveform of the traffic flow detector
connected with the vehicles to meet the demand in the work by field test information and data and
analysis application.
2 Platform structure
The main platform structure is shown in Fig. 1. 1 is wedge block. 2 is modified remote control
vehicles. 3 is guide-track groove. 4 is equipment bay, and 5 is platform body.

Fig. 1 Platform structure

The guide-track groove (3) is at the top of the platform (5). The remote-control vehicles (2) is
at the top of the Guide-track groove (3). The equipment bay (4) is underneath the Guide-track
groove (3). There are interconnected wire slots between the equipment bay (4). The Oscilloscope
is placed on the bracket on the platform (5) and the lower end of the oscilloscope is equipped with
power supply. The wedge block (1) is installed on the outer edge of guide-track groove (3).
The experiment device of traffic flow detection is a basic experiment teaching platform to
carry out the practice used in traffic engineering or related major. Coil detector and geomagnetic
detector are installed in platform. When vehicles go through the detector, waveforms from
Oscilloscope are compared and judged and it can get information of traffic flow and vehicle
information including big or small vehicle information. Meanwhile, when multiple vehicles queuing
drove past, it can get vehicle density, queuing length, time headway, lane occupancy and
information including.
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There are guide slots to guide the vehicle on the platform which provide travel path for
vehicle. There is equipment bay of detachable under the platform. it is guide-track groove
between equipment bay and the equipment bay. The platform is divided into four regions by
guide-track groove. Test-in-Process, vehicles choose a different path as needed. Vehicle 2 of
used is modified. Appropriate part at the bottom of the car body is equipped with guide
mechanism, but it does not change vehicle characteristics. Steering mechanism is used with
guide-track groove 3 which can change the original remote control guide to rail move. There has
a round hole in the platform. It is convenience to install detector of stents such as infrared
detector, microwave detector, and traffic video monitoring detector etc. removable equipment bay
4 is installed under the platform of pavement to provide sufficient space to place the various types
of buried detector. In addition, there is opened wire slot around the equipment bay and on the
roads convenience to connect the equipment to complete testing capabilities.
Modified vehicle along a guide rail groove can choose various kinds of path. In the guide
groove junction, wedge block is put in the guide groove to change driving directions. The
equipment bay has plenty of space in the middle of the lane to place different kinds of buried
detector. After placing equipment, space is leaved between vehicle chassis and detectors, which
can be filled in different medium. It is convenience to simulate a car travels in the pavement work
he status of each detector.
There are four equipment bays which have the same specifications and be connected with
platform roads. Every equipment bay is in the guide slot directly to ensure the car drive through
road from the central. Leaving regulations space between detector and the road, the space can
be filled in different medium to simulate the real pavement structure for evaluation and analysis of
the various media for influence of detector.
3 The main function of the platform
1) The platform can realize the vehicle travel in multipath and many medium. It plans a variety
of driving path between various regions and meet the multipath circulation driving mode.
Equipment bay is located the middle of the road, which is put the detector and leaved a space
between vehicle chassis and detector. The space can be filled in different medium, that is
convenience to simulate the work status of each detector of different road situation.
2) Function of detection and data acquisition. It can distinguish the size of the vehicle through
the waveform detected by oscilloscope. The information collected is a straight line when there is
no vehicle. The detected waveform and waveform parameters are different when the models and
the speed changes.
3) Function of application and analysis. Due to a lot of influence factors of geomagnetic field, in
the same conditions, the experiment measures multiple sets of data to improve the accuracy of
the test experiments. Considering the different speed of different sizes of vehicles in the road
traffic system, the waveform and amplitude of the X axis and Y axis were collected when M1 and
M2 in different speed conditions. Through the statistical analysis of the measured data, it analysis
the traffic parameters under the condition of different media.
4) The experimental process can reflect the working principle, layout methods, installation
operation, data acquisition and processing of magnetic and coil detector, which is easy to make
students understand the difficult sections of teaching theory.
4 Platform test and data analysis
4.1 Vehicle type change test
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To distinguish the vehicle types, we refit the different sizes of remote control car and analyzed.
Through the oscilloscope collection vehicles, various sizes through the waveform detector, when
there is no vehicle through, the information collected is a straight line. The waveform and
waveform parameters of vehicle through the detector are shown in Fig. 2. Due to the vehicle
structure similar, it can be seen from the diagram that waveform is similar between small cars and
large cars, but there is a big difference in the waveform parameters. The waveform amplitude of
large cars M2 is greater than small M1. It Can easily distinguish M1 and M2 through the
waveform amplitude.

(a) Small cars M1

(b) Big cars M2

Fig.2 Waveforms of vehicles through the detector

4.2 The speed change test
Considering the speed of vehicle through the influence of the waveform, in this paper, the
different vehicles under the condition of different velocity through the detector of the wave is
studied. Test experiment by changing the speed of the vehicle, to eliminate the effects of other
factors on the vehicle load special soil package to change the weight of the vehicle. Through the
measurement of the scale, it increases the weight of 50g each time. Through test and analysis,
vehicle speed and vehicle weight is about a linear relationship, the heavier the weight, the lower
the speed, which is shown in Fig. 3.

Fig. 3 The relationship between the vehicle weight and speed

The waveform through the detector of large cars M2 under the condition of four kinds of
different speed is shown in Fig. 4. It can be seen that the speed has less effect on the waveform
parameters.
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Fig. 4 The waveforms of vehicles with different speed through the detector

5 Summary
When multiple vehicles lined up past, according to the theory of traffic engineering it can also get
the vehicle density, queue length, the headway, roads, share information, etc.
The traffic flow detection experiment device can realize dynamic detection. The experiment
data is in the process of vehicle movement. At the same time, through the position of the guide
rail groove and lane width, turning radius, the design of the driving track, it can meet the traffic
scene and track composite driving way. It can meet more road surface condition detection,
through different media fill, simulation of the detector in the real road buried from, the influence
degree of the evaluation analysis of each media in the detector. It can realize the multiple
attribute test, through to the vehicle different attributes (vehicle in the different sizes, different
speeds, different axle, etc.) under the condition of the change of the data to test, the rationality of
the analysis of the experiment process and the influence factors of the experimental results. But
devise testing accuracy are greatly influenced by outside interference, how to reduce the
interference caused by the error will be the focus of the next step research.
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Abstract
Most of the conventional on-road mobile source emission models are typically based on the
estimation of vehicle miles traveled (VMT), that are output from travel demand models
(TDMs) ran by the metropolitan planning organization (MPO’s). Hourly VMT estimations for
each link are multiplied by emission rates calculated with the EPA’s Motor Vehicle Emission
Simulator (MOVES) model to model the emission factors and develop the county, national,
and project level inventories. In those cases, the models are lack of instantaneous vehicle
activity data which might shorten the model accuracy. And, none of these models have
ever considered pavement related factors to improve modeling predictions. This research
has approached a machine learning algorithm of Forest Tree to predict emission factors of
CO2, CO, HC, NOx, and Fuel Consumption (FC) based on real-world driving tests of Texas
roadways. A portable emission measurement system was used to collect emissions and
vehicle activity data, and a Smartphone application Roadroid was used to collect
corresponding pavement roughness data (International Roughness Index= IRI). The model
prediction showed a good fit with the input data with the root mean square error ranged
from 1-7%. Moreover, the model predicted pavement roughness as one of the important
features in emission estimation. The statistical analysis of this research can help agencies
to determine and allocate proper construction and maintenance measures to reduce
pavement roughness related vehicular emissions, and suggests considering roadway
roughness profiles to develop the operating mode identification bins to improve emission
inventory for Texas Highways.
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1

Introduction

1.1 Background and the research gaps
Emissions from mobile sources can be estimated directly by on-road emission measurement
equipment or by emission models to develop emission inventories (Frey and K, 2006). MOVES
(2014a) is a multiscale computerized model with specific policies and guidelines to generate
state-level inventories as a part of the State Implementation Plan (SIP) (Farzaneh et al., 2014).
Emission factors are important to monitor and project the evolution of transportation generated
pollution by measuring accurate emission factors and developed emission inventories (Franco,
2014). It is important to measure emission factors accurately to evaluate transportation generated
pollution and to develop emission inventories to assess possible environmental pressures,
climate changes, and effects on human health (Elkafoury, 2016).
Tailpipe emissions are a complex function of many dominant factors, including: vehiclecharacteristic related factors (vehicle age and type, engine characteristics, vehicle mile travelledVMT), fuel consumption and type related factors (fuel properties, ambient temperature, vehicle
weight), and traffic characteristic related factors (vehicle instantiations speed, driving pattern)
(Zhang et al., 2011). Recently, pavement condition has been related to emissions which is
associated to frequent deceleration and acceleration and vehicle speed. Some studies have
illustrated that pavement roughness and friction factors with vehicle tires have changed over time
generating more emissions and fuel consumption (Willis, et al., 2016). A case study by the U.S.
Federal Highway Administration’s (FHWA) Long Term Performance Program (LTPP) showed the
significant impact on fuel consumption (FC) with an increase of 30,000 gallons of fuel per mile
over a 14-year test period due to pavement deterioration (Greene et al., 2013). On the contrary, a
study in Sweden found that, with the improvement in ride quality (after treatment) drivers have
been driving faster on a smoother pavement (Hammarstrom, et al., 2012). This increase in speed
might offset the benefits gained from the reduced rolling resistance associated with improved
pavement roughness (Wang et al. 2014). Most of the literatures on emission factors estimation
has considered pavement roughness related factors for ride quality assessment and fuel
economy improvement, never accounted for air quality modeling.
The U.S. Environmental Protection Agency (EPA) developed an air quality modeling platform
which consists of all the emissions inventories. Basically, the existing emission modeling systems
act as an interface between emission factors model and travel demand models, pulling data from
both model to calculate mobile source emission estimates (Koupal et al., 2002). They are
different in scale, data input, types of emissions, fleet composition, and prediction accuracy
(Cappiello, 2002). In Texas, on-road mobile source emission inventories are typically based on
the estimation of vehicle miles traveled (VMT), that are output from travel demand models (TDMs)
ran by the Texas Department of Transportation or by the local metropolitan planning organization
(MPO’s). Hourly VMT estimations for each link are multiplied by emission rates calculated with
the EPA’s Motor Vehicle Emission Simulator (MOVES) model to model the emission factors and
develop the county, national, and project level inventories (Texas Commission on Environmental
Quality, 2011). MOVES incorporates the concept of vehicle specific power (VSP) and
characterizes vehicle activities on the concept of “Operating Mode (OpMode) Bin” according to
VSP and speed ranges. VSP is an estimate of engine load based on vehicle speed, acceleration,
and road grade which has been considered more accurate to estimate vehicle fuel consumption
and emissions in recent times (Frey, et al., 2003). MOVES adjust the default emission rates to
represent user specific values of this factors which might limits the effects of driving and vehicle
dynamics on emissions (US Environmental, 2010).
A report by Texas Transportation Institute (TTI) has described the major inputs and outputs
of the two-major emission modeling system which include MOBILE6 and EMFAC. The
researchers have evaluated both models in context of Texas and found shortcomings in feature
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selection, model accuracy, and ease of usage (Stephenson and Dresser, 1994). A recent study
by Li et al. (2016) has developed machine learning complex algorithm to model the exhaust
emissions followed with a series of parameters including vehicle operations, different engine
activities, such as revolutions per min (rpm), intake air temperature (IAT), manifold absolute
pressure (MAP) for idling state (Li et al., 2016) Though many studies have evaluated the
relationship between speed and acceleration in change of roughness profile, still the nonlinear
relationship between emission factors and pavement roughness needs to be define more
accurately to reduce the modeling errors. However, in Texas, EPA’s MOVES includes many
features and provides much more flexibility for input and output options, still it might be highly
sensitive regarding to pavement related measures. In this regard, this research will use a
complex machine learning algorithm to develop the emission model to predict emission factors of
CO2, CO, HC, NOx, and FC based on MOVES operating mode identification (OMID) binning
approach. The best-fit model outcome of the statistical analysis of this research might help to
improve the accuracy of MOVES’s emission rates estimation.
1.2 Random tree regression algorithm
Random Trees is an ensemble model consisting of multiple Classification and Regression Trees
(CART) (Breiman, 2001). Each tree grows on a bootstrap aggregation or bagging sample which is
obtained by sampling the original data cases with replacement. Moreover, during tree growth, for
each node the best split variable is selected from a specified smaller number of variables which
are drawn randomly from the full set of variables. Given a training set 𝑋 = {𝑥1 , 𝑥2 , … … … … , 𝑥𝑛 }
with the response 𝑌 = {𝑦1 , 𝑦2 , … … … . , 𝑦𝑛 }, bagging repeatedly (B times) selects a random sample
with replacement of the training set and fits trees to these samples.
For b= 1, 2, ………, B, (1) samples with replacement from B (𝑋, 𝑌) training sample are Xb , Yb ;
(2) train a regression tree fb based on sample Xb , Yb .
After training, predictions for unseen samples x , can be made by averaging the predictions
from all the individual regression trees on x , , as shown in Eq. (1):
1
𝑓̂ = ∑𝐵𝑏=1 𝑓𝑏 (𝑥 , )
𝐵

(1)

For the splitting criteria, this algorithm uses the least square deviation impurity measures (i) as
follows Eq. (2):
Δi(p, t q,r ) = i (t q,r ) − PL i (t L ) − PR i(t R )

(2)

where, t q,r is the set of nodes in the tree Tq for the set of predictor/predictors Xq,r , PL is the
probabilities of sending an input case to the left child node TL , and PR is to sending a case to the
child node PR . These is the basic equation that has been adopted to build emission models for
each OMID bin in our research. For the variables, we have used four features: speed,
acceleration, VSP, and IRI. The evaluation for the build model has been conducted by calculating
RMSE (Eq. 3), mean square errors by 10-fold cross validation, and predictors importance.
1

RMSE = √ ∑Kk fk (yk − ŷk )2
N

(3)

where, fk is the kth regression tree, ŷk is the prediction of ensemble model on case k (k= 1,
2, ……., K), yk model prediction for the tree fk .
The model divides the data set into random pieces and the relative errors are computed by
following 10- fold cross validation measures. The equation for mean absolute value for training,
testing, and validation phase are being computed by following Eq. (4). Where, Y(t) is the
th
th
measured emission factors for t tree, 𝑌̂(𝑡) is the predicted/estimated emission factor for the t of
the tree, and n is the total number of the tree in the forest. The model calculates the mean
absolute error for three phase of the modeling.
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1

̂(t)|
MAE = ∑|Y(t) − Y
n

(4)

One of the most important feature of this algorithm is, it evaluates the influence of each
predictor for individual case. Each node of each tree (except the root node) has an associated
rule for which specific predictor (speed, acceleration, VSP, and IRI) fall in to that node. The
difference between mean values in the current and parent nodes represents the contribution of
the corresponding predictor. The contribution of the predictor 𝑋𝑚 on the prediction case k follows
Eq. (5) (Palczewska, 2013).
1

Sk,m = Q

∑tϵΘm LSm,t

̂k −y
y
̅intercept

(5)

where, LSm,t = y̅(t) − y̅(t parent ) ; t parent denotes the parent node of node t, Θm is the set of nodes
in all trees of the trees, which contain case k and have predictor Xm in their rule. Again,
1 Q
q
q
y̅intercept = ∑q=1 y̅(t root ), where t root is the root node of the tree Tq .
Q

In simplest way we can say that, the function 𝐿𝑆𝑚,𝑡 stands for the total contribution of one
predictor or combined predictor for one tree and then it is normalized by the number of trees in
the forest. In total the equation represents the contribution of one predictor over the contribution
by all predictors.
3 Methodology
3.1 Test plan and data collection
3.1.1 Emission and vehicle activity data collection
Emission data were collected by a Portable Emission Measurement System (PEMS), which was
directly equipped with a dedicated test vehicle. PEMS recorded data on mass emissions of CO2,
CO, HC, and NOx from the tailpipe exhaust on a second-by-second basis. In addition, engine
operation information was recorded, including: intake air temperature (IAT), manifold air pressure
(MAP), speed, and rpm. These metrics were recorded through a set of sensor arrays that were
also connected to and synchronized with the PEMS computer. Fig. 1 shows the test locations
throughout Texas and the test vehicle equipped with PEMS. A global positioning system (GPS)
was used to collect real-time data on the test vehicle’s geo-location, which included: latitude,
longitude, and altitude.
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(a)

(b)

Fig. 1 Test area and equipped vehicle. (a) Four major metropolitan cities in Texas as test areas, (b) A portable emission
measurement system (PEMS) equipped in a dedicated test vehicle for the emission testing.

3.1.2 IRI data collection
A smartphone-based application called Roadroid was used to simultaneously collect real-time IRI
data. IRI was calculated by the average rectified slope (ARS), a ratio of accumulated suspension
motion of a vehicle divided by the distance travelled (Forslöf and Jones, 2013). Collected data
were wirelessly transferred to an Internet mapping server with spatial filtering functions. The
Roadroid application has two options for roughness data calculation: 1) eIRI (estimated IRI) and 2)
cIRI (calculated IRI). In this research, we used the cIRI value from the Roadroid readings. As the
cIRI has a more comprehensive algorithm according to roadway conditions to correlate with the
IRI index, the collected data showed a more accurate value with satisfactory results. Fig. 2 shows
the use of Roadroid application during the test via a Smartphone.

Fig. 2 IRI data collection by using the smartphone application Roadroid.

3.1.3 Selection of the roadway segments and activity data processing
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The total test area included four large metropolitan areas in Texas: Austin, El Paso, Houston, and
San Antonio. The testing spanned from November 2014 to November 2015, and was conducted
on sunny days. To avoid any atmospheric impacts on the engine temperature, no tests were done
during the winter or on rainy days. The testing covered new pavements, old pavements, and work
zones with rougher pavements which include almost 1,068 miles of roadways. The average
temperature ranged from 75°F - 90°F and there was no significant change in relative humidity
during the test dates.
The collected emission rates (gram/seconds) of four exhaust gases: CO 2, CO, HC, NOx and
FC by PEMS were interpolated into a spatially distributed data set of emission factors
(gram/meter) with a 5-meter interval to match with the IRI data. The calculation of emission
factors followed equation (Zhang et al., 2011).

EF=

Δ𝐸
Δ𝐷

=

𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (𝑖+5)−𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 𝑖
5

; (i= 0, 1, 2,…, n meters)

(6)

After matching the emission factors with the corresponding IRI data, the vehicle specific
power (VSP) calculation was done by following Eq. (7). The calculation of VSP accounts for the
power demand, rolling resistance, aerodynamic drag, and road drag (Frey et al., 2006). VSP
value for light-duty vehicles is calculated by Eq. (7) which is first introduced by Jiménez-Palacios
(Jimenez and J.L., 1998):
VSP = v × [1.1a + grade(%) + 0.132] + 0.000302 × v 3

(7)

Where, v is the second-by-second vehicle speed in the unit of 𝑚/𝑠, a is the second-by-second
acceleration in the unit of 𝑚/𝑠 2 , and grade (%) is the vehicle vertical rise divided by the slope
length. This research has conducted road test in four major metropolitan cities of Texas where
the terrain is flat. Since the grade can be considered as zero, the VSP equation can be simplified
as follows (Eq. 8):
VSP = v × (1.1a + 0.132) + 0.000302v 3

(8)

After we have calculated VSP, we have separ`ated out data into each OMID bin following
MOVES operation mode identification binning specifications (Table 1). As this research has
implemented pavement roughness (IRI) as an independent variable for developing emission
models, we have not considered bin 1 for idling (assuming that during idling emissions don’t
affected by pavement roughness).
Table 1 Definition of MOVES operating mode attributes for running energy consumption (EPA, 2015)

OMID

Operating Mode Name & Description

0

Braking: Acceleration ≤2mph/s or ≤1mph/s for 3 seconds

11

VSP<0

12

Cruise/Acceleration: 0≤VSP<3

13
14
15

Low Speed
1≤Speed<25

Cruise/Acceleration: 3≤VSP<6
Cruise/Acceleration: 6≤VSP<9
Cruise/Acceleration: 9≤VSP<12
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16

Cruise/Acceleration: 12≤VSP

21

VSP<0

22

Cruise/Acceleration: 0≤VSP<3

23

Cruise/Acceleration: 3≤VSP<6

24

Cruise/Acceleration: 6≤VSP<9

25
27

Moderate Speed
25≤Speed<50

Cruise/Acceleration: 9≤VSP<12
Cruise/Acceleration: 12≤VSP<18

28

Cruise/Acceleration: 18≤VSP<24

29

Cruise/Acceleration: 24≤VSP<30

30

Cruise/Acceleration: 30≤VSP

33

Cruise/Acceleration: VSP<6

35

Cruise/Acceleration: 6≤VSP<12

37

Higher Speed

Cruise/Acceleration: 12≤VSP<18

38

50≤Speed

Cruise/Acceleration: 18≤VSP<24

39

Cruise/Acceleration: 24≤VSP<30

40

Cruise/Acceleration: 30≤VSP

3.2 Emission factors modeling
Equation (9) provides the simple illustration and concept on how we have developed the model.
y = f(x)

(9)

where, f(x) is a transfer function and x is an input vector and y is an output vector.
The transfer function f(x) relates with the output results and establish a relationship with input
and output data pairs. Fig. 3 shows the illustration on the nonlinear model development of
emission factors.
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Fig. 3 Model development framework

The transfer function f(x) in this simplest equation has been employed to calibrate the
Random tree algorithm for each OMID bin.
4 Random trees regression model development and analysis
We have employed IBM SPSS Modeler 18.0 as a tool to employ the random forest algorithm to
develop model for our dataset (IBM, 2017). The complex algorithm of Random Trees will be
evaluated based on the root-mean-square error, relative errors, and predictor’s importance. The
features we have selected for this model are: speed, acceleration, VSP, and IRI.
4.1 Model development for each OMID bin and RMSE analysis
There are three possible training parameters we used for Random Trees algorithm which we
have selected wisely, that include: ntree- number of models to build (100), nodesize: maximum
number of nodes (10,000), and maximum tree depth (Elkafoury, 2016). Depending on the size of
our data set, we have adjusted these three parameters proportionally. These indexes are
important to avoid the overfitting of the model. Due to the limited number of data in OMID 30, we
couldn’t run the model only for that specific bin. For each model development, we have used 70%
data for training, 20% for testing, and 10% for validation.
Fig. 4 shows the root-mean-square-errors of the built-up models for four gases and FC for
each OMID bin (except bin 30). From the figure we can examine that, in the lower and moderate
speed bins the modeling error for CO2, CO, HC, NOx, and FC ranges between 1-6 %. But in the
high speed bins (33, 35, 37, 38, and 40), CO showed comparatively high modeling errors average
5.3%, where other indexes showed relatively low error. Especially, NO x and FC showed relatively
lower modeling errors around 1.4% and 1.7% respectively in the high speed bins. The average
errors for CO2, CO, HC, NOx, and FC are 0.043, 0.061, 0.038, 0.044, and 0.040. The proposed
model has comparatively a good fit in predicting CO 2, HC, NOx, and FC (error is less than 0.05),
but CO has a higher average modeling error especially predicting in higher speed range.

Fig. 4 RMSE distribution of random trees model for each OMID bin

4.2 Relative error analysis
The bootstrap sampling used during the tree growth will partition the data and the model we
developed has been highly optimized with 70% of training data. As the literature explained on
model development, the expected error the model exhibits on new data will always be higher than
that it exhibits on the training data. The data that were not used in the training phase called out-
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of-bag sample. In order to estimate how well the model has been trained, we estimate model
properties: such as, relative errors (20% of out-of-bag sample testing data). Now to apply the
freshly-developed model to the real-world data and get the best predicted results by using 10%
out-of-bag validation data and estimate relative errors in validation phase. Fig. 5 shows the
relative error in three phase of cross-validation process for four gases and FC. The average
mean absolute errors for training phase are 0.028, 0.030, 0.019, 0.022, and 0.020 for CO 2, CO,
HC, NOx, and FC, which seems relatively low to train the model with observed data. The average
means absolute errors for testing phase are 0.032, 0.034, 0.023, 0.026, and 0.027 for CO 2, CO,
HC, NOx, and FC respectively. That means the difference between the calibrated model output
and the observed data has such difference which is comparatively small (less than 5%). Again,
the average mean absolute errors for validation phase are 0.031, 0.035, 0.022, 0.026, and 0.025
for CO2, CO, HC, NOx, and FC respectively. It is evident that the testing phase has relatively high
error estimation than the training and validation phase. The difference in the testing and validation
error in comparison with the training error is significantly noticeable in the higher VSP bins in the
lower and moderate speed range. The difference between validation errors and the training errors
between the emission factors prediction is between 0.37- 0.48%. From this evaluation, we can
say the model performance based on validation error evaluation is much accurate.

(a) CO2

(b) CO
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(c) HC

(d) NOx

(e) FC
Fig. 5 Mean absolute errors in training, testing, and validation phase

4.3 Features selection and predictor importance
The best part of choosing Random Trees algorithm for predicting emission factors is, it will
provide us the feature selection based on predictor importance. Such as example; the forest will
execute predictor importance computation on variance-based sensitivity analysis. The algorithm
imbedded in Random Trees includes a method for assessing the importance of
predictors/features to the model. When each feature is replaced in turn by random noise, then the
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resulting deterioration in model quality is a measure of predictor importance. The deterioration in
model quality can be assessed by the change in mean-square-error for the out-of bag validation
which we have discussed in the previous discussion. Fig. 6 shows the predictor importance for
the whole data set we had. As feature class, we have selected speed, acceleration, VSP, and IRI.
The predictor importance showed a relative value range from 0-1. The value presents as the
mean value to predicting emission factors in the scale from 0 to 1.

(a) CO2

(b) CO

(c) HC

(d) NO x
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(e) FC
Fig. 6 Predictor Importance Prediction by Random Trees Model for Each Emission Index

For CO2, and FC emission factors estimation VSP has been predicted the most important
factors in comparison to IRI, speed, and acceleration. But for CO, HC, and NO x prediction,
surprisingly this model has predicted IRI as the most important feature. This model has identified
VSP and IRI as two major predictors by ranking each input field based on the strength of its
relationship to the emission factors of four gases and FC. The algorithm in random trees might
find that VSP is the complex function of speed and acceleration, so it might screen out the impact
of these two features and selected VSP and IRI as the major two predictors. In practice, VSP has
been considered as the most important feature in emission prediction which is directly related to
the vehicle power. From the model observation, we can suggest that along with VSP, IRI might
contribute in vehicular emission and can be a feature for future prediction. Table 2 shows the
predictor’s importance based on first predictor in each OMID bin while we ran the model.
Table 2. Predictor importance based on 1st predictor for each emission index in each OMID bin

PREDICTOR IMPORTANCE (THE 1ST PREDICTOR)
OMID
CO2

CO

HC

NOX

FC

0

I

I

I

S

S

11

I

I

I

I

I

12

I

S

I

S

S

13

I

I

I

I

S

14

V

I

I

I

V
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15

V

V

I

V

V

16

V

V

V

V

V

21

S

I

I

I

I

22

S

V

S

I

I

23

I

I

I

I

I

24

I

I

V

V

I

25

I

V

S

I

I

27

I

V

I

I

I

28

I

V

I

I

I

29

V

V

V

V

V

33

I

I

V

I

I

35

I

I

S

S

I

37

I

I

I

I

I

38

I

I

I

I

I

39

V

I

V

I

V

40

V

S

V

S

V

*I stands for IRI, S stands for Speed, and V stands for VSP
st

IRI is the 1 important predictor for CO2 and NOx in 61.90%, and for CO, HC, and FC 57.14%
st
of all bins. VSP is the 1 important predictor for CO2 and HC in 28.57%, for CO 33.33%, for NOx
st
19.04%, and for FC 23.80% of all bins. And speed is the 1 important predictor for CO2 and CO in
9.52%, for HC and FC in 14.28%, and for NO x in 10.04% of all bins. From the table, we can say
st
VSP became the 1 predictor in the higher VSP bins in the three speed ranges (bin 15, 16, 28, 29,
39, and 40) for predicting most of the emission indexes. Though we have already separated the
data into the speed ranges and VSP bins, it might overshadow the impact of acceleration. From
the evaluation of the table, IRI has been recognized as one of the major predictor in feature
selection for predicting emission factors of CO2, CO, HC, NOx, and FC.
5 Conclusions
From the statistical analysis of this research, the Random Trees model has showed significant
impact of IRI on emission factors modeling. The complex algorithm has accounted four
features/predictors and the RMSE ranged between 1-6% for each index, which is relatively small
modeling error. Only the higher errors can be seen in those bins where the sample data is
relatively small than other bins (Especially the higher VSP bins). As, emissions have been
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considered as the function of speed, acceleration, and VSP, this model has showed a good fit
with the observed data with the mean validation error ranged between 0.37-0.48%. Moreover, the
algorithm statistically justifies the impact of pavement roughness on the modeling results. Though
the model algorithm is quite advanced and it might understand that VSP is a function of
acceleration. That’s why the impact of acceleration has been overshadowed by VSP. But almost
62% of all bins have the results for IRI as the first predictor. Clearly this analysis quantified the
promising impact of IRI on emission analysis. Again, we have separated our data into speed
range and VSP bin which might reduce the impact of acceleration and speed. But we also
modelled the whole data set where for CO HC, NOX, IRI was the first predictor and for CO2 and
FC, IRI was the second predictor, which positively clarify the impact of IRI on the emission factors
prediction. With the statistical results of this study, TxDOT can include the emission factors
associated with pavement roughness to improve their control strategies, construction and
maintenance measures, and inventory analysis for Texas pavements.
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Abstract
Public transportation systems are now believed to play more important role in reducing
carbon dioxide emissions (i.e. CO2 emissions) from the transportation sector in Mega-cities
of China since the vehicle occupancy of such systems is usually higher than other modes.
However, the real role of the public transportation system in mitigating CO 2 emissions has
remained under-investigated at the city level in China, which is one of greatest barriers to
achieving low/zero carbon urban mobility in China. This paper presents a systematic
analysis of effects of different public transportation development scenarios on CO 2
reductions. A total of 180 potential development scenarios of the public transportation
system, including different shifts, different travel demand levels, and different prospective
scenarios for the bus and subway, are identified and tested based on a case study in Beijing.
A method for estimating CO2 emissions suitable for complicated vehicle classes and
operating patterns in the developing countries is established to assess the effect of the
public transportation system on CO2 emissions. The results indicate that the public
transportation system has a great potential to reduce the total CO2 emissions as well as the
average CO2 emissions per capita in Beijing. The modal share values of 61-64% are turning
points at which CO2 emissions begin to decline in the year 2020.
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1 Introduction
The urbanization and economic growth in Asia in recent years has been unprecedented. In this context,
controlling CO2 emissions while meeting the growing demand for mobility is becoming an enormous
challenge for many Asian cities. The continuous increase of CO2 emissions into the Earth’s atmosphere is
now recognized as a predominant cause of the greenhouse effect and global warming. Under most
circumstances when the vehicle occupancy is high, public transportation systems can play an important
role in reducing CO2 emissions from the transportation sector because they deliver low carbon CO2 trips
per capita. Public transport operators are striving to provide cities with a low carbon future by combining
their mobility packages to provide a real alternative to the car (International Association of Public
Transport et al., 2012).
In China, the intensive land use and dense population in large cities means that a passenger
transportation system that heavily relies on cars is unsustainable. The public transportation system
embracing bus and subway systems are backbones for the urban passenger transportation system in
China. Mega-cities such as Beijing have been facing a great challenge of mitigating the greenhouse gas
(GHG) emissions while the number of trips, the number of private vehicles, and their use are continuing to
rise. Although the transportation sector is one of the main sources of anthropogenic CO2 emissions, it is
widely accepted that public transportation offers low-carbon and energy-efficient mobility solutions.
However, the role of the public transportation system in mitigating CO2 emissions remains underinvestigated for cities in China, in which the average occupancy for bus and subway systems is generally
high. A question to be answered is what would be the environmental significance of shifting from
passenger cars to the mass transit system during the critical time when the private car ownership and
usage rise so quickly in China. It is also important to understand whether there is a turning point of the
modal shift at which CO2 reductions can be achieved? In this context, this research is intended to conduct
a systematic analysis of the role of the public transportation system on CO2 reductions based on a case
study in Beijing. Three travel demand levels are considered. Potential development scenarios for the
public transportation system are designed in light of uncertain economic, sociological, and technological
developments. A method for estimating CO2 emissions suitable for complicated vehicle classes and
operating patterns is established to assess how the future CO2 emissions might change under different
development scenarios of the public transportation system. Analysis results are discussed and
recommendations of strategies for increasing the contributions of the public transportation system to the
sustainable growth are provided.
2 EXISTING STUDIES
Some studies were conducted over the last decade regarding the role of the public transportation system
on reducing CO2 emissions or GHG emissions. The following summarizes several typical studies.
Paravantis and Georgakellos (2007) developed a regression model to forecast car ownership and bus
fleet models, which is used to compare CO2 emissions from passenger cars and buses in Greece. They
concluded that passenger automobile will emerge as the dominant CO2 source in road passenger
transport considering the decline in bus travel.
McDonnell et al. (2008) analyzed a Quality Bus Corridor (QBC), implemented in Dublin, Ireland, in 1999
and estimated CO2 emissions associated with differing levels of bus priority for the period 1998-2003 and
for the Kyoto commitment period (2008-2012). They found that, in the absence of a QBC, peak-time
emissions for the sample population would have been 50% higher than in the factual scenario.
The work of Zhai et al. (2008) estimated roadway link average emission rates for diesel-fueled transit
buses based on link mean speeds, using vehicle specific power (VSP) modes from data gathered by a
portable emissions monitoring system. Besides CO, NOx, and HC emissions, the relationship between
VSP and CO2 emissions were investigated, modeled and validated. The study concluded that VSP is a
useful explanatory variable for estimating the variability in CO2 emissions for diesel buses.
Hodges (2010) analyzed the role of public transportation in responding to climate changes. Average
emissions per passenger mile of U.S. transit services were estimated. National averages demonstrate
that public transportation produces significantly lower GHG emissions per passenger mile than private
vehicles. Heavy rail transit systems, such as subways and metros, produce 76% less in GHG emissions
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per passenger mile than an average single-occupancy vehicle. Light rail systems produce 62% less and
bus transit produces 33% less.
Gallivan and Grant (2010) summarized the current practices in GHG emissions reductions from the
transit in the United States. They reviewed the literature on transit’s impact on GHG emissions and on
transit strategies to further reduce GHG emissions, and surveyed agencies about their current efforts to
reduce GHG emissions. The research concluded that GHG emissions are still a peripheral concern for
transit agencies and more research is needed on methodologies to estimate changes in emissions from
specific improvements to transit.
Bradley and Associates LLC (2014) estimated average energy use and CO2 emissions by mode. They
estimated that transit buses produce a 136-gram of average emissions per passenger mile.
Hill et al. (2014) provided the methodological approach and the key data sources used to define the
emission factors, which are used to estimate CO2 emissions. CO2 emissions from the average local bus
are 100.7 grams per passenger mile under an average passenger occupancy of 10.8.
Waraich et al. (2016) developed a methodology for simulating transit bus ridership and GHG emissions
(in CO2 equivalent) across a network of 200 buses in the city of Montreal, Canada. They observed the
effect of a 20% system-wide increase in ridership, a 1.7% increase in total emissions, and a 28%
decrease in per capita emissions.
Studies identified in the literature review have offered insights into the quantified assessment of the role
of the public transportation system in reducing CO2 or GHG emissions and factors contributing to the CO2
or GHG reductions. They suggested that the modal shift is a key factor. Emission factors for individual
operators and services vary significantly depending on the local conditions, the specific vehicles used,
and the typical occupancy achieved (Hill et al., 2014). A methodology to estimate expected CO2
reductions from the public transportation system is needed. However, little effort has been made to
analyze the potential of the public transportation system to mitigate the CO2 emissions at a city level in
China, especially in Beijing. The work in this paper is to expand the previous research on assessing the
role of public transportation in reducing CO2 emissions by using the densely populated Beijing as a case
study bed. The methodology of the modal-share-based estimation of CO2 emissions for different modes is
implemented. In the modal-share-based estimation of CO2 emissions, modal shares for different modes
are the key parameter to the estimation of CO2 emissions, which allows analysis of CO2 emissions by
mode. In a combination with other parameters, such as, residential trips across all modes, average trip
distance, and CO2 emissions per capita per km for different modes, CO2 emissions can be derived.
Based on the analysis, recommendations for development strategies for the public transportation system
in Beijing are presented.
3 METHOD AND APPROACH
3.1

Estimation method for CO2 emissions

The transportation system is highly interconnected. CO2 emissions from transportation sector are
influenced by a group of factors, such as the driving cycle, fuel category, modal structure, passenger
travel activities, etc. The relative importance of each factor to total changes in emissions varies with
different levels of the estimation (Schipper et al., 2008). At a city level, only the most important and easyto-monitor factors should be used, including the modal share, load factor, and CO2 emission factor (Hook
et al., 2010). The function to estimate CO2 emissions from different modes at the city level is formulated in
the following Eq. (1):
Ei N * Fi * Di * Mi
(1)
where the indices Ei, N, Fi, Di, Mi describe the CO2 emissions for the mode i (metric tons), residential
trips (trips), modal share for mode i (%), average trip distance for mode i (km), and average CO2
emissions per capita per km for mode i (g).

Average CO2 emissions per capita per km for different modes can be derived from the CO2 emission
factor, load factor, and rated passenger capacity, as shown in the following Eq. (2):
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Mi

EFi
Li * Pi

(2)

where EFi, Li, Pi, represent CO2 emissions factor for mode i (g/km), load factor for mode i, which
determines the average occupancy (%), and the rated passenger capacity for mode i (persons).
Therefore, the total CO2 emission in a city can be further calculated in Eq. (3):

N Fi Di *

E
i

3.2

EFi
Li Pi

(3)

Approach to determine emission factors

In this research, several modes including the bus, subway, taxi, and car are considered. A carbon dioxide
emission factor can be calculated using the standard Intergovernmental Panel on Climate Change (IPCC)
coefficients or other energy conversion factors to convert fuel (or electricity) consumption to carbon
emissions. In developing country cities, vehicle numbers are growing rapidly, and their patterns of usage
are changing as cities sprawl outwardly. Except for well defined, centrally operated vehicle fleets,
transport sector fuel consumption is physically difficult to be collected due to the highly decentralized
decision making process for transport activities (Schipper et al., 2008). Hence, we use the electricityconsumption-based-method to estimate the CO2 emission factor only for the subway, which uses the
electricity as the power. A methodological tool to calculate CO 2 emissions from the fossil fuel combustion
provided by the clean development mechanism is based on the quantity of the fuel combusted and its
properties (United Nations Framework Convention on Climate Change, 2013). However, we do not
choose a fuel-consumption-based approach to estimate the CO2 emission factor for the fuel-intensive
modes of transportation (i.e., bus, taxi, and car) because such data are not easily collected and not
reliable in Beijing. An emission-model-based approach to determine the emission rate and the emission
factor for fuel-intensive modes of transportation has been used in this research. This approach can
capture the speed, idling, or acceleration characteristics of vehicles, which reflects real operating patterns
in the roadway network.
For the subway, the CO2 emission factor is determined in following steps. The subway operation needs
to consume the electricity, which is measured in the unit of the standard coal. The standard coal here is
the coal equivalent to measuring the amount of electricity used in China. The electricity data used by the
subway operation and the total subway mileage from 2009 to 2013 in Beijing are collected (Beijing Mass
Transit Railway Operation Corporation, 2014) (Beijing Mass Transit Railway Operation Corporation, 2012).
A total of 2.834 tons of CO2 will be emitted when one ton of the standard coal burned (U.S. Energy
Information Administration, 2007) (Beijing Municipal Commission of Development and Reform, 2010).
Multiplying the 2.834 by the standard coal consumption for each year, we can derive the total CO2
emissions annually for the subway system in Beijing. Further, dividing the annual CO 2 emissions by the
total subway mileage gives us the annual CO 2 emissions per kilometer. Here, an average of these values
is used as the emission factor for the subway, which is 1143.6 grams of CO2 per kilometer.
For the bus, taxi, and car, a portable emissions measurement system (PEMS: OEM-2100) has been
used to collect the real time CO2 emission data and a GPS device to collect driving activity data. More
than 500 million groups of driving activity data were collected in recent years. A micro-scale VSP
approach is used to establish the emission estimation model, which determines the CO2 emission factor
(Xu et al., 2008). The VSP approach can readily connect the driving modes with emissions, which results
in accurate emission estimations by giving a close attention to high emissions in high VSP bins (Beijing
Jiaotong University, 2011; Beijing Jiaotong University and Energy Foundation, 2009, 2010; Beijing
Jiaotong University and Ministry of Transport of China, 2011; Beijing Jiaotong University and Natural
Science Foundation of China, 2004; Hao et al., 2010; Liu et al., 2009; Song et al., 2009). CO 2 emission
factors for different modes can be calculated by using Eq. (4):
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ERim*K m
(4)
*1000
v
where ERim represents the average emission rate of mode i under VSP bin m (g/s), Km represents the
percentage of the driving time under VSP bin m (%), and v is average travel speed (km/s). CO2 emission
factors for different modes are shown in Table 1.

EFi

m

Table 1 CO2 Emission factors for different modes.

Modes
CO2 emission

Bus
682.832

Subway
1,143.609

Taxi
231.953

Car
303.767

factors (g/km)
4 DESIGN OF DEVELOPMENT SCENARIOS FOR PUBLIC TRANSPORTATION SYSTEM
4.1

Analysis of potential prospects for public transportation’s development

The bus and subway are two primary modes in the public transportation system in Beijing. The future
economic, sociological, and technological developments always involve some degree of uncertainties.
Factors of the economy, fare policy, demographics, land use, regional planning, vehicle technologies, and
urban transport goal may all influence the future development of public transportation in Beijing.
Currently, the economic growth slows down; a population of greater than 21 million people means a faster
growth than what has been forecasted in the urban planning for 2020 (Beijing Municipal Commission of
Urban Planning, 2011), which motivates the measures to curb the growth of the population; the land price
has increased to a very high level; plans to build a new administrative center adjacent to the city have
been announced in order to better integrate the Chinese capital with its surrounding areas; and noncapital functions including manufacturing, logistics, wholesale markets, and partial functions of the public
service will be gradually moved out of the city (Beijing Youth Daily, 2015). Meanwhile, the reality of the
limited roadway space and rapidly deteriorating traffic congestion has pressured the government to
reconsider transit priority strategies and more strict license plates controlling policy. Fuel-efficient
technologies and clean fuel technologies will be implemented gradually with the 2020 as the target year
(State Council, 2012). Since a wide range of factors influence the public transportation demand, no single
study could comprehend all the demand determinant factors of the public transportation system in a
single context (Polat, 2012). In view of the complicated influencing factors of the public transportation
demand and modal share in an urban passenger transportation system, a wider range of modal share of
public transportation system should be considered. Further, due to the fact that the total modal share of
the public transportation system of 46% in 2013, a range of modal share from 46% to 65% is set in this
study. Moreover, three travel demand levels are considered. For each travel demand level, three possible
development prospects for the bus and subway in the public transportation system are identified for up to
2020 in Beijing.
According to the forecasting results (Beijing Transportation Research Center, 2015), three travel
demand levels are considered. With high, medium, and low population levels, the residential trips that do
not include walking are forecasted as 17,842, 19,002, and 20,162 billion trips respectively.
For each travel demand level in 2020, three possible development prospects for the bus and subway in
the public transportation system, which reflect potential modal share for the bus and subway, are
identified as follows.
(1) Prospect A: modal share of the bus is equal to that of the subway
In the public transportation system, the bus and subway are dominant modes for passenger trips. Both
companies that operate the bus and subway systems make efforts to enhance the service quality, thus a
better intermodal connectivity is achieved. The passenger market of public transportation is divided
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equally by the mode of the bus and the subway. So, a modal share ratio of the bus to subway is assumed
as 1:1 for all three travel demand levels.
(2) Prospect B: modal share of the subway slightly exceeds that of the bus
Although Beijing Public Transportation Company adopts more measures to improve operating conditions
and the service quality that can have a positive influence on the bus usage, it is likely that the subway
attracts slightly more passengers than the bus due to its higher operating speed, reliability, and better
network reach. In this context, the modal share ratios of the bus to the subway are assumed to be 1:1.28,
1:1.44, and 1:1.32 for three travel demand levels, according to the forecasting results of the transportation
planning from 2015 to 2020 in Beijing (Beijing Transportation Research Center, 2015).
(3) Prospect C: modal share of the subway moderately exceeds that of the bus
The environment for public transportation is dynamic and even interactive. Due to the traffic congestion,
Beijing government will possibly invest more in the construction of the subway system and provide more
subsidies for subway operations in comparison with Prospect B. In the future, the subway may attract
even more passengers than the bus. Therefore, the modal share ratios of the bus to subway are
assumed as 1:1.57, 1:1.87, and 1:1.62 for three travel demand levels, which represent the possibilities
that the modal share of the subway moderately exceeds that of the bus.
4.2

Scenario design under different prospects for public transportation development

Due to the uncertainty of the future development of the public transportation system, a scenario analysis
is used. This paper relies upon the ridership, modal shift, and other parameters in Eq. (3) to design
scenarios. These parameters will be estimated under different prospects of public transportation
development in the year of 2020. Actual operational and performance data are collected to estimate these
parameters. Based on the estimated parameters, 20*3*3 (i.e., 180) development scenarios will be
designed and their resulting CO2 emissions will be analyzed when the modal share is changed at a step
of 1%. Turning points on CO2 emission reductions will be identified.
In Eq. (3), the parameters including residential trips N, average trip distance Di, CO2 emission factor EFi,
and rated passenger capacity Pi, are assumed to be constant values for the 180 scenarios in 2020. All
these parameters need to be estimated for 2020. The load factors Li under different scenarios are
determined depending on the increase of the modal share of the bus and the subway.
As mentioned in the section of 4.1, the residential trips N for 2020 are 17.842, 19.002, and 20.162
billion trips under three different travel demand levels.With the increase of the residential travel demand,
the average trip distance will increase due to the extension of the urban rail transit network. According to
the planning of the urban rail transit network in Beijing from 2010 to 2020 (Beijing Municipal Commission
of Urban Planning and Beijing Infrastructure Investment Co., Ltd, 2011), there will be 30 lines and 450
stops of the urban rail transit to be developed by 2020. In 2020, the total track length will extend to 1050
kilometers from 465 kilometers in 2014. Suburban areas will be connected with downtown by new radial
lines, according to the plan. We analyze the average trip distance in 2000, 2005, and 2010. From 2000 to
2010, the average trip distance for the bus and taxi did not change significantly with only a slight
fluctuation and the average trip distance for the car and subway increased by 12.75% and 15.40%
respectively. These data have been used for estimating the average trip distance from 2010 to 2020. So
the average trip distance for the bus and taxi will not change and the average trip distance for the car and
subway will increase according to the increasing rates of 12.75% and 15.40%. Therefore, we can obtain
the average trip distance Di for all modes for 2020.
Beijing has begun to introduce Phase 5 emission standard since September, 2013. In order to
strengthen the energy conservation and emission reductions, a plan on accelerating the development of
the energy-saving and new electric automobile industry has been formulated for the period of 2012-2020.
The CO2 emission factor EFi under all scenarios will be lower in consideration of the enhancement of the
fuel efficiency, the improvement of engine technologies, and the implementation of stringent emission
control standards. The fuel economy will be improved significantly in 2020, according to the plan for the
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development of the energy-saving and new energy automobile industry (State Council, 2012). The fuel
consumption per hundred-kilometers of new produced passenger vehicles in 2020 will be reduced to 5
liters per 100 kilometers, which is a significant reduction compared with the current one. However, due to
the fact that the full implementation of the fuel economy improvement in this plan and the vehicle
replacement still takes a long time, the CO2 emission factor EFi will be reduced by only 7% in different
scenarios in contrast with the one in 2010. Considering the energy saving target for the cost control of
Beijing Subway Company and the decrease level of CO 2 emission factor in recent years, a decrease of 7%
of the CO2 emission factor for subway in 2020 is assumed.
The rated passenger capacity Pi is related to the vehicle design. We assume that this parameter will not
change in the near future since no significant changes on vehicle seats or the space size are predicted.
The load factor Li in 2020 was also assumed. In the future, Beijing will invest more in the public
transportation system considering the severe traffic congestion and air quality issues. A multimodal public
transportation network with a better coverage and punctuality will be provided. More travel demand
management measures to control the use of cars, such as the congestion toll collection and the low
emission zone, will be implemented in the future. The measures on the congestion toll collection and the
low emission zone are included in the clean air action plan from 2013 to 2017 in Beijing and its
implementation scheme is being studied (Beijing Municipal Government, 2013) (Beijing Municipal
Commission of Transport, 2014). All of these measures will likely attract more passenger trips to use the
public transportation system. Hence, with the increase of the modal share of the bus and the subway, the
load factors Li under different scenarios are increased by 0% to 22%.
The modal shares Fi in Eq. (3) are different under 180 scenarios. As mentioned in the section of 4.1,
different modal share values for public transportation (46% to 65%) are tested in this study and three
modal share ratios of the bus to the subway for each travel demand level are assumed for 2020. Table 2
shows these parameters used for scenario analysis in 2020.
Table 2 Parameters for different scenarios in 2020.

Modes

Bus

Subway

Taxi

Car

17,841,565,000 (population=26 million)
N’(trips)

19,001,535,000 (population=28 million)
20,161,505,000 (population=30 million)

Di(km)

10.8

20.77

9.3

12.97

Pi(persons)

112

310

5

4

EFi(g/km)

635.03

1,063.56

215.72

282.50

Li

44%, 48%, 50%

35%, 38%, 40%, 42%,
30.20%
45%

33.50%

Note： The total modal share of the public transportation system (including bus and subway) is changed from 46% to 65% with a
step of 1%. When the population is 26 million, the modal share ratios of the bus to subway are assumed as 1:1, 1:1.28, and 1:1.57.
When the population is 28 million, the modal share ratios of the bus to subway are assumed as 1:1, 1:1.44, and 1:1.87. When the
population is 30 million, the modal share ratios of the bus to subway are assumed as 1:1, 1:1.32, and 1:1.62.

5 RESULT AND ANALYSIS
5.1

CO2 emissions in 2010

The year of 2010 has been chosen as the base year considering the data availability. The 2010 Beijing
Household Travel Survey shows that Beijing residents made 16.538 billion annual trips in 2010 (Beijing
Transportation Research Center, 2011). Other parameters are listed in Table 3 and results on CO 2
emissions are shown in Table 4.
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As presented in Table 4, the total CO2 emissions for the transportation sector in Beijing have achieved
12,117.629 metric kilotons, an average CO2 emission per capita of 1,052.741g/person. Cars emit 84.69%
of CO2 emissions, which are substantially larger than those from the bus and the subway. The CO 2
emissions from the subway are the smallest among all modes. It can be observed that the public
transportation system has a great potential for reducing CO2 emissions.
Table 3 Parameters for estimating 2010 Beijing CO2 emission in Beijing.

Modes

Bus

Subway

Taxi

Car

Fi

28.20%

11.5%

6.8%

34.2%

Di(km)

10.8

18

9.3

11.5

EFi(g/km)

682.832

1,143.609

231.953

303.767

Li

44%

35%

30.2%

33.5%

Pi(persons)

112

310

5

4

Note: Modal share Fi and average trip distance Di are from 2010 Beijing Household Travel Survey. Load factor Li are from the
survey by public transport agency in Beijing.
Table 4 CO2 emission results for different modes in 2010.

Modes

Bus

Subway

Taxi

Car

Total

CO2 emission
(metric kiloton)

485.749

251.139

1,118.178

10,262.563

12,117.629

Percentage

4.01%

2.07%

9.23%

84.69%

100.00%

CO2 emission per
capita (g/person)

42.200

21.818

97.144

891.579

1,052.741

Percentage

4.01%

2.07%

9.23%

84.69%

100.00%

5.1

CO2 emissions under different scenarios for the public transportation system

CO2 emissions under different shifts, different travel demand levels, and different prospective scenarios
are calculated using Eq. (3). Fig. 1(a) to 1(f) and 2(a) to 2(f) illustrate the results of different scenarios for
2020.
Fig. 1(a) to 1(c) illustrate the change of CO2 emissions and Fig. 1(d) to 1(f) show the changing
percentages of CO2 emission under different scenarios. As shown in Fig.1(a) to 1(c), under travel demand
level 3 in which the travel demand is larger than that of travel demand levels 1 and 2, the higher CO2
emissions are produced. For each travel demand level, there are no significant differences of CO2
emissions or changing percentages among Prospects A, B, and C. For Prospect C under which the
modal share of the subway moderately exceeds that of the bus, slightly less CO2 emissions are released
to the atmosphere. In Fig. 1(d) to 1(f), when the modal share of public transportation increases, CO2
emissions are in a declining trend for all three travel demand levels. A modal share value of 61% or 62%
is a turning point that results in the reduction of CO2 emissions in 2020 for travel demand level 1. For
Prospects A and C, CO2 emission reductions are 0.02% and 1.96% with a modal share value of 61%. For
Prospect B, the CO2 emission is reduced by 3.28% with a modal share of 62%. When the modal share of
public transportation increases to 65%, the CO2 reduction could range between 15.27% and 17.31%.
Under travel demand levels 2 and 3, the turning points for the CO2 emissions reduction in 2020 are 63%
and 64% respectively. For Prospects A, B, and C, CO 2 emissions in 2020 could decrease by 1.07%,
1.66%, and 3.88% with a modal share of 63% under travel demand level 2. Further, the CO 2 reduction
could fall within a range of 10.21%-12.05% corresponding to a 65% modal share. Under travel demand
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level 3, the CO2 reduction can be 1.33%, 1.35%, and 1.64% for Prospects A, B, and C when the modal
share is 64%. When the modal share increases to 65%, CO 2 emissions in 2020 can decrease by 6.08%7.98%. It can be observed from the results that a sufficient modal shift to public transportation from the
higher-emitting car mode can result in the positive environmental benefit for the society despite the
massive overall increase in the number of trips made in urban areas.
CO2 Emissions under Different Modal Shares of Public
Transportation (Travel Demand Level 1)

CO2 Emissions under Different Modal Shares of Public
Transportation (Travel Demand Level 2)

20000

21000

18000

CO2 Emissions (kiloton)

17000
16000
15000
14000
13000

2010 Base Year
12117.629

12000

12115.493 (-0.02%)
11654.454 (-3.82%)

12180.610 (0.52%)

11880.154 (-1.96%)

11720.630 (-3.28%)

11415.230 (-5.80%)

11000
10000

10267.055 (-15.27%)

10222.148 (-15.64%)

10020.547 (-17.31%)
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CO2 emissions per capita and their changing percentage under different scenarios are presented in Fig.
2(a) to 2(f). The turning point for CO2 emissions per capita to reduce is the modal share of 47%. Under
travel demand level 1, the minimum value of the reduction percentage is 0.01% for Prospect B when the
modal share of public transportation is 47%, while the maximum value is 46.65% for Prospect C when the
modal share of public transportation is 65%. Under travel demand levels 2 and 3, the minimum value of
the reduction percentage is 0.22% and 1.00% for Prospect A respectively with a modal share of 47%,
while the maximum value is 46.72% and 47.46% for Prospect C with a modal share of 65%. It is
suggested that the public transport can reduce CO2 emissions per capita and has the capacity to
contribute even greater CO2 emission reductions per capita with the increased modal share of public
transportation.
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Fig.1 Comparison of CO2 emissions or changing percentage between 2010 and scenarios in 2020 for three travel demand levels.
(a) CO2 emissions (travel demand level 1). (b) CO2 emissions (travel demand level 2). (c) CO2 emissions (travel demand level 3).
(d) Changing percentages of CO2 emission (travel demand level 1). (e) Changing percentages of CO2 emission (travel demand
level 2). (f) Changing percentages of CO2 emission (travel demand level 3).
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Fig.2 Comparison of CO2 emission per capita or changing percentage between 2010 and scenarios in 2020 for three travel
demand levels. (a) CO2 emissions per capita (travel demand level 1). (b) CO2 emissions per capita (travel demand level 2). (c)
CO2 emissions per capita (travel demand level 3). (d) Changing percentages of CO2 emission per capita (travel demand level 1).
(e) Changing percentages of CO2 emission per capita (travel demand level 2). (f) Changing percentages of CO2 emission per
capita (travel demand level 3).

6 CONCLUSIONS
The low carbon mobility with the low energy consumption is essential for a sustainable and competitive
future for Asian cities. Different urban public transportation development policies and strategies
implemented by the governments will yield different results in emissions of carbon dioxide from the urban
passenger transport sector. In this paper, we employed a scenario analysis approach to assess the role
of the public transportation system on CO2 reductions using a case study of Beijing. A CO 2 emission
estimation method suitable for Beijing has been established to assess the role of the public transportation
system in reducing CO2 emissions. Potential prospects for the development of the public transportation
system in Beijing are analyzed. Accordingly, 180 scenarios for the target year of 2020 are designed and
results are analyzed.
The increase of the urban travel demand in Beijing will bring a great challenge on mitigating CO 2
emissions. Three travel demand levels are considered in this research. Some of the most noteworthy
findings from the analysis in this paper are as follows: 1) With the increase of modal shares of the public
transportation system, the increase of CO2 emissions is marginal. When the modal share of the public
transportation system reaches 61-64%, the turning points will appear at which CO 2 emissions begin to
decline. 2) CO2 emission reductions per capita can be resulted by an increase of the modal share of the
public transportation system. When the modal share of the public transportation system is greater than
47%, CO2 emission reductions per capita can be achieved. We can conclude that the public
transportation system has a great potential to reduce CO2 emissions and average CO2 emissions per
capita in Beijing. As a result, it is recommended that policy strategies and measures to encourage shifting
trips away from private modes be adopted in Beijing. Both bus and subway systems need infrastructure
investments, financial subsidy, service level enhancement, and intermodal connectivity improvements
that prioritize the transit over other modes since a 15-18% increase of the modal share of public
transportation is needed if CO2 emission reductions are to be achieved.
The methodology in this research is limited to estimating CO 2 emissions in cities of developing
countries where detailed data on vehicle types and fuel consumption are difficult to be collected, partially
due to the rapid replacement rate of vehicles. It should be noted that significant heterogeneity exists
across cities. In the future, the CO2 emission analysis for other cities that have different development
patterns should also be explored. Moreover, the impact of the newly established “Xiong-An New District”
to the south of Beijing on the population and transportation mode shares is not considered in this paper,
122

Advances in Transportation Systems and Practices

Editors in Chief: Fengxiang Qiao, Lu Gao, Qing Li

The Post-conference Proceedings of the 30th Annual Conference of the International Chinese Transportation Professionals
Association (ICTPA), May 19-21, 2017, Houston, Texas, USA
ISBN: 978-1-64008-627-2

in regard to the fact that the process of change will take a long time. So, a further investigation and
analysis taking into account “Xiong-An New District” will be considered in the near future. In the
meantime, it should be noted that the policy recommendation in this paper is mainly based on the CO 2
emission analysis. In the future studies, other potential impacts, such as the air quality, road safety,
congestion, and energy consumption should be added to the analysis.
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Topic Three:

Multi-modal Transportation System
Operation and Management

Multi-modal transportation includes the transportation systems with various modal such as maritime,
airway, pedestrian, and public transportation systems. In this topic, Cheng et al. examined the risk
assessment and evaluation methods reported in the literature and related efforts in their application in
maritime transportation network. They urged to examine the practical risk assessment and evaluation
tools provided in their reviews to develop a comprehensive risk assessment and evaluation tool for
maritime transportation infrastructure and other critical infrastructures. Yim discussed where New Global
Mega Airport (NGMA) are being developed currently in the world, with the author’s own definition, their
latest development trends, their characteristics, and prime reasons for their development. This paper is
concluded with observations of how they impact the future of airport planning. Lin developed a
demographics-based methodology that identifies the quantitative relationships between dependent
variables such as pedestrian crashes and severe injury crashes and independent variables including
demographic and social factors, road environmental factors, neighborhood land use attributes, and
individual characteristics in low-income areas. The authors provided specific recommendations for both
engineering countermeasures and pedestrian safety education/outreach plans that resonate with a given
area’s demographics to effectively improve pedestrian safety in low-income areas. Chen and Fu provided
a quantitative method to evaluate the comprehensive utility of different rapid transit modes, which
involves nondimensionalize utility matrix as well as binary fuzzy contrast method to determine weight
coefficient. The approaches is illustrated by a case in Zhenjiang new district in china, and proved to be
feasible and effective. Li and Qiao tried to inquire into how transportation factors influence traders’ choice
of a particular trade term when they are contracting for business and thus help them make right decisions.
This paper also tried to create some criterion that might be applicable to the choosing of the right term in
trade practice.
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Review on cybersecurity risk assessment and evaluation
and their approaches on maritime transportation
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Abstract
Maritime Transportation has become a major player in global logistics accompanied by an
increasing number of cyberattacks to the vessels over the years. People begin to realize that
it’s critical to establish a cyber defense system on Maritime Transportation network in case
the entire network would be paralyzed, which would lead to devastating consequences.
Hackers, if intrude into the network successfully, can either mislead the direction of the
vessels or steal or alter the information in the system, either of them would hurt the
transportation business and eventually affect international trade. Cyber defense system is
urgently needed to be established. As it has already been established in other sectors of the
industries, an effective cyber defense system usually contains three layers: risk assessment,
risk evaluation and risk mitigation. In this paper, we examine the risk assessment and
evaluation methods reported in the literature and related efforts in applying them in maritime
transportation network. We conclude paper with the suggestions of the directions for the
future study of risk assessment and evaluation of maritime cybersecurity and our future work
in the maritime cybersecurity field as well. The future work of this research is to examine the
practical risk assessment and evaluation tools provided in this review to develop a
comprehensive risk assessment and evaluation tool for maritime transportation infrastructure
and other critical infrastructures. The expected products are cybersecurity risk framework and
cybersecurity risk checklist.
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1 Introduction
With the rapid growth of global trade, maritime transportation has become a major player in the U.S
economy. The maritime transportation, under the traditional definition, contains ports, airways, intermodal
connectors and freights, it’s safe to say the maritime transportation is the backbone of global trade. A
secured maritime and port infrastructure brings the prosperity to U.S. economy and in larger picture, the
global trade. It would be hard to image the consequences if major maritime and port infrastructure was
being totally bleached and its impact on local and global security. However, at this point, although the
gravity of the issue has drawn people’s attentions, not much research related to maritime and port
cybersecurity has been done, there’s still much blank fields needs to be filled in this field. This paper will
be focusing on the current state of laws and regulations about maritime and port cybersecurity in the U.S.,
blank that needs to be filled, review of risk assessment and evaluation approaches in other fields and the
potential adaptation of methods and regulations in the review to the maritime and port cybersecurity field.
1.1 What would a possible Cyber-Attack to maritime and port infrastructure be like?
A Typical Ship Cyber-Physical System includes the following nine parts, which is showed in the Fig. 1.
Ship Cyber-Physical System below.

Fig. 1 Ship Cyber-Physical System

The CPS (Cyber-Physical System) entails nine different sub systems:
ECDIS (Electronic Chart Display and Information System)
AIS (Automatic Identification System)
Radar/ARPA (Radio Direction and Ranging) (Automatic Radar Plotting Aid)
Compass (Gyro, Fluxgate, GPS and others)
Steering (Computerized Automatic Steering System)
VDR (Voyage Data Recorder –”Black Box”)
GMDSS (Global Maritime Distress and Safety System)
IDS (Intrusion Detection System)
Among these nine sub-system, there are four critical but vulnerable ones: AIS, Radar, Compass and
Steering. Image that if hackers took charge of all these five functions, they can literally direct the ship to
where they want and they can even potential sink the ship. Set aside the lives on the ship with be in
jeopardy, the goods on the ship would potentially be hijacked and never reach the destination. The
reputation of the company would be ruined and if these happened to all the ships in a region that
controlled by a group of hackers, the entire supply chain would be disrupted and wiped out, the
consequences would be unimaginable.
1.2 Current State of Regulations and Laws related to Maritime and Port Cybersecurity
Hclmick (2008) states right after 9/11, under the force and guidance of UN International Maritime
Organization (IMO), the International Ship and Port Facility Security (ISPS) Code was developed, at the
same time, U.S. developed and proposed Maritime Transportation Security Act (MTSA) of 2002 which
include extensive port security regulations. Hclmick (2008) states following the Act, in 2004, the Coast
Guard and Maritime Transportation Act of 2004 was proposed and it required to develop methods to
improve security and sustainability of port facilities in the event of maritime transportation security incident.
Hclmick (2008) states later on, the SAFE Port Act of 2006 was proposed and it called for direct research,
development, testing and evaluation efforts in furtherance of maritime and cargo security. Papa (201)
mentions the Customs Trade Partnership Against Terrorism (C-TPAT), which is a joint government127
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business programme to strengthen the entire supply chain and border security [60]. So is the Container
Security Initiative (CSI), which is aiming to address the risk of terrorist use of a maritime container to
deliver weapons, as Papa (2013) mentions. Above are the major laws and regulations of U.S related to
maritime and port security, as far as we can see, none of them specifically address the cybersecurity risks.
In fact, over the past one decade, there’s no major research focused on the issues of maritime
cybersecurity and the ways to address the problem. As mentioned previously, there is awareness of
maritime cybersecurity issues, but few bothers to study on it because there is no major accident
happened that could draw people’s attention. The maritime cybersecurity field is nearly blank and there’s
a lot needs to be done and needs to be done quickly.
2 Literature Review
As mentioned in the previous section, there is no major regulations has been establish and researches
has been done in the area of maritime cybersecurity. However, in other field, extensive researches have
been done and there are even implications in the industry. The section provides a review of current state
of risk assessment and evaluation research in hope to give insight on adoption to maritime cybersecurity
field.
2.1 Overview
Risk assessment and evaluation are critical components in cybersecurity risk management and they are
part of cybersecurity Intrusion Detection System (IDS). Good risk assessment and evaluation tools and
plans can help organizations and companies to prevent the attacks ahead of time and if attacks already
happened, they can provide guidelines to prioritize tasks needed to be done to minimalize the
consequences. Traditionally (Al-Shaer, 2014; Rana, 2015; Brancati, 2013; Zhao, 2008; Yu, 2012; Hudec,
2011; Schlicher, 2015), there are four different types of approaches for cybersecurity risk assessment and
evaluation: mathematical modeling approach, analytical framework approach, statistical data approach
and simulation approach. During the past years, new types of approaches have been developed and
proposed. This review will discuss the work that had been done fallen into following four categories: Risk
Assessment and Evaluation Policies, Attack Trees (Defense Trees, Countermeasure Trees) and System
Mapping Metrics, Risk Boundary Defining and Risk Compliance Assessment, Simulation and Models.
Most of the research has been focused on two types of treats: Insider Treats (ITs) and Advanced
Persistent Treats (APTs) and had targeted on two types of systems: Cyber-Physical System (CPC) and
Industrial Control System (ICS). Brancati (2013) gives a clear definition of Insider Threat: a trusted entity
is given the power to violate one or more rules in a given security policy. The insider threat occurs when a
trusted entity abuses that power. And Rana (2015) gives a definition of Advanced Persistent Threats: a
class of cyber-attacks used to target specific information of organizations and government agencies over
a longer period of time. The reason insider threat stands out among various types of cyber-attacks is that
it is very challenging to identify insiders and it’s even harder to mitigate them since they often have socioeconomical roots. There are four major methods for risk assessment and evaluation: risk assessment and
evaluation policies and framework, attack trees and system mapping metrics, risk boundary defining and
risk compliance assessment, simulation and models.
2.2 Risk Assessment and Evaluation Policies and Framework Approach
Tundis (2015) developed an analytical procession approach to compliance assessment. The general
methodology is the Support Activities (Security Concerns Identification, Standard Description Forms
Identification) and Core Activities (Security Concerns Selection, Service Metadata Identification, Selection
of Standards, Security Controls Identification, Matrices of Standards Definition and Matrices of
Compliance Definition). Rashid (2015) provided essentially a risk policy approach of risk assessment for
Industrial Control Systems (ICS). This paper is a result of series of interviews to real-world security
practitioners who are in consultancy roles with multitude of operator environments. The authors proposed
steps that should be followed after the interviews: First, contextualize “How” security assessments are
conducted, Second, derive security assessment challenges and principles, Third, assessing “When”
assurance techniques can be used, Finally, assessing “Where” the assurance techniques can provide
evidence of (non-) conformity. During the First step, five principles are derived (also known as PASIV):
proximity requirements, accessibility limitations, safety requirements, impact of the assurance techniques
and value generated by using an assurance technique. Then the application of PASIV is examined in
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three phases of Software Development Life Cycle (SDLC): development, procurement and operational.
Finally, for the operational phase, the authors assess how the assurances techniques generate evidence
of the 35 security control families of ISO / IEC 27001:2013.
Yu (2012) introduced an architectural approach that changes the paradigm in cybersecurity by
reducing the attack surface and total cost of security. The Resilient Device Authentication System (RDAS)
approach that the authors propose can provide multiple modalities of device authentication. It supports a
large number of authentication events. RDAS builds physical mechanisms for establishing hardware
based root-of-trust and combines traditional authentication elements in a system that manages device
identity through the life cycle of a system. That is why it’s crucial for critical infrastructures. The future
work is to adapting the RDAS approach to more forms of silicon PUF (Physical Unclonable Function)
circuits.
Hudec (2011) developed a risk policy/metrics approach for risk assessment and evaluation. The
authors give a definition of security metrics. Then they discussed four security frameworks that contain
effective security control: Control Objective for Information Technology (COBIT), ISO/IEC 17799 (ISO/IEC
27002), Information Technology Infrastructure Library (ITIL) and NIST SP 800 Series. Then the authors
develop proper security metrics for different control objectives identified in those four security framework
and assign weights. Finally the authors construct a model. They determine metric parameters (optimal
value, worst value) and variables (value obtained and weight assigned). Then they include their model to
company’s parameters such as company size and annual budget. The authors go on defining quality
functions for each control objectives. The future work for the authors will be determining all the metrics,
which would be used for the risk analysis, based on ISO 27000 family standards. And a model validation
and comparison by risk analysis would be done after a complete design of the metric mappings.
Paoli (2013) developed a risk assessment framework approach for smart grid. The authors evaluate
the security threats and health impact of the smart grid as well as the health risks of smart meters
currently under implementation. A combined framework for risk management in major technological and
health domains has been proposed. The framework calls for a coordinated assessment of cyber and
power grid risks keeping the whole grid security and safety goals in mind and it has several steps: risk
identification and threat identification; risk analysis; risk planning; risk prioritization; periodical risk tracking;
risk monitoring and risk communication to management. Sailer (2014) followed a risk analysis framework
and modeling approach. The authors propose a risk analysis framework that analyzes a large amount of
various security alerts and computes the reputation of diverse entities based on domain knowledge and
interactions between entities. Then they develop reputation propagation algorithm to fulfill the goals that
the risk analysis framework tries to achieve.
Patriciu (2014) developed a neural network approach for risk assessment. It’s a theoretically approach
trying to address the high computational complexity of attack graphs by applying human immune
system’s concepts. The authors explain that there are common flaws in nationwide-setup Early Warning
Systems and propose that there are two external tools to address this problem: Early Warning Systems
based on Artificial Intelligence and Existing system implementations. The authors go on proposing an
Early Warning Systems Based on Intelligent Treat Assessment. They use an intelligent method to
periodically calculate the probability of certain cyber-attacks to happen. The system will trigger an early
warning if certain limits are exceeded. The proposed concepts includes three estimates : probability of an
event to happen will be setup based on seven levels, harm will be quantified using a six level scale, and
the risk of a probable even having negative consequences will be defined using 6 levels of thresholds
from zero to thirty. This approach leads the authors a Feed-Forward Backward-Propagating neural
network based on two input layers, ten hidden layers and one output layer.
Choras (2013) introduced a risk assessment framework approach for ICT (Industrial Control Systems)
The authors give a proposition of the consequence-oriented classification of cyber threats to critical
infrastructures. The author identifies three possible main categories of cyber-attacks on ICS: Cyber-attack
with first order consequence, Cyber-attack with second order consequence and Cyber-attack with third
order consequence. Disso (2015) developed a framework approach of risk assessment and evaluation for
enterprise network. It assess the security risk level of the attacks and where the malicious user’s actions
directing threats to the targeted system but yet not visible by the targeted system. The authors propose a
scheme of detecting and mitigating the risk of occurrence of invisible attacks on any organization by
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deploying NIDPS (SNORT) and quantitative security risk level of the organization against invisible attacks
is determined by using OWASP risk rating.
Kohli introduced a risk assessment framework approach for railway infrastructure. The framework the
authors propose is Cyber Security Asset Management Tool (CAMT) Framework. They create a diamond
model of cyber rail assets and they include an improved FMEA (Failure Mode Effect Analysis) in the
proposed model. Stevens (2010) developed a framework approach for risk assessment. The authors
show in the paper how to use Cyber Resilience Review (CRR) to conduct assurance case method Savola
(2011) followed a framework and model approach for risk assessment and evaluation. The authors define
a concept called operational assurance and they develop their methodology based on this concept. The
methodology includes six steps: service modeling, metric selection, measurement, aggregation,
evaluation and presentation. The authors propose an assurance profile (AP) which includes AP
description, AP content and AP instantiation. The architecture of the assessment framework the authors
propose has four layers: base measures layer, data collection layer, communication layer and control and
data processing layer. The proposed framework has the ability to adapt various constraints.
Kazi (2015) introduced a risk policy and protocol approach for risk assessment of Industrial Control
System (ICS). They use DNP security authentication to conduct security assessment. Howard (2011)
introduced a policy approach for risk assessment of smart grid. The authors introduce two types of
policies: security acts (such as Guidelines on the Protection of Privacy and Transborder Flows of
Personal Data) and legal considerations (such as Energy Independence and Security Act of 2007). Hutle
(2015) provided a policy approach for risk assessment for supervisory control and data acquisition
systems (SCADA). The authors develop their assessment based on Smart Grid Information Security
(SGIS) toolbox and the outcomes of their assessment to the system indicate the physical consequences
could occur because of cyber-attacks to information assets and they may have impacts on the operational
behavior of smart grid and its dependent infrastructures. The future work is to build on the lesson learnt
when proposing risk assessment methodology within other projects. Zhu (2009) provided a risk
framework approach for cyber systems. The author proposes a theoretical framework called Universal
Composable Framework. He first decomposes entire system into a set of security primitives and functions
and then evaluates individual implementation in the environmental-based security framework and finally
he formalizes a composition theorem.
2.3 Attack Trees and System Mapping Metrics
Trivedi developed an attack countermeasure tree (ACT) approach. The authors use SCADA attack as a
model to present their model. They identify probability of attack and impact values of the generator nodes
and sensor nodes and compute them with ROA (Return on Attack) and ROI (Return on Investment)
methods. And then they carry out Single-Objective Optimization and Multi-Objective Optimization. The
future work the authors propose will include complete solution of multi-objective optimization under
various constraints and modeling of more dynamic scenarios such as sequential attacks, detection and
mitigation in ACT (Attack Countermeasure Tree).
Brancati (2013) provided a risk assessment approach to Insider Threat (IT). The authors propose a
methodology of risk assessment of insider threats including six iterative phases: system characterization,
insider, insider threats, attack paths, countermeasures selection and iteration and update. In the system
characterization phase, the authors identify macro-components what constitute overall architecture. The
second phase consists of potential insiders profiling, their threats to the systems and their key attributes
(Intent, Access, Outcome, Limits, Resource, Skill Level, Objective and Visibility). The third phase is
identification and description of possible threats that can make the system vulnerable and prioritization of
the attacks. Several techniques can be used in the fourth phase: attack trees, attack graphs, privilege
graphs, and adversary views. The fifth phase can be supported by libraries which list the
countermeasures for determined attacks. The authors propose classify countermeasures in preventive,
deterrent and detection. For future works, the authors are currently working on developing a generic
insider threats library both with insiders and countermeasures.
Zhao (2015) developed a system mapping approach for Cyber-Physical Systems (CPS). The authors
identify typical structure of security and stability control system, then simplify model of security and
stability control system. Later on, they construct failure mode of CPS, more specifically, the electric cyberphysical system (ECPS). The authors presented a probability model to calculate the reliability of ECPS as
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well. While building the model, scenes such as signal loss and signal transmission error were considered
by the authors. Watson provided an asset management approach. The author identify the inventory of the
system and construct secure configuration (system mapping), then move on to vulnerability assessment
and remediation which includes monitoring threat agent developments, monitoring vulnerability
developments, monitoring logs, incidents and near misses and monitoring personnel changes and issues.
Gao (2013) developed an attack tree approach for risk assessment of cyber-physical system (CPS).
They conduct a treat quantification and then they propose risk quantification of the whole path using the
attack tree. They identify two attach paths and seven attack leaves (intense, time, stealth, technical
personal, physical knowledge, cyber knowledge and access. Liu (2010) developed an attack path and
multiple criteria decision-making (MCDM) approach for risk assessment of power control systems. The
security analysis model based on attack graph includes the following steps: basic concepts definition,
construction algorithm, vulnerability function of each control step, and connection model-based
vulnerability calculation. And they use analytic hierarchy process (AHP) and technique for order
preference by similarity to ideal solution (TOPSIS) to conduct the risk quantification.
Kotenko (2014) developed a security metrics approach for risk assessment. The authors identify
following four level of metrics: network level, attack graph and attacker level metrics, events level metrics
and system level metrics. The network level includes host vulnerability (which is based on CVSS), host
vulnerability to zero-day attacks, business value, host criticality and percent of systems without known
severe vulnerabilities. The attack graph and attacker level includes: attack potentiality and attack impact.
Event level includes dynamic attacker skill level, probabilistic attacker skill level and dynamic attack
potentiality. The system level includes security level and attack surface. The future work is to fulfill further
development and experimental analysis of techniques for measurement and calculation of security
metrics on real examples.
2.4 Risk Boundary Defining and Risk Compliance Assessment
Al-Shaer (2014) introduced a Risk Compliance approach. The authors propose a system model, a risk
assessment model and a validation plan. The proposed system model depends on compliance reports,
vulnerability scoring systems and network configuration. The network configuration is just like system
mapping. The authors map out network devices such as hosts and middle-boxes and their policies. And
they also map out each isolation levels. They use security checklists to collect compliance state. The
authors use base metrics of Common Vulnerability Scoring System (CVSS), Common Misuse Scoring
System (CMSS) and Common Configuration Scoring System (CCSS). For Risk Assessment Model, the
authors define a property called Infidelity which is calculated based on vulnerability scoring systems. The
authors go on defining Host Infidelity and Host Exposure. And based on Host Infidelity and Host Exposure
the authors develop Risk Model. The future plan for their research is to validate the hypothesis as
following: enterprise risk score is correlated with the losses induced by cyberattacks
Rana (2015) introduced a risk boundary approach specifically for advanced persistent threats (APTs),
which is part of Intrusion Detection Systems (IDS). Given that it’s very hard to quantify risks of APTs,
estimating risk boundary is very challenging. The authors define following terms to calculate risk
boundary: Threat, Threat Rate, Threat Probability, Threat Severity, Common Assignment Values (CAVs),
Threat Persistence Factor, and Threat Stealthiness Factor. Then the author go on assigning values to
each of these terms. Finally, the authors classified risk boundary into four domains: Low Persistence,
High Stealthiness; High Persistence, High Stealthiness; Low Persistence, Low Stealthiness; High
Persistence, Low Stealthiness. The authors’ future plan is to conduct a detailed investigation by
considering different temporal snapshots to compare how risk boundaries change over the time.
2.5 Simulation and Models
Brancati (2013) proposed a methodology of quantitative assessment of insider threats. The methodology
is more intuitive than NIST Risk Assessment procedures. It is consist of six phases: system analysis,
potential insiders profiling (based on Intent, Access, Outcome, Limits. Resource, Skilled Level, Objective
and Visibility), identification of possible threats, identify attack paths (how do insiders to achieve attack
goals), countermeasures selection, iteration and update. Ho (2008) introduced a model-based semiquantitative approach. It is designed for goal-directed attacks especially for multi-stage coordinated
attacks which undergoes a series of reconnaissance, penetration, attack and exploit. The authors use
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partially observable Markov decision process (POMDP) to construct the model. They define five elements:
s as initial state, z as initial observation, u as initial trace, g as expected goals. What makes this model
stands out is that it introduces a reward signal r. To evaluate security, the authors figure out the essential
elements of security rules, models and policies, and then evaluate them in a generic cost sensitive
manner: they define Dm as maintenance cost and Df as failure cost. And they assume responses should
fall into five categories: Alert for true attack, Alert for normal behavior, Silence for attack, Silence for
normal operation and Misdiagnosed attack.
Ishikwa (2016) proposed a simulation based approach. It consists of two major steps: model
construction and simulation. In the model construction step, the authors identified the targeted data,
identify existing vulnerability, initial parameters (Model Company, the condition of information leakage,
security investment, the information leakage cost. Then they use Python and R to implement the model.
In the simulation step, the authors assume four scenarios and analyze relationship between total costs
and the choice of investment. Need to mention that the authors have 100 million simulation trial for each
scenarios and analyze the result of each of them.
Sastry (2011) proposed an approach to Industrial Control Systems (ICS). The authors analyzed the
vulnerability and security problems of different types of control systems and sophisticated attacks to the
systems. The authors developed attack models assuming the state of the system is measured by sensor
network with measurement vector and each vector has a unique identity protected by a cryptographic key.
If some sensors are under attack, the actual measurement would be different from the baseline
measurement, that’s how the attacks could be identified. The attacks models can be used to represent
integrity attacks and DoS attacks. Subsequently, the authors develop linear model for the detection of
attacks and two methods for detection (sequential detection and change detection) and they go on and
develop models for steady attacks, surge attacks, bias attacks and geometric attacks. Finally the authors
propose an Anomaly Detection Model (ADM) which can detect an attack and send an estimate of the
state of the system to the controller of the system. After the experiments of the proposes models to
Process Control System (PCS) and finds results implying that it’s more important to protect against
integrity attacks than DoS attacks.
Zhao (2008) introduced a simulation approach of risk assessment and evaluation. The model the
authors propose can provide measurable data to help improving network security simulating various
cyber-attacks and calculate security loss to estimate the impacts. First, the authors analyze the structure
of the system and divided them into several types such as routers, switches, firewalls, servers, clients and
personal computers. And each of them is assigned an identifier (IP Address, Mac Address or Name). And
the attributes of these devices are also identified such as OS type and its vision, services and the
corresponding port members, vulnerabilities, performance parameters and application patterns. In this
paper, the authors use state transition graph to describe cyber-attacks, which usually contains several
steps. The simulation system usually contains three parts: attack scenario module, simulation module and
analysis and evaluation module. For future research, the authors will import a database which known
attacks can be described by using templates to improve the simulation system and they will also figure
out a method to accurately model various kinds of application patterns of network.
Schlicher (2015) provided a computational approach for Industrial Control Systems (ICS). In this paper,
the authors consider the defender-practitioner stakeholder points-of-view that involve cost combined with
the development and deployment consideration. They introduce a notion of cybernomics to address the
issue with security economics which considers the cost/benefits to the attacker/defender to estimate risk
exposure. They analyze the likelihood of the emergence of a treat and whether it would be eliminated.
And if the treats cannot be eliminated, what the cost would be. The authors recommend to use game
theoretic approach to address Attacker-Defender Agent Based Simulation (AD-ABS) and combine ADABS with an economic impact assessment. Given this is a theory paper, the future work of the authors
would be collect information and examples from technology development case studies have a better
insight of the problem.
Nicol (2016) introduced a summary of the approach the author proposes about risk assessment for
Cyber-Physical Systems (CPS). The idea of the models that the authors are trying to make should include
details that are either extracted automatically or are modeled at a fairly high level. The model includes
physical and logical connections between computing entities and can include information about software
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running on the devices. The author creates a graph whose nodes are vulnerabilities on host with weights
derived from the vulnerability scores. It focuses on whether an attacker can exploit a host and if so,
what’s the difficulty of doing so, measured in terms of time. On the infrastructure side the authors require:
First, what a remotely connected user can cause an actuator to do should be described. Second, sets of
devices to consider as targets of a coordinated attack should be identified and third, the state of the
physical system should be assessed as well as all its boundary conditions. And metric should be used to
identify the impact on risk of changing selected configurations and should be used to identify most costeffective actions authors might apply on the cyber-side to reduce the risk to the infrastructure.
Koutsoukos (2016) developed a modeling approach for quantitative risk assessment. The authors start
with component risk assessment, which includes component modeling, component attack trees, CVSS
scoring, risk propagation, risk assessment and mitigation and attack propagation. In the first step, the
authors assign attribute to every component, in the second, the component attack trees (CAT) usually
represent spoofing, tampering, repudiation, information disclosure, denial of service and elevation of
privilege (STRIDE). CVSS scoring provides standardized method of modeling the risk value of
vulnerability attributes in attack trees. The authors go on conducing system risk assessment which
includes system modeling, system attack graph and risk assessment. Wsissbein (2010) provided a
modeling approach for security risk assessments. The author proposes a model with three components:
First, network simulator. Second, an attack planner that shares the network attack model with the
simulator. Third, a distribution of probabilities that describes for the different sorts of attackers’ tools. The
authors import the information specifics needed to simulator, then they take a sample of attacker tools
using a pre-defined probability distribution that describes the tools that a give attacker is likely to hold.
Then they define one or more objectives which are actions that the attackers may carry out successful
and are supported by the simulator. The authors have plan to use their method and metric to gather
information from realistic scenarios.
Hudec (2012) introduced a model-based approach. The authors proposed a formal model that map out
metrics to control objectives (metric weight, optimal value, worst value), assign security clauses to
security attributes (confidentiality, integrity, availability, authenticity and non-repudiation), support the
model with statistics (agent, action, asset and attribute). The authors also propose formal concept
analysis for the classification of security clauses from the ISO/IEC 27002:2005 standard. Later on the
authors identify all the security clauses: security policy, organization of information security, asset
management, human resources security, physical and environmental security, communication and
operation management, access control, information system acquisition, development and maintenance,
information security incident management, business continuity management and compliance. The future
work is to extract the useful information from the selected metrics, evaluate it, and show the results on a
discrete scale in a view of security attributes that will give a complete picture of security controls
implemented in an organization. Liu (2013) developed a modeling approach to risk assessment. The
authors develop risk assessment framework containing system configuration, vulnerability identification,
attack graph building, and probability of intrusion calculation. The authors use duality element relative
fuzzy evaluation method to build the framework and use dynamic model as computing algorithm and
Conditional Lyapunov Exponents (CLE) as methodology. They combine dynamic model and LCE
together to finish the modeling. The also build a system stability monitoring and response system.
Campbell (2008) provided a modeling approach for Cyber Infrastructure. The model is composed of
two parts. A network model captures the static parts of a system and a work-flow model captures the
dynamics parts of the system. Then the author conduct too chain implementation with includes CIM
parsing, representing recovery workflows, mapping workflows to term-rewriting logic, analyzing workflows
in term-rewriting logic and event aggregator. The future work the authors propose is to evaluate the
scalability of their approach by using bigger models and see the impact on the checking time. Patrick
(2013) introduced a model approach. It’s a Monte Carlo discrete event simulation and each of the various
components of the model (adversary, target, areas, paths, safeguards, actions, and response) is
described in details. The authors also propose a potential attack path including the safeguard values for
detection and delay. The future research will focus on testing cyber safeguards to determine accurate
detection and delay values and integrate what-if analysis to show the effects of implementing different
safeguards on different paths within the network to provide insight into the security benefits for specific
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safeguard investments or system designs and also integrate near real-time threat and vulnerability
information into the model.
Zheng (2015) provided a risk assessment model approach for Industrial Control System (ICS). The
authors discuss risk assessment on Industrial Automation Platform (IAP). They map the basic structure of
IAP and identify relationships and communication links among IAP software and assign security metrics
and consequence of the links. Later on, they use Fuzzy Analytic Hierarchy Process (AHP), Fuzzy
Comprehensive Evaluation Based on Entropy Theory to develop a comprehensive assessment method
and they used the method they propose to build an assessment model. The future work is to assess
system by using improved algorithm to ensure more accurate results since the methods used in the paper
can only quantify the threats. Lu (2014) provided a model approach for risk assessment. The authors
incorporate grey clustering method, hierarchy analysis and Delphi to build the proposed model. First, the
risk assessment model is constructed with hierarchy analysis methods, which includes n indexes. Second,
the author incorporates the method of Delphi. Finally they propose an improved grey clustering and
incorporate it in the model.
Li (2015) developed a model approach for risk assessment. They use parameterized membership
function, fuzzy rule and fuzzy reasoning method and objective function and GA-chromosome
representation to realize the model. The future work is to keep working on using the model to analyze
network traffic or data form other cybersecurity related domains. Johnson (2009) introduced a model
approach for cybersecurity risk assessment. The authors build attack graphs and they use extended
influence diagrams for expressing defense graphs. Guo (2006) developed mathematical model approach
for power system risk assessment. The authors propose two types of methods: the probabilistic
assessment and the integrated risk assessment. The probabilistic assessment is to sum up the
probabilities of the occurrence of all the possible cyber security risk and assess the vulnerability index of
cyber systems. For integrated risk assessment, the levels of cyber security risks are categorized into five
categories (very low, low, normal, high, very high) and each category is assigned a value and
performance index. And the authors use the risk matrix to calculate the vulnerabilities.
Xie (2013) developed a model approach for risk assessment of Cyber-Physical Systems (CPS). The
simulation and model building is based on the attack tree developed by the authors. The method includes
four steps: asset identification (the methods of identification are asset management tools, active
exploration tools and recording tables), treat identification (intense, stealth, time, technical personal,
knowledge, treat quantization and access), vulnerability identification (management vulnerability, platform
vulnerability and network vulnerability) and CPS Modeling and simulation. The authors use simulation for
physical components and an emulation testbed based on Emulab to recreate the cyber components of
networked industrial control systems. The future work is to take attack tree as a quantitative tool and
follow the risk assessment idea in this paper to pursue the specific risk value of a whole cyber-physical
system.
Berthier (2015) introduced a model approach that the authors propose a technique called CPINDEX
which calculates cyber-physical security indices to measure the security level of the underlying cyberphysical setting. It takes cyber network configurations as input and calculates a cyber physical
contingency ranking that indicates how serious the system’s current status is. Liu (2011) introduced a
simulation approach of risk assessment for smart grid. The authors map out the architecture of the
system first. Later on they build a simulation scenario based on the architecture mapped. He (2016)
provided a game theory-based model risk assessment approach for two-way communication system. The
authors establish a surveillance architecture to monitor message transactions among nodes in
communication networks. And the authors propose a security brief model to interpret surveillance
observations. The future work includes investigating the impact of uncertainty in surveillance observations
on risk levels and adapting forgetting factors in the proposed framework.
Ouksel (2014) provided a model-based approach for risk assessment and the authors adopt concepts
from ontology to develop the model. In the paper, the author proposes a multi-stage probabilistic threat
assessment model based on sentiment analysis and semantic reconciliation. The sentiment analysis
model contains several rules: semantic rules and contextual rules. The proposed model achieved 86%
correct rate in assessing consumer sentiments. Liu (2016) provided an analysis and simulation approach
for risk assessment and evaluation of power system. The method the authors propose simulates the
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physical responses of power systems to attacks. The authors use expected load curtailment (ELC) index
to quantify potential system losses due to attacks and Monte Carlo simulation to assess the attackers’
capabilities. Crowther (2009) developed a quantitative model approach for risk assessment. The authors
apply Bayesian network methodology to intrusion detection system to build a cyber scoring model with is
able to conduct quantitative assessment. The future work is to implement the cyber risk-scoring model in
the marketplace. Li (2015) developed a model approach for risk assessment of cyber-physical systems
(CPS). The authors establish a risk assessment framework, then use three methods for risk indicator
calculation: attack severity quantitative method, attack success probability quantitative method (common
vulnerability scoring system, CVSS) and attack consequence quantitative method. Finally the authors
proposed a risk assessment algorithm which shows detailed steps of implementation.
Li (2015) introduced a quantitative model approach for risk assessment of cyber-physical system (CPS)
based on inter-dependency of vulnerabilities. The authors establish the vulnerability dependency graph
and use Common Vulnerability Scoring System (CVSS) to calculate the probability of success attack. And
then they use vulnerability utilization and operation mode to calculate the attack-impact. The future work
is to propose an optimal strengthening scheme by determining key vulnerabilities. Lai introduced a model
approach for risk analysis for smart grids. Given that old models for smart grids cannot address many
electrical properties and operational principles of power grids, the authors use power adjacency matrix
(PAM). Zhou (2015) developed a model approach for risk assessment of cyber physical power system
(CPPS). The authors identify security risk element of CPPS. Then they present fast attribution reduction
based on binary search algorithms. Later on, they mine risk assessment functions based on gene
expression programing, which is also known as SRACPPS-RGEP (security risk assessment algorithm for
cyber physical power system based on rough set and gene expression programming). Finally, they
analyze the proposed model.
2.6 Other methods
Reed (2012) provided a unique approach of risk assessment using a novel technique called power
fingerprinting to assess the execution integrity of critical embedded systems and detect cyber-attacks by
monitoring the processor’s power consumption using an external device and performing intricate signal
analysis and anomaly detection. Mo (2011) showed a structure of smart grid prevention system which
includes dividing the network security domain, deploy firewall, intrusion detection system and audit
system in the network boundary. The future work is to dart protection scheme of information security
programs. Rao provided a risk assessment analysis from ethical hacker’s perspective. The authors
propose a system of security assessment using open source tools to identify and fix security lapses.
Interrante-Grant (2013) provided risk analysis and assessment approach for cellular telecommunications
systems such as public switched telephone network (PSTN) and long term evolution (LTE). The authors
develop testbeds to integrate realistic telecommunication system protocols and demonstrate their
weaknesses.
3 Results and discussion
The methods and strategies mentioned in the review section of this paper could potentially be fully
adapted into the maritime cybersecurity system. Risk Assessment and Evaluation Policies and
Framework: it’s true that every industry is different, but we can revise the policies and framework and
make them work efficiently in the maritime and port infrastructure. Attack Tree and System Mapping
Metrics: we can map out the current maritime and port system and identity the vulnerable parts of it,
meanwhile, based on each vulnerable part of the system, we can develop attack tree or even
countermeasure trees to analyze the attacker’s motivation and psychology. Risk Boundary Defining and
Risk Compliance Assessment: based on risk boundary defining, the vulnerability of maritime and port
system would be exposed and we can develop risk compliance reports to develop risk mitigation plans.
Simulation and Models: as long as enough data could be collected, the algorithms used in the models of
other industries would be able to be used to build maritime cybersecurity models, potentially, due to the
nature differences of data from different industries, other algorithms may need to be used instead, but the
concept of building models to solve the cybersecurity issues is totally valid.
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4 Conclusion
This paper elaborates the gravity of maritime cyber incident, evaluates the current state of maritime and
port cybersecurity research and reviews the cybersecurity risk assessment and evaluation approaches in
other industries and their potential adaption to maritime and port infrastructure. The authors conclude that
the approaches in other industries would be easily adapted to maritime and port cybersecurity field. The
future work would be try to adapt the methods and approaches form other industries to build a maritime
and port cybersecurity risk assessment and evaluation system.
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Abstract
World-class airports are center hubs of a country’s economic engine. They play a pivotal role
in driving the economy of any country. This is particularly the case when a New Global Mega
Airport (NGMA) is built. Currently, only a few NGMAs are being built, or proposed in the world.
They are mostly in the Far East and the Middle East. No new airports of global mega
magnitude can be found in the U.S., or in Europe, other than various airfield and terminal
expansion programs or upgrades. This paper discusses where NGMAs are being developed
currently in the world. The paper describes the author’s definition of NGMAs, their latest
development trends, their characteristics, and prime reasons for their development. The
examples discussed in this paper include the Peking Daxing International, the New Dubai
International, the Istanbul New Airport, and the New Manila International Airport. Each NGMA
example is discussed to demonstrate the common characteristics of NGMAs. The paper is
concluded with observations of how they impact the future of airport planning.
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1 Introduction
New Global Mega Airports (NGMAs) is a term to describe a recent airport development trend of a new
class of airports of global magnitude. As major airports continue to expand to meet the ever-increasing air
traffic demand, airport authorities and planners have come to realize that continuing airport expansion is
no longer a viable option, simply because of one undeniable fact - the land constraint, i.e., the lack of land
for expansion. This is particularly the case for western developed countries like the U.S. and those in
Europe.
For the last few years, NGMAs, as I labeled them, have emerged in the field of Airport Planning to
answer one specific question, “How could airports be planned and built to ultimately solve the problem of
ever-increasing air traffic demand in the global market environment?” Currently, only a few NGMAs are
being built, or proposed, in the world. Interestingly, no NGMAs can be found in the U.S. or in Europe.
NGMAs are found in emerging economic “power houses” in the Far East and the Middle East.
This paper discusses where NGMAs are currently developed or proposed in the world. The paper
defines what NGMAs are, discusses the overriding reasons of their development and characteristics. The
purpose of this paper is not to compare them, but rather to highlight the NGMAs as a new airport
development trend, a phenomenon, in airport planning. This paper describes four NGMA examples: the
Peking Daxing International, the New Dubai International, the Istanbul New Airport, and the New Manila
International Airport. The first three are in the process of construction. Continued phase-in development is
expected. The fourth one is in the process of selecting the final bid. The conclusion of this paper
highlights the author’s observations on how NGMAs impact the future of airport planning.
2 New Global Mega Airports (NGMAs)
Aviation is a prime catalyst for international trade, commerce, and infrastructure development of a country.
As major airports around the world are moving toward a global scale, most of them are suffering from
severe air traffic congestion or from the lack of capacity to accommodate the ever-increasing demand.
Since the turn of the century, world-class airports from developed countries like the U.S. and in Europe
have found themselves more and more “land constrained.” Airport authorities and planners have come to
realize that the “bandage approach” of upgrading and “piecemeal” expansion is no longer a viable longterm solution. On the other hand, building new airports to replace existing airports is increasing remote
due to the lack of political support and increasing environmental concerns. More importantly, the lack of
financial resources continues to plague the idea of building new global magnitude airports. This is
particularly the case in the U.S. and in Europe.
For the last few years, a new phenomenon has emerged. New world-class airports of mega magnitude,
defined as “New Global Mega Airports” (NGMAs) are beginning to develop in the Far East and the Middle
East. At least four NGMAs either are in the process of construction, or proposed, including one each in
China, United Arab Emirates (UAE), Turkey, and the Philippines. All of them exhibit very similar
development characteristics as follows:
Strong national interest and political support in achieving a long-term global aviation dominance
Commitment to replacing existing, or build, a new airport in a global scale
Large financial resources and backing
Huge availability of land resource
Incorporation of the latest technology and construction know-how’s, and
Action-oriented commitment toward meeting target objectives and project completion
Tables 1 to 3 provide a glimpse of these NGMAs in terms of their development characteristics. These
examples include the New Beijing Daxing International, the New Dubai Al Maktoum International, the
Turkey New, and the proposed New Manila Airports.
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Table 1 Common characteristics of new global mega airports (NGMAS)
Build New
National
or Replace
Prestige &
Existing
Support
Airport

New Global
Mega Airports

Global
Aviation
Leadership
Dominance

Finance
Resources

Land
Availability

Action
Oriented
/Target
Meeting

Beijing Daxing International

√

New

√

√

√

√

Dubai Ai Maktoum International

√

New

√

√

√

√

Istanbul New Airport

√
√

Replace
Replace

√
Potential

√
√

√
√

√
Planning

New Manila International

Table 2 New global mega airport – an integrated airport system

Long-Term Goals

Multimodal Transportation Hub
Logistic /
Economic
HighMetro
Capacity
MultiFTZ*/
High /Develop't Speed
ConnectNeeds
Modal
Container
Tech
Needs
Rail
ion
Terminal
√
√
√
√
√
√
√
√
√
Potential
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√

New Global
Mega Airports
Beijing Daxing Inter'l
Dubai Al Maktoum
Istanbul New
New Manila Inter'l
*FTZ=Free Trade Zones

Table 3 Long-term planning of new global mega airports

New Global
Mega Airports
Beijing Daxing Inter'l
Dubai Al Maktoum
Istanbul New Airport
New Manila Airport

Year

Total Cost ($b)

Begin Open

2014
2010
2014
NA

2018
2017
2018
NA

Ult.

Initial

2019 13.0
2027* 32.0
2030 11.3
2040 2.0

Area

# of Runway # of Terminals An. Pax Capacity (m) Construct-

End

Ha.

Initial

End

Initial

Ult.

Initial Cur.

NA
NA
NA
20

2,668
14,000
7,659
1,600

4
1
3
4

8-9
5
6
6

1 Main 6-Tier 45.0
1 Main
3
120.0
1 Main
4
90.0
1 Main
4
66.0

Ult.

ion

0.0 130-200 Phase-In
0.4
200 Phase-In
0.0
150 Phase-In
NA
100 Phase-In

(Sources: Various, *CNN, Oct .2013)

3 Development of Beijing Daxing international
For the last decade, China’s aviation growth was phenomenal. The existing Beijing Capital International
Airport had an annual capacity of 75 million passengers. Its new Terminal 3 was completed just in time to
meet the 2008 Olympics. In 2015, the airport handled 89 million passengers already (Wikipedia, 2017). Its
design capacity was no longer sufficient to meet ongoing traffic increase. Beijing Capital International is
one of the major airports in the world that suffers from long aircraft delays (South China Morning Post,
2015). Construction of the new Beijing Daxing International since 2014 was indeed a necessity.
th

In fact, construction of Beijing Daxing has long been on the agenda of China’s 12 Five Year Plan
(2011-2015) to improve the nation’s transportation infrastructure. For the last decade, China's aviation
industry, particularly Beijing, has contributed significant economic growth for the country. A few years
back, the average GDP growth was about 10% per year and was projected to be 9.5% per year for the
next 5 to 10 years. Last year, the aviation industry in China enjoyed combined profits of 43 billion Yuan,
three times as much from the previous year. As the second largest economy in the world, the Chinese
Government has long wanted Beijing’s Capital International to surpass Atlanta Hartsfield International
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Airport in the U.S. as the world’s busiest airport. By opening of Beijing Daxing International in 2018, China
will have the opportunity to fulfill this dream.
Unlike other Asian countries such as Japan, South Korea, Indonesia, Thailand and Singapore, China
has the land resources and all the available capacities to build another global airport of mega magnitude.
A majority of the traffic going through Beijing is made up of domestic travelers. Millions of migrants from
rural communities in Central and Western China swarmed into big urban cities like Beijing, transforming
Beijing into one of the world’s most populated megacity. According to The Telegraph from the UK, the
domestic passengers have already outnumbered international travelers four-to-one at Beijing's Capital
Airport in 2011 (Moore, 2011). Given the continuing growth of population and urbanization, Beijing
continues to accelerate its metropolis and business growth. Building another global airport was a logical
step to further fostering its economic growth and foreign investments for local, regional, and international
opportunities.
China’s aviation growth is also contributed by its geographical size. During the last decade, China has
shown the world that the country is going to be the next world’s aviation giant. In 2009, the number of civil
airports opened for air traffic was 166. This number is expected to increase with Beijing being their
primary connection hub. One of the reasons for construction of more new airports is the result of
proliferation of Chinese low-cost airlines. According to China’s aviation industry forecast, China is
expected to purchase at least 4,300 new jet aircraft over the upcoming two decades (Moore, 2011). Such
projection will continue to foster China’s economic growth, global trade, and investments into and out of
the country. Ongoing infrastructure and investments in Beijing will ensure China’s economic prosperity as
a mega political, economic and global business powerhouse in the world.
4 The Characteristics of Daxing International Airport
China’s vision is to build Beijing into the world's largest aviation hub. The New Daxing International Airport
covers an area of 2,680 hectares (6,620 acres). The airport is built on a new 54-square-kilometer Daxing
site, a rural area located 46 km south of the city.
Initial Daxing Master Plan indicated planning of nine parallel runways, eight runways for civil aviation
plus one runway dedicated to military use. Initially, the airport will accommodate 45 million passengers
per year. The new airport is envisioned to outperform Beijing Capital International, as the World’s busiest
and the largest airport in China. More recent airfield design updates featured eight runways. The latest
terminal design of Daxing simulates a massive starfish with a 5-km long terminal façade and 872 aircraft
stands (Melcher, 2015). The concept was based on sustainability, adaptability and serving as a
multimodal transportation hub connected by metro and high-speed rail lines. More recent news indicated
that the new airport is scheduled for completion in 2018.
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Fig.1 Beijing Daxing International Master Plan,
Fig. 2 Beijing Daxing International Terminal Design
Source: Netherlands Airport Consultants (NACO) Source: Zaha Hadid Architects, 7/

Construction of the new airport began in late 2014. Future plans will expand the airport to 120 and
ultimately to 200 million passengers per year. Rail lines will provide a direct link between Beijing Capital
International for domestic passenger transfer and for Beijing city center. A new high-speed rail link is
planned linking other regional cities like Tianjin, Shenyang, Shijiazhuang, Shanghai, and Southern China.
The airport is expected to be a catalyst for the region’s economic development including the City of Tianjin
and the Hubei Province.
It has been said that the New Daxing International Airport would be the world's largest airport. However,
other NGMAs such as the Dubai Al Maktoum International in the United Arab Emirates (UAE), and the
Istanbul New Airport in Turkey, and the proposed New Manila International Airport in the Philippines are
now challenging the position of China’s Daxing International.
5 Development of the New Dubai Al Maktoum International Airport
Dubai is one of the seven emirates constituting the United Arab Emirates (UAE). It is the fastest growing
mega city in the Middle East. Its current airport, Dubai International is the home of the United Arab
Emirates Airlines. The airport is serving as the gateway to international markets for Dubai. The airport is
located 23 miles outside Dubai, and is well connected by major roadways to various industrial and trade
centers. However, the airport has limited options for expansion.
In 2010, Dubai announced the building of its second airport, Al Maktoum International. In 2013, cargo
operations started at this airport. In 2014, the Government of Dubai announced a massive US$32 billion
expansion program, turning the airport into a mega airport of global magnitude. News media publicizes
the new airport as “Dubai World Central”, a purpose-built "airport city".
The Government of Dubai strategically envisions Al Maktoum International to be the biggest airport in
the world. The plan is to prepare the airport to be an airport city, an iconic tourisms destination and an
international hub for trade. According to Paul Griffiths, CEO of Dubai Airports, quote, “Our future lies at
Dubai World Central (DWC). The announcement of this $32 billion development of DWC is both timely
and a strong endorsement of Dubai’s aviation industry,” unquote (Businessinsider, 2017).
6 The characteristics of Dubai Al Maktoum international airport
The new airport covers a mega area of 14,000 hectares, with a multi-phase urban infrastructure
development plan to elevate Dubai into a leading aviation and logistic hub, and a thriving metropolis in the
world. Passenger service commenced last year. This 54-square mile airport metropolis will feature
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everything from commercial, residential, and leisure developments to state-of-the art cargo and
passenger operation. Al Maktoum International is expected to handle 120 million passengers a year,
making it the busiest airport in the world.
Al Maktoum International is planned for completion in by 2027. The final plan is expected to
accommodate up to 100 Airbus A380 Superjumbo simultaneously and 200 million passengers per year.
By 2020, the airport is expected to support more than 322,000 jobs and account for as much as 28% of
Dubai's GDP. The new airport will be connected via a dedicated single cargo custom bonded free zone in
a multimodal logistic platform. Dubai World Central will provide direct access to sea, air, rail, and the
UAE’s highway network. Phase I of Dubai Al Maktoum International Airport is already completed and in
operation. Phase II planning is currently underway with a total of five runways (Zhang, 2014; ArchDaily,
2017). Al Maktoum International will not only create the capacity to meet Dubai’s needs for decades to
come, but also provides a state-of-the-art facility that revolutionizes airport planning on a massive scale.
Based on a publicized video, “Dubai World Central” is being publicized as a business and transportation
hub with land and regional infrastructure developments designated for residential, leisure, and commercial
districts. The airport will elevate Dubai as the leading economic engine for the region (ArchDaily, 2017).

Fig.3 Dubai World Central

Fig. 4 Dubai World Central Airfield and Terminal Design
Source: 12/

7 Development of the Istanbul new airport
Istanbul is the largest city in Turkey. It is the gateway between Europe and Asia. It has a total population
of 13 million. Its international airport, Atatürk Airport, is within the city and is currently the third busiest
airport in Europe. Like many major airports, Ataturk Airport is severely constrained for expansion due to
its urban development. Without possibility of adding a new runway, the airport is facing an increasing
problem of congestion. Turkish Airlines, the nation’s flag carrier, is unable to add new routes due to the
lack of slots and parking spaces. At present, the Turkish Airspace Authority does not allow additional
cargo or charter flights to the airport due to its limited capacity. Turkey’s other existing airport, Sabiha
Gökçen Airport, has an annual traffic growth rates of over 20% since 2013. In 2015, it handles 28 million
passengers out of a maximum design capacity of 25 million. The two Istanbul airports together handle
some 90 million passengers between 2015 and 2016. Turkey is constructing its third international airport
at a global mega scale by the coast of the Black Sea. The new airport, built on the European side
of Istanbul, is on a 7,659-hectare region near Lake Terkos. The distance between the new airport and
Atatürk Airport is approximately 35 km (22 mi). The airport is tentatively named Istanbul New Airport.
Turkey claims it to be the world’s largest. The airport is expected to handle 90 to 150 million passengers.
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Atatürk Airport will be closed once the new airport is in operation. As of December 2016, 40% of the
construction of the airport was completed (DWC, 2017).
8 The characteristics of Istanbul new airport
Istanbul Atatürk Airport is already the third largest airport in Europe, serving approximately 60 million
passengers. In 2013, the new airport construction plan calls for a 17-year contract for operation in 2030.
The project is made up of four construction phases with a total cost €7 billion. The first phase started in
2014. It consisted of three independent runways, eight parallel taxiways, a main 90 million-capacity
terminal and two satellite terminals. The airport will feature a total of 88 aircraft bridges, a 12,000-parking
garage, cargo and general aviation and other related facilities including hospitals, convention center,
prayer rooms, and a 312-foot-high air traffic control tower. Completion is expected by 2018 with rail lines
linking to Istanbul Metro. Upon Phase I completion in 2018, the airport will feature high-tech and
aesthetically designed terminals with grand plaza entrances, glass walls, massive concourses, high
vaulted ceilings, natural light and the most advanced security. The new airport will have easy access to
existing rail, metro and bus routes. The second phase will include one additional runway and other
associated facilities. The third phase will include an additional runway and a terminal with a capacity of 30
million passengers. The final phase will include an additional runway, a terminal with a capacity of 30
million passengers.

Fig. 5 Turkey New Airport Design

Fig. 6 Turkey New Airport Terminal Designs

Source: 17/

Source: 17/

Atatürk Airport will be closed once Istanbul New Airport is operational. Its massive terminal concourse
claims to be the largest in the world. When all phases are completed, the airport could be one of the
biggest airports in the world capable of handling 150 million or more passengers. Upon full completion by
2030, the new airport will feature six runways, four terminals and rail access between terminals. There will
be 165 aircraft passenger bridges, 500 aircraft parking, a state palace, Indoor/outdoor parking for 70,000
cars plus an aviation medical center. Aircraft rescue and firefighting stations, hotels, convention centers,
power plant, and water treatment and waste facilities will be part of this massive but integrated airport
system. The airport will feature eight newly designed air traffic control towers (Wikipedia, 2017;
Propertyturkey, 2017; Franklin, 2014; Airport-Technology, 2017; Dailymail, 2017; Harress, 2014).
9 The New Manila international airport
For the last several years, there has been news about building a new second Manila International Airport.
Congestion has long been an issue at the current Manila Ninoy Aquino International Airport (NAIA). The
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airport is currently handling about 36 million passengers a year, well exceeded its design capacity of 31
million (Propertyturkey, 2017).
According to the keynote address at the Routes Asia Strategy Summit in Manila, Joseph Abaya,
Secretary of the Department of Transportation and Communication, a feasibility study on the project is
currently underway with several proposed locations. One has been identified as Sangley Point, Cavite.
San Miguel Corporation, a Philippines conglomerate is looking to build an airport at Bulakan in Budacan.
The conglomerate has submitted a plan to the Department of Transportation with a $700 billion-peso
(US$13b) for a six-runway proposal in a 2,500-hectare property in Bulacan Province. President Ramon
Ang said in a phone interview indicating that the airport will be built without any guarantee or a subsidy
from the government. (Gazette, 2016; ABS-CBN, 2016; Youtube, 2017).
According to Mr. Edmundo Lin, the Vice Chairman of All Asia Resources and Reclamation Corporation,
quote, “The best option is to replace the airport since there is no place to put the new runway to order to
satisfy the national aviation standards” unquote. According to the latest information, the Department of
Transportation and Communications (DOTC) has finally chosen Sangley Point in Cavite City as the
location of the new airport, virtually shelving a similar proposal to build on reclaimed land in Manila Bay
(Toh, 2016).

Fig. 7 New Manila International Transportation Hub
(Source: https://www.youtube.com/watch?v=Bblak49HvtE)

Fig. 8 New Manila International Preliminary Layout

10 Characteristics of the New Manila International Airport
Construction of the new airport is to be built on reclaimed land. The new airport will be located within
20km from the city’s business centre with two pairs of dual runways and a proposed option of adding two
more runways in the future. The following offers a glimpse of the new airport project.
The project involves 2,500 hectares of reclaimed area off Sangley Point
The project will comprise of three aspects: an airport, a seaport, and a special economic zone in
between.
Total passenger capacity is expected to be 100 million passengers a year
The entire project will be a mega transportation hub with connections to the capital by
expressways, bridges, or underwater tunnels.
11 Issues and Observations
Any major infrastructure planning projects are bound to be controversial. NGMAs are no exceptions.
Skeptics and opponents would likely query the feasibility of building NGMAs. For example, are bigger
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airports always better? Does it make more sense to increase the capacity of several regional airports so
that the total capacity can be equivalent to a NGMA…etc.?
A more simplistic answer to these questions is “not necessarily.” This paper does not advocate, nor
imply, in any way the notion that “bigger airports are always better.” The bigger the airport, the more
complex the system is going to be. NGMAs appear to emerge as a trend, a phenomenon, rather than a
“one-size-fits-all” airport planning solution. “Expanding the capacities of regional airports” may be a
legitimate one. However, the answer essentially depends on a “case-by-case” bases. More in-depth
analyses of each individual case would be warranted in order to draw conclusions.
12 Impacts of NGMAs on future airport planning
NGMA is a new airport planning phenomenon in recent years. The objective of this paper is to
demonstrate a new emerging trend in the field of airport planning in Asia and in the Middle East where
some countries are capable of implementing a viable long-term solution toward aiming for airport
dominance and leadership in airport development, given various favorable conditions politically,
economically, and technically.
It is also apparent that NGMAs are more driven by the nation’s needs, political decision, objectives,
resources and capabilities. The following observations are also evident.
1) A trend of not only going “big” but global: NGMAs are gigantic airports. The ability to process
100 to 200 million passengers per year seems to be the scale (norm?). These NGMAs are global,
adaptable and self-sustaining airport cities aiming for the long term.
2) Multi-parallel, all-weather simultaneous airfield designs: Based on preliminary reports,
NGMAs are designed with multiple parallel runway configurations aiming to process large
volumes of hourly flight operations under all-weather conditions. These airports are planned with
at least 6 to 8 parallel runways in phases. The airfield design concepts of Beijing Daxing
International, for example, are to be able to cater all-weather simultaneous independent parallel
runway operations aiming to yield high capacity, highly efficient hourly operation.
3) NGMA terminals are massive, high-tech and multi-faceted: NGMA terminals not only are
planned to be the world’s largest, but are also designed as self-sustained mega-airport-city. They
are high-tech, spacious, and integrated with sophisticated auto-functions for security processing,
baggage handling, and customs formalities catered for both domestic and international travels.
Terminals are artistically designed, architechically constructed, and self-sustaining airport cities.
4) NGMAs are mega multimodal transportation hubs and logistics centers: NGMAs are no
longer “airports” per se, but are highly integrated mega transportation system hubs, combining all
available modes of transportation. They range from multi-level concourses to inter-terminal rail
transfers; from metro link to high-speed rail intercity connections; from regional logistic centers to
ocean-freight container terminals; and from regional distribution centers to free trade zones, all
integrated into one self-sustaining transportation system for long term global dominance.
5) NGMAs are high-tech: The next generation of air transportation (NextGEN) will soon be a reality.
The so-called “bandage approach” to upgrading existing airport systems would become obsolete
and cost-ineffective. NGMAs are brand new mega high-tech airports aimed to revolutionize the
airport industry.
6) Global dominance and national prestige: NGMAs are symbols of national prestige aimed to
achieve global airport leadership.
From 2020 onward, the world is going to see a very different “class” of airports. Welcome to the next
generation of airports.
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Abstract
In recent years, many departments of transportation in the US have invested additional
resources to enhance pedestrian safety. However, there is still a need to effectively and
systematically address the pedestrian experience in low-income areas. A Governing analysis of
pedestrian crashes found that pedestrians are fatally injured at disproportionately higher rates
in the nation’s poorer neighborhoods. Low-income areas often are sectioned by highvolume/high-speed arterials, which compounds the problem. This research developed a
demographics-based methodology that identifies the quantitative relationships between
dependent variables such as pedestrian crashes and severe injury crashes and independent
variables including demographic and social factors, road environmental factors, neighborhood
land use attributes, and individual characteristics in low-income areas. For demographic and
social factors, major influential variables include proportions of older adults, commuters using
public transit or biking, people with a low education level, and zero-car ownership. For road
environmental factors, major influential variables include number of traffic signals per census
block group, number of bus stops per mile, and proportion of higher-speed roads in a census
block group. For neighborhood land use attributes, major influential variables include densities
of discount stores, convenience stores, and fast-food restaurants. Additionally, dark–not lighted
condition is the most influential variable for severe injury pedestrian crashes. The number of
impaired pedestrians and aggressive drivers also greatly increases the probability of severe
injury. Based on the demographics-based analysis and results, this paper makes specific
recommendations for both engineering countermeasures and pedestrian safety
education/outreach plans that resonate with a given area’s demographics to effectively improve
pedestrian safety in low-income areas.
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1 Introduction
In recent years, state departments of transportation (DOTs) have been investing additional resources to
enhance pedestrian safety. However, there is still a need to effectively and systematically address the
pedestrian experience in low-income areas. A Governing analysis of pedestrian crashes occurring in
2008–2012 found that pedestrians were fatally injured at disproportionately higher rates in US poorer
neighborhoods, as presented in Table 1 (Governing, 2014).
Table 1. Pedestrian Fatality Rates for All Census Tracts in Metro Areas

Census Tract
per-Capita Income
High Income
($31,356+)
Middle Income
($21,559–$31,355)

2008–2012 Fatalities
per 100K
5

6.5

Low Income
(< $21,559)

10.4

Census Tract Poverty
Rate

2008–2012 Fatalities
per 100K

< 5%

3.8

>5–10%

5.5

>10–15%

7

>15–20%

8.3

>20–25%

9.9

>25–30%

11.2

>30%

12.6

(Source: Governing, 2014)

Dangerous by Design 2016 was released by Smart Growth America and the National Complete Streets
Coalition in January 2017. According to the Pedestrian Danger Index (PDI) developed in this series of
studies, Florida tops the “most dangerous” list for walking for the fourth consecutive year; however, its
statewide PDI has declined by 5.8 points since 2011 due to statewide safety efforts. The Florida
Department of Transportation (FDOT) has set the improvement of pedestrian safety as a priority and has
established strategic plans, identified resources, and built alliances with local partners and safety
advocates to improve pedestrian safety at every level to create a safer, friendlier, and better-connected
walking and bicycling environment.
Florida traditionally has relied on motorized transportation, and the rapid spread of low-density
neighborhoods has created a vehicle-centric transportation system with wider streets and higher speeds
to connect homes, offices, shops, and schools. As a result, Florida’s roadways tend to be more
dangerous for people walking and bicycling. Florida is also a state with an aging population, high tourism,
low-density neighborhoods, and diverse cultures, factors that contribute to pedestrian crashes, injuries,
and fatalities in low-income areas in Florida, making it an ideal state for researching these contributing
factors and developing associated countermeasures. This study investigated selected low-income areas
in Florida, developed a demographics-based methodology to identify low-income areas that possess a
combination of “pre-conditions” for greater pedestrian hazard, analyzed critical factors associated with
pedestrian crashes and their injury severities, and developed recommendations for both engineering
countermeasures and pedestrian safety education/outreach plans that resonate with a given area’s
demographics.
2 Literature review
To develop a demographic-based approach to pedestrian safety, a comprehensive literature review was
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conducted to identify the variables or “pre-conditions” associated with high pedestrian crash rates.
Accumulating evidence from previous studies revealed five categories of major factors related to
pedestrian crashes, as shown in Figure 1.

Fig. 1 Potential factors associated with pedestrian crashes.

Based on the reviewed literature, demographic and social factors greatly affect pedestrian crash rates.
Evaluated studies suggest that pedestrian crashes are more frequent in poor, densely-populated,
minority-dominated neighborhoods and among populations with high unemployment rates ((LaScala et al.,
2000, 2004; Siddiqui et al, 2012; Chimba et al., 2014). Some studies have identified why pedestrians may
be at greater risk of crashes in low-income areas. Rivara and Barber (1985) explained that the “crowding
of individual housing units,” which will result in more time spent outside, is likely to be the underlying
cause for the high rates of pedestrian injuries in low-income neighborhoods. Low education level (less
than high school) and little or no English-speaking ability are considered significant factors for higher
pedestrian crashes according to a few studies (Cottrill, 2010; Chakravarthy, 2012; Dissanayake et al.
2009). Neighborhoods with high numbers of households without vehicles are considered at greater risk
because the residents walk to work or to public transportation stops (Musinguzi et al. 2015; Chimba et al.,
2014; Chakravarthy et al., 2010; Cottrill et al., 2010).
Road environment factors also play important roles in pedestrian crashes, mainly because individual
behaviors, perceptions, and attentiveness are affected by the environments through which people travel
(Moudon et al., 2011). Road environment factors include road inventory characteristics (e.g.,
infrastructure) and traffic conditions such as traffic volume (Wier et al., 2009; Miranda-Moreno et al., 2011).
It has been commonly recognized in previous studies that wider roads with higher posted speed limits are
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positively related to pedestrian injury severity (Noland & Quddus, 2004; Siddliqui et al., 2006; Lee et al.,
2005). Pedestrian crashes also are found to be highly correlated with lighting conditions and crossing
locations (Siddiqui et al., 2006; Dumbaugh et al., 2012). For example, studies found that the probability of
a pedestrian being fatally injured increases at least three times when the person is involved in a nighttime
crash compared with a daytime crash (Sullivan & Flannagan, 2002). Some studies found that low-income
areas typically are served by more limited infrastructure. A program by the Robert Wood Johnson
Foundation conducted field research measuring the presence of sidewalks, lighting, crosswalks, and
traffic calming devices in 154 communities and found that such infrastructure was more common in highincome communities (RWJF, 2012).
Another set of road environment factors that previous studies often have linked with pedestrian crashes
is transit access (e.g., transit routes and bus stops). On one hand, the higher availability of transit service
may be related to higher pedestrian exposure activities and positively associated with the number of
pedestrian crashes. For example, several studies found that high-collision locations were highly correlated
within a certain buffer of bus stops (Miranda-Moreno et al., 2011). On the other hand, despite its influence
on crash frequency, transit access was found to be negatively associated with sustaining more severe
injuries (Clifton et al., 2009). Although pedestrians are more likely to be in greater numbers in locations
with more pedestrian activities, the likelihood of less severe injuries may result from attributes that support
their activity, such as slower vehicle speeds, better lighting, more crosswalks, and pedestrian signals.
According to previous studies, there is a correlation between land use patterns and pedestrian crashes
(Hess et al., 2004; Moudon, et al., 2011; Dissanayake, 2009; Dumbaugh, 2012; Amoh-Gyimah et al.
2016). There is no clear consensus on what land use type is more associated with a high number of
pedestrian crashes. Researchers frequently associate industrial, commercial, and open land uses with
high numbers of pedestrian crashes; however, they suggest that neighborhoods close to schools and
transit stops are associated with a greater number of crashes as well (Ukkusuri et al., 2012; Braseth,
2012). Many studies point to mixed land use as highly correlated with the number of pedestrian crashes
(Amoh-Gyimah et al., 2016, Miranda, 2011). Dumbaugh (2012) suggests that strip commercial uses and
big-box stores are major risk factors for older adults. Conversely, neighborhoods with a high proportion of
residential land use have a lower likelihood of pedestrian crashes (Ukkusuri et al., 2012).
The impact of individual characteristics on pedestrian crashes has been examined in previous studies
(Moudon et al., 2011; Ha et al., 2011; Yu, 2015), many of which showed that older pedestrians are more
likely to be severely or fatally injured in pedestrian crashes (Lee et al., 2005; Siddliqui et al., 2006; Clifton
et al., 2009, Moudon et al., 2011; CDC, 2013). Several studies found that male pedestrians are more
likely to be severely injured, probably because they take more risks than females (Lee et al., 2005).
Young and male drivers, typically being more aggressive, are more likely to be involved in severe
pedestrian crashes (Siddliqui, et al., 2006). Another report examined motor vehicle traffic-related
pedestrian deaths data from 2001–2010 and found that racial and ethnic minorities have higher
annualized fatality rates (CDC, 2013).
Moreover, drivers and pedestrians under the influence of drugs or alcohol have a greater fatality risk in
pedestrian crashes (Moudon et al., 2011; Yu, 2015). A study by Ha et al. (2011) suggested that another
common cause of crashes, inferred by investigating police officers, is human fault, either by drivers or
pedestrians. This may indicate that crash frequency could be reduced by following traffic rules, such as
yielding the right-of-way. In addition, vehicle maneuver action and vehicle type were found to be
correlated with injury severity. For example, Moudon et al. (2011) found that vehicles moving straight
along roadways increase the likelihood of pedestrian injury severity, whereas turning vehicles with low
speeds result in lower probability of pedestrian injury severity.
In addition, from the methodology perspective, the identified methodologies for pedestrian crash
analysis include geographic analysis and statistical modeling for pedestrian crashes, crash frequency
modeling, and crash severity modeling. The ArcGIS platform typically is used to visualize data by different
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layers. In previous studies, spatiotemporal techniques were used to identify low-income areas or hotspot
crash locations (Prasannakumar et al., 2011). To analyze associated variables (e.g., demographics),
different statistical models (e.g., generalized logic, spatial autoregressive, multilevel, random parameter,
Bayesian, etc.) were investigated to identify how explanatory variables correlate with pedestrian crashes.
In summary, significant research efforts on pedestrian crash characteristics have been undertaken in
previous studies. However, there still remain some challenges in pedestrian crash modeling and analysis.
First, the impacts of an area’s characteristics on pedestrian crash frequency and injury severity of
pedestrian crashes still need more investigation. Second, the specifications adopted in many existing
studies for pedestrian injury severity tends to be limited by the variables available in the established crash
databases. Thus, it is interesting to compile the contextual factors from census and parcel land use
databases by Geographic Information Systems (GIS) and test to determine if additional variables can
better serve the objectives of pedestrian crash modeling.
3 Data and methodology
Based on the literature review and input from an FDOT project panel, demographic-based approaches to
research pedestrian safety problems and associated countermeasures in low-income areas were
developed. The three major components of this demographic-based methodology include input, output,
and outcome. Inputs are relevant demographic variables pertinent to pedestrian crash frequency and
injury severity for analysis. Outputs are the result of the analysis of input variables and include results and
findings of statistical analysis of the data and analysis of geographic trends in the data. Outcomes are the
recommendations of engineering countermeasures and pedestrian safety education/outreach plans that
resonate with a given area’s demographics and are informed and produced based on the outputs. A
methodological flowchart developed for the demographic analysis of pedestrian safety is presented in
Figure 2 and consists of six steps.
Step 1. Data collection and compilation
Geo-located pedestrian crashes occurring between 2011 and 2014 in two counties of FDOT District 4
(Broward and Palm Beach) were used for this study. The data set developed for this study was compiled
from five major sources. Crash data were derived from information on the Florida Long Form provided by
the Department of Highway Safety and Motor Vehicles (DHSMV) and maintained by the FDOT Crash
Analysis Reporting (CAR) System. The road environment data were acquired from FDOT TranStat GIS
Shapefiles and Geodatabases, and the transit data (e.g., bus stop locations) were collected from General
Transit Feed Specification (GTFS) or obtained directly from transit agencies. Demographic social data for
the studied years were obtained from the US Census Bureau, and parcel-level land use data were
downloaded from the Florida Geographic Data Library (FGDL) with the Metadata Explorer.
Step 2. Data preparation by analysis unit
Based on the compiled data, the ArcGIS platform was used to visualize different data by different layers.
All candidate variables were prepared by analysis unit, which include data (a) aggregated at census block
group level and (b) disaggregated at crash level (with crash buffer). For the analysis of pedestrian crash
frequency, pedestrian crashes, demographic factors, road environment, and land use attributes were
aggregated as geographical/spatial units to test and model their spatial correlations. The commonly-used
spatial units for crash frequency analysis are census block groups (BGs) and census tracts. For this
project, census BGs, the smallest geographical unit for which the bureau publishes sample data, were
selected for pedestrian crash analysis because they can provide relatively less variations in their internal
community design characteristics. For the analysis of pedestrian crash injury severity, injury severity and
associated individual and environmental characteristics for each crash (i.e., disaggregated at crash-level)
were used to test and model their statistical correlations.
Step 3. GIS visualization and spatial analysis
A GIS environment was used to generate and process data from available sources and analyze spatial
patterns, clustering, and the relationship of the variables selected based on the previous comprehensive
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literature review. Demographic, land use, and road inventory data were mapped, and their pattern,
clusters, and spatial relationship with pedestrian crash data were analyzed. Hot Spot analysis was used to
detect clusters among pedestrian crashes, and Kernel Density function aided data visualization. The data
generated in the GIS environment served as an input to the statistical testing and modeling.
Low-income areas were identified through mapping cluster analysis based on poverty-related data.
Based on “America’s Poor Neighborhoods Plagued by Pedestrian Deaths” (Governing, 2014), low-income
areas and poor neighborhoods were defined based on per-capita income and poverty rates in a census
area. Accordingly, in this study, poverty rates (percent of households below poverty level in a census
area) and per-capita income, obtained from the American Community Survey (ACS), were used to
categorize census BGs into low-income BGs and higher-income BGs; low-income BGs are those with
poverty rates >15% or per-capita income < $21,559, and higher-income BGs are those with poverty rates
≤ 15% or per-capita income ≥ $21,559.
Step 4. Statistical tests and modeling
Through statistical tests and modeling, demographic and other variables and how they are correlated to
pedestrian crash rates were identified. In this study, the negative binomial (Poisson-Gamma) regression
model was used to quantify the factors that affect the occurrence of pedestrian crashes, and logistic
regression, or logit regression or logit model, was used to quantify the factors that affect the severity of a
pedestrian injury. Injury severity was described as a binary variable (1=severe injury, including fatality or
incapacitating injury; 0=others).
(a) Pedestrian crash frequency: Negative binomial (Poisson-Gamma) model
The negative binomial (NB) model is an extension of the Poisson model to address over-dispersion in
crash data. The Poisson regression model can be written as:

P(y i )

EXP( λ i )λ iy

i

(1)

yi!

where P (yi) is the probability of curve segment i having yi crashes per a given period and λi is the Poisson
parameter for curve segment i, which is equal to curve segment ith expected number of crashes per a
given period, E[yi]. The Possion regression model can be estimated by specifying the Possion parameter
λi as a function of explanatory variables by typically using a log-linear function:
i

EXP( X i )

(2)

where Xi is a vector of explanatory variables and β is the vector of regression coefficients. To address this
over-dispersion issue, the NB model can be derived as
i

EXP( X i

i)

(3)

where EXP(εi) is a gamma-distributed error term with mean 1 and variance α. The addition of this term
2
allows the variance to differ from the mean as VAR[yi] = E[yi][1 + αE[yi]]= E[yi] + αE[yi] . The negative
binomial probability density function can be described as

P(y i )

1

1
1

1
1

i

where Г(·) is a gamma function.
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Fig. 2 Methodological flowchart

(b) Pedestrian crash injury severity: Logistic model (binary logit model)
The logistic model, also named the binary logit model, is expressed as:
P(y i

1| X i )

Xi

exp(X i )
1 exp(X i )

(5)

where P denotes the probability of the injury severity (yi) of crash observation i; β is the vector of
regression coefficients; Xi is the vector of explanatory variables for crash observation i; and Φ is the
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cumulative distribution function of the logistic distribution. The maximum likelihood estimation (MLE)
technique was used to estimate the coefficients of the logistic model.
Step 5. Discussion of results of data analysis
The geographic analysis and statistical modeling of the identified variables (inputs) produce results
(outputs) such as significance of percentage or level of car ownership, significance of percentage of older
population, marginal effects of demographic factors, marginal effects of roadway characteristics ,
geographic trends, and so on. Detailed discussion of results of data analysis can be found in Section 4.
Step 6. Education and engineering countermeasures
Informed by the outputs, outcomes for engineering countermeasures (roadway lighting, signalized
crosswalks, etc.), and education/outreach plans (by age group or ethnic culture, etc.) were recommended
for implementation (Section 5).
4 Results and discussion
In this study, two counties in FDOT District 4, Broward and Palm Beach, were used as testbeds to test the
methodology and show the analysis results. After removing BGs with no population, 812 were identified
as valid low-income BGs based on the definition of low-income area. Two analysis units were used to
address pedestrian safety issues in low-income area from two aspects: how demographic factors, road
environment, and land use types influence pedestrian crash occurrence (based on frequency data), and
how demographic and other factors influence the severity in a pedestrian crash (based on severity data).
The software package Stata 13 was used to estimate the negative binomial model for pedestrian crash
frequency and severe injury pedestrian crash frequency in low-income areas. The findings from both
analyses are important for prioritizing neighborhoods for the development of effective pedestrian safety
countermeasures.
4.1 Pedestrian crash frequency: Negative binomial regression model
In this study, two dependent variables, pedestrian crash frequency and severe injury pedestrian crash
frequency, were tested, and other dependent variables can follow the same approach. Pedestrian crash
frequency is the most commonly-used dependent variable in a frequency analysis, and severe injury
pedestrian crashes are the major concern or interest related to pedestrian crashes for most people. To
capture the information occurring within the boundaries of the spatial units, the approach in the previous
literature was followed, and a 100-ft buffer was developed around each BG. Crash information can be
assigned within the BG itself as well as within the buffer area along its edges. The candidate variables
and descriptive statistics for total pedestrian crash frequency model are shown in Table 2. For the highlycorrelated variables indicated in the correlation test (proportion of children and proportion of older adults),
only one was used in the model.
Table 2. Candidate Variables and Descriptive Statistics for Total Crash Frequency Model
(Number of low-income BGs: 812)

Low-income BGs
Factors

Variable Description
Mean

Demographic Characteristics
Population

Population in thousands

1.70

Age & gender

Proportion of children (ages 5–14) (%)

11.60
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Low-income BGs
Factors

Variable Description
Mean

Demographic Characteristics
Proportion of older people (≥ age 65) (%)

16.71

Proportion of African American population (%)

34.14

Proportion of Hispanic population (%)

25.80

Poverty &

Proportion of households below poverty level (%)

23.06

Income

Income per capita

Employment

Proportion of unemployed people (%)

14.79

Commuting mode

Proportion of commuters using public transit or biking (%)

5.51

Car ownership

Proportion of households with zero car (%)

11.00

Education

Proportion of population less than high school (%)

20.13

English fluency

Proportion of limited English speaking households (%)

12.06

Minority groups

$20,090.73

Road Environment Characteristics
Intersections

Count of intersections

25.30

Traffic signals

Count of traffic signals

2.31

Sidewalk density

Proportion of sidewalks (%)

25.14

Bike lane density

Proportion of bike lanes (%)

5.68

Bus stop locations

Number of bus stops per mile

5.30

Lower-speed roads

Proportion of lower-speed roads (%)

42.95

Land Use Characteristics
Walmart stores

Presence of Walmart stores in low-income BG

0.02

Discount stores

Number of discount department stores per sq. mi.

0.76
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Low-income BGs
Factors

Variable Description
Mean

Demographic Characteristics
Convenience stores

Number of convenience stores per sq. mi.

5.40

Fast food restaurants

Number of fast food restaurants per sq. mi.

7.14

Grocery stores

Number of grocery stores per sq. mi.

3.52

Barber shops

Number of barber shops per sq. mi.

2.35

Beauty salons

Number of beauty salons per sq. mi.

7.39

Bars

Number of bars per sq. mi.

0.72

Schools

Number of public schools per sq. mi.

1.19

Churches

Number of churches per sq. mi.

7.83

Hotels

Number of hotels and motels per sq. mi.

2.74

Shopping centers

Presence of shopping centers in low-income BG

0.17

The estimated parameters, t-statistics, and average marginal effects for pedestrian crash frequency
are presented in Table 3. Results showed that pedestrian crashes are more frequent in low-income BGs
that have more population and a smaller proportion of older adults, are minority-dominated, have zero-car
ownership neighborhoods, and are among populations with a low education level.
Table 3. Modeling Results for Pedestrian Crash Frequency in Low-income Areas

Pedestrian Crash Frequency
Variables

_Constant

in Low-income Area
Estimated
Parameter

tstatistic

0.290

2.70***

0.142

4.67***

Marginal
Effect

Severe Injury Pedestrian Crash
Frequency in Low-income Area

Estimated
Parameter

tstatistic

-0.799

-4.86***

0.183

4.01***

Marginal
Effect

Demographic Characteristics
Population (in 000)
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Older population (%)

-0.009

-4.46***

-0.055

-0.013

-4.28***

-0.022

African American (%)

0.003

3.60***

0.019

/

/

/

Public transit or bike (%)

0.008

2.10**

0.052

/

/

/

Zero car ownership (%)

0.007

2.41**

0.043

0.010

2.50**

0.016

Low education level (%)

0.007

3.47***

0.047

0.012

2.50***

0.020

Intersections (#)

0.013

7.01***

0.082

0.011

4.23***

0.019

Traffic signals (#)

0.102

9.00***

0.655

0.101

5.99***

0.170

Bus stops per mi (#)

0.027

4.36***

0.170

0.027

3.02***

0.046

Lower-speed roads (%)

-0.002

-2.02**

-0.012

-0.005

-3.24***

-0.008

0.309

1.90*

1.803

/

/

/

0.035

2.96***

0.226

0.050

2.98***

0.085

0.011

2.92***

0.071

/

/

/

0.011

3.81***

0.069

0.017

4.60***

0.029

0.009

2.47**

0.057

/

/

/

0.008

1.97**

0.049

/

/

/

Road Environment Characteristics

Land Use Characteristics
Walmart (presence or not)
2

Discount stores (#/mi )
2

Convenience stores (#/mi )
2

Fast food restaurants (#/mi )
2

Grocery stores (#/mi )
2

Barber shops (#/mi )
Number of observations

812

812

Log-likelihood

-2048.37

-1268.56

1

0.000***

0.000***

0.13

0.11

Prob.>=chibar2

Pseudo R-squared (𝜌2)
***, **, * ==> Significance at 1%, 5%, 10% levels.

Likelihood ratio tests comparing negative binomial model to Poisson model strongly suggest negative binomial model
is more appropriate than Poisson model for both models in this study.
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Based on the t-statistics and marginal effects, the following summarizes the major findings from both
analyses for total and severe pedestrian crash frequency:
For pedestrian crash frequency, the top four influential variables related to demographic
characteristics are proportion of older adults (negative effect), proportion of commuters using
public transit or biking, proportion of people with a low education level (less than high school), and
proportion of zero-car ownership.
For pedestrian crash frequency, the most influential variables related to roadway factors are
number of traffic signals per BG, followed by number of bus stops per mile, followed by proportion
of lower-speed roads (negative effect); an increase in proportion of lower-speed roads in a lowincome BG can help decrease pedestrian crashes. Note that the information related to sidewalks
and bike lanes may be incomplete, especially for off-state-system roads. Thus, the test of
roadway factors is inconclusive at best.
Pedestrian crashes occurred more frequently in low-income BGs with the presence of a Walmart
store and with greater densities of discount department stores, fast-food restaurants, convenience
stores, grocery stores, and barber shops. For pedestrian crash frequency, the most influential
variable related to land use types is density of discount stores, followed by density of convenience
stores and fast-food restaurants.
4.2 Pedestrian crash injury severity: Logistic regression model
Based on the findings from the literature review and interviews, the variables related to individual
characteristics (pedestrian age, pedestrian action and location, driver behavior, alcohol/drug impairment)
and environmental factors (lighting condition, roadway speed limits) were tested in crash-level data
analysis. The candidate variables and descriptive statistics for injury severity model are shown in Table 4.
The estimated parameters, t-statistics, and average marginal effects for pedestrian crash injury severity
are presented in Table 5.
Table 4. Candidate Variables and Descriptive Statistics for Injury Severity Model

Variable Description
(number of observations in low-income area:2501)

Mean

Dependent Variable
Severe injury indicator (1=if highest crash severity is fatality or incapacitating injury, 0=otherwise)

0.273

Individual Characteristics
Youth pedestrian (1=if pedestrian is age under 18, 0=otherwise)

0.165

Teen driver (1=if driver is age 15–19, 0=otherwise)

0.043

Older pedestrian (1=if pedestrian is age 65 or more, 0=otherwise)

0.065

Aging driver (1=if driver is age 65 or more, 0=otherwise)

0.106

Pedestrian in travel lane other than crosswalk (1=if pedestrian location is in travel lane other than
crosswalk, 0=otherwise)

0.269
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Pedestrian darting/dashing (1=if pedestrian action is dart/dash, 0=otherwise)

0.182

In roadway improperly (1=if pedestrian action is in roadway improperly, e.g., standing, lying, working,
playing, 0=otherwise)

0.120

Pedestrian crossing (1=if pedestrian is crossing roadway, 0=otherwise)

0.609

Impaired pedestrian (1=if pedestrian under the influence of alcohol or drugs, 0=otherwise)

0.016

Impaired driver (1=if driver under the influence of alcohol or drugs, 0=otherwise)

0.009

Distracted driver (1=if distracted drivers involved, 0=otherwise)

0.045

Aggressive driver (1=if aggressive drivers involved, 0=otherwise)

0.013

Road Environment Factors
Dark–not lighted (1=if crash occurred at dark without light, 0=otherwise)

0.079

Dark–lighted (1=if crash occurred at dark with light, 0=otherwise)

0.331

Peak traffic (1=if crash occurred at peak time [6-9 am, 4-7pm], 0=otherwise)

0.332

Inclement weather condition (1=inclement weather (rain, fog, cloudy), 0=clear

0.213

Dry surface condition (1=dry, 0=otherwise)

0.891

Low speed limit (1=if posted speed limit is less than 40 mph, 0=otherwise)

0.611

Traffic control (1=if with traffic control, 0=otherwise)

0.431

Intersection related (1=if crash is related to intersection, 0=otherwise)

0.433

Table 5. Modeling Results for Pedestrian Crash Injury Severity in Low-income Area

Variables (insignificant variables removed
from modelling)

_Constant

Pedestrian Crash Severity in Low-Income Area
Estimated Parameter

t- statistic

-1.318

-11.07***

0.550

3.05***

Marginal Effect (%)

Individual Characteristics
Older pedestrian (≥65)
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Pedestrian in travel lane other than crosswalk

0.556

5.21***

11.20

Pedestrian darting/dashing

0.249

2.02**

4.91

Impaired pedestrian

4.019

3.95***

70.32

Aggressive driver

0.879

2.30**

19.64

Dark-not lighted condition

0.972

5.69***

21.56

Dark-lighted condition

0.928

9.02***

18.82

Inclement weather condition

0.318

2.78***

6.33

Low speed limit

-0.572

-5.79***

-11.19

Traffic control

-0.363

-3.55***

-6.84

Road Environment Factors

Model Statistics
Number of observations

2501

Log-likelihood

-1308.80

2

McFadden pseudo R-squared (ρ )

0.11

***, **, * ==> Significance at 1%, 5%, 10% levels

As shown in Table 5, individual characteristics such as the involvement of older pedestrians, impaired
pedestrians, and aggressive drivers have a significant effect on the injury severity of a pedestrian crash.
Environmental factors such as lighting conditions and roadway speed limits have a significant effect on
the injury severity of a pedestrian crash.
Based on the t-statistics and marginal effects, the following summarizes the major findings from the
analysis for pedestrian crash injury severity:
For injury severity, the most influential variable related to individual characteristics is alcohol or
drug involvement of the pedestrian, followed by involvement of aggressive drivers and older
pedestrians in a pedestrian crash.
For injury severity, the most influential variable related to environmental factors is dark–not lighted
condition, followed closely by dark–lighted condition and higher speed limit. The dark-lighted
condition seems indicate that various lighting levels could have different impacts on the injury
severity of a pedestrian crash.
A lower speed limit is likely to decrease the probability of severe injuries in pedestrian crashes.
Older pedestrians (> age 65) involved in a pedestrian crash are more likely to experience severe
injuries.
The presence of a traffic control device (signal, STOP sign, YIELD sign, school zone device,
flashing signal, etc.) is likely to decrease the probability of higher injury severity in pedestrian
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crashes.
5 Recommended countermeasures to improve pedestrian safety
Based on the findings and analysis of pedestrian crash frequency and injury severity, safety-oriented
engineering countermeasures and education/outreach plans were developed. The engineering
countermeasures, shown in Table 6, serve two functions: (1) prevent pedestrian crash occurrence
(reduce crash frequency) and (2) reduce severity when a pedestrian crash does occur.
Table 6. Recommended Engineering Countermeasures for Low-income Areas

a. Presence of lighting to increase nighttime visibility
Roadway lighting and
lighting levels

b. Adequate lighting level and uniformity
c. Proper pedestrian lighting placement to increase visibility
a. Rectangular rapid flashing beacon (RRFB), high-intensity activated crosswalk
(HAWK) beacon, or pedestrian signal

Treatments at
non-intersection locations

b. High-visibility crosswalk to improve visibility of pedestrians
c. Medians and crossing islands (refuge or center islands)
d. Appropriate landscaping to prevent pedestrians from crossing

Bus stop improvement

a. Bus stop reallocation to improve sight distance problems and reduce conflicts
b. Transit stop request lights to increase visibility of riders
a. Slow speed zones to improve pedestrian and bicycle safety

Speed reduction
treatments

b. Road diets to calm traffic and provide space for bicycle lanes, turn lanes, wider
sidewalks, and other purposes
c. Roundabouts to control traffic flow at intersections
d. Traffic calming on residential streets

Road Safety Audit (RSA) – Identify and resolve pedestrian safety-related issues

The goals of education/outreach plans, shown in Table 7, are to (1) increase the knowledge level of
safety actions for pedestrians and drivers in selected high-crash emphasis areas, (2) increase compliance
with existing laws, and (3) coordinate with local law enforcement and engineering efforts on pedestrian
safety.
Table 7. Recommended Education/Outreach Plan for Low-income Areas

Locations
(where)
Approaches
(how)
Contents
(what)
Audiences

• High-crash corridors or intersections
• Stores: discount stores, fast-food restaurants, convenience stores
•
•
•
•
•
•
•
•
•

Grassroots safety education and business sweeps
Public-private partnerships
High-visibility law enforcement
Safety education for pedestrians and drivers at nighttime
Education on pedestrian laws and traffic control devices
Making safer choices and avoiding improper pedestrian actions
Avoiding distractions and impairment while driving or walking
Avoiding aggressive driving and speeding; yield to pedestrians
Residents in low-income communities
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(who)

Time
(when)

•
•
•
•

Commuters using public transit or bike
Adults with low-education level (less than high school)
Minority groups (e.g., African and Hispanic Americans)
Older adult populations

• Sooner the better
• Depending on each agency (needs, resources, efforts, etc.)

The recommended education and outreach plan includes (a) WalkWise safety education, (b)
distribution of education tip cards, (c) social media outreach, (d) community networking, (e) business
sweeps, (f) law enforcement role call training, and (g) public-private partnerships. The implementation of
an education and outreach plan along with targeted high-visibility enforcement has great potential for
reducing both crash and injury frequency and severity. The combined engineering, education, and
enforcement approach could produce the most benefits in reducing pedestrian fatalities, injuries, and
crashes with a given area’s demographics.
6 Conclusions
This study developed a demographics-based methodology to analyze critical factors associated with
pedestrian crash frequency and injury severity in low-income areas, presented the analysis results and
major findings, and developed recommendations that resonate with a given area’s demographics. For
demographic and social factors, major influential variables include proportions of older adults, commuters
using public transit or biking, people with a low education level, and zero-car ownership. For road
environmental factors, major influential variables include number of traffic signals per census block group,
number of bus stops per mile, and proportion of higher-speed roads in a census block group. For
neighborhood land use attributes, major influential variables include densities of discount stores,
convenience stores, and fast-food restaurants. Additionally, dark–not lighted condition is the most
influential variable for severe injury pedestrian crashes. The number of impaired pedestrians and
aggressive drivers also greatly increases the probability of severe injury. Based on the demographicsbased analysis and results, this paper makes specific recommendations for both engineering
countermeasures and pedestrian safety education/outreach plans that resonate with a given area’s
demographics to effectively improve pedestrian safety in low-income areas.
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Rapid transit mode selection for urban transportation
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Abstract
With the expending of urban space, many new districts emerged outside the central city;
kinds of these large cities face new traffic problems while the traffic demand between new
district and central city increased. Under the limited road resources, most cities committed to
rapid transit developments. Since there exist several kinds of rapid transit modes to be
selected for an urban transportation corridor, the government or the decision making
department should properly chose the most suitable rapid transit mode based on its actual
demand. This paper provides a quantitative method to evaluate the comprehensive utility of
different rapid transit modes, which involves nondimensionalize utility matrix as well as
binary fuzzy contrast method to determine weight coefficient. Accordance with the principle
of comprehensive utility maximization, the quantitative methods proposed in this study can
be used as a decision-making reference for selecting rapid transit mode within urban
transportation corridor. The approaches is illustrated by a case in Zhenjiang new district in
china, and proved to be feasible and effective.
Keywords:
Transportation corridor; Rapid transit system; Mode selection; nondimensionalize utility; Binary fuzzy
contrast method; Case study;
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1 Introduction
With the continuous development of urban population and social economy, urban space has gradually
expanded, many large cities gradually emerged a series of new districts around the central cities. These
urban new districts have alleviated the traffic, employment and housing pressure of the central cities at a
certain extent, but have also triggered new traffic problem: the corridor connecting urban new district and
the central city is getting more and more congested. Experience has proved that, simply increased the
supply of road resources cannot meets the increasing traffic demand between urban new district and
central city, it even bounds to cause traffic congestion, environmental pollution and waste of traffic
resources. In order to cope with the traffic problems between urban new district and central city, many
cities around the world are committed to the development of rapid transit systems with characteristic of
large or medium capacity, rapid operation speed and environmental friendly, such as urban rail
transit(URT); modern tram(MT); bus rapid transit(BRT) and personal rapid transit(PRT). All of these rapid
transit systems vary very much in technical parameters such as capacity, construction cost and other
related operation and construction indicators. Decide and choose the most suitable rapid transit system
based on its actual situation is the primary task for the government.
However, judging from the practical application, most cities lack of reasonable decision making basis
when choosing rapid transit system, they just blindly follow the trend of building URT, BRT or MT.
Inappropriate transit mode would results in ineffective transportation; poor economic performance, even in
some cases, ending with dismantle reconstruction (such as Chongqing Gaojiu Rd. BRT), all of these
definitely waste a large sum of economic resources.
In order to provide scientific and reasonable decision-making basis for the relevant departments,
academic researchers have done a lot of researches on decision making and mode selection. Zietsman et
al. (2006) considered the economy investment and social benefits (such as social equity, safety and the
environment), and put forward the multi-attribute utility theory to determine the traffic corridor route
planning. For transportation mode configuration issues of the urban area, Yang Min et al. (2006) regarded
the transportation mode decision-making process as an input-output problem, and established the
decision-making evaluation model by data envelopment analysis(DEA) and analytic hierarchy
process(AHP). Lu Zhenbo et al. (2008) constructed a logit model based on data survey and analysis, and
adopted the passenger sharing rate as the basis for the choice of transit mode.
As to the traffic mode configuration problem between central cities and satellite cities, Ma Shuhong et
al. (2009) considered the traffic, economic, social resources and environment factors, provided entropy
weight decision method combined with superiority weakness opportunity threats (SWOT) analysis; Su
Youmei (2010), Yan Jing (2013) both used fuzzy evaluation method to get the weight, and made use of
gray correlation degree method to solve the optimal evaluation model. On the issue of determine the
dominant traffic mode in the passenger corridor of metropolitan area, Guo lichao et al. (2015) proposed a
comprehensive evaluation model based on variable weight synthesis and AHP. In addition, the impact of
rapid transit system to the social economic benefits and property value can also be used as a basis for
transport mode decision-making(Glen Weisbrod et al. 2016, Corinne Mulley et al. 2016, Taotao Deng et al.
2016). Based on the existing researches, this paper focuses on the rapid transit mode selection for a
typical transportation corridor, and provides a quantitative method to evaluate the comprehensive utility of
different rapid transit modes, which involves nondimensionalize utility matrix and binary fuzzy contrast
method to determine weight coefficient. The comprehensive utility can be used as a decision-making
reference for selecting rapid transit mode within urban transportation corridor.
The paper is structured as follows: section 2 gives a brief description of the major rapid transit mode
around the world; section 3 focuses on the methodologies in the paper; section 4 and 5 illustrated and
discussed the above methodologies in Zhenjiang new district in china; the final section concludes the
paper and discusses recommendations for future studies.
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2 Description of major rapid transit systems
So far, there are many rapid transit systems around the world, and roughly can be divided into four
classes: Urban Rail transit, Modern tram, bus rapid transit as well as personal rapid transit.
2.1 Urban Rail Transit
Urban rail transit usually refers to the urban public transport systems with multi-section
marshaled vehicles running on fixed rails, and generally powered by electricity. It provides large-capacity
service, and is one of the most common types of rapid rail transit all over the world. According to the
different axle weight, urban rail transit can be divided into subway and light rail.

(a) Subway
(b) Light rail
Fig. 1 Urban rail transit (source: image.so.com)

2.2 Modern Tram
Modern Tram is electric-driven and medium-capacity transit system running on fixed rails. According to
the different travel system, modern tram can be divided into two standard systems: steel wheel system
and rubber wheel & rail system. It is one of the most popular rapid transit systems in the United States
and Europe, and an emerging one in China because of its ability to operate in various roadway conditions
and its lower capital cost compared to urban rail transit systems. There are about 300 cities around the
world with trams.

(a) Steel-wheeled transit.
(b) Rubber wheel transit source: image.so.com
Fig. 2 Modern Tram (source: image.so.com)

2.3 BRT
BRT is a new type of public transit system which is based on the conventional public transportation,
running on road network, and combines with modern new vehicle technology. It enjoys certain priorities
(such as bus lanes and setting up the bus signal priority, etc.).The BRT system is established in a lot of
cities in the world like Curitiba in Brazil and the New York in the United States, Large and medium-sized
cities such as Changzhou, Xiamen, etc., also have been established since 2008. Compared with regular
buses, BRT has bigger capacity, faster speed, and better punctuality.
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Fig. 3 BRT in Changzhou (source: image.so.com)

2.4 PRT
Personal Rapid Transit (PRT) is a personalized transportation system. It is computer-controlled, so does
not require any driver. Wang Shusheng (2011) mentioned that PRT runs on exclusive rail network, and is
driven by clean energy. By the number of passengers, this system includes both the small and the large
type of vehicles, the smaller type of vehicles are called PRT, usually containing 6-12 peoples per car,
while the larger ones, called GRT, accommodate 12-60 peoples per car. This system runs on call, so no
time is wasted on transferring and waiting. It provides real-time, all-day and door-to-door services. Such
convenience of this system and the light weight (about 500kg) of its vehicles guarantees its flexibility. Its
controlling system can reduce the headways to as short as a couple of seconds, thus minimize the waiting
time of passengers with a service close to elevators. Meanwhile, the system features its low carbon
emissions – nearly zero, and low noise. Scale manufacturing can best reduce the construction cost of this
system. Compared to traditional transportation means like regular buses and urban rail transits, PRT
provides more capacity and better financial returns, which makes it a better choice in urban transportation
systems.

(a)

PRT vehicle

(b) GRT vehicle

Fig. 4 PRT (source: image.so.com)

PRT is now in operation in Heathrow Airport in London, Masdar City, United Arab Emirates and
Suncheon, South Korea. PRT in London’s Heathrow airport is a 2.4-mile, 3-station, 21-vehicle system
connecting Heathrow’s new Terminal 5 to the business car park a mile away. The system opened to the
public in spring 2011. Suncheon opened a 40-vehicle system of 6 miles in 2014. The first PRT in urban
area in China is planned to be built in Guangming District, Shenzhen.
3 Methodologies
3.1 Problem description
Assuming that there is a transportation corridor between central city and urban new district, and it needs a
rapid transit system to support its gradually increasing traffic demand, 𝑚 stands for the number of rapid
transit modes to be selected, and 𝑛 stands for the number of selected decision-making factors such as
transport capacity and level of service etc.
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Suppose 𝑀 is an 𝑚 × 𝑛 initial matrix with its element 𝑥𝑖𝑗 represents the technical parameter of the 𝑗-th
factor of the 𝑖-th rapid transit mode. Shows as Eq.1:
𝑥11
𝑀1
⋮
𝑀=[
]=[ ⋮
𝑥𝑚1
𝑀𝑚

⋯
𝑥𝑖𝑗
⋯

𝑥1𝑛
⋮ ] , 𝑖 = 1,2,3 ⋯ 𝑚, 𝑗 = 1,2,3 ⋯ 𝑛.
𝑥𝑚𝑛

(1)

The problem is, with the above decision-making factors and the initial parameter matrix, how to choose
the most suitable mode for the transportation corridor, and what’s the basis for decision making.
3.2 Comprehensive utility function
Utility is used to reflecting the quality for each factor, and usually the utility is closely related to its
technical parameters. In a decision making process with more than two considering factors, the
comprehensive utility represents the comprehensive quality, in this research, 𝐹 is a comprehensive utility
vector for several transit modes to be selected, 𝑓1 , ⋯ 𝑓𝑚 separately stands for comprehensive utility value
for each mode. 𝐹 is normally positive correlation with initial parameter matrix 𝑀, see Eq.2:
F = [f1

⋯ fm ]T , F ∝ M

(2)

Take no account of the relative importance of each indicator, we can simply regard the sum of every
technical parameters as the comprehensive utility, see Eq.3:
F = [f1

⋯ fm ]T = [∑nj=1 x1j

⋯

∑nj=1 xmj ]T

(3)

However, the dimension of selected decision-making factors usually varies wildly, so in order to get the
comprehensive utility value; we should firstly carry out the process of nondimensionalization.
̅ 。see Eq.4 and
We normalized each decision-making factor and get a nondimensionalize matrix 𝑀
Eq.5:
̅̅̅̅
x11
̅̅̅̅
M1
̅
M=[ ⋮ ]=[ ⋮
̅̅̅̅̅
x̅̅̅̅̅
Mm
m1

⋯
x̅̅̅ij
⋯

x̅̅̅̅
1n
xij
⋮ ] , ̅̅̅
xij = ∑m
i=1 xij
xmn
̅̅̅̅̅

(4)

Under that way can we sum up the parameters of each factor and reach the comprehensive utility. So
Eq.3 then can be adjusted to Eq.5 as follows:
n

x1j
F = [∑j=1 ̅̅̅̅

⋯ ∑nj=1 ̅̅̅̅
xmj ]T

(5)

Furthermore, the relative importance of each factor varies from each other, for a more rational
reflection of the comparative importance of the selected factors, we set a relative weight coefficient vector
𝑊, in which 𝑊𝑗 stands for the relative weight coefficient of the 𝑗𝑡ℎ factor.
W = [w1

⋯

wn ], j = 1,2,3 ⋯ n

(6)

So, the comprehensive utility function in the paper should be formed as Eq.7:
̅ ∙ WT
F=M

(7)

The use of comparative weights is a controversial issue because it opens up the analysis to a certain
amount of subjectivity (Zietsman et al. 2006), but it could serve as an important tool to allocate the relative
importance of the selected factors by decision makers.
3.3 Binary fuzzy contrast method to determine Weight coefficient
There are many methods to determine the weight coefficient of the factors, such as ring ratio score
method, geometric mean score method, entropy technique method, but all these methods are either too
complicate to deal with or inaccuracy with large amount of subjectivity. Considering that, it is easier for
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one to deice the importance within two factors at once; this paper provides binary fuzzy contrast method
to determine the weight coefficient for each factor.
Binary fuzzy contrast method quantify the degree of importance under the principle of
complementarity, and construct a binary contrast matrix𝐴, in this matrix 𝐴, 𝑎𝑖𝑗 stands for the relatively
importance of two factors 𝐴𝑖 and 𝐴𝑗 , 𝑎𝑖𝑗 can only be 0, 0.5 or 1 and 𝑎𝑖𝑗 + 𝑎𝑗𝑖 = 1 (complementary
principle). If 𝐴𝑖 seems more importance than 𝐴𝑗 , thus 𝑎𝑖𝑗 = 1, 𝑎𝑗𝑖 = 0, on the contrary, 𝑎𝑖𝑗 = 0, 𝑎𝑗𝑖 = 1, if
they are equally important, 𝑎𝑖𝑗 = 𝑎𝑗𝑖 = 0.5, here, 𝑖 = 1,2 ⋯ 𝑛, 𝑗 = 1,2 ⋯ 𝑛, (𝑛 is the number of factors). It is
clear that when 𝑖 = 𝑗, 𝑎𝑖𝑗 = 𝑎𝑗𝑖 = 0.5. The binary contrast matrix 𝐴 is as follows:
a11
A=[ ⋮
a n1

⋯
a ij
⋯

a1n
⋮ ] , (i = 1,2,3 ⋯ n, j = 1,2,3 ⋯ n)
a nn

(8)

In order to get the weight coefficient of each factor, first, we calculate the row sums and get the initial
weighted eigenvector 𝑊0 . See formula (9) ：
W0 = [w1

⋯

wn ]T = [∑nj=1 a1j

⋯

∑nj=1 a nj ]T

(9)

Normalize 𝑊0 to get the weight coefficient vector ̅̅̅̅
𝑊 where ̅̅̅
𝑤𝑖 stands for the weight coefficient for
factor 𝑖.The normalization process shows in formula (10).
̅̅W
̅̅ = [w
̅̅̅̅1

⋯

w1

wn T = [∑n
̅̅̅̅]

i=1 wi

⋯

wn

T

]
∑n
i=1 wi

(10).

Finally, the comprehensive utility function should be as follows:
̅ ∙ ̅̅W
̅̅ T
F=M

(11)

Comparing the comprehensive utility value of each rapid transit mode, one can easily chose the
highest utility value and, that would be the most appropriate mode for the urban transportation corridor.
4 Case study
4.1 Backgrounds
Zhenjiang New District (i.e. China National Zhenjiang Economic and Technological Development Zone) is
situated in the eastern suburb of Zhenjiang. It administers Dingmao Sub-District, Dagang Sub-District and
three towns (Dinggang Town, Dalu Town, Yaoqiao Town) under its jurisdiction with the total area of 218.9
2
km and a population of 217,000. The distance between the central area of Dagang Sub-District and
Dingmao Sub-District is about 16km along Jingang Avenue, which is the main arterial, and the most direct
path between the two separated areas.
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Urban central District

JianBi District

Urban border

About 16km

Zhengjiang New District
Urban central District

Fig. 5. Location of Zhenjiang New District and Jingang Ave.

Since upgraded to a state-level economic and technological development zone in 2010, Zhenjiang
New District has seen rapid social economic growth, with a regional GDP totaled 55 billion ￥ in 2015, and
an average annual GDP growth rate of over 10%. As a state-level Economic and Technological
Development zone, Zhenjiang New District features high-tech industries. It aims at developing a regional
industry pattern dominated by high and new technology, supported by advanced manufacturing and
modern service industry. Since its establishment, the people and goods exchange between the two subdistricts and between Zhenjiang New District and the main city has kept on growing. The increasing traffic
needs calls for an augment of the existing roadway system, and a rapid transit system is needed to
supplement its capacity.
4.2 Current situation and development analysis
4.2.1 Existing roadway system
As shows in Fig.6, there are four east-west roads directly access from Dagang Sub-District to Dingmao
Sub-District, including: Jingang Avenue, which is an eight-lane major arterial with four lanes (including
one planned bus-exclusive lane) running in each direction; the four-lane Yuehe street; the six-lane
Linjiang Road; and the six-lane East Dantu Road.

Fig. 6. Transportation System Plan for 2020 in Zhenjiang New District

Jingang Ave. currently has a right-of-way of 54m, the typical cross-section (Fig. 7) is 8 lane, and two
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side lane on each direction. The minimum radius is 400m and the maximum slope is 3.77%.

Fig. 7. Cross-Section of Jingang Avenue

The traffic volume on Jingang Ave is expect to grow with the economic and social development of the
study area, as this road will takes the most direct traffic volume from east to west.
4.2.3 Public Transportation
There are currently 7 public transportation lines between Dingmao and Dagang, among which 6 are along
Jingang Ave, indicating high redundancy rate. In “Public transportation plan in Zhenjing rural and urban
areas (2011-2020)”, Jingang Avenue is denoted as the class I public transportation corridor connecting
Zhenjiang New District. The plan also recommends building bus exclusive lanes and major transit lanes
along this road.
Zhenjiang has no rail transportation and no rail transit will be provided before 2020. Tail transit line 3 is
planned in the “Urban master planning of Zhenjiang（2002-2020）（2015revise）” for the year 2050.
This line will connect the central urban and Zhenjiang New District.
4.3 Demand Analysis of Rapid Transit Mode
4.3.1 Ridership Forecast
According to the “Public transportation plan in Zhenjing rural and urban areas (2011-2020)”, the AM peak
hour ridership and origin-destination traffic volume among each traffic analysis zone in 2020 is shown as
Fig.8.

Fig. 8. Passenger distribution of Zhengjiang city in 2020 AM peak hour

The ridership between urban core and Dagang is expected to reach 13,300, with the peak volume of
27,610 in the segment of Dingmao to Jianbi (west to east). As Jingang Ave has reserved the space for
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one bus exclusive lane on each direction, the study will consider its capacity as 6 lanes, double direction
plus 2 bus exclusive lanes.
According to the capacity calculation method in “Highway Capacity Manual 2000” the capacity for 3
lane in one direction is about 5,260pcu/h. Suppose each car takes 1.5 people, the one-directional
ridership capacity of Jingang Avenue is 7,890 /h. The capacity for bus exclusive lane is calculated by bus
headways. Given the headway of 20s (considering the time for boarding at bus stops), one-directional bus
capacity is about 180 per hour. If each bus takes 25 people, the ridership capacity will be 4,500 per hour.
Given that Jingang Avenue has a passenger capacity of 12,390 per hour and reaches 80%-90% of its
maximum capacity in 2020, if the other east-to-west roads take 40% of the total ridership, there will still be
an unmet passenger demand of about 5,000-7,000 per hour. The gap will grow wider with the time and is
likely to reach 10,000-15,000 per hour.
Therefore, a medium-level rapid transportation will not only meet the ridership needs in the short term
(2020), but also could serve as a transition phase to the planned rail line in 2050.
4.3.2 The need for Urban Development
Zhenjiang new district is the national economic development district, the development of general aviation,
new materials, new energy and other strategic emerging industries. It is also paying attention to urban
environment and ecological system construction, aiming at building itself into a demonstration zone of
Zhenjiang green ecological district.
Therefore, on the premise of meeting the demand of passenger transport, rapid transit systems should
be in line with Zhenjiang new district’s development orientation, for example, low carbon environmental
protection of rapid transit system, and interact with the emerging industry, thus promote the new
development of new materials, new energy industry.
4.3.3 Factors to consider
(1) Capacity
The analysis of development of Zhenjiang New District and the ridership forecast suggests a capacity gap
of 5,000-15,000ridership/h. This new system will be a supplement of the roadway corridor between
Dingmao and Dagang so it should have enough capacity.
(2) Level of Service
Being an alternative way to building roadways, the system should have an average speed comparable to
the D-level freeway speed, which is approximately 30km/h. Meanwhile, as Zhenjiang has no plan to build
large-capacity, high-speed rail system before 2050, the system is expected to provide convenient and
guaranteed service, as a substitute for rail system.
(3) Unit construction cost
As an indicator of investment, average construction cost is crucial for the decision making on
transportation modes. Instead of spending the same funds on a more extensive system, it may be
preferred to spend less on a system serving the same corridor.
(4) Unit energy consumption
Under the same transport capacity, operating conditions, service level and construction cost, policy
makers are usually more willing to choose clean energy, low energy consumption of the rapid transit
system, in order to reduce the overall cost and operating managers' economic burden.
(5) Supporting emerging industries
New transportation mode should be able to support the development of emerging industries in Zhenjiang
New District. It should meet the development goal of this district, protect the environment, and interact
with the emerging industry, thus promote the new development of new materials, new energy industry.
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4.3.4 Initial Rapid transit mode selection
Considering the district’s development goal and ridership demand, Jingang Avenue needs a rapid
transportation system to supplement its capacity. The rapid transit system to be selected should have a
capacity of 5,000-15,000ridership/h, provide high level of service, low carbon, environmental friendly, and
have the potential to promote the new material and new energy industry. Preliminary study indicates three
options: BRT, Modern tram, and PRT.
In term of the above-mentioned factors, a subjective comparison is made in Table1.
Table 1. Subjective comparison of selected rapid transit

Comparison Factors

BRT

Modern tram

PRT

Capacity
Average travel speed
construction costs
energy consumption
support of Emerging industries
Notes:

Excellent

Average

Poor

Form the perspective of qualitative judgment, PRT seems more suitable for this transportation corridor,
but we need more quantitative analysis to select the most appropriate one for this corridor as a reference
for decision making.
5 Results and discussion
5.1 Weight coefficient for each factor
We can get one weight coefficient result ̅̅̅̅
𝑊 with one binary fuzzy contrast processing, In order to ensure
the rationality of the weight coefficient of the rapid transit mode selection factors, we invited eight experts
who will enroll in the decision making and transportation planning, separately took binary fuzzy contrast
processing and got eight results, then, take the arithmetic average of each weight coefficient as the final
result, shows in Table 2.
Table 2. Result of weight coefficient

Utility Indicator

Capacity

Level of
Service

Unit
Construction
Cost

Unit Energy
Consumption

Supporting
emerging
industries

Weight

0.21

0.26

0.23

0.17

0.13

The weight coefficient result shows that, Level of Service is the most important factor when considering
a transit mode, coincide with the demand of rapid connection between Zhenjiang new district and urban
central district; Unit Construction Cost lists in 2nd place and capacity in 3rd, those make sense since
decision makers should balance the finance income and construction investment, and consider whether
the investment can meet the total traffic demand. Supporting emerging industries ranks last.
5.2 Technical Comparison
Table 3 shows the technical parameters of the above-mentioned factors of BRT, Modern tram and PRT.
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Characteristics of these three modes are provided by manufacturers in recent years across the world.
Table 3. Characteristics of typical BRT, Modern tram and PRT

Comparison Factors

BRT

Modern tram

PRT

Max Capacity (pphpd)

6,00012,000

5,000-15,000

7,20013,000

Average travel speed (km/h)

18-30

24-40

37-65

construction costs($million /km)

6-12

10-15

5-8.5

energy
consumption(kWh/veh.km)

3.5

3.5

0.25

Here, Capacity of transit system depends on the frequency of service (headway) and vehicle capacity.
The more passengers on one vehicle, the shorter the headway is, the bigger the capacity. “Standard
Classification of Urban Public Transportation” states that BRT services using standard buses (length 1324m carrying 110-200passengers per vehicle) operating with headways of 1 min, can carry about 6,00012,000 in the peak hour / direction. For Modern trams, capacity is depended on the number of its
compartment, or its length. Each compartment contains passengers about 170-500, the longest tram is
about 54m, and the shortest headway is about 2min. Generally speaking, Modern trams can reach a
capacity of 5,000-15,000ridership/h. PRT Consulting provided some data about its operation and shows
that the headway can be reduced to less than 5s; the capacity can reach 7,200-13,000 accordingly.
Considering the energy consumption, BRT has less advantages as most of BRT vehicles burn fuel,
although there are some application of mixed energy or battery, it’s still hard to be applied on a large
scale. So the electric or battery driven Modern tram or PRT will serve better for the solar power industry of
Zhenjiang New District. Meanwhile, all the three modes welcome new material, like fiber reinforced plastic
for their vehicles and strong rubber for the wheels.
Substitute technical parameters provided above into the initial Index matrix 𝑀:
6,000 − 12,000
18 − 30
𝑀=
6 − 12
3.5
[
0.5

5,000 − 15,000
24 − 40
10 − 15
3.5
1

7,200 − 13,000
37 − 65
5 − 8.5
0.25
]
1

(12)

In this matrix, three columns respectively stands for BRT, Modern tram and PRT, five rows respectively
stands for five decision making factors, and the element of the matrix basically not a fixed value, but a
range. Consider the value of emerging industries Supporting factor, here we set the value for BRT is 0.5
(partly support), and the others are 1 (well support).
5.3 Comprehensive utility results
In the above initial Index matrix M , considering the cost and energy consumption are inversely
proportional to the discretion of the utility, in another word, the more it cost, or the more energy it uses,
the lower utility it will get. Therefore, the utility value of cost and energy consumption index is the inverse
function in the above initial Index matrix M.
Under the processes of nondimensionalize and calculation using Eq.7 to Eq.10,we got the
Comprehensive utility results, for a more intuitive expression of the comprehensive utility level, using the
hundred-mark system to display calculation results.
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Table 4. Results of Comprehensive utility

Mode

Comprehens
ive utility (Min)

Comprehens
ive utility (Max)

Comprehens
ive utility(Ave)

BRT

26.8

28.4

27.6

Modern
tram

32.8

35.5

34.1

PRT

57.6

58.6

58.1

Table 4 shows that PRT has the largest average comprehensive utility value (58.1), while BRT has the
smallest value (27.6), and Modern tram is in the middle (34.1). Judging from the analysis results, PRT can
better meet the need of rapid transportation in the study area, and can be considered as the first choice in
the near future.
5.4 Recommendation
Based on the given requirements of Jingang Avenue and the judgement of technical parameters of three
rapid transportation modes, PRT system seem to be more suitable for its comparative advantage.
Furthermore, comprehensive utility matrix was built for the three modes based on their capacity, level of
service, unit construction cost, unit energy consumption and their support to emerging industries. Results
show that PRT gets the highest comprehensive utility value compared to the other two modes, which
confirmed the judgment of quantitative analysis. Considering the above five factors, PRT is the first choice
for the rapid transit mode selection in Zhenjiang New District.
6 Conclusions
This paper provides a quantitative method to evaluate the comprehensive utility of different rapid transit
modes, which involves nondimensionalize utility matrix and binary fuzzy contrast method to determine
weight coefficient. Accordance with the principle of comprehensive utility maximization, the quantitative
methods proposed in this study can be used as a decision-making reference for selecting rapid transit
mode within urban transportation corridor.
As our case study is limited within five factors: transport capacity, level of service (or average travel
speed), cost of construction, energy consumption and support of emerging industries, more
considerations should be made on the actual transit mode selection, such as construction condition,
environment, and its integration with other transportation modes. In further study, the quantitative analysis
method proposed in this paper can be used as one of the mode selection criteria, just add more
corresponding consideration factors in the selection index, and the quantitative analysis could also work.
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Abstract
Incoterms is an internationally recognized standard that is designed to reduce confusion over
division of responsibilities and obligations for traders during trade practice. It establishes clear
and binding rules for the division of costs, risks and tasks regarding transportation, insurance,
delivery and handling liabilities by defining different trade terms in a three letter abbreviation.
Incoterms greatly facilitates international trade. For years, Incoterms has been successfully
removed conflicts and difficulties arising from trade practice and it have been incorporated into
sales contract worldwide. This paper tries to inquire into how transportation factors influence
traders’ choice of a particular trade term when they are contracting for business and thus help
them make right decisions. This paper also tries to create some criterion that might be
applicable to the choosing of the right term in trade practice.
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1 Introduction
Incoterms is the most widely used rule in international sale of goods. The goal of Incoterms is to alleviate
or reduce confusion over interpretations of shipping terms, by outlining exactly who is obligated to take
control of insure goods at a particular point in the shipping process. Incoterms establishes clear and
binding rules for the division of transportation cost, transport risk and handling liabilities by defining trade
terms. A trade term is a three letter abbreviation that stipulates the rights and obligation of the buyer or
the seller to avoid the conflicts and difficulties arising from trade practice. Incoterms becomes a unified
rule guiding buyer and seller to fulfill their obligations during trade practice. Thus traders do not have to
discuss over and over again for the obligations they should accomplish and include extensive agreement
in the contract. Every contract should include a trade term (Jimenez, 2008).
Incoterms was published by International Chamber Of Commerce (ICC). ICC reflects practice of news
changes and trends in business practices by periodically revising its versions. Since the first publication in
1936, Incoterms has been periodically revised in 1953, 1967, 1976, 1980, 1990, 2000 and 2010 to be
better adapted to the changes in international trade practices. From its first appearance, incoterms have
®
been used for over 70 years in trade practice. The current version is Incoterms 2010, which come into
force on January 1st, 2010. Unlike law, the old version lose its efficacy automatically when the new
version appears, all the versions of Incoterms can be chosen and it is up to the seller or buyer that choose
which version of the trade terms.
For years incoterms has been successfully reduced and removed uncertainties arising from different
interpretation of trade rules in different countries. It is most widely accepted not only be traders, but also
by government, banks, legal authorities, insurance companies and shipping companies. Now incoterms
are used worldwide and incorporated into sales contract worldwide. Besides Incoterms, there are also
Warsaw-Oxford Rules 1932, which is made by International Law Association and Revised American
Foreign Trade Definition, which is made by nine American business groups in 1941.
2 Literature review
Since the appearance of the first version, Incoterms plays an important role in facilitating trade. With the
®
application of trade terms, concluding a contract is greatly standardized. Incoterms 2010 provides a
guideline for the evolution of Incoterms rules, categories and rights and obligation for the buyers and
sellers. It also advocates the right use of trade terms. For the traders, to adapt the right trade terms is of
vital importance (X., 2010; Gardner, 2012). Otherwise, problems will arise or remain if inappropriate
terms are chosen (Ramberg, 1999). J.W. Richardson in his paper holds that the choice of the right trade
term will prevents trade disputes (1997). Researchers also put forward the point that the choosing of the
right trade term should be in accordance with other contract items, such as contract of carriage, method of
payment, insurance and features of the goods been shipped etc.( C. Debattisat, 1995; Chen, 2009; Zhang,
2009; Shen, 2011; Hu, 2014). Some researchers try to explore the reason why ICC tries to advocate the
use of multimodal terms instead of the maritime terms and provide some criteria for the traders to use the
right trade term (Malfliet, 2011; Yang, 2011). Some researchers probe into the factors influencing the
choice of trade terms and found the most important factors are volumes and characteristics of
consignment, carriage conditions, geographical location, transportation cost, control over delivery,
documents required, capabilities of arranging transportation, common practice and legislation
obstacles(Cai and Liu, 2001; Olga, Zhang, 2009; Xu et al., 2011, ). Some researchers investigate into the
choice of trade terms for Chinese inland city companies, who should ship the goods from an inland city by
road or rail transportation to the port of shipment, most of them “wrongly” choose the maritime trade terms
instead of FCA, CIP or CPT(Li, 2010; Wang, 2008; Chu, 2007; Liu,2007; Han, 2009). To quest into the
application and revision of Incoterms 2000, ICC conducted an inquiry in Belgium in spring 2008, and find
Belgian traders choose the “wrong” trade terms frequently (2008). Some researchers also find that this
problem is more significant for small and media-sized enterprises for their lacking of professional
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knowledge (Chevalier, 2003; Wu, 2006). Researchers find that the misuse of trade terms will harm
exportation (Dooren, 2008) and international trade as a whole (Malfliet, 2011).
®

3 Structure of Incoterms 2010
st

®

Launched in mid-September 2010, Incoterms 2010 came into effect on January 1 , 2010. There are 11
®
terms in Incoterms 2010. Each of them stipulates the transfer of risks, transfer of documents, division of
cost, delivery of goods, inspection of goods, and other obligation of the seller and buyer. Unlike previous
®
versions, Incoterms 2010 are proposed to be used both for international and domestic trade. Like other
®
versions, Incoterms 2010 has being successfully helped traders avoid misunderstandings by stipulating
the risks, responsibilities, costs, and delivery. To change the abusing of maritime terms when multimodal
terms should be used, trade terms are divided according to the criterion of “for any mode of transport” or
®
“for sea and inland waterway transportation” in this version. Incoterms 2010 also introduced two new
trade terms, that is DAT and DAP，and eliminated four previous terms, which is DEQ, DES, DDU and
®
DAF. Incoterms 2010 set up new interpretation for all the terms for the division of risks and division of
®
cost (Wang, 2010). Because of containerization in the current trade, Incoterms 2010 has security related
information has been given to importers and exporters. The use of electronic documents is accepted the
concept of ship’s rail is removed by “delivered on board” (Zhang, 2011).
3.1 Terms for any modes of transport
3.1.1 EXW (Ex Works)
EXW means the seller fulfills his obligation when the goods are placed at the disposal of the buyer at the
seller’s premises or other named places (i.e., works, factory, warehouse, etc.). EXW represents the
minimum obligation of the seller. The seller is not liable for clear for export and loading the goods on
board the vehicles no matter the goods are provided by the buyer or the seller. Buyers should avoid this
term when he cannot perform the export formalities in a foreign country for the seller is supposed to in a
better condition to do this.
3.1.2 FCA (Free Carrier)
Under FCA, the seller is required to deliver the good to the carrier or the person nominated by the buyer.
The delivery could be at the seller’s places or any other named place. FCA is much advised by some
researchers when the exporter locates in an inland city because the risk of loss or damage to the goods
could be transferred to the buyer at the moment the goods are delivered. The inland exporter do not need
to transport the goods by road way or railway to the port and thus risks are greatly reduced (Han and
Yang, 2009).
3.1.3 CPT (Carriage Paid To)
CPT has two “critical points”. The risk of the loss of or damage to the goods passes from the seller to the
buyer when the goods are delivered to the carrier named by the buyer at the agreed place. But the seller
should pay the freight necessary to bring the goods to the place of destination.
3.1.4 CIP (Carriage and Insurance Paid to)
Similar to CPT, the seller should deliver the goods to the carrier or other person named by the buyer and
pays the freight to the designated place. In addition, he should contract for insurance against the buyer’s
risks.
3.1.5 DAT (Delivered At Terminal)
DAT is a new term which appears in Incoterms® 2010. It has almost the same obligation for the buyer
and the seller as DEQ in Incoterm 2000. The seller finishes his obligation to deliver once the goods are
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placed at the disposal of the buyer in a terminal predefined by the buyer, unloaded from the arriving
vehicle. DAT differs with DEQ in that the terminal in DAT is not limited to a quay in DEQ, but any terminal
“a place as a quay, warehouse, container yard or road, rail or air cargo terminal” (Incoterms® 2010). Thus
DAT replaced DAT.
3.1.6 DAP (Delivered at Place)
DAP means the seller delivers when the goods are put at the buyer’s disposal, ready for unloading on the
arriving vehicle at the named place of destination. The seller bears all the cost and risk necessary to bring
the goods to the designated place of destination, except the import clearance fees and taxes. DAP
replaced DAF, DES and DDU in the previous version, and is very similar to the former DDU.
3.1.7 DDP (Delivered Duty Paid)
Besides the entire obligation performed under DAP, the seller should conduct import clearance
procedures and bears all the costs and risk involved in bringing the goods to the place of destination
under DDP. This terms could not be used when the seller cannot perform customs formalities in a country
he is unknown or not familiar with.
3.2 Terms for sea and inland waterway transport
3.2.1 FAS (Free Along Ship)
Under FAS, the seller is required to deliver the goods alongside the ship vessel at the port of shipment.
From that point on, the buyer bears all the risks and cost necessary to bring the goods to the destination.
In FAS, the seller has to clear for export.
3.2.2 FOB (Free On Board)
FOB means the seller fulfills his obligation when the goods are delivered on board the vessel named by
the buyer at the named port of shipment. FOB uses the term “placing” instead of “loading” as in FCA
(Malfliet, 2011). The risks of loss of or damage to the goods transferred from the seller to the buyer when
the goods are placed “on board” the vessel instead of “pass the ship’s rail”. This is one of the major
®
change Incoterms 2010 made compared to the previous version.
3.2.3 CFR (Cost and Freight)
Under CFR, the seller should deliver the goods on board the vessel at the port of shipment. Thus the risk
of the loss of or damage to the goods transfers from the seller to the buyer from that moment. But the
seller should pay the freight necessary to bring the goods to the port of destination. There are two
“division point” in CFR: one is the division of risk, which is the moment the goods are placed on board the
vessel; another is the “division of cost”, the seller pays the freight to the port of destination.
3.2.4 CIF (Cost, Insurance and Freight)
CIF is similar to CFR but differs in that the obligation of seller extends to procure marine insurance to the
port of destination. Under the circumstances, the seller is contracting for insurance against the buyer’s
risk. Should the buyer want to cover a more extensive cover of insurance, he should purchase by himself
or have an express agreement with the seller. The seller is only required to procure the minimum
coverage.
®

Tables 2 and 3 illustrate the classification of Incoterms 2000 and Incoterms 2010
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Table1. Classification of the Incoterms 2000

Groups

Trade Terms

Group E (Departure terms)

EXW Ex Works (...named place)
FCA Free Carrier (...named place)

Group F( Main carriage
unpaid)

FAS Free Alongside Ship (...named port of shipment)
FOB Free On Board (...named port of shipment)
CFR Cost and Freight (...named port of destination)

Group C (Main Carriage
Paid)

CIF Cost, Insurance and Freight (...named port of destination)
CPT Carriage Paid To (...named place of destination)
CIP Carriage and Insurance Paid To (...named place of
destination)
DAF Delivered At Frontier (...named place)
DES Delivered Ex Ship (...named port of destination)

Group D (Arrival)

DEQ Delivered Ex Quay (...named port of destination)
DDU Delivered Duty Unpaid (...named place of destination)
DDP Delivered Duty Paid (...named place of destination)
Table 2. Classification of the Incoterms® 2010 according to the terms of transport

Mode of Transport

Trade Terms

Any mode of transportation

EXW, FCA, CPT, CIP, DAT, DAP, DDP

Sea or inland waterway transportation

FAS, FOB, CFR, CIF

4 Transportation considerations when choosing a trade term
The exporter is in a better position to contract for international transportation (C. Murry, D. Holloway and
D.Timson-hunt, 2007). Especially when exporters have comparatively larger sales volume, they are
thought to have more bargaining power and are more capable of arranging transportation and strive for
cheaper freight (Ramberg, 1982). In certain circumstance, an exporter can also charge a commission to
the importer for the service of arranging carriage (Jimenez, 2008). Besides, the exporter knows how to
arrange transportation for a certain type of goods for they are much familiar with the goods they are
dealing with (Ramper, 1999). When the goods contracted have specific demand for temperature,
container types, the exporters can have a better anticipation and possible control of the risks that may
occur during the voyage. This happens especially when high value manufactured goods are contracting
because the seller is more concern about the quality of their product during the voyage (Vercauteren,
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1992). Furthermore, exporter’s arranging of transportation allows him days of tolerant of conjunct their
preparation of goods with the pickup dates and thus stranding fees could be possibly avoided.
However, small and beginning exporters will prefer E group or F group terms and leaving the duties of
arranging transportation to the buyers (Malfliet, 2011). The reason being that they are not sensitive to the
fluctuation of freight and are not capable to estimate the freight that should be added to their FOB price
when they are concluding a contract.
When choosing trade terms, it is advisable for traders to consider transportation factors. This may help
them have a better control of the financial risks and transportation risks when contracting for business.
The following factors are prominent when making choices:
4.1 Mode of transportation
According to UN/CEFACT, there are eight transport modes for international trade, namely maritime, inland
water way, road, rail, air, fixed installation, mail and multi-modal transportation. Each mode of
transportation has its unique features. Among them, sea transportation is most frequently used since over
70% of the earth is covered by seawater. It has certain features such as easy passage, adaptable to large
volume of goods of different sizes, economical but relatively slow speed. According to the United Nations,
maritime transportation ships over 80 percent of the goods in international trade by volume and 70
percent by value. By contrast, air transportation, which has the features of fast speed, good service but
small shipping capacity, handles only 2 percent of world trade goods by weight but about 40 percent by
value. Road transport can offer door to door service and is especially convenient for countries with
smaller territory. Railway transportation can attain a relatively faster speed and is comparatively
economical, but it is limited to tracks and terminations. Railway or road transportation is more likely to be
used between adjacent inland countries.
®

Basically, trade terms should be chosen according to the mode of transport. In Incoterms 2010, EXW,
FCA, CPT, CIP, DAT, DAP and DDP could be used in any mode of transport whereas FAS, FOB, CFR
and CIF could be used in sea and inland waterway transport. If the goods are transported by air or road
transport, the use of FOB, CFR or CIF is not appropriate. The geographical location of the two countries is
another important factor. For example, cargoes transported between countries connected by sea are
much likely use maritime transportation if it is not needed urgently. Other factors, such as the
geographical location of the warehouse, the available transportation terminals, cargo types, time of
demand, and quantity of cargoes shipped also matter. If large numbers of cargoes are transported, sea
transportation is much preferred since it has large capacity and better adaptability to different sizes of
cargoes. Moreover, specific cargo types demand either the seller or the buyer keep an eye on the goods
during transit. In the circumstances, the seller could use the trade terms that requires the seller to arrange
transportation so that he can supervise the goods during the shipping process. If an exporter who is
located in an inland city insists on using the traditional FOB, CFR or CIF, the goods are subjected to
losses during the voyage from the warehouse to the port of shipment. The reason is that the risks only
transfer from the moment when goods are placed on board the vessel at the port of shipment. The
exporter has to bear the risks when the goods are shipping from his warehouse to the port of shipment. In
this case, FCA is much preferred since the risk transfers from the seller to the buyer from the moment the
goods are delivered to the carrier.
4.2 Transportation condition
In international trade, goods may suffer from various risks during long voyage. These risks include natural
calamities, fortuitous accidents and many extraneous risks. If the goods are going through dangerous
zones, they are much likely to suffer from losses, in this case, the party could choose the trade term in
which transportation is arranged by the counterpart. For example, exporter could choose FOB and buyer
can choose CFR. When goods are transported by container or multi-modal transportation, terms suitable
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to any modes of transport are more appropriate than FOB, CFR and CIF because the transfer of goods
could be in a Container Yard (CY) or Container Freight Station (CFS) and a carrier can take delivery of
the goods there. Thus the risks could be transferred rightly at the moment the goods are delivered to the
carrier instead of at the port of shipment.
Moreover, the condition of the port of discharge varies a lot. Some ports do not have automation
processing system and manual labor is used. Thus they charges comparatively higher port discharging
fees. In the circumstance, trade terms such as CFR and CIF could be adopted when importing and terms
such as FOB and FAS could be used for exporting so that the high port discharge fees could be avoided.
4.3 Risk control
Financial risk the most important issue traders will consider when they are doing business. In international
trade, the exporter controls the goods through the process of the transfer of a title document, Bill of
Lading, which is released to the buyer according to different conditions set forth. The seller may send the
documents to the buyer or release them through a bank by his authorization. Then the buyer could collect
the goods from the carrier with the title documents. In some cases, the buyer may stealthily contact the
carrier and got the shipment from the carrier skipping the step of release from the bank. The buyer could
either escape or announce bankrupt, causing the seller the suffering of loss of goods or nonreimbursement of payment. Sometimes the seller may collude with the carrier and present fake
documents leaving the buyer no chance of getting the goods. If the buyer has questionable reputation, the
seller may choose the trade term that insures safe payment from the buyer.
4.4 Cost control
Freight constitutes an important part of the price of the product. For bulk cargoes, freight is a major
proportion of the price. When choosing trade terms, traders should consider the freight charged during
transit and the trend of the freight. Freight fluctuates every day in international transportation. For example,
if the exporter anticipates the freight tends to increase and the port of shipment or port of destination, he
could avoid the use of group C and group D terms. Likewise, if he anticipates a surcharge is likely to be
charged, for example Banker Factor Surcharges for the anticipation of increase of oil prices, he can
choose group F terms to increase profit. If the freight tends to be lower, it is preferable to choose group C
terms for the exporter and group F terms for the importer.
If either of the seller or buyer have the capacity to arrange transport and can get competitive offer from
the shipping company, that party could apply the trade term that include to arrange transportation.
Otherwise, if the trading company is small and have little bargaining power with the carrier and thus
cannot try for lower freight, this party could choose the trade term that do not need to arrange
transportation.
5. Conclusion
The chosen of trade terms is part of the business strategy (Vanheusden, 2005). In many cases, however,
traders do not sufficiently consider all the factors that may affect their choice of the most appropriate
terms. They would rather choose the trade terms according to their previous experience. However, the
choice of the right trade terms may have great influence on the cost control, risk control, formalities to go
through, division of liabilities and the profitability of the transaction. Transportation is the essential link
between the exporter and importer and transportation factors are an important aspect to consider when
traders are making choices. The chosen of the right trade may mitigate costs and associated risks.
®
Incoterms 2010 set up a criterion of dividing the 11 trade terms by the mode of transportation used. It
divides trade terms into two groups by sea or inland waterway transportation and other mode of
transportation. But the choosing of the right trade term is not simply according to this standard. It is
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advisable for traders to carefully choose a trade term by considering all the factors. This paper is only a
tentative study on the transportation factor that traders may consider.
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Topic Four:

Healthy Transportation and Smart City
Practices
In the modern transportation system, public health becomes a very important and avoidable subject
throughout the design and operation process. Recently, smart city is also a very hot topic, which
integrates information and communication technology (ICT) and Internet of things (IoT) technology in a
secure fashion to manage a city's assets. In this topic, Lo and Li took the perspective of Transit-Oriented
Development (TOD) – an urban design concept applied by modern cities of the world that advocates
integration of transportation systems with land uses – as the core conception, and used Fuzzy Delphi
Method (FDM) to select significant evaluation indicators that hopefully can be used by competent
authorities to set up their planning and strategies of Healthy City and Healthy Community. Du et al.
explored drivers’ driving stress attributed to their lane change behaviors. The driving stress is investigated
by their heart rate variability (HRV), indicated by RMSSD, R-R interval, and SDNN. Results showed that
drivers’ driving stress is susceptible to driving speeds, traffic conditions, and the number of lane change in
a single driving task. Jinna et al. investigated the safety issues at pathway rail grade crossing on the
security and invulnerability aspects of non-motorized users through a survey. Various factors were
analyzed, including modes of crossing, frequency of using crossing, warning sign and device awareness.
Chong and Ma introduced the vision of the Smart City Challenge, which is to demonstrate and evaluate a
holistic and integrated approach to improving surface transportation performance within a city and
integrating this approach with other Smart City domains such as public safety, public services, and
energy. USDOT intends for Smart City Challenge to address how emerging transportation data,
technologies, and applications can be integrated with existing systems in a city to address transportation
challenges, and used to spur reinvestment in underserved communities. This paper highlights the winner
of Smart City Challenge, City of Columbus, with its a holistic vision deploying enabling technologies:
Columbus Connected Transportation Network; Integrated Data Exchange (IDE); Enhanced Human
Services; and Electric Vehicle Infrastructure (EVI). In another similar paper, Chong and Emery used City
of Seattle in State of Washington as an example, the NextGen (Next Generation) ITS Strategy of which
identifies construction projects that will result in major traffic impacts to the city’s transportation system
and proposes ITS solutions to mitigate them. The authors highlighted Seattle’s innovative initiatives in
Urban Analytics for traffic management, traveler’s information map, and parking management.
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Industrialized and urbanized societies bring various issues, meanwhile hygienic, pollution,
environment protection, and ecologic concerns have been ever more significant which affect
the public everyday life. To tackle the issues brought about by the global urbanization, the
World Health Organization (WHO) set forth the Healthy City and Healthy Community visions
in 1981, in hopes of promoting healthy behaviors to protect and improve residents’ quality of
life, and maximize protection of natural environment as well as reduce impact from disasters.
In a survey of Taiwan’s current Healthy Community development and relevant academic
studies, it is found that no index system to measure the environment of a healthy community
is available for appropriate dealing with Taiwan’s environment. Accordingly, this research
took the perspective of Transit-Oriented Development (TOD) – an urban design concept
applied by modern cities of the world that advocates integration of transportation systems
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significant evaluation indicators that hopefully can be used by competent authorities to set up
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1 Introduction
Under the trend of urbanization, the global urban populations have increased nearly 60 times in this
global trend when the everyday demands are constantly increasing (Ramaswami & Dhakal, 2011),
various urban development issues emerge. For example, the convenience from vehicle mobility and
speed has helped suburbanization, a diversion from urbanization, in linear, radial and frog-leap patterns
(Harvey and Clark, 1971; Mitchell, 2001). To deal with the global urbanization, the WHO set forth the
vision of Healthy City in 1981, hoping that highly populated cities are not just filled with hustles and
bustles featuring environment aggravation; instead, the city as whole should be developed in a more
healthy way. However, the vision of Healthy City is too comprehensive and dependent on local
environment among many other variables, making implementation and strategy setting not as easy as
thought. As a result, the WHO held the first Ottawa Charter for Health Promotion in 1986, further
proposing the concept of Healthy Community. Since then, researches have defined the Healthy
Community as promoting healthy behavior to protect and improve residents’ quality of life. In this concept,
the health elements include good walking environment and sidewalks, vehicle speed, lighting, crime rate,
usage of public transportation, social connection, and cultural diversity, which should be closely
correlated and mutually dependent to make environmental features of the local community. A comfortable
and safe walking environment is the most important (Srinivasan et al., 2003), because an unfriendly
community environment can greatly reduce residents’ desire of going out, and the consequence is a
isolated living pattern that impairs the community cohesion in a social segregation mood(Kawachi et al.,
1999), and when the residents lose their cognition of their communities, they’ll ignore the living
environment and ultimately become indifferent to the community and to the society as well (Lenthe et al.,
2005). Therefore, in the process of urbanization, how to mobilize the concept of Healthy Community to
improve the environmental factors, helping community stay away from the vicious circle and develop
toward a healthy community with low-carbon environment has become the world trend of today.
The Taiwan society has transformed from the rural pattern of early days to current urbanization. In
this fast urbanization progression of recent years, Taiwan has started to engage in low-carbon city
development with active buildup of public transportation facilities, in an effort to cope with the issues of
global warming, climate change, and environmental pollution. As Lopez(2010) pointed out community
environment and public health are more concerned than abstract setting such as climate change, and one
of the reasons is that in the process of implementing a healthy community, the improvement of community
environment (e.g. walking, transportation and living environment) and the residents’ participation can
influence the residents’ living behaviors. Such an implementation can stimulate active planning of a safer,
multi-purposed, convenient and waling friendly neighborhood, outdoor leisure facilities (community
lounges, reading sections, gardens…), community bikes, stairways with design features and usability,
and of course participation of the residents. All these make a direct, positive impact, with efficiency (Bert,
2015). Apparently, the idea of Healthy Community development and public transportation systems are
closely related, and the essence is the health development inter-connected in the walking environment,
transportation environment and living environment. This is an essential topic of our country’s TOD
Healthy Community.
However, the survey of this research concluded that a set of implementing rules or methodology is
lacking to develop a healthy city, and the whole idea is still in the stage of discourse. In view of the status
quo, this research took the perspective of Transit-Oriented Development (TOD) – an urban design
concept applied by modern cities of the world that advocates integration of transportation systems with
land uses – as the core conception. In the multi-criteria evaluation method, the fuzzy Delphi method
(FDM) is used to establish the hierarchical relationship between the different aspects is discussed
through the results of the expert and questionnaire. The fuzzy Delphi method (FDM) is a method of factor
screening. The general procedure can be used in the following three steps: (1) establishing the
influencing factor set; (2) collecting decision-making group opinions; and (3) evaluating with FDM.
Compared with the traditional Delphi method, the most important feature is to solve the traditional Delphi
method to repeatedly ask expert advice, the resulting time, cost and reduce the rate of return and other
missing, and in the conduct of expert survey, screened the traditional Binary logic (yes or no) or several
equidistant single choice of the answer, by the experts to provide a possible range of fuzzy answers to
get closer to the expert opinion. Therefore, the application of FDM to factor screening, in order to achieve
the goal set by the study. Therefore, Fuzzy Delphi Method (FDM) has be use to select significant
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evaluation indicators that hopefully can be used by competent authorities to set up their planning and
strategies of Healthy City and Healthy Community.
2
2.1

Literature review
Healthy city and healthy community

The concept of Healthy City was initiated by WHO, which defined health in its 2000 global strategy of
national health as: Health is not simple a single, clear objective; instead, it is a process leading people
march toward progress and development. WHO suggests that an ideal healthy city should be equipped
with the following 11 characteristics (Hancock & Kuhl, 1986): (1) clean, safe and high quality of living
environment; (2) stable and continuously developed ecosystems; (3) consolidated and mutually
supported communities; (4) highly participating communities in matters influencing living and welfares; (5)
ability to satisfy residents’ basic needs; (6) residents capable of obtaining different experiences and
resources through multiple channels; (7) diverse, vivid and innovative urban economic activities; (8)
historical monuments preservation and respect for local cultures; (9) development visions with featuring
characteristics; (10) quality hygienic and medical services; (11) good health conditions of citizens. WHO
further compiled and published 10 solid indicators to a healthy city, which are (1) a clean a safe
environment; (2) reliable and sustainable food, drinking water and energy supplies, and garbage disposal
systems; (3) using lively and innovative economic means to guarantee citizens basic needs of nutrition,
drinking water, housing, income, safety and employment; (4) powerful and mutually supported citizen
groups and various organizations to collaborate and improve the health of the city; (5) citizens’
participation in setting up policies involving their daily living, concerning health and welfare in particular;
(6) provision of entertainment and leisure venues to facilitate citizens’ communication and contact; (7)
protection of cultural legacy and respect for all residents (regardless of races or religions); (8) regarding
health protection as a public policy, bestowing citizens the right of choosing healthy behaviors; (9)
relentless effort to fight for the quality and quantity of health services, making them more accessible; (10)
making people healthier and live longer with less illness. This is WHO’s criteria for a healthy city based on
its experience from the activities of developing healthy cities around the globe, and countries may make
adjustment based on their own conditions.
Nevertheless, Kegler et al. (2000) summed up the community concept as: (1) community has the
highest intimacy between ‘people’ and ‘environment’; (2) ‘people’ and ‘environment’ affect the residents’
health, while creation of community health is a combination of public hygiene and the community itself in
promotion of the community health level. In recent years, researches have turned to support the
relationship between environment and health, in belief that community environment is closely related to
residents’ health and individual behavior (MacDougall et al. 1997; Baum and Palmer 2002), and
community’s environmental space and organization structure deeply affect residents’ interaction and
communication, as well as their level of participation in community affairs (MacDougall, Cooke et al. 1997;
Baum and Palmer 2002), and the community health should not be simply the result of individuals’
accumulated health status but the empahsis of healthy community environment, lively community
organizations and excellent quality of life (Abraham & Fallon, 1997; Rafael, 2000; Cibula et al., 2003).
In provision of quality life to community residents, the environmental indicators to a healthy city are
indispensible. According to WHO’s latest estimation, in 2012 there were about 1,260 deaths attributable
to living or working in unhealthy environment, such as unsound environmental facilities and air pollution,
which accounted for a quarter of the world’s death toll. Many cities around the globe have started to
tackle the problems. Brazil, for example, has built its bus transit systems (BRT) to solve the traffic jams by
eliminating regular bus stops that hindered pedestrians and mobile vehicles from using the roads, and in
the meantime, the country has also set up green lands and sidewalks to encourage its people to walk and
bike (WHO, 2016). Therefore, following are analysis and discussions of a few major environmental
indicators, as shown in Table 1.
Table 1 Index to measurement of healthy community

Environmental aspects

Definition

Green coverage

Including

Measured items
parks,

open

space,
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ground, avenues, trails, community
gardens,
roadside
trees,
nature
reservations, and rarely seen green walls
and green alleys.

ground, avenues, trails, community
gardens.

Accessibility of facilities
and green lands

The proximity and connectivity of land
uses within in an area.

Connectivity of residence, shops,
offices, parks or other land uses.

Sidewalk design

A well designed and constructed
residential pedestrian streets can compose
a harmonious community, allowing the
city to maintain its liveliness and increase
its residents’ demand on healthy living.

Level of aesthetics

Street patterns

Residential
density
and
streets
connectivity can affect walks and all
physical activities.

The connectivity is usually measured
by the average street length.

Living space and safety

including facilities, law and order, and
traffic, all indispensable.

The number of traffic accidents and
crime rate.

Scope
of
transportation

Distribution of local
transportation systems

Classification
based
on
the
concentration of activities and
transportation network systems

public

Community engagement

2.2

activities

and

By way of engagement in community
activities for interaction and collaboration,
a city-scale community good to health can
be created and maintained.

The number of community meetings
and events.

Public transportation oriented development

Starting from the 1960s, cities had rampantly developed, stretching their boundaries further and further
outwardly. People were looking for decent environment to build beautiful houses for the enjoyment of
individualism, which shaped up vehicle-oriented sprawling of cities. The truth was people were neither
getting any better environment, nor body and mind relaxation. On the contrary, issues of “public health”
and “physical health” were emerging one after another. It was not until 1993 when the modern urban
designer Calthorpe P. (1993) pointed out in his book “The Next American Metropolis” that well organized
development of cities relied on sound transportation designs and the connotation of urban designs, while
a healthy urban development depended on the patterns of “transportation systems”. Accordingly,
Calthorpe proposed an urban design concept based on public transportation systems, i.e. the so-called
transit-oriented development, also known as TOD. With an objective of “health” by integrating public
transportation in the urban planning, the design concept became the mainstream of the 2000s.
Nevertheless, in the planning process, issues like appropriate consideration in proper allocation of the
represented connotation, such as how to increase the land use intensity (Density) within the development
land scope accessible by walk (Distance), and how to enhance the mixed land use (Diversity), as well as
how to determine whether it is easy to reach the allocated land by walk (Design), are short of theoretical
basis for operating support. As a result, measurement of the TOD related planning is confined to distance
(Destination) in solving the above issues. However, such a supply-centric urban design has blind spots on
whether the transportation environment is fit for health, thus unable to explore and evaluate the local
requirement and how it affects the public behaviors.
The TOD approach requires provision of a variety of convenient services such as stores, banks,
shopping centers, park green lands, etc, to satisfy residents’ needs. Mixed land use can be implemented
on flat lands or in multiple architectures, and even in a same building which is called vertical mix use.
Also, in the TOD model, walking environment is accentuated, and the space size is measured by walking
distance, and therefore the walking environment must be based on people, offering comfortableness and
safety in the walking space. Calthorpe (1999) argued that a good walking environment was the most
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important part of TOD, and comfortable walking environment should be created in all the starting points
and endpoints of transportation. Also, trees should be planted on the two sides of roads and in front of the
building entrance, making it pedestrian friendly, and conducive to the TOD implementation as well. The
essence of TOD is transportation service, and a successful TOD relies on its attraction of transportation
services. Generally, the railway is the spindle, supplemented with land transportation. In the TOD area,
the land development and transportation operations are complementary to each other. The quality of
transportation services take into account the shuttle frequency and operating efficiency, the bus stop
design and architecture of transit stations, route signs, and connectivity of different transportation
vehicles, all of which can affect the quality of transportation services. Therefore, a good TOD
implementation should consider the travel requirements and residential locations in order to attract
existing and potential customers. The accessibility of public transportation means the service quality and
convenience for the public to reach a certain destination by the transportation facilities. In his studies,
Cervero (2004) pointed out that TOD reduced the use of private vehicles; while Kuzmyak and Pratt (2003)
argued that the distance environment of public facilities was indicated by the quality of public services
reachable in a unit of time, or the level of accessibility from a working or event location to local pubic
facilities. Therefore, local accessibility has great impact on the travel distance. The above TOD ideas and
the connotation of its elements are listed in Table 2.
Table 2 Connotation of TOD elements

Environmental
aspects

Definition

Measured items

The volume of activities or job
opportunities in a specific area

Population, employment, architectural size of a
unit area

Mixed land use

Proximity of different land uses in a
specific area

Residence, shops, offices, parks or other land
uses

Street connectivity

Orientation and accessibility of
alternative routes through the street
network system.

The connectivity is usually measured by the
average street length.

Street dimension

Three-dimension space of streets
separated by architectures, trees or
walls on two sides

The ratio of height of architectures to street
width, and the average distance between streets
and architectures

Level of aesthetics

Attractive appearance of an area

The level of aesthetics is usually determined by
the distance and density from city center to
countryside.

Regional structure

Distribution of local activities and
transportation systems

Classification based on the concentration of
activities and transportation network systems

Density
intensity

2.3

and

Summary

With all the discourse, the thinking of modern urban design emphasizes combination of transportation
systems with heath topics to reach the objectives of “public health” and “physical health”. Implementation
of the TOD and health design concept is to provide diverse residential patterns and neighborhood units
suitable for walking. With the transportation hub as the center, the urban design around the peripheral
space can be categorized into six parts, described as follows:
A fun and comfortable walking space: most pedestrians cannot feel comfortable walking in a
large open space because of busy traffic passing by closely; while enhancing the design of
window display of the buildings along the sidewalks can attract pedestrians and motivate their
use of public transportation.
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Pedestrian-oriented land use patterns: retail stores should be set up along the streets and
close to the bus stops to attract people and create vitality, making pedestrians feel the
comfortable atmosphere.
Adjacent areas and bus stops should be connected by convenient pedestrian passes, with the
following additional requirements: (1) providing connection to places where people want to go:
a good route network needs at the least to provide pedestrians and bikers opportunities to
reach different destinations; (2) guarantee of continuous streets and road network: dead ends
hugely increase the traveling distance to the nearby destination; (3) routes passing through
buildings: when an excessively long building is in the way, pedestrians have to walk along the
building edges and that increases the distance to the destination. Offering a shortcut passing
through the long building can make it convenient for pedestrians.
Development of local features: With just a little bit of creativity, a transportation station can
become the focus of a community. Convenient stores, diners or other neighborhood facilities
can be combined together to highlight the focus, and become a real part of the community.
Public transportation and landscape: street trees and other forms of landscape can provide a
pleasant contrast and a more relaxing urban environment. Blending natural characteristics in
the architectures can make the street landscape more lively and vivid. Planting trees along
the sidewalks and between roads can provide traffic buffers between pedestrians and
vehicles, and offer shades for pedestrians in summertime.
Checkerboard type of streets: such a pattern of streets makes it easy to connect every road to
the public transportation systems, allowing one or more crossing roads to pass though the
urban planning areas.
Long-term ignorance of walking environment and related health issues can make people lose their
desire of lingering at the space that they are passing through, and all they want is to pass as quickly as
possible, indifferent to the surrounding environment and changes. Such a pedestrian mood is certainly a
bad thing for economic activities, and also an obstruction to achieving TOD ideas of health development.
If so, private vehicles would be encouraged to shorten the travel distance for convenience, but people will
be deprived of interaction and with their mental distance increased, they will become more self-enclosed.
Therefore, how to take the TOD as a spindle to shape up good Healthy Community and transportation
related walking environment has become Taiwan’s utmost issue in the TOD implementation for the health
ideas.
3
3.1

Research analysis and results
Research method

The Fuzzy Delphi Method (FDM) is an approach to screen factors, which has the following merits
compared with the traditional Delphi Method: (1) it reduces the number of surveys; (2) it expresses expert
opinions more completely; (3) it makes expert knowledge more rational and practical; (4) it offers a better
cost-performance ratio. This research has used the Fuzzy Delphi Method to screen the TOD factors.
While the traditional Delphi Method is an expert prediction method, the Fuzzy Delphi Method – first
proposed by Murray et al. (1985) – combines the Delphi Method with Fuzzy Theory to adjust the
shortcomings of the traditional Delphi Method. Ishikawa et al. (1993) applied the fuzzy theory to the Dephi
Method, and used the concepts of cumulative frequency distribution and fuzzy integral to integrate the
expert opinions into fuzzy numbers, and this is the so-called Fuzzy Delphi Method. Generally use the
fuzzy Delphi method can be the following three steps: (a) the establishment of impact factors set, (b) to
collect decision-making group views, (c) the use of fuzzy Delphi method to evaluate the value of the
calculation. There are many different approaches to the solution of fuzzy Delphi method. Commonly there
is center of gravity method, α-cut method, mean of maximum method, Law (center of area method) and
so on. This study mainly uses "double triangular fuzzy number" to integrate expert awareness, the impact
of important factors in teaching quality screening, and by the "gray zone test" test experts Whether the
cognition has reached the consensus value of convergence.
3.2

Research framework

In screening the indicators to a TOD-based healthy community, there are multiple factors to consider.
This research adopted the multiple criteria decision-making (MCDM) method for the analysis. The FDM
was used to obtain the experts’ appraisal on the criteria listed in this research, so as to determine whether
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the criteria were appropriate, before they were sent for screening. The analysis result hopefully will be
referenced in future construction of a TOD-based healthy community. The research framework is shown
in Fig. 1.

Density and intensity

Mixed land use

Transit
Oriented
Develop
ment

Street connectivity
Street dimension
Level of aesthetics

Indicators for
Health Community
base on the view
of Transit Oriented
Development

Regional structure
Green coverage
Accessibility of facilities and green lands
Sidewalk design
Health
Community

Street patterns
Living space and safety
Scope of public transportation
Community engagement

Fig. 1 Research framework

3.3

Analysis of research results

This research sent out 6 FDM questionnaires which were then all responded and returned as effective
ones. This initial-stage questionnaire was to receive the experts’ subjective cognition, aiming to sort out
the priority of the TOD evaluation indicators. The priority was given 0-10 points, and a higher rating stood
for a higher importance. And then, the double triangular fuzzy numbers proposed and the gray-box testing
was used to integrate and screen the experts’ opinions. The results are shown in Table 3 below.
Table 3 FDM screened evaluation indicators to TOD-based healthy community
i

Evaluation factors

Minimum C Maximum O

i

Optimal
i
value a

Geometric average
i

i

i

min

max

min

max

min

max

C

O

Density and intensity

4

8

9

10

7

9

6.00

7.47

8.94

3.94

7.47*

Mixed land use

5

8

9

10

7

9

6.71

7.83

8.94

3.24

7.83*

Street connectivity

3

8

7

10

5

9

4.58

6.76

8.94

3.36

7.36*

Street dimension

4

8

8

10

7

9

5.66

7.30

8.94

3.29

8.00*

Level of aesthetics

3

8

7

10

7

9

4.58

6.76

8.94

3.36

7.36*

Regional structure

4

8

9

10

7

10

6.00

7.47

8.94

3.94

7.47*

Green coverage

3

8

7

10

7

9

4.58

6.76

8.94

3.36

7.36*

Accessibility of facilities
and green lands

4

7

6

8

3

7

4.90

6.19

7.48

1.58

6.41*

Sidewalk design

4

8

9

10

7

9

6.32

7.63

8.94

4.62

7.63*

198

a

Expert
Test
i consensus
value Z
i
value G

Advances in Transportation Systems and Practices

Editors in Chief: Fengxiang Qiao, Lu Gao, Qing Li

The Post-conference Proceedings of the 30th Annual Conference of the International Chinese Transportation Professionals
Association (ICTPA), May 19-21, 2017, Houston, Texas, USA
ISBN: 978-1-64008-627-2

Street patterns

5

10

9

10

7

9

6.71

8.35 10.00

2.29

9.23*

Living space and safety

4

9

8

10

7

9

5.67

7.31

8.98

3.29

8.12*

Scope of public
transportation

5

8

9

10

7

9

6.71

7.83

8.94

3.24

7.83*

Community
engagement

3

7

7

10

5

8

4.58

6.47

8.37

3.78

7.00*

Note: * contains the selected evaluation factors passing the threshold value (6.00).
The result shows that all the factors should be accommodated in the construction of a TOD-based
healthy community. These indicators are density & intensity, mixed land use, streets connectivity, street
dimension, aesthetics, regional structure, green coverage, facility and green land accessibility, pedestrian
sidewalk design, street patterns, living space & safety, public transportation service range.
4

Conclusions and suggestions

4.1 Conclusions
Through FDM questionnaire interviews to obtain expert opinions, this research has built an index system
to the construction of a TOD-based healthy community, and has reached the following conclusions. First,
the TOD indicators are density & intensity, mixed land use, streets connectivity, street dimension,
aesthetics, and regional structure. The author believes that the resulted indicators if accommodated by
competent authorities in their major characteristic planning will benefit urban citizens to improve their
health. Secondly, a healthy community with sound community planning (green coverage, street patterns,
street design), convenience (accessible facilities within the public transportation range), community
participation, and social security can positively encourage the residents to walk. Thirdly, the concept of
the general healthy city, low-carbon city or the healthy community defined herein is still primitive in
Taiwan, lacking integrated consideration and farsighted studies. This research has used scientific
analysis tools to collect and compile the opinions of experts from different fields for a set of objectively
screened evaluation factors. And the results will help with the healthy community planning that can satisfy
the requirements of the Taiwan environment in particular.
4.2 Suggestions and future studies
Based on the above study results, this research suggests the following strategies for the competent
authorities to take reference in building a TOD-based healthy community.
4.2.1. The public sector should consider the TOD connotation in planning a healthy community
From the above literature review and studies, it shows that the TOD is tightly correlated with the indicators
to the healthy community environment, and the connoted indicators should be all accommodated in the
planning. Table 4 shows the relationship between TOD’s 5D and healthy city. As a result, it is suggested
that future planning may combine both ideas of healthy community and healthy city together, offering a
comprehensive TOD-based healthy environment as a whole for the competent authorities to take
references.
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Table 4 Relationship between TOD’s 5D and healthy city

TOD’s 5D

Connotation of 5D elements

Healthy city indicators

Density

High density use of lands around
public transportation stations

Diversity (mixed land
use)

Highly diverse use of lands around Accessibility and coverage of green
public transportation stations, lands, sports/leisure facilities
combining residential, working and
leisure mechanism.

Design (pedestrianoriented urban design)

The people-oriented street design Street
patterns,
offers comfortable and smooth sidewalk
design,
pedestrian moving lines.
participation

Distance (land
development range)

Land development centered on
public transportation stations, Scope of public transportation
accessible by walking.

Destination (distance
from destination)

Distance between the start and Accessibility of facilities and green
end points of a trip
lands

4.2.2

pedestrian
community

Future studies

For future studies, this research suggests to use the Analytic Hierarchy Process (ANP) method to
calculate the weights of the indicating factors to a TOD-based healthy community and determine their
priorities. Hopefully, the weighing scale can further help the competent authorities make more elaborate
urban planning. In addition, it is strongly suggested to accommodate the public’s perception of
transportation, and use the structural equation modeling (SEM) to explore the impact from the public
behavior, awareness and feeling about healthy environment, from which further exploration can be
conducted to examine the different constructs of indicators, and their correlation with the healthy
community environment.
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Abstract
As the growing complexity of the traffic environment, including the increasing vehicle
quantities on roads, diverse drivers' driving habits, and more complex road layout, driver's
stresses increase while conducting daily driving tasks, especially, on the highway. As of
2013, about one-quarter of all vehicle miles driven in the country use the highway system.
There is an inevitable action while driving on the highway, namely lane changes. Lane
changes are required no matter taking on and exiting a highway or trying to surpass other
vehicles. While changing the lanes, drivers would meet some emotional changes caused
by the traffic, and those emotional changes could influence the drivers' health and physical
reactions. A rise in stress is one of the most significant emotional consequences. This
research attempts to explore drivers’ driving stress attributed to their lane change behaviors.
The driving stress is investigated by their heart rate variability (HRV), Three time-domain
indexes were used to monitor the HRV, including RMSSD, R-R interval, and SDNN. Test
drivers’ Heart beat waveform was collected by a ECG Holter monitor, which was processed
to retrieve heart rates for calculating and analyzing the three indexes. Results showed that
drivers’ driving stress is susceptible to driving speeds, traffic conditions, and the number of
lane change in a single driving task.
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lane change; heart rate variability; RMSSD; SDNN; R-R interval
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1 Introduction
Based on the international traffic accidents statistics, one of the major causes of severe traffic accidents
is drivers' stressfulness (Yuan et al., 2014). Stress is an emotional and physical response that affects
person's feeling, thinking, behaviors and the way how the body works. Stress is usually a response to an
environmental situation which is new, unpredictable or makes one feels challenged to solve. According to
Yerkes-Dodson Law, different levels of stress tend to have significant effects on behavior (Andreassi,
2000). Moderate stress is beneficial to maintain attention, keep driver motivated, and provide sensitive
responses to the driving environment. In the meantime, low stress can result in low motivation to face
tasks, boredom and errors. On the contrary, high stress can cause tension, irritability, lower concentration,
low self-confidence, problems with decision making and solving and accompany with a variety of physical
symptoms that include headache and irregular fast heartbeat (Brookhuis and Waard, 1993). When driving
under high stress, drivers tend to have a declined driving performance, also panic and frustration.
Consequently, drivers may undertake an increased risk of traffic violation and accidents, or eventually
give up driving (Yuan et al., 2014). Driving is a regulated activity between different drivers, thus when one
driver has high levels of stress, other drivers often can be affected by the stress reaction like frightening,
dangerous and difficult to control situations (Veltman and Gaillard, 1998).
As the growing complexity of the traffic environment, including the increasing vehicle quantity on roads,
diverse drivers' driving habit, and more complex road layout, driver's stresses increase while conducting
daily driving tasks (Waard, 1996). The US has more than 46,000 miles long highways. As of 2013, about
one-quarter of all vehicle miles driven in the country use the highway system (Lin et al., 2013). There
arises an issue: how the driver's stress fluctuates while they are driving on the highway. Based on the
prior researches, some of the most important reasons that would affect derivers’ performances are
nervousness, unfamiliarity vehicle, strange area and busy traffic conditions (Hu et al., 2011). Many
researchers took different methods and experiments to find out the relationship between driver's stress
and traffic condition, for example, the driver's stress can be influenced by the driving speeds, ambient
vehicle speeds, and the weather conditions while driving (Wu et al., 2010). However, there is an important
issue which is needed to be addressed: how the lane change action impacts driver's stressfulness. While
a driver attempt to take a ramp to merge on or off on a highway, they need to take at least one lane
change. That means under normal driving conditions, a driver needs to take at least two lane changes for
driving on and off a highway (Wang et al., 2013). Other than that, normal highways have equal or more
than two lanes, the left most lane is designed to use as a overtaking lane, so when a driver needs to take
one or two lane changes in order to overtake other vehicles (Dong et al., 2010). The frequent lane change
action is inevitable. As a result, an insight into the corresponding driving stress is essential.
Heart Rate Variability (HRV) is often used as a biomarker to measure a mental workload, which is
based on an assumption that the more effort drivers made the more regular the heart rate would perform.
The higher HRV indicates the lower stress. Many parameters have been adopted to measure HRV for the
stress, such as root mean square of the difference between successive RR intervals (RMSSD), standard
deviation of normal to normal RR intervals (SDNN), and standard deviation (SD). With regard to this, this
research is proposed to explore the impacts of lane change actions on drivers’ driving stress on freeways
under different traffic conditions by studying various HRV parameters.
2 Methodology
Autonomic nervous function disorders happen while people are under a stress situation. The main
symptom of the disorders is hypersympathicotonus, which will influence the blood pressure stability
(Gullian et al., 1989). Heart rate variability (HRV) is an index for autonomic nervous function, which is
wildly used in measuring the depth of anesthesia. The HRV is the physiological phenomenon of variation
in the time interval between heartbeats (Gullian et al., 1990), which is referred to the variation in the beatto-beat interval. Before analyzing HRV, all abnormal heartbeats and artifacts need to be removed. In this
study three time-domain parameters are calculated for recordings, including Mean Heart Rate, SDNN,
RMSSD. The time-domain parameters are associated mostly with overall HRV over the time of recording,
except RMSSD, which is associated with fast (parasympathetic) variability (Sonal et al., 2010). In HRV
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analysis, SDNN, HRV index, RMSSD are all positively related to each other, in which the relation index is
greater than 0.85 (Tanja et al., 2000). Based on the prior researches, the normal SDNN for an adult in
age range 18- 29 should be 169.92± 41.01(128.91- 210.93); the normal RMSSD range for an adult in age
range 18- 29 should be 72.39± 47.10(25.29- 119.49). The calculations of the SDNN and RMSSD are
expressed by eq 1 to 3 (Elmar et al., 2001):
𝑀𝑅𝑅(𝑚𝑒𝑎𝑛 𝑜𝑓 𝑅𝑅 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙𝑠) = 𝐼 ̅ =
𝑆𝐷𝑁𝑁 = √

1

𝑁−1

𝑅𝑀𝑆𝑆𝐷 = √

1
𝑁−2

1
𝑁−1

∑𝑁
𝑛=2[𝐼(𝑛)]

̅2
∑𝑁
𝑛=2[𝐼(𝑛) − 𝐼 ]

∑𝑛𝑛=3[𝐼(𝑛) − 𝐼(𝑛 − 1)]2

(1)
(2)
(3)

where 𝑁 is Total Heart Beats (THB).
On the RR interval side, the HRV point was shown on a Poincaré Plot. SD1 and SD2 is calculated to
reveal the relationship with the HRV and stress (Nis et al., 2004). SD1 is the standard deviation of the
Poincaré plot perpendicular to the line-of-identity, describes short-term variability caused by respiratory
sinus arrhythmia (Luciano et al., 2000). The lower value indicates the higher stress. SD2 indicates the
standard deviation of the Poincaré plot along the line-of-identity, describes long-term variability. The lower
value indicates the higher stress (Paolo et al., 2011). SD1 and SD2 can be calculated as:
1

𝑆𝐷1 = √𝑉𝑎𝑟(1/√2)(𝑅𝑅𝑛 − 𝑅𝑅𝑛+1 ) = ( ) ∗ 𝑆𝐷𝑆𝐷2
2

1

𝑆𝐷2 = 2 ∗ 𝑆𝐷𝑅𝑅2 − ∗ 𝑆𝐷𝑆𝐷2
2

(4)
(5)

where 𝑆𝐷𝑅𝑅 is standard deviation of the RR intervals, 𝑆𝐷𝑆𝐷 is standard deviation of the successive
differences in the RR intervals.
3 Test Plan and Data Collection
3.1 Test Equipment
The vehicle used in this test is a TOYOTA Camry (displacement: 2.5L, power: 178hp). Three dash
cameras (Fig. 1 a) are used to record the number of lanes that test drivers change for a certain period
and the actual traffic conditions. A battery-operated portable ECG Holter monitor (Fig. 1 b) is used to
measure real-time heart’s activity in a waveform, at a sampling rate of 256 Hz.
3.2 Equipment Installation
There dash cameras were mounted on front, two sides of windshields of the test vehicle by rubber
suckers. There are 6 pouches on the ECG Holter monitor, which are stuck on testing drivers' body. The
positions on the body for ECG Holter monitor's pouches are shown in Fig. 1 c (positions LA, RA, V1, V2,
RL, LL).

(a) The dashboard camera

(b) The Holter monitor to collect ECG data
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(c) ECG body positions
Fig. 1 Test devices and ECG body position

3.3 Test Locations and Scenarios
Six scenarios were designed for different traffic situations and the number of lane changes. The traffic
situations are defined by Level of Service (LOS). The situation under LOS A and B is clustered to light
traffic, while the medium traffic and heavy traffic are referred to LOS B and D, and LOS E and F,
respectively.
Test locations are mainly on highway 288, Houston, Texas. The first location is the intersection of
South Fwy 288 to Binz St with total distance of 1223ft. The second location is the exit 468 of South Fwy
288 with total distance of 1345ft. The third location is the entrance to South Fwy 288 from frontage road
with total distance of 2064ft. The forth location is the exit 425 of South Fwy 288 with total distance of
1982ft (Fig.2, Table 1).

(a) One lane change

(b) One lane change
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(c) Two lane change

(d) Two lane change
Fig. 2 Test location
Table 1 Scenario description

Scenario

Number of Lane Change

Traffic

S1

1

Light

S2

2

Light

S3

1

Medium

S4

2

Medium

S5

1

Heavy

S6

2

Heavy

3.4 Test procedure
A total of 6 physically healthy drivers participated in this driving test, 4 males and 2 females, aged from 20
to 35 years old. The test lasts for one day for each participant, from 7 am to 5 pm in order to catch the
peak and nonpeak hours of a weekday. It takes approximately 1.5 hour per round to cover all test
locations. For each test, one driver and one co-driver worked together, drivers' duty was focus on the
road and drive the test vehicle and collect the heart rate data, co-drivers' duty was to navigate the test
route to the driver and check the working situation of the ECG Holter monitor as well as the dash cameras.
4 Results and Discussions
Normal healthy people's heart rate should be in a range of 60-100 beats/min (Luciano et al., 2000). From
the data collected and analyzed, it can be seen that the high frequency range of heart rate is 71-100
beats/min (Fig. 3) which is within the normal Heart Rate range.
However, in the results the percentage of the heart rate out of the healthy range (<60 or >100
beats/min) is 22.74% where all of them are all above 100 beats/min. As the tests drivers are healthy
people, it means that the higher heart rate is probably related to mental stress. When healthy people are
under stress, a rapid heartbeat occurs (Michael et al., 2000). Only the heart beats reregulation is not
sufficient to determine the pressure status, further data analysis is required.
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Fig. 3 Heart rate distribution on lane change

4.1 RMSSD Analysis
Fig. 4 is the box plot of RMSSD value of all test samples on each scenario. For difference scenario, the
RMSSD values have no significant difference. This means different number of lane change and different
traffic situation do not influence the RMSSD by a large scale. However, there is some trends from the plot.
In the box plot, some lower RMSSD values are found in S6 and S2. In the S6 and S2, drivers conducted
also 2 lane changes, but under heavy and light traffic conditions, respectively. The lower RMSSD values
indicate that drivers are under higher stress when they take 2 lanes change. Driver need to do more
complicate observations and decisions when they take 2 lanes change compared to 1 lane change, this is
consistent with the real traffic circumstances (Andreassi, 2000).
Fig. 5 is the distribution plot for different scenario, from the plots, the lower RMSSD value have the
highest frequency. From Fig. 6 for all scenarios, RMSSD between 0 and 10 has the highest frequency,
then 11 to 20. The RMSSD between 41 and 60 has the least frequency, these data shows HRV under
stress, means the driver might in stress situation. Scenario 2 has the relatively highest portion of higher
RMSSD values, the sequence by higher portion of high RMSSD value is: S2> S1> S5> S6> S3> S4. This
result can be interpreted as for most occupation. Drivers have the RMSSD value that shows lower stress
when change 1 lane instead of 2 lane changes. In a medium traffic condition, the drivers have the most
stress with the lowest RMSSD, while the least stress with highest RMSSD was observed in a light traffic
condition.
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Fig. 5 Impact of the number of lane change on RMSSD

4.2 R-R Interval Analysis
Fig. 6 is the Poincaré Plot of RR intervals for each scenario.
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Fig. 6 Impact of lane change on long-term and short-term driving stress (RR-interval)

Table 2 shows the SD1 and SD 2 for each plot in Fig.6. Regarding the short term stress, there is a
slight difference in the SD1 among the six scenarios, which means drivers’ driving stress is not sensitive
to the number of lane changes and the traffic conditions for a short term. However, the SD2 among the
six scenarios ranges from 163.785 to 206.631. The smallest SD2 is observed in S1, and the largest one
is in S5. Vehicle speed is allowed to be the speed limit under light traffic. While making lane change for
S1, drivers need to pay more attention to the dynamic traffic situation, resulting in higher stress for long
term impact. On the contrary, a under heavy traffic condition, driving stress becomes the lowest in S5.
Table 2 SD1, SD2 value of each scenario

S1

S2

S3

S4

S5

S6

SD1

26.842

28.4418

24.6373

24.1735

26.6534

25.1969

SD2

158.0828

203.699

163.785

182.1

206.631

196.918

4.3 SDNN Analysis
The result of SDNN in Table 3 is very straightforward: the lower the SDNN value, the higher stress the
drivers are bearing with (Lin et al., 2013). Based on the data collected and analyzed, the stress sequence
is: S4> S1> S5> S3> S6> S2. This means drivers have the highest stress while change 2 lanes in light
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traffic, and have higher stress while change 2 lanes in heavy traffic. This result is consistence with the
results of RMSSD analysis.
Table 3 Impact of traffic on SDNN

scenario code

S1

S2

S3

S4

S5

S6

SDNN

143.1469

234.3848

145.9244

125.1802

143.8536

164.964

5 Conclusions
Base on the analysis above, the integrated results from R-R interval, RMSSD, SDNN value shows the
trend: 1. When the traffic situations are the same, drivers change 1 lane have lower stress than change 2
lanes; 2. The drivers have the lowest stress when drive in the medium traffic situation. The first trend
could be explained by unpredictable situation on the second lane change. The rear-view mirror can help
driver to determine the traffic situation of the lane next to the drivers' current driving lane. However, when
drivers need to change two lanes continuously, it is hard to observe the traffic situation of the second lane.
The unpredictable situation could raise driving stress. And drivers may feel dangerous when changing
lanes that do not have a good view even in a light traffic condition. This unsafe feeling could raise the
stress of drivers.
For the second trend, speed may play an important role in it. While driving under a light traffic situation,
the speed on freeway is usually quite fast (50-70 mph in these tests). Drivers need to pay more attention
to the traffic while changing lanes. The faster speed gives the drivers more unsafe feeling in the same
time. This unsafe feeling could raise driver's driving stress when changing lanes under a light traffic
condition. When driving in heavy traffic, the emotional change like anxiety and annoyance caused by the
traffic jam or other changing lanes vehicles could raise the stress reaction of the divers. It is concluded
that, the drivers’ driving stress is susceptible to the number of lane changes and the traffic conditions. The
least driving stress is found under a medium traffic condition to make one lane change
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Abstract
Safety treatments for non-motorized users at railway grade crossings have been a growing
issue. Every year, pedestrians/bicyclists die or get injured due to collision with trains at
highway rail grade crossings and pathway rail grade crossings. Although, the number of
fatalities due to collisions between trains and vehicles has reduced, the number of
pedestrians/bicyclists fatalities and injuries at highway and pathway rail grade crossings has
remained consistent in the last decade. Very recently, two accidents happened between
bicyclist and light rail within the inner loop of Houston, Texas. There is a growing importance
being directed towards enhancing the safety measures for non-motorized users at rail grade
crossings to prevent injuries and fatalities of pedestrians/bicyclists. The objective of this
study is to propose safety treatment at pathway rail grade crossing to enhance the security
and invulnerability of non-motorized users by conducting a survey. Two pathway rail grade
crossing locations, namely Fannin at Sunset Boulevard and Fannin at Holly Hall Street were
selected as two accidents happened there recently for conducting survey on people around
those locations. A questionnaire was prepared and the survey was executed on 102 people.
After the survey, various factors were analyzed from the survey data. Some of those are
mode of crossing, frequency of using crossing, warning sign and device awareness and
addition to improve safety at crossing. After investigating the results from the survey, safety
treatment is proposed for those two locations and recommendation is also made to the
METRORail for augmenting safety for pedestrians/bicyclists along rail grade crossings.
Keywords:
Pedestrian/bicyclists; accidents; crossing; safety; survey.
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1 Introduction
In United States, though there was a reduction in rail crossing accidents from 1978 to 1994, many
accidents still happen every year (Metaxatos and Sriraj, 2015). In opposite to the reducing number of
fatalities between train-vehicle collisions at rail grade crossing, the number of non-motorist fatalities at rail
grade crossing is relatively unchanged still. Between 1994 and 2007, incidents at highway rail grade
crossings reduced by 44%. Although, between 2003 and 2007 the number of incidents between nonmotorists and trains remained the same (Horton,2010). The number of domestic and international
research on train-related accidents is many, though the number of studies related to non-motorist safety
at rail grade crossings is limited (Lobb, 2006). There is a natural relationship between pedestrians and
public transit rail services. Rail services provide high capacity travel option for pedestrians allowing them
to travel many places otherwise not possible. Augmenting the pedestrian safety at rail crossings benefits
the pedestrians as well as the transit services resulting in an attractive service and better consistency at
crossings (TCRP Report 175, 2015).
Pedestrian safety at rail crossing is an imposing issue due to a number of reasons. Incidents occurring
between pedestrian/bicyclists and rails occur in various settings requiring context sensitive solutions. For
instance, accidents involving violations at rail grade crossings are different from trespassing accidents
away from crossings. A difficulty for implementing proper safety treatment for pedestrian is that in addition
to pedestrian, pedestrian crossing serves other types of non-motorized users as well such as
skateboards, rollerblades and equestrians (Metaxatos and Sriraj, 2016). A good number of treatments for
pedestrian/bicyclists have been applied at various highway rail and pathway rail grade crossings but
hardly any work has been done to assess their effectiveness. The purpose of this study is to conduct a
survey on pedestrians at two distinct locations within the inner loop of Houston. Based on the survey
results, safety treatment is proposed for those two locations and recommendations are made to the
METRORail for augmenting the safety measures for pedestrian/bicyclists at those two locations.
2 Background
2.1 Light rail
Light rail is a kind of rail service that is provided by short trains or single vehicles on dedicated ROW or on
roads and streets. Light-rail vehicles (LRV) are generally driven electrically by power being drawn from
and overhead electric line via a pantograph or trolley. Transit users typically board LRVs from stations or
from trackside stops in streets (TCRP Report 175, 2015).
2.2 METRORail
METRORail is 23.8 mile (38.3 km) LRT system in Houston, Texas. By 2015, METRORail had an average
weekday ridership of 60,600 and total annual ridership of 16,500,400. After Dallas’ DART Light Rail,
METRORail is ranked as the second most traveled light rail system in the Southern United States and the
th
13 most traveled light rail system in the United States. METRORail is operated by the Metropolitan
Transit Authority of Harris County (Wikipedia). Figure 1 shows the map of METRORail, Houston.
The 13-mile Red Line consists of 25 stations from Northline Transit Center to Fannin South. It opened in
2004 and carries 48,000 passengers daily. It is the nation’s most traveled lines based on boarding per
track mile. It was expanded in December 2013. Featured stops include downtown, the Museum District,
the Texas Medical Center and NRG park. The Green Line (East End) consists of 9 station which travels
along Harrisburg from the Magnolia Park Transit Center and through the historic East End to a variety of
downtown entertainment and business locations. The 6.6-mile Purple Line (Southeast) consists of 10
stations beginning at downtown and travels southeast along Capitol and Rusk to the Palm Center near
MLK and Griggs. It runs through one of Houston’s oldest African-American communities and connects to
both Texas Southern University and the University of Houston. The final section of the trackway is shared
with the Green Line (East End), which enables riders to transfer at the EaDO/Stadium to travel through
the East End (METRORail-Houston).
2.3 Pedestrian-Rail Crossing Types
The highway-railroad crossing design guide published by the Southern California Regional Rail Authority
(SCRRA) states that pedestrian-railroad grade crossings can be characterized as one of four types that
are:
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Fig. 1 Map of METRORail, Houston (ridemtro.org)

Pedestrian-rail grade crossings adjacent to a motor vehicle crossing.
Pedestrian-rail grade crossings at stations adjacent to a motor vehicle crossing.
Pedestrian-rail grade crossings at stations.
Pedestrian-rail grade crossings not adjacent to motor vehicle crossing or in a station.
2.3.1 Pedestrian-Rail Crossings Adjacent to a Motor Vehicle Crossing
Pedestrian-rail grade crossings adjacent to a motor vehicle travel lane involve a crossing which is parallel
to roadways crossing the tracks. For this type of crossing, road and adjacent pedestrian route cross the
train tracks. Another type is pedestrian-rail grade crossings adjacent to a motor vehicle crossing where
the street and pedestrian crosswalk cross both the train tracks and vehicle lanes where light-rail services
operate in mixed traffic along a roadway.
2.3.2

Pedestrian-Rail Grade Crossings at Stations Adjacent to a Motor Vehicle Crossing

This type of crossing is a special case of pedestrian-rail grade crossing. These crossings, along with
pedestrian-rail grade crossings at stations are used to provide access to rail transit station platforms for
pedestrian.
2.3.3 Pedestrian-Rail Grade Crossings at Stations
For this third type of crossing, station is located in the median of a street, requiring the passenger to cross
one or more tracks as well as one or more highway lanes to access adjacent land use.
2.3.4

Pedestrian-Rail Grade Crossings Not Adjacent to Motor Vehicle Crossing or in a Station

The fourth type of pedestrian rail grade crossing is when the crossing is not adjacent to a motor vehicle
crossing or in a station. These types of crossings are generally used on multi-use paths adjacent to rail
transit lines or to maintain established pedestrian traffic paths which are interrupted by the construction of
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a new rail transit line.
2.3.4 Findings from the Literature Review
The major findings from the literature review include the following:
A wide number of Manual on Uniform Traffic Control Devices (MUTCD) signs and warning
devices are used at rail grade crossings to warn pedestrian/bicyclists of incoming trains. A good
number of non-compliant MUTCD signs and devices are also used as well.
The signs and warning devices consist of active and passive signs, pavement markings,
channeling devices such as fencing, zigzag, swing gates, automatic pedestrian gates and second
train coming warning devices.
The measurement of forcefulness of a particular sign or warning device at rail grade crossing is
unidentified.
There is a lack of method for quantifying the risk of pedestrian/bicyclists incidents with trains at
grade crossing.
There is a necessity to address the requirements of users with disabilities at grade crossing.
A wide number of criteria are used for the selection of signs and warning devices at grade
crossings such as: pedestrian/bicyclists collision experience at the crossing, inclement weather,
train speed, frequency of trains, pedestrian volume at peak and non-peak hour, railroad traffic
pattern, surrounding land use pattern, sight distance for pedestrian approaching crossing,
presence of multiple tracks and installation and maintenance cost.
3 Survey Methodology and Site Location
A survey was conducted on two locations that are Fannin @ Sunset Boulevard which is near Hermann
Park/Rice University transit station and Fannin @ Holly Hall Street which is near Reliant Park transit
station. A questionnaire was developed to conduct the survey on people using those two crossings. The
questionnaire was influenced by the questionnaire which was developed by Urban Transportation Center
(UTC) research team and the Survey Research Laboratory (SRL) project coordinator for an earlier survey
of Chicago region non-CTA grade crossings (Metaxatos and Sriraj, 2013). Fig. 2 and Fig. 3 show the site
locations where the survey was conducted.

Fig. 2 Fannin @ Susnet Boulevard (Google Earth)

4 Survey Analysis and Results
4.1 Crossing Mode
Among the 102 survey respondents, about 43% walked, more than 16% were texting while they were
walking, less than 12 percent were riding bicycles, about 8% were talking on phone as well as listening to
music on earphones, less than 6% people were with some kind of walking aid, about 4% were on
skateboard and less than 3% people were with young children. Fig. 4 shows the crossing mode of survey
respondents.
4.2 Age & Gender Distribution
Overall, male respondents were more present in the survey than the female respondents. 65 of the 102
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respondents were male and 37 were female. Almost 30% of the respondents aged between 31-40 years
among which, 19 were male and 11 were female. 29% respondents aged between 21-30 years among
which, 15 were male and 14 were female. Almost 15% respondents aged between 41-50 years among
which, 10 were male and 5 were female. The percent of respondents aged less than 21 years and aged
between 51-60 is same which is just under 11% among which 8 were male and 3 were female for both of
the group. Finally, almost 6% percent respondents aged between 61-70 years old among which, 5 were
male and 1 was female. Fig. 5 shows age and gender distribution of survey respondents.

Fig. 3 Fannin @ Holly Hall Street (Google Earth)

Fig. 4 Crossing Mode of Survey Respondents.

4.3 Pedestrian/Bicyclists Rushing Behavior at Survey Locations
Pedestrian/Bicyclists crossing behavior was observed at both the survey locations for a period of 1 hour
from 9 30 A.M to 10 30 A.M in the morning. Pedestrian/Bicyclists are considered rushing at rail crossings
if the gates are down or the lights are flashing or the bells are ringing or the pedestrian crossing sign is
not active. During the 1 hour period, 221 people were seen crossing both the crossing locations. 196 of
them were walking and the rest 25 were bicyclists. 88 of the 196 people walking were male and 108 were
female. Among the 25 bicyclists, 14 were male and 11 were female. Among all the male walkers, 43%
were seen to be rushing to cross the pedestrian crossing. Among the female walkers, 39% were seen
rushing. Among the male cyclists, 57% were seen rushing and among the female cyclists, 27% were
seen rushing. Overall among the walkers, male were seen rushing more than the female by 4%. Among
the bicyclists, male were seen rushing more than female by 30%. The following figure 6 shows rushing
behavior of pedestrian/bicyclists at rail grade crossing.
4.4 Crossing Frequency of Respondents
Among all of the 102 survey respondents, 32 were irregular users. So, almost 70% (70 of 102) were
regular users. More than 8 out of 10 people of regular users used the crossings at which they were
interviewed were using the crossings daily or weekly. 60% of the regular users used crossings daily, 25%
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people used crossings weekly and almost 15% people used crossings on a monthly basis. The most
frequency of using crossings for daily, weekly and monthly basis was 1. Table 1 shows the crossing
frequency of survey respondents.

Fig. 5 Age & Gender of Survey Respondents

Fig. 6 Pedestrian/Bicyclists Rushing Behavior
Table 1 Crossing Frequency of Respondents

Number of Times

Daily

Weekly

Monthly

Total

Percent

1
2
3
4
5
Total
Percent
Irregular Users
Total

18
12
5
3
4
42
60%

5
4
4
1
4
18
25.7%

3
2
1
1
3
10
14.3%

26
18
10
5
11
70
100%
32
102

37.1%
25.7%
14.3%
7.1%
15.7%
100%

4.5 Signs/Warning Devices Noticed by Respondents
Of all the 102 respondents, more than 85% people did notice warning devices/signs installed while
crossing the pedestrian crossing. The warning device most noticed by users was signs which are more
than 73% followed by pavement markings which is almost 52 percent. Flashing lights was the third most
noticed warning device that is about 47 percent. Fencing, swing gates or zigzag were noticed by
approximately 20% users. 19% users noticed second train coming warning signs. Pedestrian crossing
gate was noticed by 18% respondents. Finally, little less than 14% users noticed audible/visual warnings
for people with disabilities. Fig. 7 shows the signs/warning devices noticed by survey respondents.
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(a)

Percent of users noticed or did not notice warning devices

(b)

Different warning devices noticed by survey respondents
Fig. 7 Signs/warning devices noticed by survey respondents

4.6 Active/Passive Sign Detection
The warning devices/signs shown in Fig. 4 were further categorized in two categories that are active
and passive in order to investigate visibility differences. In age group under 21, 47% users noticed active
signs. Users in age group 21-30 noticed 52% active signs. Among age groups 31-40, 41-50, 51-60 and
61-70, the percent of noticing active signs is 53, 55, 64 and 66 respectively. It is interesting to note that
the percent of noticing passive signs decrease as the age increases and the percent of noticing active
signs increases as the age increases. Fig. 8 shows active/passive sign detection by survey respondents.

(a) Types of Signs Noticed
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(b) Type of signs noticed by different age group
Fig. 8 Active/Passive Sign Detection

4.7 Attitudes of Respondents at Crossing
A good number of respondents said that they would not cross the tracks if the gates were down or the
lights were flashing or the bells were ringing. However, 40% users said that they would cross the track if
they were in a hurry, 52% users said they would cross if other people were crossing, 21% users said they
would cross if they were annoyed for the train to pass, 38% users would cross if they could not see a train
coming and lastly, 49% people would cross if they felt they had enough time. Fig. 9 shows the attitudes of
survey respondents at crossing. Overall, female respondents were more safety cautious than the male
respondents. Moreover, users of younger age were seen to be crossing the tracks against activated
signals/warning devices. Furthermore, regular users were more concerned about safety than the irregular
users as well.
4.8 Frequency of Seeing Others Cross Tracks
Most of the users participating in the survey (87%) said they saw other people crossing tracks against
activated warning signs/devices. Female respondents were more active in recognizing such activities.
Only 13% users said that they never saw others crossing the track against activated signals/devices. Fig.
9 shows the frequency of seeing others crossing track at locations other than the designated pedestrian
crossing.

Fig. 9 Attitudes about Safety of Survey Respondents at Crossing

4.9 Frequency of Crossing Tracks at locations other than Pedestrian Crossing
Among all the respondents, 24% users said that they never cross the track at locations other than the
pedestrian crossing. About 8% users always, 16% users often and 24% users sometimes cross the tracks
from locations other than the designated pedestrian crossing. Fig. 10 shows percent distribution of survey
respondents crossing tracks at locations other than designated pedestrian crossing.
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Fig. 10 Frequency of Seeing Others Crossing Tracks Against Activated Signals

4.10 Reasons for Crossing Tracks at Other Locations
20% of the respondents said that they do not cross the tracks at locations other than the designated
pedestrian crossing. 39% users responded that they cross the tracks at other locations because they saw
other people were crossing, 44% users said they felt they had enough time and 25% respondents said
they previously did it and they were not hurt. Figure 12 shows different reasons for survey respondents
crossing tracks at other locations.
4.11 Legality of Crossing Tracks against Activated Signals
77% of all the respondents said that it is illegal to cross the tracks against activated signals. However, it is
interesting to note that, the number of percent of users who feel that it is allowed to cross signals against
activated signals increase as the age decreases. 75% of the users in the age group under 21 feel it is
allowed to cross tracks against activated signals whereas only 20% people in the age group 61-70 feel
the same. It is observed that the sense of safety increases in the users as their age increases.
4.12 Notion of Safety at Pedestrian Crossing
Only 26% of all the users felt extremely safe or very safe about using the pedestrian crossing. 34% users
felt moderately safe, 27% users felt unsafe and 12% users felt extremely unsafe about using the
pedestrian crossing. This notion is shared evenly between male and female respondents. Most of the
users who felt extremely safe were above 50 years old which can be seen in the following Fig. 14.

Fig. 11 Frequency of Crossing Tracks at Locations Other that Pedestrian Crossing

4.13

Predicament in Crossing Tracks

32% of the respondents said it was moderately easy for them to cross the tracks. For about 40% of the
users, it was very easy or easy to cross the tracks.19% users found it difficult and 9% percent users found
it extremely difficult to cross the tracks. A relationship is observed between notion of safety and difficulty
in crossing tracks which is shown in Fig. 15.
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Fig. 12 Reasons for Crossing Tracks at Other Location

(a) Legality of Crossing Tracks

(b) Legality of Crossing Tracks by age
Fig. 13 Legality of Crossing Tracks against Activated Signals

Fig. 14 Perception of Safety using Pedestrian Crossing

4.14

Reasons for Difficulty in Crossing Tracks

Almost all the respondents stated that they had some kinds of difficulties in crossing the pedestrian tracks.
16% respondents mentioned visually unclear signs as the reason of difficulty. 15% users said the
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direction of the sidewalk was not clear. It is noted that the percent of respondents is evenly distributed
among the various reasons stated in the figure ranging from 10% to 16% which is shown in the following
Fig. 16. Twenty-one respondents stated other reason as the reasons for difficulty in crossing tracks which
can be seen in Table 2. Four out of the 21 people who stated other reasons for difficulty in crossing tracks
stated that traffic was too heavy and 3 users stated too many cars which can be seen in Table 3.

Fig. 15 Difficulty in Crossing Tracks

4.15

Disability Status

Among the 102 respondents, 6 people reported to have some kind of disability. Among these 6 people, 4
were male and 2 were female.
4.16

Inclusions for Improving Safety at Pedestrian Crossing

All the 102 survey respondents were asked for suggestions/comments to enhance the safety condition at
pedestrian crossing. Almost all the respondents irrespective of gender or age made suggestions on
additions to improve the safety of pedestrian crossing. Pedestrian crossing gate clearly stands out among
the other options as more than 17% users felt that adding a pedestrian crossing gate would enhance the
safety measure of pedestrian crossing. 14% users made suggestions to include signs, 12% respondents
commented to introduce ringing bells as well as audible/visual warnings for people with disabilities. The
distribution of different inclusions to improve safety suggested by survey respondents is shown in Fig. 17.
Less than 2% users suggested other additions to include. Only 5% respondents suggested that no
improvements were required to enhance the safety of pedestrian crossing.

Fig. 16 Different reasons for Difficulty in Crossing Tracks
Table 2 Frequency of each Response

Response

Frequency

From out of town not sure

2

Not often enough

1
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Traffic is too heavy

4

Not difficult

2

Too many cars

3

None of the above

2

It is okay

1

I don't think so

1

Don't know

2

None

2

Traffic

1

Total

21
Table 3 Other Reason for Difficulty in Crossing Tracks

From out of town not sure

2

Not often enough

1

Traffic is too heavy

4

Not difficult

2

Too many cars

3

None of the above

2

It is okay

1

I don't think so

1

Don't know

2

None

2

Traffic

1

Total

21

5 Conclusions
After an analysis of literature review and the survey results, the study concludes the following:
A number of activities such as: texting, talking on phone and listening to music create disturbance
among the pedestrian/bicyclists while they are travelling across a grade crossing.
Female users tend to be more safety conscious than male users both in terms of walking and cycling
while travelling across a grade crossing. The propensity of rushing is found more in male users than
female users.
Most of the pedestrian/bicyclists irrespective of their gender and age notice warning signs and
devices while crossing at grade crossing. Signs and pavement markings are the two most noticeable
warning devices.
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Active signs are more noticed than passive signs among all users while crossing. The percentage of
noticing active signs more than passive signs gets higher as the age increases among both male and
female users.
A good number of people do cross the pedestrian crossing when it is not allowed to cross (e.g., if the
gates are down or the lights are flashing or the bells are ringing).
Trespassing by crossing the tracks at locations other than the designated pedestrian crossing is a
common habit of most users.
A small number of people think it is legal to cross tracks against activated signals. However, this
notion is found most among the younger people irrespective of their gender.
A small percentage of people feel that it is moderately safe to cross tracks. On the other hand, most
of the users feel it is not safe to cross tracks at rail grade crossings.
A variety of reasons were found among pedestrian/bicyclists when they were asked about the
reasons for difficulty when crossing tracks and the percentage of views were almost equally
distributed between the reasons that are: visually unclear signs, the direction of sidewalk, not loud
audible devices, broken path, the line of sight of the incoming train, second train coming warning
signs and visibility of signs at night.
Safety treatments for pedestrian/bicyclists should incorporate special treatment for people with
disabilities.
Most of the users believe that inclusion of pedestrian crossing gates should improve the safety
condition for pedestrian/bicyclists at grade crossing.
6 Recommendation
The study recommends the following to METRORail, Houston for enhancing safety treatments for
pedestrian/bicyclists at rail grade crossings:
Install pedestrian crossing gates at the two locations on where the survey was conducted to improve
the safety condition of pedestrian/bicyclists.
Establish method to measure performance of signs and warning devices used at rail grade crossings.
Establish method to calculate the risk of incidents between pedestrian/bicyclists and trains.
Promote awareness on safety at rail crossings among all people specially young users.
Promote treatments which consider the needs of people with disabilities at rail crossings.

Fig. 17 Additions to Improve Safety at Pedestrian Crossings
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Smart city challenge – an innovative path for American’s
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Abstract
In United States of America, the United States Department of Transportation (USDOT),
under bold leadership of Secretary Anthony Foxx, initiated the Smart City Challenge. The
USDOT pledged up $40 million to one city to help it define what it means to be a “Smart City
“and become the country’s first city to fully integrate innovative technologies – self-driving
cars, connected vehicles, and smart sensors into their transportation network. USDOT
encouraged cities to put forward their best and most creative ideas to innovatively
addressing the challenges they are facing. The vision of the Smart City Challenge is to
demonstrate and evaluate a holistic and integrated approach to improving surface
transportation performance within a city and integrating this approach with other Smart City
domains such as public safety, public services, and energy. USDOT intends for Smart City
Challenge to address how emerging transportation data, technologies, and applications can
be integrated with existing systems in a city to address transportation challenges, and used
to spur reinvestment in underserved communities. USDOT seeks bold and innovative ideas
for proposed demonstrations to effectively test, evaluate, and demonstrate the significant
benefits of Smart City concepts. USDOT’s ideal Smart City vison elements included:
Technology Elements (Urban Automation, Connected Vehicles, Intelligent, Sensor-Based
Infrastructure); Innovative Approaches to Urban Transportation Elements (User-Focused
Mobility Services and Choices, Urban Analytics; Urban Delivery and Logistics, Strategic
Business Models & Partnering, Smart Gird, Roadway Electrification and Electric Vehicles,
Connected, Involved Citizens); and Smart City Elements (Architecture and Standards, LowCost, Efficient, Secure & Resilient Information Community Technology; and Smart Land
Use). Seven Smart City Challenge finalists were City of Austin, Texas, City of Columbus,
Ohio City and County of Denver, Colorado; City of Kansas City, Missouri; City of Pittsburgh,
Pennsylvania; City of Portland, Oregon, and City of San Francisco, California. This paper
highlights the winner of Smart City Challenge, City of Columbus, with its a holistic vision
deploying enabling technologies: Columbus Connected Transportation Network; Integrated
Data Exchange (IDE); Enhanced Human Services; and Electric Vehicle Infrastructure (EVI).
Keywords:
Smart City, Technology, Intelligent Transportation Systems
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1 Introduction
USDOT Beyond Traffic 2045: Trends and Choices study indicates that many communities will experience
rapid population increases and rapidly growing demands on their transportation infrastructure thru 2045.
USDOT designed Smart City Challenge to help cities begin to address the difficulties these trends
present, the Smart City Challenge concentrated federal resources into one medium-sized city, selected
through a nationwide competition, with federal funding of $40 million for the mid-sized city to demonstrate
how advanced data and Intelligent Transportation Systems (ITS) technologies and applications can be
used to reduce congestion, keep travelers safe, protect the environment, respond to climate change,
connect underserved communities, and support economic vitality.
●

Infrastructure, and making better use of the space allocated to parking.

●

Smart cities promote the efficiency, reliability and safety of how we move things through traffic
signals that prioritize freight movements, apps that provide truckers with information about routes
and parking, automated low speed freight delivery systems that enable the consolidation of
deliveries, and automated trucks.

●

Smart cities 5. The Winner - City of Columbus, Ohio

●

In February 2, 2015, USDOT released “Beyond Traffic 2045: Trends and Choices”. Beyond
Traffic examines the long-term and emerging trends affecting our Nation’s transportation system
and the implications of those trends. It describes how demographic and economic trends, as well
as changes in technology, governance, and our climate are affecting how people and goods
travel today, and how they could affect travel in the future. These trends are summarized below:

●

Smart cities are improving how we move by supporting more affordable and sustainable mobility
choices, improving the quality and reliability of transit services, enhancing pedestrian and bicycle
s are taking the lead in how we adapt to climate change by installing electric vehicle
infrastructure, converting public fleets and buses to electric vehicles, incentivizing shared-use
mobility options, and closely monitoring air pollution to identify and address emissions hotspots.

●

Advances in technology are allowing cities to collect, analyze, and apply data to discover how we
move better.

●

Smart cities are taking steps to ensure that new technologies grow opportunity for all by
connecting underserved communities to job centers through affordable, reliable transportation
options and by bridging the digital divide.

●

To enhance the capabilities of the public to understand transportation challenges and implement
innovative solutions, cities are looking to develop new integrated data platforms to make better
decisions and align decisions and dollars.

2 Smart city challenge – Phase I
On December 7, 2015, USDOT announced the Smart City Challenge. For Phase I, each city submitted a
proposal of up to 30 pages outlining a high-level vision by February 4, 2016, for the opportunity to win
$100,000, in fixed amount cooperative agreements, to further develop its concept, and ultimately to
become the $40 million winner. February 4, 2016, and supported prospective applicants with numerous
forums, webinars, and other resources.
USDOT encouraged cities to put forward their best and most creative ideas for innovatively
addressing the challenges they are facing. The vision of the Smart City Challenge is to demonstrate and
evaluate a holistic, integrated approach to improving surface transportation performance within a city and
integrating this approach with other Smart City domains such as public safety, public services, and
energy. USDOT intends for this challenge to address how emerging transportation data, technologies,
and applications can be integrated with existing systems in a city to address transportation challenges,
and used to spur reinvestment in underserved communities. USDOT sought bold and innovative ideas for
proposed demonstrations to effectively test, evaluate, and demonstrate the significant benefits of Smart
City concepts.
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2.1 USDOT’s Vision for a Smart City
USDOT’s vision for the Smart City Challenge is to identify an urbanized area where advanced
technologies are integrated into the aspects of a city and play a critical role in helping cities and their
citizens address the challenges in safety, mobility, access to opportunity, sustainability, clean energy,
economic vitality, and climate change. Advancements in ITS, connected vehicles, automated vehicles,
electric vehicles, and other advanced technology will be a critical part of meeting these transportation
challenges, as will the merging Internet of Things (IoT) which offers data from various sectors and
sources. A Smart City uses these data to maximize efficiencies within their management systems while
enabling an open, growing ecosystem of third party services that provide additional benefits to citizens.
The Smart City Challenge is expected to improve safety, enhance mobility, enhance ladders of
opportunity, accelerate the transportation to clean transportation, and address climate change. Specific
goals of the Smart City Challenge include:
●

Identify the transportation challenges and needs of the citizen and business community and
demonstrate how advanced technologies can be used to address issues in safety, mobility,
access to opportunity, energy efficiency, and climate change, now and into the future.

●

Determine which technologies, strategies, applications, and institutional arrangements
demonstrate the most potential to address and mitigate, if not solve, transportation challenges
identified within a city.

●

Support and encourage cities to take the evolutionary and revolutionary steps to integrate
advanced technologies – including connected vehicles, automated vehicles, and electric vehicles
– into the management and operations of the city, consistent with the USDOT vision elements.

●

Demonstrate, quantify, and evaluate the impact of these advanced technologies, strategies, and
applications towards improved safety, efficiency, and sustainable movement of people and goods.

●

Examine the technical, policy, and institutional mechanisms needed for realizing the potential of
these strategies and applications – including identifying technical and policy gaps and issues –
and work with partners to address them.

●

Assess reproducibility of interoperable solutions and qualify successful Smart City systems and
services for technology and knowledge transfer to other cities facing similar challenges. Follow
systems engineering best practices and utilize available architectures and standards to develop
interoperable, reproducible systems with national extensibility, including the use of open source
technologies.

●

Work with Federal partners and programs focused on providing technical and financial resources
for optimizing the usage of advanced and affordable clean transportation options.

●

Collaborate with regional agencies on the best use of a city’s Federal transportation assets and
Federal workforce to accelerate the deployment of clean transportation and connected and
automated vehicle technologies.

USDOT’s ideal Smart City would have continuity of committed leadership, authority, and capacity to
carry out the demonstration throughout the period of performance and continue operation after the period
of performance is over. Additionally, the city would have a commitment to integrating with the sharing
economy; and a clear commitment to making open, machine-readable real-time and archived data
accessible, discoverable and usable by the public to fuel entrepreneurship and innovation.
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Fig. 1 Beyond Traffic: The Smart City Challenge Vision Elements

USDOT identified twelve vision elements that comprise a Smart City. A successful proposal would
align to some or all the USDOT’s vision elements and foster integration between the elements. Through
alignment with these vision elements, the Smart City Challenge is expected to improve safety, enhance
mobility, enhance ladders of opportunity, accelerate the transition to clean transportation, and address
climate change. The twelve vision elements are depicted in Fig. 1 and described in more detail below.
2.2 Technology Elements
This group of three Vision Elements includes technologies that are of the highest priority to the USDOT.
Vision Element #1: Urban Automation. Automated transportation offers tremendous possibilities for
enhancing safety, mobility, accessibility, equity, and the environment. The Smart City can provide national
leadership through its demonstration and assessment of automated transportation applications and
systems for the movement of goods and people. There are many ways to incorporate automated
transportation into a Smart City.
Vision Element #2: Connected Vehicles. Connected vehicles use vehicle-to-vehicle (V2V) and
vehicle-to-infrastructure (V2I) communications to provide connectivity that will enable countless safety,
mobility, and environmental applications. Connected vehicle technologies allow vehicles to send and
receive information about their movements in the network – offering cities unprecedented opportunities to
provide more responsive and efficient mobility solutions in real-time and in the long term. Data derived
from connected vehicles provide insights to transportation operators, help to understand demand, and
assist in predicting and responding to movements around a city.
Vision Element #3: Intelligent, Sensor-Based Infrastructure. Smart cities contain and use a
collective intelligent infrastructure that allows sensors to collect and report real-time data to inform
transportation-related operations and performance and trends of a city. These data allow city operators to
evaluate how the city is operating and how to enhance the operation of facilities, systems, services, and
information generated for the public. Intelligent infrastructure includes sensors that collect traffic,
pedestrian, bicyclist, environmental data, and other information available throughout the city. A successful
Smart City will integrate these data with existing transportation data and operations, allowing the city to
improve operations of the transportation network.
2.3 Innovative approaches to urban transportation elements
This group of six Vision Elements includes innovative approaches to urban transportation and is
categorized as a high priority by the USDOT.
Vision Element #4: Urban Analytics. This vision element includes platforms for understanding and
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analyzing data to address complex urban challenges and/or measure the performance of a transportation
network. In a data-rich environment, cities and citizens are increasingly able to share, use, and leverage
previously unavailable datasets to address complex urban problems and improve current operations and
capabilities. Urban analytics create value from the data that is collected from connected vehicles,
connected citizens, and sensors throughout a city or available from the Internet using information
generated by private companies.
Vision Element #5: User-Focused Mobility Services and Choices. This vision element consists of
strategies, initiatives, and services that increase transportation choices and options by supporting and
improving mobility across all modes for all travelers, including aging Americans and persons with
disabilities. A major component includes advanced traveler information systems that provide real-time
traffic, transit, parking, and other transportation-related information to travelers. Smart cities support
sustainable mobility using traveler-oriented strategies that deliver innovative solutions across all
transportation modes, including transit, bicycling, electric vehicles, and shared use mobility services, to
improve the mobility of all travelers, including older Americans as well as people with disabilities.
Vision Element #6: Urban Delivery and Logistics. This vision element includes innovative solutions
that support efficient goods movement through use of data or technology to create opportunities for a
more efficient supply chain approach that delivers safer logistics management, improved on-time pickups
and delivery, improved travel time reliability, reduced energy use, and reduced labor and vehicle
maintenance costs.
Vision Element #7: Strategic Business Models and Partnering Opportunities. Opportunities exist
to leverage creative strategic partnerships that draw in stakeholders – including those from the private
sector, non-profit organizations, foundations and philanthropic organizations, academia/University
Transportation Centers (UTC), Federal agencies, and other public agencies to advance Smart City
solutions.
Vision Element #8: Smart Grid, Roadway Electrification, and Electric Vehicles. This vision
element includes strategies and initiatives that leverage the smart grid – a programmable and efficient
energy transmission and distribution system – to support the adoption or expansion of roadway
electrification, robust electric vehicle charging infrastructure, and the acceleration of electric vehicle
deployment. With electric vehicles becoming more prevalent and more advanced, increasing
opportunities exist for the vehicle to interact with the smart grid..
Vision Element #9: Connected, Involved Citizens. Connected citizens generate, share, and use
data and information in new and useful ways. This vision element consists of strategies, local campaigns,
and processes to proactively engage and inform citizens at the individual level by deploying hardware,
software, and open data platforms to increase personal mobility. Advanced technologies would be used
to enhance overall mobility for all citizens including people with disabilities, older adults, and young
Millennials who will act as an important engine of the future economy.
2.4 Smart city elements
This group of Vision Elements includes three Smart City elements and is categorized as a priority by the
USDOT.
Vision Element #10: Architecture and Standards. This vision element emphasizes complete and
well-documented systems architectures – governed by rules, documentation, and standards – that may
be extended to a nationwide or broader deployment and support interoperability between systems.
Because vehicles and travelers move broadly across regions, uniform operation that is accessible to
everyone is essential for safe and efficient transportation operations.
Vision Element #11: Low-Cost, Efficient, Secure, and Resilient Information and
Communications Technology (ICT). This vision element includes strategies and practices that advance
information and communications technology that is affordable, adaptable, scalable, efficient, secure and
resilient. This may include telecommunications platforms, enterprise software, storage, visualization
systems, and operations to inform decision making. This will include ICT that contributes to one common
operating platform to inform city government decision-making.
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Vision Element #12: Smart Land Use. This vision element includes strategies and practices that
ensure land use is optimized through a combination of planning and innovation deployments designed for
a better-connected community that expands the range of transportation choices and access to
employment, housing, education, and health services. A successful Smart City ensures that land use is
efficiently optimized.
The Smart City Challenge generated a significant amount of interest among U.S. cities (Fig. 2).
USDOT received 78 applications across the country. The challenge required the cities to boldly envision
new solutions that would change the face of transportation in U.S. cities by closing the gap between rich
and poor, capturing the needs of both young and old, and bridging the digital divide through smart design
so that future transportation meets the needs of all city residents.

Fig. 2. Smart City Applicants

3 Smart city challenge – Phase II
On March 12, 2016, the USDOT announced that seven cities were finalists in the Smart City Challenge:
Austin, Columbus, Denver, Kansas City, Pittsburgh, Portland, and San Francisco. The seven finalists
dreamed big: they planned to implement autonomous shuttles to move city residents, to electrify city
fleets, and to collectively equip over thirteen thousand buses, taxis, and cars with vehicle-to-vehicle
Dedicated Short Range Communications (DSRC) technology. Over a three-month period, these finalists
worked closely with USDOT, their residents, and each other to develop detailed plans to put their Smart
City visions into action. Each city received $100,000 for public outreach, the production of pitch videos,
and intensive technical assistance from Federal experts and private partners to further concept
development. One city will be selected to implement its proposed concept. The USDOT will provide
funding of up to $40 million to the winning city. In addition, Vulcan is offering an additional $10 million to
the winning city to support infrastructure for electric vehicles, and the winning city’s public bus system will
receive Mobileye’s Shield +TM technology on its entire bus fleet. A panel of agency experts reviewed the
proposals.
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3.1 Conducting a federally funded smart city demonstration
The seven Smart City Challenge Finalists applied for funding to support implementation of their proposed
vision. Their detailed applications from Smart City Challenge Finalists on their proposed approach and
plans to conduct a Federally funded Smart City Demonstration in their jurisdiction. USDOT recognized
that each Smart City Challenge Finalist will have unique strategies they plan to implement to address the
challenges they face. Each finalist will have unique partnerships and technical approaches they will take
to implement their solution. Under this solicitation, finalists are being asked to describe how they plan to
make their high-level vision a reality. Rather than prescribing an approach that the city must follow to
implement their solution, the USDOT is providing context to its expectations for demonstration.
While cities will be responsible for defining their own approach to implementing their vision, the
USDOT is requiring some products and deliverables needed to demonstrate, quantify, and evaluate the
impact of advanced technologies, strategies, and applications towards improved safety, efficiency,
ladders of opportunity, and sustainable movement of people and goods (Table 1). Other products and
deliverables are needed to foster transferability/reproducibility to support technology and knowledge
transfer to other cities facing similar challenges.
Table 1. Smart City Challenge Demonstration Site

3.2 Criteria for selection of smart city challenge finalists
TECHNICAL MERIT: USDOT evaluated applications on following technical merit criteria, which are of
equal importance.
●

Demonstration of an innovative, integrated, and holistic approach to conduct the Applicant’s
Smart City demonstration consistent with the USDOT’s demonstration goals and twelve vision
elements as defined in Section A.

●

Extent that the Applicant’s vision and goals address issues identified in Beyond Traffic, including
increases in population, urbanization, the movement of people and the movement of goods.

●

Extent that applicants improve access to reliable, safe, and affordable transportation for
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underserved communities. This includes, but is not limited to connecting people to jobs,
removing physical barriers to access, incentivizing reinvestment in underserved communities, and
strengthening communities through neighborhood redevelopment.
●

Extent applicant addresses the digital divide when creating and implementing technology
solutions for individuals who might not otherwise have access to specific types of Smart City
technologies.

●

Extent applicant can demonstrate targeted outcomes for other USDOT priorities including
reducing congestion and addressing climate change and resilience.

●

Extent applicant can demonstrate targeted outcomes for safety, that aim to significantly reduce
transportation related injuries and fatalities.

●

Demonstration of a sound technical, data management, management, and staffing approach.

●

Extent the applicant is committed to partners that are consistent with USDOT desired
characteristics including a commitment to integrating with the sharing economy; and a clear
commitment to making open, machine-readable data accessible, discoverable and usable by the
public to fuel entrepreneurship and innovation.

●

Demonstration of sufficient capacity and capability to perform.

4 The winner – City of Columbus, Ohio
On June 23, 2016 USDOT Secretary Anthony Foxx announced the selection of Columbus, as the winner
of the Smart City Challenge. As winner, Columbus will receive up to $40 million from USDOT and up to
$10 million from Vulcan to supplement the $90 million that the City has already raised from other private
partners to carry out its plan. Using these resources, Columbus will work to reshape its transportation
network to become part of a fully integrated system that harnesses the power and potential of data,
technology, and creativity to reimagine how people and goods move throughout the city.
Columbus put forward a holistic vision deploying three electric self-driving shuttles to link a new bus
rapid transit center to a retail district, connecting more residents to jobs. Columbus also plans to use data
analytics to help improve health care access for a neighborhood that currently has an infant mortality rate
four times the national average.
Secretary Foxx commented:
From the beginning, I believed each city had to take inventory of its transportation problems. The best
applications did more than that; they framed the issues in the context of larger community challenges.
Our seven finalists reflected some of America’s most thoughtful, innovative, and visionary cities.
Columbus rose to the top.
We were impressed not only by Columbus’ grasp of the technological possibilities but also by how it
knitted together those possibilities within its present-day challenges and longer-term aspirations. Make no
mistake: Columbus will do some cool things with technology. It will install street-side mobility kiosks, a
new bus-rapid transit system and smart lighting to increase safety for pedestrians. It also will install traffic
signals that communicate with vehicles so that the signals can adjust in real-time to the flow, rhythm, and
demands of traffic.
But Columbus separated itself by showing a connection between its deployment of technology and its
larger challenges. For example, Columbus’ infant-mortality rate is four times the national average, and the
city’s political, business, and civic leaders see this issue as a threat to its future. As part of their proposal,
they will develop a mobility app to connect mothers, transportation providers and medical offices.
The Challenge: Each year in Franklin County, 150 babies die before their first birthday. And, twice as
many African-American babies are likely to die as white children. In Columbus, these deaths are
concentrated in neighborhoods in which there are lower levels of income, education and health. One
neighborhood loses four times as many babies as in the neighborhood next door.
The Goal: Reduce infant mortality by 40 percent and to cut the health disparity gap in half by 2020.
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The Solution: Columbus will leverage a new central connected traffic signal and integrated
transportation data system to develop a suite of applications to deliver enhanced human services to
residents and visitors. The City plans to integrate an electronic appointments and scheduling platform for
doctor visits with transit tracking so that rescheduling is automated and expecting mothers need not wait
weeks to reschedule appointments. These applications include a multi-modal trip planning application, a
common payment system for all transportation modes, a smartphone application for assistance to
persons with disabilities, and integration of travel options at key locations for visitors. Columbus will
establish a smart corridor connecting underserved neighborhoods to jobs and services. The smart
corridor will enhance Bus Rapid Transit (BRT) service by installing smart traffic signals, smart street
lighting, traveler information and payment kiosks, and free public Wi-Fi along the route. Six electric,
accessible, autonomous vehicles will be deployed to expand the reach of the BRT system to additional
retail and employment centers.
The City of Columbus proposed a comprehensive, integrated plan addressing challenges in
residential, commercial, freight, and downtown districts using several new technologies, including
connected infrastructure, electric vehicle charging infrastructure, an integrated data platform, autonomous
vehicles, and more.
4.1 The smart Columbus vision
Columbus strives to be the nation’s epicenter for ITS research, development and implementation. Their
investment in ITS will create opportunities for economic development and job creation and provide
ladders of opportunity for residents to better access jobs, fresh food, services, education, healthcare, and
recreation. Smart Columbus projects are universally accessible and sustainable. Their proposed
approach is revolutionary in unprecedented data integration, autonomous and connected vehicle
deployment, and implementing advanced sensors and cameras through smart intersections. With
guidance from a diverse group of civic organizations, non-profits, business leaders, and senior technical
advisors, their demonstration will be designed, developed, and implemented to provide optimal
accessibility to youth, seniors, New Americans, and the Americans with Disabilities Act (ADA) community.
Columbus will also make significant investments, implement programs, and create incentives for
transportation electrification and greenhouse gas reduction that will be environmentally and financially
sustainable. Columbus is the ideal testing ground to demonstrate the application of ITS. What works in
Columbus—a model mid-sized American city—can be transferred to cities around the country. Columbus
has a proven record of using transportation infrastructure to reconnect neighborhoods and unlock
economic opportunity (Fig. 3).

Fig. 3. Smart Columbus Vision

4.2 State-of-the-art facilities and networks
City of Columbus recently completed construction of an advanced Traffic Management Center (TMC),
and construction is presently underway with a multi-year, $76 million investment in the Columbus Traffic
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Signal System (CTSS). The CTSS, TMC, and Ohio Department of Transportation (ODOT) TMC will
provide advanced and integrated traffic management coordination between Columbus, ODOT, and
regional communities. The Transportation Research Center (TRC) is a world-leading provider of vehicular
testing services, providing research and development (R&D), compliance, and certification testing for
vehicles and components for crash-, emissions-, dynamic- and durability-testing. The TRC will contribute
its wealth of expertise in advanced automotive research to the Smart Columbus Demonstration.
The Central Ohio Transit Authority (COTA) Cleveland Avenue Bus Rapid Transit (CMAX BRT) will
connect more than 200,000 residents and 170,000 jobs between Downtown and major residential, retail,
and employment centers along the City’s second busiest transit route, including three of their most
challenged neighborhoods. COTA and Smart Columbus will expand the CMAX project to bring a smart
payment system to cash-based households, integrated trip planning for first mile/last mile connections,
and Wi-Fi along the route. After engaging residents, leaders, experts and others, five major goals
emerged to provide ladders of opportunity for all:
●
●
●
●
●

Improve access to jobs through expanded mobility options in major job centers
Enhance visitor experience by better connecting their visitors to transportation options
Stimulate regional economic prosperity and compete globally through smart logistics
Better connect Columbus residents to safe, reliable transportation that can be accessed by all
Support the efficient movement of people and goods through environmentally sustainable
practices.

4.3 A district approach
The Smart Columbus Program will pilot projects in four distinct types of districts (residential, commercial,
downtown, and logistics, see Fig. 4). Each district has challenges unique to its type, yet universal to
similar commercial, residential, downtown, and logistics districts across Columbus and the Nation. Our
challenges, solutions, results, and performance measures are scalable to other neighborhoods and
transferable to other mid-sized cities through their Mid-Sized City Forum.

Fig. 4. Smart Columbus Districts

4.4 Deploying smart technology solutions
To tackle the challenges faced by their community, the Smart Columbus Program creates a menu of
smart solutions built upon four core-enabling technologies (Fig. 5).
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The Connected Columbus Transportation Network (CCTN) will include traffic signals equipped
with traffic detection and sensors, dedicated short range communications (DSRC), and pedestrian
detection; truck loading zones with machine vision detection of zone availability; multi-function kiosks with
transit service information, first/last mile and bike/vehicle sharing information, parking availability, and WiFi hot spots.
The Integrated Data Exchange (IDE) open data environment will contain data from many different
sources, consistent with the USDOT’s Research Data Exchange (RDE) concept. IDE will generate
performance metrics for program monitoring and evaluation; transparently serve the needs of public
agencies, researchers, and entrepreneurs; provide practical guidance and lessons learned to other
potential deployment sites; and assist health and human service organizations to provide more effective
services to their clients.

Fig. 5. Smart Columbus Integrated Data Exchange

A suite of applications and processes will deliver Enhanced Human Services (EHS) to residents
and visitors. These applications include a multi-modal trip planning application, a common payment
system for all transportation modes, a smartphone application for assistance to persons with disabilities,
and integration of travel options at key locations for visitors.
Smart Columbus will expand the Smart Grid program and increase Electric Vehicle (EV)
Infrastructure. They will install vehicle-to-grid capability for charging stations to manage grid resources,
provide assistance and analysis to fleet operators to encourage EV adoption, increase investment in EV
charging, create customer education programs such as ride-and-drive events with local dealers, and
create an EV cooperative buying program. The technical architecture for Smart Columbus is defined in
Fig. 6.
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Fig. 6. Smart Columbus Technical Architecture

5 Outcomes: a safer, more mobile and accessible city
The Smart Columbus Program will reorient their city to deliver more diversified and nimble transportation
options by using data and a connected, complete network that supports healthy activity and a more
attractive and sustainable urban form. Columbus will use data to measure their progress toward
improved safety, enhanced mobility, and enhanced ladders of opportunity, and address climate change
so they can adjust and replicate their success. Benchmarking data regarding infant mortality, poverty, and
unemployment rates will be used to monitor behavioral change, so they can move their more challenged
neighborhoods into prosperity.
The Smart City Challenge is an innovative path for American’s transportation system. USDOT expects
Columbus and all seven finalists to serve as models for cities looking to become smarter. USDOT is
committed to providing continued support to all the finalists by connecting them to partnerships, technical
assistance, and funding opportunities. USDOT will monitor the progress of Columbus and other cities
closely, and to collect and share their success stories and lessons learned. USDOT’s hope is that the
Smart City Challenge marks an important first step in the transformation of urban mobility and
accessibility, not just in Columbus or their finalist cities, but across the country. USDOT is excited to see
where this journey takes us Beyond Traffic.
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Urban analytics in City of Seattle – innovative initiatives
for mobility
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Abstract
City of Seattle in State of Washington faces tremendous challenge in mobility. The Emerald
City is the largest city in the Pacific Northwest, with hilly topography surrounded by Puget
Sound to the west and Lake Washington to the east. The INRIX “2016 Traffic Scorecard
Guide to Congestion in the U.S.” ranked Seattle as #10 (55 hours annually wasted in traffic
by commuter). “ITS (Intelligent Transportation Systems) Strategic Plan” provides a 10-year
approach for implementing ITS in Seattle. It identifies this as the ITS Core Infrastructure.
Using ITS is a cost-effective way to optimize transportation operations without investing in
large projects to modify the infrastructure. Their NextGen (Next Generation) ITS Strategy
identifies construction projects that will result in major traffic impacts to the city’s
transportation system and proposes ITS solutions to mitigate them. The USDOT’s ideal
Smart City vison elements included: Innovative Approaches to Urban Transportation
Elements - Vision Element #4: Urban Analytics. This vision element includes platforms for
understanding and analyzing data to address complex urban challenges and/or measure the
performance of a transportation network. In a data-rich environment, cities and citizens are
increasingly able to share, use, and leverage datasets to address complex urban problems
or to improve current operations or capabilities. Urban analytics create value from the data
that is collected from connected vehicles, connected citizens, and sensors throughout a city
or available from the Internet using information generated by private companies. On
November 3, 2015, voters approved the Transportation Levy to “Move Seattle” that aims to
take care of the basics, while also investing in the future with improvements to move more
people and goods in and around a growing Seattle. ITS will further enhance transportation in
Seattle, including use emerging technology to make traffic operations more efficient and
safe in the City. This paper highlights Seattle’s innovative initiatives in Urban Analytics for
traffic management, traveler’s information map, and parking management. It will focus on
pragmatic applications of Acyclica RoadTrend sensors and Go analytics software, its
features, to improve mobility on streets of Seattle.
Keywords:
Urban Analytics, Mobility, Intelligent Transportation Systems
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1

Introduction

Seattle Department of Transportation (SDOT) in State of Washington has developed a substantial ITS
infrastructure with its Traffic Operations Center (TOC) in Downtown. They strategically plan well with
their ITS Strategic and Next Generation ITS. In realm of a Smart City, SDOT is undertaking many
innovative initiatives in Urban Analytics.
2

Background

City of Seattle is the largest city in the Pacific Northwest, 686,800 (2016 Population Estimate) on an
isthmus of 83 square miles between Puget Sound to the west and Lake Washington to the east.
Interstate Highway 5 passes through downtown Seattle to the east with Alaska Way viaduct to the
west (Fig. 1). King County Metro operates over 200 routes serving you in the Puget Sound area. Many
buses connect to Link light rail, Sounder trains, Seattle Streetcars, King County Water Taxis and
Washington State Ferries. Sound Transit plans, builds and operates express bus, light rail and
commuter train services. Nearly all of Seattle’s population, 97.5%, lives within ¼ mile of a transit stop
th
with some level of service. It ranks the 7 of the 25 largest U.S. cities in transit service with a Transit
th
Score of 59 (Walk Score) and ranks the 6 of the 50 largest U.S. cities for walkability with a Walk
Score of 74 (Walk Score). By key metrics, per TomTom Traffic Index, commuters face 31% extra
travel time (2015) with morning peak on Tuesday and evening peak on Thursday (Fig. 2).

Fig. 1

Seattle, Washington.
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Fig. 2 TomTom Traffic Index
h

INRIX Global Traffic Scorecard ranked Seattle as the 10 most congested urban area in the United
States (2016). Drivers endure 55 Peak Hours (annual) Spent in Congestion with 12.6% total travel
time in congestion (peak and non-peak hours). Fig. 3 is the traffic map.

Fig. 3 Traffic map

2.1 Intelligent Transportation Systems
The Seattle Department of Transportation (SDOT) implements ITS to improve multi-modal travel
across the city. primarily to address multi-modal operations at traffic signals. ITS plays a key role in a
safe, efficient, and innovative transportation system that works for all travelers, on in real-time, for
better travel choices. ITS improves transportation safety and mobility through the integration of
advanced technologies into the transportation infrastructure. The purpose of the ITS Program is to
fund projects identified in the City's ITS Strategic Plan and ITS Master Plan.
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The heart of their ITS infrastructure is the Transportation Operations Center (TOC), at Seattle
Municipal Towers, where they gather real-time information via traffic detectors, close circuit television
(CCTV) cameras, ramp meters, and information service providers, better manage traffic incidents and
better inform public and media. They manage traffic incidents from 6 AM – 10 PM daily and remain oncall after hours, making us 24/7 capable.

Fig. 4 Seattle Traffic Operations Center

In the TOC, they record the number of traffic incidents managed as they occur throughout Seattle.
Fig. 5 summarizes the number of traffic incidents managed for the past few months. When an incident
occurs, they notify the general public via Twitter and Dynamic Message Signs. SDOT collects myriad
data from their arterials and also share data with Washington State Department of Transportation and
King County Metro.

Fig. 5 Traffic incidents

3

ITS Strategic Plan

SDOT’s ITS Strategic Plan 2010-2020, provides a 10 year approach for implementing Intelligent
Transportation Systems (ITS) in Seattle. The investments and infrastructure in place provide a core set
of services. This infrastructure must be maintained to ensure safe, reliable, and efficient operations.
The ITS Strategic Plan identifies this as the ITS “Core Infrastructure” (Fig. 6). The focus of this
Strategic Plan is to ensure the value of the existing ITS Core infrastructure is maximized by: (1) 1st ensuring the ITS Core Infrastructure is maintained and preserved, (2) 2nd - delivering the full value
from the existing infrastructure, and (3) 3rd - to expand and leverage the ITS Core to provide additional
geographic coverage and services to travelers, in support of SDOT’s mission. SDOT has developed
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an ITS Vision Statement that aligns with the department’s mission and the citywide vision for the future
of Seattle. This vision provides guidance for implementation of the ITS Strategic Plan. ITS projects
must meet the intent of the vision to be considered for deployment.

Fig. 6 Strategic ITS Program

4

Next Generation ITS

The NextGen (Next Generation) ITS Strategy, 2014, identifies construction projects that will result in
major traffic impacts to the Seattle’s transportation system and proposes ITS solutions to mitigate
them. In developing the Next Generation ITS Strategy, it was important to take a “birds eye” view of
the approach, and consider the many aspects involved in creating a successful plan to serve the City
into the future. This strategy highlights the benefits of implementing the recommendations, and also
highlights some of the potential impacts and effects if the recommendations are not completed.
General Approach for Access Seattle depicts the general approach to the development of the NextGen
strategy and the six aspects considered as shown in Fig. 7.

Fig. 7 Access Seattle
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Next Generation Strategies for ITS Infrastructure Introduction Advancements in technology are
shaping the way we interact with systems and share information. Technology applications enable
agencies to gather information about transportation system operations, make the best use of existing
infrastructure, and disseminate traveler information. Total daily person trips in the Seattle area are
forecast to increase 40 percent by 2040, and the City has already identified a number of ITS projects
to accommodate the expected growth in travel and congestion. The strategies presented in this
attachment are additional measures SDOT could take to use technology in ways that optimize capacity
and efficiency on the transportation network.
The recommended strategies for ITS infrastructure are grouped into the following areas:
Mobility Options and Communication Tools: Technologies that provide information on
multimodal travel options and prepare for the next generation of future mobility options.
Strategic Partnerships: Emerging technologies and resources from a range of partners that
could be leveraged to improve existing infrastructure and traveler information.
Data Collection: Existing and potential data sources for active transportation management and
planning activities.
A total of 26 projects have been identified to implement the Next Generation ITS Plan. These
projects will: (1) improve capacity and throughput, (2) increase multi-modal safety and efficiency, (3)
improve traveler information and make it more accessible, and (4) adjust to dynamic environments.
Projects related to urban analytics.
5

Transportation Levy

On November 3, 2015, voters approved a Transportation Levy to Move Seattle, that aims to take care
of the basics, while also investing in the future with improvements to move more people and goods in
and around a growing Seattle. The 9 year, $930 million levy would be paid for through a property tax.
The transportation categories into are: safe routes, maintenance and repair, and congestion relief.
Corridor Mobility Improvements – modernize streets includes $17 million for ITS Improvements:
Implement Next Generation ITS Improvements to help all travelers move more reliably around the city
and provide improved information for travelers (Fig. 8).

Fig. 8 Transportation Level to Move Seattle

6 Smart City Challenge
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The SDOT, with an elite team of partners from the University of Washington, Microsoft, and King
County Metro, will create an unprecedented urban “Mobility Marketplace”: a powerful data platform
that consolidates and optimizes all transportation modes in a single environment. The project delivers
the data collection, data platform, and the Mobility MarketPlace. Their holistic and integrated approach
aligned with twelve USDOT vision elements. Fig. 9 is its data collaborative trust framework.

Fig. 9 Data Collaborative Trust Framework

7 Urban Analytics Initiatives & Applications
SDOT has implemented various initiatives in the realm of Urban Analytics to manage their congestion,
with various hardware and software on their streets. As Seattle rapidly grows more people and goods
travel on streets at full capacity, in area surrounded by waters. King County Metro Rapidride lines is a
key component for mobility. Its transportation infrastructure has limited capacity. SDOT seeks high
technology solutions for a very reliable transportation network. Their myriad initiatives include: mobility
as service, performance measures; connected vehicles; pilot tests for testing, E-Parking, and transit;
Uber; partners. They are testing three vendors for traffic data as service. For better congestion
management on City streets, SDOT has deployed Acyclica RoadTrend sensors to collect Wi-Fi data
that are analyzed by their Go analytics software. RoadTrend can collect over 240,000 records per hour,
providing a new benchmark in performance. SDOT will ultimately deploy more than 700 sensors. For
SDOT operation and signal timing on ITS Arterial Network, Acyclica offers benefits in terms of: low
costs; high accuracy; travel times; capture rate; installation ease; cybersecurity; hash – anonymous;
and user interface. Current applications include: performance measures; travel times; and weekly

247

Advances in Transportation Systems and Practices

Editors in Chief: Fengxiang Qiao, Lu Gao, Qing Li

The Post-conference Proceedings of the 30th Annual Conference of the International Chinese Transportation
Professionals Association (ICTPA), May 19-21, 2017, Houston, Texas, USA
ISBN: 978-1-64008-627-2

report card select corridors. They will use Acyclica for scenario planning. They will integrate it into
other platforms, include Traveler Information Map in March 2017, and Dynamic Message Signs.
Their Acyclica network is configured for: monthly performance reports (ten segments); six Metro
RapidRide lines (pulse); Traveler Information Map, dynamic message signs, license plate readers
(LPR). Arterial coordination, and origin and destination left turn monitoring and split. Data Aggregators
are installed at four traffic signals. It can integrate data with other platforms By collecting exclusively
Wi-Fi data, RoadTrend passively collects MAC addresses with signal strength - allowing determination
of relative proximity and the ability to measure intersection queueing. The compact data collection
device needs only power, communication and a 2.4 GHz antenna at the traffic signal controller cabinet.
Go transforms mountains of data into actionable information. From point-and-click origin-destination
analysis to real-time congestion mapping, Go helps agencies understand how people are moving,
unlocking the ability to optimize existing infrastructure. Acyclica devices collect extensive, real-time
intersection-level data. This integration with the intersection allows Go analytics to create high
resolution arterial information, which is required for accurately retiming signals or optimizing adaptive
signal technology. Go analytics provide key information to assist in optimization of infrastructure.
Adaptive systems are provided with immediate feedback, reducing delays and creating smoother
traffic flow. Using the information from Go, some cities have decreased travel-time over key corridors
by more than 20%. Smart phones, laptops, tablets and other devices each have a unique MAC
address. Acyclica technology anonymously collects information and distills actionable information.
With Wi-Fi detection, we fully characterize vehicle movement as it approaches, stops and leaves an
intersection. With Wi-Fi detection, we fully characterize vehicle movement as it approaches, stops and
leaves an intersection. Travel times free flow speed + stop bar travel time + travel time with delay
strenght first last minimum maximum.
On Second Avenue (Fig. 10-12), a one-way Principal Arterial that carries 14,500 vehicles per day
(2014), travel conditions are analyzed for mobility in Downtown. Its street geometric include bus lane,
two thru lanes, parking lane, and protected bike lane on eastside. A key corridor for analysis on
Second Avenue extends southeast one-way from Stewart Street and Jackson Street for 2.22 miles
rd
with 14 traffic signals. It traverses Pile Place Market and Pioneer, adjacent to 3 Avenue Rapid Ride
corridor. To west is Alaska Way Viaduct; to east is Interstate Highway 5. A critical intersection is on
Second Avenue at Cherry Street due to high delays. Sensors provide reliable free-flow travel time and
average delay. Travel-times reported from stop-bar with 95% confidence interval for any route. Delay
analysis shows left, right, thru delay for every approach. Another application for origin-destination
study was the graduation at University of Washington (Fig. 13), public flagship research university
based in the University District on June 11, 2016. Origins unconstrained were analyzed to understand
source of traffic and routes utilized Segment-by-segment breakdown of vehicle usage and travel-time
Trip Distribution by Route. Route utilization report shows how people arrived at UW graduation.

Fig. 10

Southbound Second Avenue at Cherry Street.
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Fig. 11 Second avenue corridor.

Fig. 12 Cross section of second avenue

Fig. 13 University of Washington.

7.1 Traveler’s Information Map
Since 2006, the Traveler’s Information Map (TIM) is a web-based resource that provides the public
with current information on traffic conditions within Seattle (Fig. 14). The map currently displays travel
times, traffic congestion, roadway camera images, traffic incidents, and planned events. It also
provides links to additional transit resources. Acyclica RoadTrend sensors adds travel times to the
map between pre-selected points in the city, an optimized hand held device interface,
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Fig. 14 Travelers Information Map

7.2 e-Park
In 2010, the SDOT implemented e-Park guidance system with installation of the Park Assist citywide
parking system e-Park (Fig. 15). It is a network of digital information signage around the downtown
that display in real time the availability of parking spaces at private garages enrolled in the system.
Seattle drivers have used e-Park to find parking faster. The signs let drivers know how many spaces
are available in 16 Center City garages throughout the Downtown. Dynamic signs are located at key
downtown points to guide drivers to garages with available spaces. The signs tell how many spaces
are currently available in each garage and real-time parking information is also fed to mobile parking
apps. Near e-Park garages, 33 fewer cars per hour circle the streets looking for parking, which helps
reduce congestion and. e-Park garage customer use is up 6% while use of the other downtown
garages without the program are down 2%. Due to the overwhelming popularity, the amount of spaces
with e-Park increased from 4,000 to 7,000 and the program expanded into 4 neighborhoods.

Fig. 15 e-Park

7.3 Traffic Data as a Service
In 2015, SDOT built a pool of eligible, qualified and competitive contracts with vendors that provide
traffic data-as-a-service, with a range of data provision and analytic capabilities. TOC operates and
manages a broad range of technologies and systems to provide safe, efficient and reliable travel
information for all modes on the City’s street network. The technologies are also used to provide realtime information to travelers before their trip as well as enroute. Reliable and accurate data is critical to
operations, and to maintaining the public’s confidence in the information provided to them.
8 Conclusions
SDOT is a national leader for ITS in applying urban analytics in City of Seattle by their innovative
initiatives for mobility. Their ITS core infrastructure, managed by a modern TOC has enabled
advanced technologies to collect and analyze big data for better mobility on Key ITS Arterial Network.
ITS Strategic Plan and NextGen Strategy along with USDOT Smart City Challenge has embolden
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SDOT to pursue an integrated path for urban analytics for Seattle as a Smart City, with advanced
technologies, like Acyclica RoadTrend sensors and Go analytics software.
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Topic Five:

Transportation Infrastructure Design
and Management
The design and management of infrastructure, as a base of all transportation related operations, is vital to
the success of transportation systems. Ni discussed the Hong Kong-Zhuhai-Macau Bridge (HZMB) that
links Macau with Pearl River Delta (PRD) region. A large-scale stated preference (SP) survey was
conducted in 2010, where 300 respondents show their expectations on time saving (HZMB vs. Ferry) is
around 1~1.5 hour and money saving from HKD $41~100. Wanyan discussed the feasibility of improving
HMA pavement performance by minimizing environmental induced subgrade soil variation. It was found
that the most crucial steps in improving the overall performance of light structures such as HMA
pavement built over problematic soils are to enhance subgrade mechanical properties and to minimize
subgrade moisture fluctuations, as opposed to an overly conservative pavement structure. You et al.
explored the relationship between horizontal curve radii and vehicle emissions on two-lane rural highways
through field tests under real-world driving conditions. The modeling results indicate that horizontal curves
with a smaller curve radius tend to impose a higher workload on drivers and causes additional
acceleration maneuvers. According to the exponential models, there are no large differences in the
deceleration pattern between curvature and tangent when the curve radius is larger than 8,824 m, while
the threshold for the acceleration pattern is 14,286 m. The results also indicate that aggregated data will
better describe the relationship between vehicle emissions and curve radius. Moreover, the results
indicate that compared to driving on straight roads, a vehicle tends to generate less emissions when
approaching the curve and generate more emissions when leaving the curve. Chandran et al. presented
a survey summarizing the relevant literature in the field of traffic light cyber security, which discussed and
organized different methods of protection for a series of major security weaknesses in traffic light systems
and highlights the importance of a defense system and the impacts of various attacks. Dhatrak and Gao
formulated an infrastructure maintenance planning model considering the deterioration propagation
between facilities as a mixed integer linear programming problem. A heuristic algorithm was proposed to
solve the problem efficiently. The results of the optimization models with and without the deterioration
propagation effect were compared and discussed. Prasad et al. proposed to address the integration of
planning and scheduling of transportation infrastructure maintenance activities. A mixed integer linear
programming formulation was developed to help the planning and scheduling of maintenance activities
and a heuristic algorithm was proposed to solve the problem efficiently. Results show that the proposed
model can help transportation agencies to better manage their maintenance and rehabilitation activities.
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Mega infrastructure and implication to regional tourism:
case studies of Macau and Hong Kong
Jason M.C. Ni1,*
1

Department of Architecture and Civil Engineering, City University of Hong Kong

Abstract
With a rapid growth of gaming market, the number of tourists to Macau increased at
exponential rate in recent years. To ensure a desirable environment, many mega
infrastructure projects have been proposed and constructed. Internally, the Macau Light Rail
(LRT) system is now under construction to facilitate local transportation. Externally, Hong
Kong-Zhuhai-Macau Bridge (HZMB) is constructed to link Macau with Pearl River Delta
(PRD) region. In a broader sense, above infrastructure development affected not only
Macau, but also Hong Kong. Some key questions are to be answered – How can
destinations cope with rapid tourism growth, especially by considering future infrastructure?
To understand people’s response to future mega infrastructures, a large-scale stated
preference (SP) survey has been conducted in 2010 by Macau government. The survey
aimed to address several important issues; for example, how would travel behavior change
after the opening of mega infrastructures (e.g., LRT, HZMB)? Initial findings indicate that; in
terms of external transportation, most visitors (54%) would still choose ferry; even when
HZMB is available. In terms of internal transportation, LRT attracts more “walking” people
(50%) than public bus or casino shuttle riders. Similar to above study, there is another
survey done by University of Hong Kong with specific focus on HZMB. In that survey, 300
respondents show their expectation on time saving from HZMB (vs. existing Ferry) is around
1~1.5 hour; correspondingly, the predicted money to save is roughly from HKD $41~100.
The 300 respondents were also asked their preference in reducing total travelling time or
money (if can only choose one) under different time/money saving scenarios. Such question
is designed to test the price sensitivity versus time sensitivity. A trend can be observed from
survey results – with more time/money to be saved (as % to total trip), people more likely to
choose time-saving, instead of money-saving.

Keywords:
Mega Infrastructure, Pearl River Delta, LRT, HZMB, Stated Preference, Implication
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1 Introduction
With a rapid growth since the liberalization of gaming market in 2002, the number of tourists to Macau
increased at exponential rate in recent years. In 2012, the visitors to Macau reached more than 28
million/year, brought about 38 billion USD gross gaming revenue. In 2015, the visitors to Macau even
2
achieve a peak of 30.7 million/year. As a city with 30.5 km and local population of 652,500 (2016),
massive number of visitors means high density as well as challenge on the capacity of accommodation.
To ensure a desirable living and tourism environment, mega infrastructure projects have been
proposed by Macau government. Internally, in order to balance and re-distribute the population density,
†
‡
big development projects were proposed in Taipa ; including the Cotai Strip Project and Government
Public/Economic Housing Program. Taking advantage of the new reclamation in Taipa, such projects
contain development from the scratch, including the zoning plan and road network system. Besides, the
Macau Light Rail Transit (LRT) project was constructed to facilitate the local transportation and to replace
th
the casino shuttles to certain extent. In addition to three existing bridges, the 4 linkage between Macau
and Taipa was planned for better internal connection. Externally, various transportation mega projects
were proposed (or already under construction) to strengthen the linkage between Macau and the outside
world, including: Hong Kong-Zhuhai-Macau Bridge (HZMB), Regional Rail System, and undersea tunnel
to Hengqin Island, etc.
In a broader sense, the above infrastructure development affected not only Macau, but also Hong
Kong. Several key questions are to be answered in this paper, including – How can destinations (like
Hong Kong and Macau) cope with rapid tourism growth, especially by taking into consideration of future
infrastructure? Are all mega-infrastructure developments driven by mobility and/or tourism?
Thus, this paper aims for a strategic analysis and for addressing issues in two aspects. First, this study
intends to provide a deep understanding of regional transportation blueprint, related government policies,
and current status of major infrastructure building in Pearl River Delta (PRD) region. Second, this study
attempts to understand the influence of the planned new projects, especially on their impacts in the
regional transportation scale, based on travel behavior survey.
2 Literature review
2.1 Planning Study on the Coordinated Development of the Great Pearl River Delta Township
As a joint effort between Department of Housing and Urban-Rural Development of Guangdong Province,
Development Bureau of Hong Kong SAR, and Secretariat for Transport and Public Works of Macau SAR,
the “Planning Study on the Coordinated Development of the Great Pearl River Delta (PRD) Township”
was released in 2009. Having the function as a high level planning guidance, the planning study defined
Hong Kong as International Metropolis, and International Finance, Trading, Shipping, Logistic Center; and
Macau as Global Tourism and Leisure Center. Other major cities in the PRD region were also defined
based specific function and development potential.
In terms of overall land development concept, “Master Spatial Layout Coordination” was emphasized
in the planning study. The PRD was defined as a region with 50 million people, 9 major cities, and 3
metropolitan circles (Fig. 1). In addition, other spatial planning ideas; such as: “one area three regions,
three axes and four layers” were also addressed in this planning study.

†
‡

The territory of Macau contains Macau peninsula and the Taipa island.
It is a project with a goal of developing a Las Vegas type of “Strip” containing more than 20 casinos/resorts.
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Fig. 1 Planned Township Development of Pearl River Delta (Source: Planning Study on the Coordinated Development of the Great
Pearl River Delta Township, 2009)

In terms of transportation, the concept of cooperated development was mentioned in the PRD planning
study. “1-hour Traffic Circle” is defined as the urban/metropolitan area, which can be internally accessible
within an hour by using different travel means (Fig. 2). Furthermore, five major transportation systems of
PRD were specifically highlighted, including:
Multi-airport System: open (low-altitude) air for 5 regional airports, shared resources/labor,
helicopter system, etc.
Integrated Port System: coordinate function of ports through negotiation between operators,
improve cargo transfer efficiency, etc.
Regional Railway System: Strengthen Macau-HK Route, Multi-modal coordination with port and
airport
Regional Expressway System: Further connect Guangdong with Hong Kong, Macau, and other
provinces
Waterway Passenger System: Make full use of waterway transportation, especially during peak
season (Chinese New Year, Golden week, etc.)

Fig. 2. Concept of 1-hour Traffic Circle (Source: Planning Study on the Coordinated Development of the Great Pearl River Delta
Township, 2009)
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2.2 Cross-boundary travel survey
In addition to the aforementioned PRD Township Planning Study, Hong Kong Planning Department has
been conducting the Cross-boundary Travel Survey since 1999 to collect statistical information about the
characteristics of cross-boundary trips and trip makers on a regular basis. A Cross-boundary Travel
Survey was conducted during October 28 to November 10, 2011. The publication entitled “Northbound
Southbound 2011” presents the findings of the Cross-boundary Travel Survey 2011, with statistical tables
contain detailed statistics of the 2011 and the past Cross-boundary Travel Surveys.
Generally speaking, with strong tie between Hong Kong, Mainland China and Macau, tremendous
growth in cross-boundary travel was observed over the years. The average daily number of 616,500
§
cross-boundary passenger trips in 2011 as recorded in the two-week survey period, was about 1.7 times
that of 357,400 in 2001 (Fig. 3). Similarly, according to the administrative records, there were also rapid
increases in the average daily cross-boundary vehicle trips, from 31,000 per day in 2001 to 42,800 per
day in 2011 (Fig. 4).

Fig. 3. Average Daily Cross-Boundary Passenger Trips (Source: Cross-boundary Travel Survey, 2011)

Fig. 4. Average Daily Cross-Boundary Vehicle Trips (Source: Cross-boundary Travel Survey, 2011)

§

The definition of cross-boundary trip was one-way movement between Hong Kong, China and Macau in either direction.
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The trip between Hong Kong and Macau is one focus in the Cross-boundary Travel Survey. During the
two-week survey period in 2011, there were an average daily of 54,100 passenger trips between Hong
Kong and Macau made through China Ferry Terminal, Hong Kong-Macau Ferry Terminal and Tuen Mun
Ferry Terminal in both directions, representing an increase of 16.0% over the 46,600 trips per day
recorded in 2009.
Fig. 5 presents “average daily passenger trips between Hong Kong and Macau – by direction, and by
usual place of residence”. Four different groups of passengers on the basis of their usual places of
residence (e.g., Hong Kong, Macau, China, and Other) were distinguished for analytical purposes.
Several interesting patterns can be observed. The majority of trips between Hong Kong and Macau were
made by people living in Hong Kong. They took up 61.6% of all trips in 2011. In terms of number
increase, trips made by people living in Hong Kong actually rose by 15.6%, from an average daily of
28,800 in 2009 to 33,300 in 2011.
Another group with rapid growth of cross-boundary travel is people living in the Mainland. The number
of passenger trips between Hong Kong and Macau made by people living in the Mainland increased by
21.6% from an average daily of 5,700 in 2009 to 6,900 in 2011. It is noted that departure trips to Macau
significantly outnumbered arrival trips, suggesting that it was common for people living in the Mainland to
travel from Hong Kong to Macau and then returned to the Mainland direct from Macau rather than through
Hong Kong.

Fig. 5. Average Daily Passenger Trips between Hong Kong and Macau by Direction by Usual Place of Residence (Source: Crossboundary Travel Survey, 2011)

Trip purpose was also recorded in the Cross-boundary Survey. For example, a large proportion of
People Living in Hong Kong visited Macau for leisure. Of the average of 33,300 trips they made per day
in 2011, 73.9% were for leisure, 13.7% for visiting relatives and friends and 8.6% for business. Compared
with the 2009 Survey, the average daily of leisure trips increased by 17.2% from 21,000 to 24,600 in
2011.
2.3 Long-range transportation master plan of Macau (2010-2020)
With an initiative of Macau Department of Transportation (DSAT) and involvement from international
transportation consultants and experts, the “Long-range Transportation Master Plan of Macau (20102020)” was completed in 2010. Taking into consideration of mega infrastructure development in the
future, this transportation master plan described not only future projects, but also how those mega
developments affect travel pattern, living environment, even the economy of Macau.
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Using “Long-range Transportation Master Plan of Macau (2010-2020)” as a policy whitepaper, Macau
government is gradually implementing its short-term, mid-term and long-term goals, including:
**
restructuring public transport in 2012 to enhance commuting, opening light rail in 2015
to
comprehensively prioritize public transport, and interconnecting regional transport in 2020 to realize the
vision of green transportation, etc. Several of the key infrastructures were described in the following.
3 Status of infrastructure projects in pearl river delta
3.1 Macau light rail transit (LRT)
Adopting a holistic concept of public transport networks, Macau government consider the Light Rail (LRT,
Fig. 6) as the backbone; supported by buses and taxis (for the first and last mile), to create a better
commuting environment for residents and tourists. Macau LRT is designed to be 21 km long with 21
stations, with headway of 3~6 minutes, average speed of 33km/hr, and maximum capacity of 8,000
people/hr/direction.

Fig. 6. Macau Light Rail Transit (Source: Macau government)

Construction of the Light Rail Transit (LRT) system began in 2011 – starting from the LRT Taipa
section; then LRT Macau (peninsula) section. The construction of the “heart” of LRT system (i.e., the
depot) commenced on November 23, 2011. This represents an important milestone for light rail project.
The whole LRT project was expected to be completed in May, 2015, as originally planned.

**

The Macau LRT was under significant delay. Only the Taipa section is currently under construction and expected to open no
early than 2019.
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However, due to various reasons (e.g., shortage of labour, design and procedure flaws) the whole LRT
construction was under significant delay. So far, only the LRT Taipa section is under construction. The
LRT Macau section is now paused (i.e., all the primary design is completed, but not entering the
construction) due to labour issues and protest of local residents.
Considering above situation, Macau government would try to ensure the LRT Taipa section open in
2019. For the LRT Macau section, due to its significant delay, there is emerging voice from local
politicians urging the stop of construction. Thus, one reasonable short-term scenario is the “half-LRT”
serving the Taipa island (where is Cotai Strip located), up to Barra temple in Macau peninsula. With this
compromised route, the usage of LRT (for both tourists and local residents) will be affected. Besides,
other issues will further lower tourists’ intention of using LRT, including: insufficient room for luggage
inside LRT cars, no direct linkage from all LRT stations to resort properties, etc. Eventually, we may
expect more local residents using LRT than tourists – especially casino/resort employees living in Taipa
island.
3.2 Regional rail system
Fig. 7 describes the Regional Rail System of Pearl River Delta. One important section is the High-speed
Rail (HSR) extension from Shenzhen to Hong Kong (shown in purple). This project was also delayed due
to the boycotted funding mechanism in Hong Kong. Another critical section is the “Guangzhou-Zhuhai
Intercity Rail” (Fig. 8). To fulfill the seamless transfer between Taipa and Zhuhai (through Hengqin
Border), the “Guangzhou-Zhuhai Intercity Rail” and “Macau LRT Hengqin Extension” (shown in orange,
Fig. 6) need to be both finished.

Fig. 7 Regional Rail System of PRD (Source: Hong Kong government)

Fig. 8 shows the route map of Guangzhou-Zhuhai Intercity Rail, the route between Zhuhai CBD to
Zhuhai airport (circled in GREEN) started from 2012 and expected to be finished by end of 2016. By then,
we can expect some very different ways of entering Macau from Mainland China.
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Fig. 8 Route map of Guangzhou Zhuhai intercity rail (Source: Guangdong Province government)

3.3 Hong Kong-Zhuhai-Macau bridge (HZMB)
As discussed, the LRT system enhances transport within Macau and connects to railways in mainland
China, promoting integration of Macau and the Pearl River Delta region. The Hong Kong-Zhuhai-Macau
Bridge is another crucial transport link with mainland China. Total length of HZMB Main Bridge is about
29.6 km, including an under-sea tunnel of 6.7 km; and two artificial islands. The east end of HZMB
connects to Hong Kong (near Hong Kong International airport); the west end connects to both Zhuhai and
Macau – to form a “Single Y” alignment (Fig. 9).
According to current plan, the HZMB’s landing point will be at the east-north corner of Macau
peninsula (i.e., near the “arc”). However, the current environment (i.e., high-rise buildings with high
density, narrow and complicated road network) of that location is not perfect to accommodate the HZMB
traffic. In terms of construction, the bridge construction on the Zhuhai-Macau artificial island is now
progressing satisfactorily. The Hong Kong-Zhuhai-Macau Bridge is expected to be completed for
operation in 2017.
There will be vehicle control on HZMB. For private vehicle to use the bridge; the dual-license (i.e.,
Hong Kong-Guangzhou) is needed, and the toll is around 100 ~ 150 RMB/car. Vehicle without duallicense can apply daily quota for day-pass of HZMB use; according to senior government official of Hong
Kong. For tourism shuttle bus or limo; there will be quota control on using the bridge as well. However, a
lot of the vehicle control policies are still under discussion between Hong Kong, Macau and Chinese
government.
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Fig. 9 Hong Kong-Zhuhai-Macau Bridge (Source: Hong Kong government)

3.4 Hengqin development
The development of Hengqin island can be considered as another type of infrastructure. On August 14,
2009, the China State Council approved the implementation of the Overall Development Plan of Hengqin,
which incorporates Hengqin Island into Zhuhai Special Economic Zone, aimed at developing Hengqin into
a demonstration area for exploring new mode of cooperation between Guangdong, Hong Kong and
Macao under the policy of “One Country, Two Systems”.
On December 16, 2009, Hengqin New Development Zone was officially established. It is the third
national-level New Development Zone, founded after Shanghai Pudong and Tianjin Binhai New
Development Zone. The CIQ (Custom, Immigration, Quarantine) process is a key for the Hengqin
development. The CIQ management is implemented on the principles of “easing first tier/hierarchy,
controlling second tier/hierarchy, separating passengers from goods, and managing by classification”. On
April 11, 2013, the “Supervision and Administration Measures” for Entry-Exit Inspection and Quarantine in
Hengqin was issued. The document clearly defined the CIQ procedures under “first tier” and “second tier”:
“First Tier”: The ports between Hengqin and Macau are defined as “the first tier”. People need to go
through a simple CIQ process in the First Tier. The border crossing between Hengqin and Macau can be
further simplified in the future, which would justify Hengqin’s integration with Macau. “Second Tier”: The
channels connecting Hengqin and downtown Zhuhai are defined as “the second tier”. Starting from
st
August 1 2013, the Hengqin new development zone started to implement new measures to facilitate
entry into the district for Macau vehicles and tax exemptions for Macau products.
4 Response to mega infrastructure
4.1 Macau DSAT’s trip survey
To understand people’s behavioral response to future mega infrastructures, a large-scale trip survey has
been conducted in 2010 by Macau Department of Transportation (DSAT). Total 2,400 valid samples were
collected containing local residents (1200) and tourists (1200). The residents were further categorized by
trip type (internal vs. external), and the tourists were separated according to their locations of residence.
The sample composition of DSAT’s trip survey is shown in Table 1.
Table 1 Sample composition of Macau DSAT’s trip survey
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Sample Size

RESIDENT
(total 1200)

TOURIST
(total 1200)

Making Internal Trip

900

Making External Trip
(Cross-Border)

300
(With Car = 232; Without Car = 68)

From HK and Shenzhen

496

Others

704

The survey aimed to address one important research question – how would people’s travel behavior
change after the opening of all mega infrastructures (e.g., LRT, HZMB)? Taking HZMB as one example,
the competition between current ferry services and the bridge is important for future transportation
planning in PRD region. In a hypothetical question asking how people will travel after the opening of Hong
Kong-Zhuhai-Macau Bridge (HZMB), 54% of tourists and 66% no-car residents remain on ferry, while only
44% of car-owning resident still choose to take ferry after the opening of HZMB (Fig. 10).

Fig. 10 Travel Mode Share after opening of HZMB (Source: Macau DSAT’s Trip Survey, 2011)

One thing to be noted, in the survey of 2011, many details of HZMB remained unsure (e.g., toll, speed
limit, permission on private vehicle entering Macau); thus, respondents answered “hypothetical questions”
purely based on their initial knowledge on future mega infrastructure (no hint was given to respondents
during the survey). People’s travel response might change after they fully realize after experiencing the
HZMB, and after the perceived utility getting constructed.
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4.2 HKU study: expected saving of time and money after the opening of HZMB
University of Hong Kong conducted a series studies about the travel behavior change after the opening of
HZMB. By collecting 300 survey responses from 5 majors ferry terminals in Hong Kong, Macau and
Zhuhai, it is shown that the average time people spend on a PRD trip (self-reported) is around 3.3 hours,
and the total money spend on this trip is around HKD $344. Clearly, the current ferry journey between
Hong Kong and Macau is only part of people’s trip chain, because above time and money spending are
both more than a typical “HK-Macau” ferry trip.
In the survey, the 300 respondents also show their expectation on time saving from HZMB (vs. Ferry)
is around 1~1.5 hour; correspondingly, the predicted money to save is roughly from HKD $41~100 (Fig.
11). The implication is – for people expecting to save HKD $100 on using HZMB, if the general cost (e.g.,
toll) of HZMB is more than HKD $69, they would be likely to still choose ferry, considering a typical ferry
ticket of HKD $169.

(a)

Expected time saving

(b) Expected money saving

Fig. 11 Expected Time and Money Saving after HZMB (vs. Ferry)

In this research, the 300 respondents were also asked their preference in reducing total travelling time
or money (if can only choose one) under different time/money saving scenarios. Such question is
designed to test the price sensitivity versus time sensitivity. As shown in Fig. 12, a trend can be observed
– the more time/money saving (as % to total trip), people more likely to choose time, instead of money.
For example, the HZMB will be more likely absorb the “HK-Macau Commuters”, instead of people
traveling from Mainland China, since the time saving of HZMB would be a larger % for those HK-Macau
Commuters.

Fig. 12 People’s choice on 30%, 5%, 70% “time vs. money” saving scenarios

4.3 LRT maximization
In addition to HZMB as infrastructure for external trip, DSAT’s Trip Survey also explored people’s travel
pattern change after the LRT (internal trip). Results shows, in terms of internal transportation, the “walk
group” is main customer for LRT. That is, LRT will attract more “walking” people (50%) than bus or casino
shuttle riders.
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As previously discussed, the LRT is introduced as a backbone transportation system in Macau. The
existing taxies, public buses, casino shuttles would all become supplement with the LRT. Casino shuttles,
especially, were considered as potential issues by local government, although this unique system
does/did take critical function in transportation. Regarding to casino shuttle, Macau DSAT’s policy
direction is to regulate the service by setting fixed parking locations, increasing the parking turnover, and
making Express Line along the less busy corridor. After the completion of LRT, the casino shuttle might
be further limited.
In a study about “Optimization of Transportation at Gongbei Border Gate”, a “LRT Maximization”
scenario is modeled (Fig. 13). In that scenario, the casino shuttles are generally not allowed to pick up
passengers in border gates. Instead, casino shuttle serves as feeder bus for LRT and pick up people from
every LRT stations. By doing so, the forecasted market share (in 2020) of casino shuttle at Gongbei
Border Gate will be reduced from 10% to 4%; with LRT growing from 18% to 38%.

Fig. 13. LRT maximization scenario at Gongbei border gate (Macau)

5 Conclusions
This paper first presented an overview of planning concepts in PRD region, deep understanding of
regional transportation blueprint, and current status of major infrastructure building. To understand the
influences of those new builds, this paper analyzed the results of Macau DSAT’s travel behavior survey.
As results show, the “competition effect” between new and existing travel mode is not obvious. For
example, the ferry will still be a prevailed mode even after the opening to HZMB. The Macau LRT will not
affect the bus and casino shuttle, but make the “walking people” as its main customers. Only after the
“LRT Maximization” scenario, the LRT would start to pick up the right mode share as a “planned”
backbone transportation system. From this study, it is very obvious that – “behavior change always takes
time”. The infrastructure development may not even guarantee the behavior change.
Taking Macau as example, its visitors reached a peak of 30.7 million/year in 2015; which is close to
the total population of Malaysia. With the current policy of promoting mass market and non-gaming, the
annual visitors should be increased in the future – 50 million/year is the number being discussed; which is
close to total population of whole PRD region. We all believe that a city cannot have infinite tourism
carrying capacity (TCC). However, using the infrastructure development to improve the TCC may have
two issues. First, the building of infrastructure can very easily be delayed, and will undermine its original
functionality (e.g., improving TCC). Second, even the infrastructure is completed on time, people’s
behavior won’t easily change as we planned.
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However, people’s travel response can change after realizing more policy detail of those new builds.
Thus, the survey and modeling should be refined/calibrated after the finalization of some important detail
(e.g., vehicle control on HZMB, Fare of LRT).
One important things to be noted, in discussion of cross-regional transportation in PRD area, the size
(land, population) difference among China, Hong Kong, and Macau make it very hard to achieve one
universal planning paradigm. The better we understand specific concern (including: policy, current
behavior, etc.) of various regions in PRD, the more precisely we can foresee the implication (or impact) of
future mega infrastructure.
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ABSTRACT
This paper discussed the feasibility of improving HMA pavement performance by minimizing
environmental induced subgrade soil variation. In spite of the redundant pavement designs recommended
and widely used in Texas for HMA pavements over problematic subgrade soils, these pavements often
fail prematurely. This failure occurs primarily because of the highly variable properties of the clayey
subgrade throughout the year due to environmental induced moisture fluctuations. The problematic
nature of high plasticity clays, despite the fact that volumetric changes such as heaving are sometime
considered in the design, is of concern since they contribute to roughness and longitudinal shrinkage
cracking of the road, and as such the loss of the functional serviceability of the roads. Therefore, it is
imperative to improve the design and laboratory procedures to address and control subgrade conditions
and then design pavements accordingly to extend the life expectance and to improve the overall lowvolume road performance. The study presented here applied a new methodology of using moisture
content (MC) together with soil index properties to analyze and predict two types of HMA pavement
damage through seasonal variations: (1) Fatigue cracking, rutting and subgrade shear failure due to
inadequate support; (2) Excessive roughness, swelling and severe longitudinal shrinkage cracking due to
volume change. Extensive laboratory tests and field measurements were performed to collect needed
information and verify numerical modeling results. “Before and after” analyses are incorporated to
quantify the benefits of controlling subgrade susceptibility to environmental variations. It was found that
the most crucial steps in improving the overall performance of light structures such as HMA pavement
built over problematic soils are to enhance subgrade mechanical properties and to minimize subgrade
moisture fluctuations, as opposed to an overly conservative pavement structure.
KEYWORDS:
Geotechnical Engineering, Expansive soil; pavement roughness and swelling; longitudinal shrinkage
cracking; moisture content; finite element analysis; HMA pavement.
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1 INTRODUCTION
The premature failure of low-volume roads (mainly HMA roads) build on high plasticity index (PI) clay is
one of the frequent problems encountered in Texas. (Wanyan et al. 2008) These failures include
longitudinal cracking, fatigue cracking, subgrade rutting, subgrade shear failure, excessive differential
volumetric change and roughness. Both the district survey by Wanyan et al. (2008) and literature review
shown the longitudinal cracking is the predominant mode of failure for HMA roads. The highly variable
properties of the expansive subgrade throughout the year due to moisture fluctuations were considered
as the main cause for above-mentioned distresses. Subgrade differential volume changes combined with
large strength and stiffness variations make light structures such as HMA pavement sitting on top of the
problematic subgrade soil highly susceptible to environmental variations despite of the overly
conservative design widely recommended and used. The consensus among researchers and
practitioners with considerable experience in the area of high-PI clay is to implement different
preventative and remedial strategies to minimize subgrade moisture content (MC) variations. The need
for an easy-to-use procedure to quantify such critical MC thresholds for above-mentioned distresses led
to the development of MC based pavement performance model.
Much effort has been made to study pavement longitudinal cracking, from cracking initiation and
propagation mechanism to process simulation and prediction. This is due to the difficulties while
measuring shrinkage strain potentials and determining shrinkage induced pressures. It is believed
longitudinal shrinkage induced cracking initiates in the subgrade, which slowly extends to surficial layers
(Uzan, et al., 1972; Intharasombat et al., 2007; Prozzi and Luo, 2007). Subgrade shrinkage strain (
d
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stress can be express as a function of the expansive soil’s elastic modulus (E) and strain in the form of:
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strength all vary significantly with the change in MC and a constitutive material model is needed to
describe such variations. The prevailing approach dealing with unsaturated clayey soil is suction-based.
However, the measurement of total or matric suction is a challenging task due to limitations such as long
equilibrium/response times (several days up to couple of weeks), highly susceptible to environmental
changes, laborious installation, test procedures, cost of currently available sensors and the magnitudes of
suctions that they can measure in the field. (Vanapalli et al., 2008; Pan et al., 2010; Puppala et al., 2011).
Currently there is no moisture-content based material model available. To address these problems the
researchers developed a MC-based constitutive model aiming at a more practical way for engineers to
evaluate longitudinal cracking distress. The upward propagation of the shrinkage cracks is due to further
drying, which cause fractures of the bond between the subgrade and the base, and also due to the low
tensile strength of the base course. If the tensile strength of the HMA layer is also inadequate, cracks will
propagate to the surface (Komornik et al., 1969; Bell and Wright, 1991). Numerical modeling is needed to
reveal the mechanism of the failure, the threshold that make the pavement susceptible to this type of
distress, and to predict when and where the crack will propagate through the upper base and HMA layers.
The need for an easy-to-use procedure to quantify critical MC thresholds for above-mentioned
distresses led to the development of MC based pavement performance model. The use of roughness as
a direct quantitative measure of pavement performance is evident in the literature. Based on literature,
structural evaluation models for fatigue cracking, rutting and subgrade shear failure are readily available
so the most feasible ones are incorporated in the study.
2

METHODOLOGY

2.1

Laboratory Testing and Field Measurements

Extensive laboratory tests were conducted using six different clay materials including five high-PI clays
(PI greater than 25) and one low-PI clay to develop and validate the MC-based constitutive material
models. The high PI clays were brought from Houston, Forth Worth, San Antonio, Paris and Bryan, Texas
whereas the low PI-clay was from El Paso. Several soil index property tests, consisting of hydrometer and
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Atterberg limits, were carried out on the clay materials. Moisture density tests were also performed on all
materials to obtain their optimum moisture contents (OMC) and maximum dry densities (MDD).
Strength tests performed include unconfined compressive strength (UCS) tests, indirect tensile
strength (IDT) tests and the flexural test (four-point bend test) (Sabnis, et al., 2008). The free-free
resonant column tests (FFRC, Nazarian, et al., 2006), resilient modulus (RM) tests and permanent
deformation (PD) tests were carried out to quantify the stiffness properties of each clay material.
Volumetric shrinkage tests were conducted to measure the decrease in the total volume of soil specimens
due to loss of moisture content from predetermined initial moisture content to a completely dry state. A
test method developed by Puppala et al. (2004) was used. At least three samples were prepared for each
moisture condition.
Three moisture-conditioning regimes were used for above tests, all specimens were first prepared
and compacted at their corresponding OMC, then conditioned as 1) drying from optimum (DFO) which
were dried to constant weight; 2) saturate from optimum (SFO) which were wetted to reach complete
saturation; and 3) drying from saturation (DFS): which were first wetted to saturation and then dried to
constant weight. The IDT, flexural and RM/PD tests on saturated specimens could not be carried out
because the specimens were too soft to withstand the loads.
Field observations were carried out at five representative test sites (Fort Worth, Houston, San
Antonio, Paris and Atlanta) with the following preferred attributes: 1) Reasonably newly constructed; 2)
Design records are available: 3) Construction records are reasonably completed; 4) Contain some areas
with typical distresses encountered due to high-PI clay; and 5) Clay subgrade is reasonably uniform. To
ascertain the soil properties, soils from field instrumentation sites were also sampled and shipped to
laboratories for above mentioned laboratory tests.
2.2.1

Study Sites Information

Severe longitudinal and transverse cracking with local pavement settlement were observed during the
first visit of the Fort Worth site. The area next to the pavement shoulder was an irrigation farmland. No
drainage ditch was available on either side of the pavement. The side slopes were covered with grass on
both sides of the road.
No pavement crack was observed during the first visit to the San Antonio site. The area next to
the pavement shoulder was supposedly farmland. However, no vegetation was observed during any site
visits. Pavement shoulder was almost level and covered with grass on both sides. No drainage ditch was
available next to the pavement shoulders. Large cracks and dipping on the pavement were observed
during the first visit to the Paris site. Several large trees existed along the road. Slopes next to the
pavement shoulder also exhibited severe cracking. Numerous potholes that were about 1 to 2-ft in
diameter and up to 1-ft deep were observed along the section.
Houston test site exhibited severe longitudinal cracking during the first visit. The side slopes
were covered heavily with grass on both sides. On one side of the road, there was also a poorly
maintained drainage ditch that increased the seasonal fluctuation in the moisture content. Several
transverse and longitudinal cracks were noted during the first visit to the Atlanta site. There were drainage
ditches on both sides of the road. The site features were similar to the Houston site except that the side
slopes were shorter and the drainage ditches were smaller.
2.2.2

Field Instrumentation Systems

As extensively described by Manosuthikij (2008), two types of field sensors were embedded at each test
site: 1) The Gropoint® Moisture sensors and data logger; and 2) The Fredlund thermal conductivity matric
suction sensors. Both types of system were carefully placed close to each other to ensure that the data
from both systems were representing the same soil conditions. All sensors were embedded 1.0 to 1.5-ft
below the ground surface. Prior to the placements, a 0.5-in depression was made at the bottom of the
hole, in which the sensor was carefully placed to eliminate air gaps between the sensor and soil. The
excavated soil was then filled onto the hole and compacted in the approximate 4-in lifts. Extreme care
was taken to ensure that the compaction was similar to the adjoining soils.
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2.2.3

Field Measurements

After calibration and installation of these sensors, data collection was carried out every one to two months
(during each site visit). As reported by Manosuthikij (2008), the monitoring period was from January 2007
to June 2008 for all sites except Atlanta site, which was from March 2008 to June 2008 due to vandalism.
MC were measured continuously by data loggers. Matric suction pressures were gathered manually at
each site visit. A visual pavement distress survey was also carried out at each site visit. Topographic
surveys were periodically conducted during moisture and matric suction data collection in the field to
evaluate vertical movements (swell/shrinkage volume changes) along the test sections. At each site, data
for elevation survey were recorded at seven points 20-ft apart from one another. In addition, falling weight
deflectometer (FWD) test and dynamic cone penetration (DCP) test were used to estimate the pavement
structural parameters of the site. Rainfall data were collected from National Environmental Satellite, Data
and Information Service (NESDIS) at (http://www.ncdc.noaa.gov/oa/climate/stationlocator.html).
2.2

CONSTITUTIVE MATERIAL MODELS

Figure 1 presents the conceptual flowchart of longitudinal shrinkage cracking (LSC) model algorithm.
There were three major parts in the model, namely data acquisition, constitutive material models and
numerical modeling. In data acquisition, two types of input were acquired: 1) Pavement related input such
as road geometry, layer thicknesses, Poisson’s ratios and material moduli; 2) Subgrade soil properties:
MC, soil index properties including PI, liquid limit (LL), OMC and MDD.
Extensive correlational studies were carried out based on the experimental testing data to obtain
generalized mathematical relationships for subgrade shrinkage strain (εss), tensile strength (σt) and elastic
modulus (E) as a function of moisture content (10). Although three different moisture conditioning process
(namely DFO, SFO, and DFS) were thoroughly studied and constitutive material models developed
respectively, the LSC model described here is based on drying from optimum (DFO) for brevity.

FIGURE .1 Conceptual Flowchart of Longitudinal Shrinkage Cracking (LSC) Model

According to Sabnis, et al. (2008), the shrinkage strain (εss) of an individual expansive soil can be
2
estimated from the following relationship with R value better than 0.95:
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(2)
*

where A is a curve-fitting parameter and NMC is the normalized moisture content defined as the actual
*
moisture content divided by the optimum moisture content for a given soil. Parameter A is well-correlated
to PI, LL, and OMC; and marginally correlated to the MDD, and it can be calculated as the weighted
2
average based on R values for each of the four index property parameters as following:

(3)
line

where Ai is the estimated correlation parameter from index property i, by linear trend
. xi is the index property value of the particular soil. W i is the weighting factor for the index

parameter i. The subscript i refers to PI, LL, OMC and MDD respectively.
Similarly subgrade stiffness increases when losing moisture, a relationship between normalized
subgrade modulus (En) and MC was also obtained using same approach as for εss. A relationship in the
following form was selected to predict subgrade modulus:
(4)
where En is the normalized modulus (modulus at a given moisture content divided by modulus at
*
*
optimum moisture content), B and C are curve-fitted parameters that can be estimated using index
*
properties similar to A .
The curve-fitted mathematical relationship to estimate expansive soil tensile strength (σt) from
NMC is in the form of:
(5)
As depicted in Figure 1, shrinkage induces strain and corresponding modulus, together with
pavement input were used in numerical modeling. Finite element analysis (FEA) models were developed
to simulated shrinkage caused stress (σss), if it was less than the predicted strength (σt) estimated based
on eq. 5, that is: σss < σt, MC is further reduced (subgrade continued to dry out). The simulation is
repeated until the threshold is reached. The locations of the top fifty most critical stress points and critical
MC thresholds are flagged.
A typical low-volume pavement section, consisting of a thin asphalt layer over base, subbase,
lime-stabilized subgrade and natural subgrade is used. Each pavement layer is assumed to be
homogenous, isotropic, and fully bonded to the underlying layer. Pavement shoulder is modeled as a
uniform block fully bounded at the pavement interface. Because of symmetry, a half-wide pavement (12-ft
wide) with shoulder (4-ft wide) was studied to reduce calculation efforts. As few as three layers and as
many as five layers can be introduced to the FEA program. After considering the computational time
limitation and required level of accuracy of FEA output, two FEA models were developed: 1) Elastic
Model: a simple two-dimensional plane strain linear model developed in Matlab was used to estimate the
onsite of longitudinal cracks in subgrade. Corresponding MC threshold of crack initialization is recorded
as MCi; and 2) Fracture Model: a more sophisticated nonlinear plastic-elastic model developed in
commercial FEA software. Once the crack is on site (σss σt), the fracture toughness (KIC) and the stress
intensity factor (KI) for Mode I fracture (Griffith, 1920; Irwin, 1957) was used as crack propagation criterion
to further examine whether the initial shrinkage crack is stable or whether it will propagate through the
pavement structure.
(6)
where f(a/W) is a dimensionless parameter which is also referred to as geometric factor. As its name
is the
implies, f(a/W) depends on the geometries of both the specimen and the crack. Parameter
through-thic n
c ac
n
i
n
n c ac i a i d
To simplify calculation,
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initial crack is assumed to be very small (a = 1 in.) and applied linear tensile stress is uniform.
Parameters KI and KIC can be compared using the same Equation 6 but different applied linear tensile
ss
t) and different geometry factors (semi-infinite vs. laboratory set up dimensions
according to four point bending test) respectively. When KI < KIC the crack is stable and will not grow. On
the other hand however, when KI KIC, the crack will start to propagate up. The progression of the initial
shrinkage crack is critical to the development of the surface longitudinal crack. Again, moisture content is
the controlled input and another threshold (MCp) at which the cracks will grow through pavement layers
and appear at the surface can be identified. Final outputs of LSC model include the two moisture
thresholds MCi and MCp, and the coordinates of critical locations for longitudinal cracking.
2.3

HMA PERFORMANCE EVALUATION MODELS

2.3.1

Longitudinal Cracking

Much effort has been made to study pavement longitudinal cracking as it was ranked #1 distress problem
for low-volume HMA pavements. It is believed longitudinal shrinkage induced cracking initiates in the
subgrade, which slowly extends to surficial layers (Uzan, et al., 1972; Intharasombat et al., 2007; Prozzi
and Luo, 2007). Subgrade shrinkage strain (εss) due to the loss of moisture causes shrinkage tensile
stress (σss). In the simplified linear elastic form (eq. 1), the stress can be express as a function of the
expansive soil’s elastic modulus (E). Both shrinkage strain and subgrade modulus vary significantly with
the change in MC. The shrinkage crack initiates when maximum σss in subgrade exceeds the tensile
strength (σt) of the same material. Again, σt of subsoil varies significantly with moisture variation. The
upward propagation of cracks is due to further drying which cause fractures of the bond between the
subgrade and the base and also due to the low tensile strength of the base course. If the tensile strength
of the hot mix asphalt (HMA) layer is also inadequate, cracks may propagate to the surface (Komornik et
al., 1969; Bell and Wright, 1991). Fracture mechanic models is needed to reveal the mechanism of the
failure, the conditions that make the pavement susceptible to this type of distress, and to predict whether
the crack is stable or will it propagate through the upper base and HMA layers, and if so, when and where
this type of failure may happen. This general process has been used in this research to determine the
progression of longitudinal cracking in high plasticity clays. One major challenge in this approach is to
develop material models that can estimate the variations in shrinkage strain (εss), tensile strength (σt) and
modulus (E) of expansive soil as a function of moisture variation. The prevailing approach to answer the
question of “how do these parameters change with moisture fluctuations?” is suction-based. Currently
there is no moisture-content based model available. However, the measurement of total or matric suction
is a challenging task due to limitations such as long equilibrium/response times (several days up to
couple of weeks), highly susceptible to environmental changes, laborious installation, test procedures,
cost of currently available sensors and the magnitudes of suctions that they can measure in the field.
(Vanapalli et al., 2008; Pan et al., 2010; Puppala et al., 2011). To address these problems the
researchers developed a MC-based approach aiming at a more practical model for engineers to identify
and predict critical MC thresholds of longitudinal cracking through HMA pavements, and to estimate the
locations of such longitudinal cracks.
2.3.2

Fatigue and Rutting

A layered linear elastic model that computes pavement responses under static loads is
incorporated to check for the pavement fatigue cracking and subgrade rutting. The Asphalt Institute (1982)
and Shell (1978) design methods, which relate the strains to the allowable number of load repetitions, are
selected as shown in the following:

N f = f1 (ε t ) − f 2 ( E1 ) − f 3

(7)

N d = f 4 (ε c ) − f 5

(8)

where Nf and Nd = allowable number of load repetitions (remaining life in ESALs) for fatigue and rutting
respectively, εt = horizontal tensile strain at the bottom of the HMA, εc = vertical compressive strain on top
of the subgrade, E1 = HMA modulus, f1 to f5 are empirically-derived coefficients. In this study, values of
-9
0.0796, 3.291, 0.854, 1.365 x 10 , and 4.477 are used for f1 through f5, respectively. The linear elastic
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multi-layer program WES5 (6) was adopted and modified to conduct the evaluation. The required include:
total number of layers, modulus, thickness and Poisson’s ratio for each layer.
2.3.3

Subgrade Shear Failure

On many Farm-to-Market (FM) roads where the expected traffic is low, it is very common to
expect higher percentage of heavy trucks with wheel loads that exceed the standard 18-kip single axle
load. These occasional overloads could give rise to subgrade shear failure, particularly under conditions
where the pavement is built on problematic expansive soils and the subgrade is wet. Thus, it is
recommended to check the design against the Texas triaxial design procedure (TEX-117-E) to ensure
that the design thickness provides adequate cover to protect the subgrade against occasional
overstressing. TEX-117-E described detailed steps to acquire the classification by comparing MohrCoulomb failure envelopes with the classification chart for subgrade and flexible base material. The depth
of cover obtained here is based on keeping the wheel load stresses within the failure envelope of the
subgrade material. The required cover depth from this method can be over-conservative in districts where
the climate is drier, or where the soils are not as moisture susceptible (Fernando, et al., 2001). To
account for this conservatism, the modified triaxial design method (MTRX) is provided to double-check
the cases when the pavement structure fails the Texas triaxial check.
On low-volume roads, with reasonably thin pavement structures, subgrade shear failure due to
heavy truck wheel loads is possible, particularly for wet clayey subgrades (7). To ensure that the
pavement provides adequate cover to protect the subgrade against overstressing, TxDOT utilizes the
Texas triaxial design method to establish the depth of cover required (Dcover) to avoid shear failure.
Fernando, et al. (7) also recommended the modified triaxial method (MTRX) to check required base
thickness (Dbase). The required inputs are: design wheel load and Texas triaxial test results (designated as
TEX-117-E). The output shows pass/fail flag and Dcover, Dbase numerically for user’s reference.
2.3.4

Swelling and Roughness

To select the most feasible volumetric change prediction model, laboratory test results and field
measurements were compared for seven empirical relationships (4). Based on results, the potential
vertical rise (PVR) method was selected to estimate the differential movements. As per TxDOT
specifications, soil properties including PI, LL, MC and percentage of soil particles passing sieve #40
(P40) are used to estimate the PVR value at both the top and bottom of each subgrade stratum and the
total PVR value for the subgrade. To accurately automate PVR estimates in this study, the charts
provided in TxDOT specifications were digitized and curve-fitted to develop the following equation to
calculate PVR based on volumetric swell:

PVR = C1 ⋅ P + C 2 ⋅ P 2

(9)

where P is the average load of the analyzed subgrade stratum layer (psi), C1 and C2 are curve-fitted
c n an
a a a nc i n
c na
ic
a
d in an an et al. (4).
International roughness index (IRI) was used to define characteristic of the longitudinal profile.
The IRI model proposed by Lytton, et al. (5) was used. The model has the following format:

IRI = IRI 0 + (4.2 − IRI 0 ) exp −

ρi
t

βi

(10)

where IRI0 is the initial IRI; ρi and βi are roughness parameters based on both traffic and total vertical
movements (ΔH). In roughness model, the PVR value predicted using Equation 7 is used as total vertical
movement (ΔH) in Equation 8. This value only takes into consideration the maximum possible heaving.
3

RESULTS AND DISCUSSION

3.1

Laboratory Testing and Field Measurement Results

The clay material from Houston was not used in the development of the constitutive material models
*
*
*
aforementioned in Eq. 2 through 4, but rather used as validation. The composite parameters A , B and C
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2

are site specific which can be calculated as a function of soil index properties and best-fit R . Table 1
2
demonstrates the slope, intercept, R and weight (well-correlated, correlated or marginally correlated) for
*
*
each set of shrinkage strain parameters Ai, which can be used to obtained A as described in Eq. 3. B
*
and C are obtained in the similar manner. The results of the predicted and measured shrinkage strain
with moisture variations for three Houston specimens compared favorably with approximately 90%, 70%
and 75% of the values within 20% margin of error for vertical, lateral and volumetric strains respectively.
TABLE 1 Relationships between Parameter Ai and Index Property (i) of Soils

Index
Property (xi)
PI

LL

OMC

MDD

Mode
Shrinkage

of

Parameter
Slope ( )

Intercept (b)

R

2

W

Vertical

-2.46

0.25

0.82

4

Lateral

0.55

0.06

0.92

4

Volumetric

-3.16

0.58

0.85

4

Vertical

-2.24

0.13

0.79

2

Lateral

0.65

0.03

0.85

4

Volumetric

-2.45

0.3

0.83

4

Vertical

-5.43

0.48

0.84

4

Lateral

-0.58

0.14

0.87

4

Volumetric

-9.96

1.12

0.89

4

Vertical

19.45

-0.15

0.57

1

Lateral

6.32

-0.04

0.68

2

Volumetric

48.25

-0.35

0.62

2

IDT tests were performed on two specimens of each clay type at six different moisture content levels from
optimum to dry conditions. All soils, except Bryan, follow a unique trend with approximately 25 psi peak
strength under dry condition and decrease smoothly to approximately 5 psi at OMC. Given the number of
soil tested, and to build in conservatism in the model, the results from Bryan were excluded from curve2
fitting process (Eq. 5, R =0.9).
3.2

Parametric Study Results

The Elastic Model is programmed to quickly identify the top 50 tensile stresses within subgrade and
shoulder. Similar results were observed from typical 3- and 4-Layer low-volume pavement sections. The
base-subgrade interface has a higher frequency of being under greatest tension. All 50 points fall within
the top 5-in of subgrade layer. By comparing the 3-layer and 4-layer data series, the overall location
shifted towards centerline when cover thickness above subgrade increases. The resulting shrinkage
induced tensile stresses are close for the 3-layer and 4-layer pavement, that is, the maximum shrinking
stresses are not sensitive to the cover depth above subgrade. This conclusion will be further discussed in
the following section.
The Facture Model yielded similar results for the 3-layer case as observed from the Elastic Model.
However, with the more sophisticated FEA in the Fracture Model, the benefit of the added layer of limestabilized subgrade stands out. Although the maximum tensile stresses are located along the middle of
the lane towards pavement centerline, fracture first progresses at the shoulder-pavement interface due to
the fact that the pavement shoulder is a much weaker material compared to base and HMA layer and the
bonding between shoulder and pavement are not as strong as within the pavement. This common
situation makes the interface between shoulder and pavement more critical than that between base and
subgrade. This trend is further confirmed as subgrade continues drying out. At 0.8NMC, the crack
propagates up through shoulder-pavement interface and reaches the surface. Base further cracks at
those locations where tensile stresses are larger. Results of largest tensile stresses developed within
subgrade agree with those from the Elastic Model. For the 4-layer case, even though the magnitude of
maximum tensile stress in subgrade does not change much, and the MC threshold for crack propagation
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(MCp) is the same as for 3-layer case, the damage caused by the subgrade shrinking is less severe. The
critical tensile stress points shift further toward the pavement centerline as compared to the 3-layer case.
This trend also agrees with the trend from Elastic Model.
3.3

HMA Pavement Performance Evaluation Results

All of the five test sites were 3-layer low-volume roads with hot mix asphalt concrete as top layer, followed
by unbound granular (a.k.a. flexible) base and compacted/treated subgrade. Pavement layer properties
were obtained by nondestructive FWD and DCP test, double-checked with district pavement design
information. Natural subgrade soil samples were carefully retrieved and tested. Table 2 summarizes
parameters used in the LSC model. Paris site was selected to study the influence of a poor drainage ditch
and large trees near the pavement section and their location impacts on adjacent pavement cracking.
Details of this site are shown here as an example. Paris site is considered to have the worst pavement
condition since the cracks were not only large but also long and deep. This road had been rehabilitated in
April 2007 and then in July 2007; minor cracks still reappeared on the pavement surface shortly after the
rehabilitation.
TABLE 2 Summaries of LSC Model Parameters for Test Sites

Study Sites

Parameters

HMAC

Flexible Base

Compacted Subgrade

Fort
Worth

San
Antonio

Paris

Houston

Atlanta

Thickness (in.)

2

1

3

4

6

Modulus (ksi)

350

350

500

500

350

Poisson's Ratio

0.33

0.33

0.33

0.33

0.33

Thickness (in.)

8

8

14

8

10

Modulus (ksi)

55

67

178

40

255

Poisson's Ratio

0.35

0.35

0.35

0.35

0.35

Thickness (in.)

200

Modulus (ksi)

A function of NMC, from Eq (4)

Poisson's Ratio

0.4

PI (%)

29

26

36

35

50

LL (%)

61

58

60

54

73

OMC (%)

24

21.7

23

20.1

28.5

MDD (pcf)

91.5

91.5

92.1

99.1

88.5

The predicted and actual locations of newly developed longitudinal crack were compared. The
most likely predicted location of the crack is near 40 in., within 2 to 7 ft. range from the edge. The actual
site developed longitudinal cracking near outer-wheel lane towards pavement edge at about 1/3 lane
width by the end of the study, which corresponded very well as to the predicted loacation. The LSC model
predicted that for Paris site at 0.9NMC subgrade cracking initiates and at 0.7NMC shrinkage cracking
would propagate up to surface and become visible. Laboratory test results indicated that the OMC of
Paris is 23%. As such, the threshold moisture content for crack initiation is MCi = 20.7%; the threshold for
appearance of the cracks on surface is: MCP = 16%. This corresponds very well with field observations.
New longitudinal cracks were observed in late September 2007 with an average moisture content of 15%
to 17%.
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Similar practices were performed to compare results from other sites. All results of LSC model
show good correlation with field measurements. Table 3 summarizes the field measurements with site
attributes and LSC model predicted moisture content thresholds. Discussions of other locations were
omitted for brevity.
4

CONCLUSTIONS

Moisture content was identified as one of the key parameters to affect expansive clay subgrade
properties. Conditions of subgrade and environmental factors were proved to be the controlling factors of
lower classification road performance. For strength/stiffness related pavement distresses, such as fatigue
cracking and rutting, or subgrade shear failure, rainy season is more critical. On the other hand, for
shrink/swell related pavement distresses, such as longitudinal cracking and excessive roughness,
drought season needs more attention.
TABLE 3 Summaries of Field Measurements and LSC Results

Study Sites
Attributes

Fort Worth

San
Antonio

Paris

Houston

Atlanta

Location

FM 157, Venus, TX

FM 1052,
Uvalde, TX

FM
910,
Clarksville,
TX

FM
1236,
Needville, TX

FM 1840,
Boston, TX

Vicinity

Farmland

Farmland

Large trees

Poor
drainage
ditch

Poor
ditch

Terrain

Sloped

Flat

Sloped

Sloped

Sloped

Initial Condition

Severe longitudinal
and
transverse
cracking,
settlement

None
observed

Large
cracks,
dipping

Severe
longitudinal
cracking

Severe longitudinal
and
transverse
cracking

Rainfall

Sporadic rainfall

Long
spells

Steady
rainfall

Steady
rainfall

Steady rainfall

Aug-Nov, 07

Sep
07Mar 08

Aug-Oct, 07;
Jan, 08

--

--

Moisture
a ia i n
20%

Aug-Oct, 07

--

Sep,
NovDec, 07; Feb
08

Apr, 07

--

New Cracks

Yes

Yes

Yes

No

No

Time
New
Cracks
Observed

Sep, 07

Oct, 07

Sep, 07

--

--

Predicted
(%)

21.6

19.5

20.7

18.1

25.7

Predicted MCP
(%)

16.8

15.1

16.1

14.1

20

Observed MCP
(%)

16

15

16

--

Monthly Mean

MCI

dry
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Most
Likely
Location
of 3
0
0
7
0
a
Cracking , ft
a
b
c
Distance from pavement-shoulder interface; Section has not cracked yet; Data is not available due to
equipment vandalism
LSC model results shown although the maximum tensile stresses in subgrade were generally
located underneath the middle of the lane towards pavement centerline, fracture would also develop at
the shoulder-pavement interface. This may due to the fact that the pavement shoulder is a much weaker
material compared to base and HMA layer, and shoulders are more susceptible to environmental
moisture variations.
The results of this research confirmed that for low-volume roads (generally thin asphalt pavement)
subgrade properties have major influence on both short- and long-term performance. For longitudinal
cracking particularly, there was no firm evidence to show that thicker layers were more effective than thin
layers in reducing such distresses. When considering remediation strategies, preference should be given
to those that can effectively reduce subgrade moisture susceptibility and/or improve subgrade support.
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Vehicle emission analysis for horizontal curves on twolane rural highways – case study in Texas
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Abstract
Vehicle emission can seriously impact human daily life in a variety of ways and eventually
has an impact on public health. It is believed that driving behavior is one of the most
important factors impacting vehicle emissions. However, some other factors may also
contribute to vehicle emissions indirectly, such as the geometric elements of a roadway. The
objective of this paper is to explore the relationship between horizontal curve radii and
vehicle emissions on two-lane rural highways through field tests under real-world driving
conditions. The modeling results indicate that horizontal curves with a smaller curve radius
tend to impose a higher workload on drivers and causes additional acceleration maneuvers.
According to the exponential models, there are no large differences in the deceleration
pattern between curvature and tangent when the curve radius is larger than 8,824 m, while
the threshold for the acceleration pattern is 14,286 m. The results also indicate that
aggregated data will better describe the relationship between vehicle emissions and curve
radius. Moreover, the results indicate that compared to driving on straight roads, a vehicle
tends to generate less emissions when approaching the curve and generate more emissions
when leaving the curve.
Keywords:
emission factor; roadway design; horizontal curve; driving behavior analysis
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1

Introduction

The focus of air quality studies has traditionally been placed mainly on urban areas, but has been
expanded to rural areas along with urban sprawl (FHWA, 2004). Air quality issues due to vehicle
emissions can impact human daily life in a variety of ways. For example, nitrogen oxides (NOx) and
hydrocarbon (HC) emissions from fuel combustion contribute to the formation of ozone, thus affecting
daily life, industry, transportation, urbanization, and many other scenarios (EPA, 2016).
To estimate vehicle emissions, many mathematical models have been developed at macroscopic and
microscopic levels (EPA, 2010; Frey et al, 2002; Claggett and Houk, 2008). The main focus has been
placed on linkages with vehicle speed and acceleration rate because driving behavior has always been
considered as the most important contributor to vehicle emissions (Claggett and Houk, 2008). With the
increasing applications of connected and automated vehicles, however, computers are gradually taking
more control from human drivers, which means that driving patterns will become more similar and easier
to identify (Frey et al, 2007). Factors such as pavement roughness and roadway geometric elements will
likely become more evident in emission estimation with the assumption that a majority of vehicles on the
road are automated.
Horizontal curves, which are the segments that provide a gradual change in direction, are important
elements in roadway design. Due to the difficulties in judging road condition, drivers may apply the brakes
or tap the gas pedal to safely navigate winding segments, which can then generate extra curve-related
vehicle emissions. According to the AASHTO Roadway Design Manual, also known as the Green Book,
roadway alignment is selected first based on right-of-way consideration, which does not take vehicle
emissions into account (Ward et al, 2003).
Most of macroscopic emission models are unable to properly estimate vehicle emissions because they
neglect the special driving pattern on horizontal curves. For microscopic emission models, the challenge
will be data availability because these models often require a series of inputs such as a speed file and
acceleration rate (AASHTO, 2004). Therefore, it is important to explore and develop a feasible way for
roadway designers to estimate vehicle emissions, especially for two-lane rural highways.
The motivation behind this study is to explore and develop a feasible way for roadway designers to
estimate vehicle emissions for horizontal curves on two-lane rural highways as vehicle emissions is not
currently taken into account in contemporary roadway design methods adopted by the FHWA. To achieve
this goal, there are three sub-objectives including developing an algorithm to gain geometric data,
developing models to quantify the relationship between curve radii and acceleration, and the identification
of the linkages between vehicle emissions and geometric features of horizontal curves.
2
2.1

Literature highlights
Emission models and modeling techniques

Many emission models have been developed at both macroscopic and microscopic levels to effectively
estimate vehicle emissions. The emission modeling tool MOVES developed by the EPA and EMFAC
developed by the California Air Resources Board estimate emissions through three steps: determining a
set of emission factors, generating vehicle activity, and estimating vehicle emissions by multiplying results
from the first two steps (EPA, 2010; AASHTO, 2004; Van Aerde and Rakha, 2009). One main drawback
of these macro level models is that the estimation may not sufficiently reflect real-world emissions as they
do not consider driving dynamics (Barth et al, 1996; NRC, 2000; Kelly and Groblicki, 1993).
Modal-emissions models have been developed in order to estimate vehicle emissions at a micro level.
According to Frey et al., there are basically two ways to develop modal-emission models (EPA, 2010):
one is to develop a speed-acceleration matrix to classify the operating mode of vehicles (Kelly and
Groblicki, 1993), and another way is to develop the modal models based on engine mapping (West et al,
1997). The Mobile Emission Assessment System (MEASURE) developed by the Georgia Institute of
Technology is able to estimate CO, NO x, and VOCs using an aggregated modal modeling approach (Shih
et al, 1997). Another modal model developed by Barth et al. predicts vehicle emissions for light-duty
vehicles based on a series of vehicle operating modes (Barth et al, 1996).
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2.2

Driver behavior on horizontal curves

To identify the linkages between horizontal curves and vehicle emissions, it is important to understand
how drivers negotiate curves while driving. As shown in Fig. 1, a horizontal curve can be divided into four
segments: approach, curve discovery, entry and negotiation, and exit (Fomunung et al, 2001). The driving
tasks for a driver during curve discovery are to determine curvature, assess roadway conditions, make
additional speed adjustments, and adjust path for curve entry (Fomunung et al, 2001). When approaching
a horizontal curve, a driver makes judgments and adjusts vehicle speed before the Point of Curvature
(PC), and then accelerates after passing the midpoint of the curve where driver has the highest visual
demands to safely navigate a curve. A study conducted by the Virginia Tech Transportation Institute
suggests that a driver starts decelerating around 50 to 100 ft before the PC and this distance is affected
by demographic distribution (age, gender, driving experience) (Campbell, 2012). Another study examined
the deceleration/acceleration pattern and concluded that deceleration ended close to the midpoint on
small radius curves. For larger radius curves, deceleration ends right after PC and the start point of
acceleration moves to the midpoint of curve (Machiani et al, 2016).
Approach

Curve Discovery (75m -100m)

Entry and
Negotiation

Exit

PC
Point of
Point of
Tangency
Low Visual Demands
Curvature

Driving Direction
High Visual Demands

PT

Fig. 1 Driving tasks on horizontal curvature

Several models have been developed in previous studies to estimate operating speeds using data
collected from given spots (point of curvature, midpoint of curve, point of tangent, etc.). Currently, these
models have been used to generate the speed file and to predict crash rates on horizontal curves.
Nevertheless, few studies utilize these models to estimate vehicle emissions. A study conducted by Ko
generated the speed file for horizontal curves using a speed prediction model and calculated vehicle
emissions using the default database from MOVES (Ko, 2011).
2.3

Extraction of geometric information

In order to study the relationship between geometric features and vehicle emissions, one challenge is
how to obtain geometric information about roadway alignment because of the difficulties in retrieving the
original design files.
A GPS-based method has been applied in previous studies to collect data to compute curve radius
and the results showed that GPS was able to accurately provide alignment data (Sanders, 2005; Imran
and Patterson. 2006; Pratt et al, 2009). Pratt et al. used a GPS-based method to collect data every 25
feet to calculate the radius and recommended posted speeds for horizontal curves (Pratt et al, 2009).
Sanders used a GPS/GIS method to extract geometric features for horizontal curves, where GPS was
used to produce the centerlines of roadways and then the curve data were extracted through GIS
(Sanders, 2005).
Many applications have been developed to identify geometric features for horizontal curves from digital
maps. For example, Google Earth Pro developed by GOOGLE can be used to manually identify
horizontal curves by fitting the curves with a radius-changeable circle (Google, 2016). Curve Extension
developed for the Florida Department of Transportation, Curve Finder developed for the New Hampshire
Department of Transportation, and Curve Calculator developed by ESRI are all GIS based curveextraction tools. The Curve Extension and Curve Calculator can be used to identify some geometric
elements for a single circular curve, while the Curve Finder can be used to extract several curves on a
designated route at one time (Osei-Asamoah and Jackson, 2015). One major drawback of manually
extracting geometric features from digital maps is that this neglects spiral transitions, which provide a
gradual transition between tangents and circular curves. Another drawback of this method is the difficulty
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in determining the starting point of a curvature when the radius is large.
3
3.1

Methodology
Data preparation and pre-processing

First, data screening techniques were applied to remove outliers and some invalid records produced by
test equipment due to vehicle vibration and connection problems. Outliers were identified based on
commonsense knowledge (e.g. abnormal acceleration values) and three-sigma rule. Then latitude and
longitude was converted into Gauss-Kruger x-y coordinates. Subsequently, the Rolling Algorithm was
developed in the next step to calculate the curve radius. Additionally, all the data pairs were re-arranged
according to their geo-locations through interpolation.
3.2

Rolling algorithm

The Rolling Algorithm (RA) was developed and applied in this study to calculate curve radius. As shown
in Fig. 2 (a), a radius-changeable circle rolls through the data set ordered by geolocation at a rolling
speed of 1 point/time. When this circle stops at point i (Fig. 2 (b)), the coordinates of point i, point i-1 and
point i+1 are read and used to identify the perpendicular bisectors of point i-1 and point i, point i and point
i+1. The coordinates of the center point can be calculated by solving equation (1), (2), and (3). Lastly, the
curve radius can be calculated by measuring the distance between the center point and point i.
Compared to the method of manually extracting geometric features from digital maps, the RA can identify
both the radius of simple curves and also spiral curves. It should be noted that the lower the speed, the
higher the accuracy of this algorithm. For example, if the speed of a test vehicle is 80 km/h, which equals
to 22.22 m/s, the distance between two consecutive points will be approximately 22 m. The curve length
needs to be at least 44 m (22 m × 2 = 44 m) to ensure the accuracy of the calculated radius at one point
on each curve. A curve length that is longer than 88 m (22 m × 4 = 88 m) is favorable, and ensures the
accuracy of the calculated radius at three points.
𝑥𝑖𝑖
𝐴 [𝑦 ] = 𝑏

(1)

𝑖𝑖

𝐴=[
𝑏=[

(𝑥𝑖 − 𝑥𝑖−1 )/(𝑦𝑖 − 𝑦𝑖−1 )
(𝑥𝑖+1 − 𝑥𝑖 )/(𝑦𝑖+1 − 𝑦𝑖 )

1
]
1

(𝑦𝑖−1 + 𝑦𝑖 )/2 + (𝑥𝑖 − 𝑥𝑖−1 ) ∗ (𝑥𝑖−1 + 𝑥𝑖 )/(2 ∗ 𝑦𝑖 − 2 ∗ 𝑦𝑖−1 )
]
(𝑦𝑖 + 𝑦𝑖+1 )/2 + (𝑥𝑖+1 − 𝑥𝑖 ) ∗ (𝑥𝑖 + 𝑥𝑖+1 )/(2 ∗ 𝑦𝑖+1 − 2 ∗ 𝑦𝑖 )

(2)
(3)

Where 𝑥𝑖𝑖 and 𝑦𝑖𝑖 are the coordinates of center point, 𝑥𝑖 and 𝑦𝑖 are the coordinates of point i, 𝑥𝑖−1 and 𝑦𝑖−1
are the coordinates of point i-1, 𝑥𝑖+1 and 𝑦𝑖+1 are the coordinates of point i+1 showing in Fig. 2 (b).

Point i
(xi,yi)
Point i-1(xi-1,yi-1)

Ri

Point i+1 (xi+1,yi+1)

Perpendicular
Bisector
Center Point (xii,yii)
(a) Rolling Algorithm illustration
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Unread Point
Rolling Direction

Ri
Point i-1

Point i+1
Point i
Rolling Speed: 1 point at one
time
(b) Calculated radius
Fig. 2 Rolling algorithm overview.

3.3 Moves operating mode distribution
The purpose of MOVES operating mode distribution analysis is to provide an overview of activity data
distribution, which could help to better understand the driving pattern on horizontal curves. First, vehicle
specific power (VSP) was calculated based on instantaneous speed, and acceleration/deceleration. The
equation for VSP calculation is (Nam, E. K, 2003):
𝑉𝑆𝑃 = 𝑣 ∗ 1.1 ∗ 𝑎 + (9.81 ∗ 𝑔𝑟𝑎𝑑𝑒(%) + 0.132) ∗ 𝑣 + 0.000302 ∗ 𝑣 3

(4)

Where v is the instantaneous vehicle speed in the unit of m/s, a is the second-by-second acceleration in
2
the unit of m/s . The grade is the roadway longitudinal grade, which was determined by field
measurement or from the roadway profile. After generating the VSP, the data for each second was
assigned to a specific operating mode bin as defined in MOVES.
3.4 Critical events
To further study the relationship between horizontal curve radius and acceleration/deceleration, the data
set was split into groups depending on curve radius (150 m – 450 m, 450 m – 750 m…). The number of
critical events was counted under each group. Critical events in this study are defined based on two types
of driving maneuvers: braking and accelerating. A data point that qualifies with the following criteria was
considered as a critical event in this study:
th

Critical event A (accelerating): if the acceleration of i second is larger than or equal to, or the
th
th
th
th
accelerations of (i-2) , (i-1) , and i second are all larger than or equal to , i second is considered as a
critical event A.
th

Critical event B (braking): if the acceleration of i second is less than or equal to, or the accelerations
th
th
th
th
of (i-2) , (i-1) , and i second are all less than or equal to , i second is considered as a critical event B.
Considering the uneven distribution of data points, the proportion of critical events (PCE) has been
used as an analysis index instead of the number of critical events. PCE is calculated by dividing the
number of critical events in group i by the sample size of group i as shown in equation (5).
𝑃𝐶𝐸 =

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑒𝑣𝑒𝑛𝑡𝑠 𝑖𝑛 𝑔𝑟𝑜𝑢𝑝 𝑖
𝑆𝑎𝑚𝑝𝑙𝑒 𝑠𝑖𝑧𝑒 𝑜𝑓 𝑔𝑟𝑜𝑢𝑝 𝑖

(5)

Two exponential models were developed to estimate the proportion of critical events on different curve
radius. In the meantime, groups with small sample sizes were removed from the analysis to ensure the
confidence level (95%). See equation (6):
𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑒𝑣𝑒𝑛𝑡𝐴/𝐵 = 𝛽1 𝑒𝛽2 ∙𝐶𝑢𝑟𝑣𝑒 𝑟𝑎𝑑𝑖𝑢𝑠
3.5

Curvature conversion factor
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The average emission factors of tangents on two-lane rural highways were calculated in this study as
baselines. As shown in equation (7), the emission factors of a curvature were calculated as a product of
the emission factor of tangents (EF) and Curvature Conversion Factor (CCF).
𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟𝑒𝑛𝑡𝑟𝑦/𝑒𝑥𝑖𝑡 = 𝐶𝑢𝑟𝑣𝑎𝑡𝑢𝑟𝑒 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟(𝐶𝐶𝐹) × 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟𝑡𝑎𝑛𝑔𝑒𝑛𝑡
4
4.1

(7)

Field Test
Site selection

Most previous studies related to geometric design, especially for horizontal curves, focuses on two-lane
rural highways. This is because two-lane rural highways have relatively lower traffic volume and fewer
signalized intersections. Further, these roads have a variety of geometric features. Therefore, this paper
focuses on two-lane rural highways in order to provide more robust field-testing data.
Considered that vehicle speed would be affected by the amount of traffic on the road and the number
of intersections, to rule out the impact of other vehicles on road, the overall data collection process was
done in a free flow condition. The horizontal curve radius is the only geometric feature considered in this
study. A series of criteria for site choice were defined as below: (1) two-lane rural highway; (2) a variety of
geometric characteristics (curve radius, curve type); (3) constant geometric elements (lane width,
shoulder width, etc.); (4) same posted speed limit (50 mph ≈ 80 kph); (5) constant pavement type; and (6)
data availability.
4.2

Test plan

The Scenic Loop in Livingston, TX was selected as the test site for this study (Fig. 3). The test vehicle
was a 2009 Honda C-RV and the fuel type was gasoline. The length of the test route was 9.66 kilometers
(6 miles). The driver was required to drive 10 rounds on the test route under free flow conditions from the
same direction to keep the vehicle in a similar lane position.

End Point

FM 2457

FM 3126

Livingston, TX
Start Point
Scenic Loop
Legend
Major roads
Test route
Fig. 3 Test route.

4.3

Test Equipment

A Portable Emission Measurement Systems (PEMS) was used in this study for data collection, which
provides second-by-second data records including longitude, latitude, instantaneous vehicle speed,
acceleration/deceleration, and emission data.
5
5.1

Results and discussion
Driving behaviors on horizontal curve

The impact of a horizontal curve on driving activities was studied to identify the linkages between
horizontal curve and vehicle emissions because vehicle emissions are highly related to vehicle speed and
acceleration.
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Scatter Plots of Activity Data
The calculated curve radius generated by RA varies from 150 m to infinity, which represents the ‘radius’
of tangents. As shown in Fig. 4 (a), ‘low-speed’ data points are concentrated between 150 m and 500 m,
which represent a small-radius range. When the curve radius increases to a certain level, speed samples
oscillate around 80 km/h, which is the posted speed limit. Drivers scan the curve for information and slow
down when approaching the curve, and then accelerate to resume normal speed when they feel
comfortable with the driving workload imposed by the curves. In addition to the speed-radius scatter plot,
MOVES operating mode bins were used to analyze the distribution of activity data. Fig. 4 (b) shows the
MOVES mode bin distribution along an x-axis, which represents the curve radius. The majority of data
points fall in the radius range of 0 m and 7,000 m. Bin 0, which is defined as braking, only exists in a
radius range of 0 m to 5000 m. There was no data point that matched Bin 1, which represents idling. Most
data points fall in a middle- and high-speed range (Bin 21 – Bin 40).

(a) Scatter plot of velocity and curve radius

(b) MOVES operating mode bin distribution

Fig. 4 Scatter plots of activity data.

The scatter plots present an overview of the relationship between activity data and curve radius, which
helps to better understand the data distribution. However, vehicle emissions tend to be larger when
burning more fuel. Therefore, in addition to this analysis, critical events have been defined to analyze the
acceleration maneuver.
Analysis of Critical Events
Fig. 5 shows the relationship between the number of critical events and curve radius. The majority of the
number of critical event A (Fig. 5 (a)) and critical event B (Fig. 5 (b)) concentrate in a radius range of 150
m to 4,000 m, which means that a driver tends to accelerate and decelerate more frequently on curvature
with a smaller curve radius. Very few critical events exist when the curve radius is larger than 4,000 m.
From these two graphs, a threshold of 4,000 m has been determined as curvature-to-tangent boundaries,
which means a point where the curve radius is larger than 4,000m is considered as belonging to a
tangent. Considering the data distribution, PCE values were calculated and are presented in Fig. 5 (c)
and Fig. 5 (d). The normalization results indicate that a smaller curve radius tends to generate more
critical events.
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𝑃𝐶𝐸𝐴 = 0.0928 × 𝑒 −0.00021×𝑟
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Fig. 5 Number of critical events.

To better understand the downtrend in the number of critical events, two exponential models were
developed to calibrate the PCE value. Seventy percent of the data points were used for calibration, while
30% of the data points were used for validation. The calibration results of PCE A and PCEB are shown in
equation (8) and equation (9). The small p-value of the coefficients of intercept (p-valueinterceptA= 6.11 ×
10−13 < 0.05, p-valueinterceptB= 7.45 × 10−9 < 0.05) and curve radius (p-valueradiusA= 1.48 × 10−5 < 0.05, pvalueradiusB= 0.014 < 0.05) means that these two factors have a significant impact on PCE value. The
validation root mean square error (RMSE) of equation (9) is 11.5%, while that of equation (10) is 9.4%.
Black thick lines in Fig. 5 (c) and Fig. 5 (d) represent the predicted results from these two exponential
models. The yield point of these fitting lines can be identified through these equations. Take PCEB as an
example, the yield point of the fitting line is 8,824 (8,824 = (1/0.00034)×3, where (1/0.00034) is a time
constant in Equation (10), the times 3 means the termination of termination periods of an exponential
curve like the one in Fig. 5 (d)). This means that when the curve radius is larger than 8,824 m, there are
no large differences between PCEB for curves with a larger radius. Similarly, the threshold of PCEA is
14,286 m. Compared to accelerating, the braking on a curvature is more sensitive to curve radius (the
threshold of 8,824 m is smaller than 14,286 m). When curve radius increases, the number of critical event
B decreases faster than the number of critical event A.
𝑃𝐶𝐸𝐴 = 0.0928 × 𝑒 −0.00021×𝑐𝑢𝑟𝑣𝑒 𝑟𝑎𝑑𝑖𝑢𝑠

(8)

−0.00034×𝑐𝑢𝑟𝑣𝑒 𝑟𝑎𝑑𝑖𝑢𝑠

(9)

𝑃𝐶𝐸𝐵 = 0.0576 × 𝑒
Driving Behaviors on Four Curve Types

Fig. 6 illustrates different driving patterns affected by four curve types found from data analysis. On a
simple curve or a spiral curve, driving behavior follows a similar pattern: a driver will decelerate before
entering the curve and then accelerate after they pass the midpoint of a curve. On a reverse curve or a
compound curve, if the tangent between two curvatures is long enough then this allowed drivers to adjust
vehicle speed to a normal level. The driving behaviors on reverse curves and compound curves are
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similar to simple curves. As such, a reverse curve or a compound curve could be divided into two single
curves. However, if the tangent between the curves is not long enough, there will be a ‘shift.’ It should be
noted that even though the distribution of acceleration/deceleration points might be affected by curve
types, drivers will need to accelerate and decelerate at least once for each single curve.

Fig. 6 Driving activity of different curve types.

This finding suggests that the linkages between acceleration data and curve radius are highly
associated with geolocation. Take the spiral curve as an example (Fig. 6), the color transition from red to
green indicates that a driver starts to accelerate at the midpoint of the curve where the curve radius is the
smallest. As shown in Fig. 7, strong acceleration happens after the midpoint where the curve radius is
larger (ramax). The acceleration pattern will be significantly affected by factors including roadway condition
and demographic distribution. For example, for commuters who are more familiar with the route, the
acceleration tends to happen earlier. This finding also suggests that modeling with instantaneous data
might not be a good way to explore the relationship between vehicle emissions and curve radius due to
shifts in the acceleration pattern. As such, data aggregation might be a better approach.

Accelerating
Braking

Acceleratio
n/Decelerat
ion
0
Curve Radius

amax

rmin

ramax

Infini
ty Midpoint of
curve
Fig. 7 Acceleration and curve radius.

5.2

Horizontal curve and vehicle emission

Bubble Chart for Acceleration and Vehicle Emissions
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In this section, previous findings are further associated with vehicle emissions. The bubble charts below
represent accelerations, calculated curve radius, and vehicle emissions associated with geolocation. The
larger the absolute value, the larger the bubble size. As discussed in the methodology, longitude and
latitude were converted into Gauss-Kruger x-y coordinates. The vertical and horizontal axis represent the
x-y coordinates of data points. Fig. 8 (a) represents the accelerations on a reverse curve. Black bubbles
represent deceleration, while green bubbles represent acceleration. The data collected from field testing
was consistent with the analysis in the previous section. The reverse curve can be divided into two single
curves for analysis. A similar approach can be applied to the compound curve shown in Fig. 8 (b). CO 2,
CO and HC were positively related to acceleration. Compared to braking, accelerating tends to generate
more emissions. More NOx is generated at a deceleration/acceleration change point because more air is
drawn in.
Curve Radius

-485430
-485480
-485530
-485580
-485630
-485680
-485730
3409600

-485430
-485480
Y (m)

Y (m)

Acceleration

Braking
Accelerating
3410000

-485530
-485580
-485630
-485680
-485730
3409600

3410400

X (m)

Y (m)

CO
-485430
-485480
-485530
-485580
-485630
-485680
-485730
3409600

Y (m)
3410000

3410400

3410400

HC

Y (m)

Y (m)

NOx

3410000

3410000
X (m)

X (m)

-485430
-485480
-485530
-485580
-485630
-485680
-485730
3409600

3410400

X (m)

CO2
-485430
-485480
-485530
-485580
-485630
-485680
-485730
3409600

3410000

3410400

-485430
-485480
-485530
-485580
-485630
-485680
-485730
3409600

X (m)

3410000
X (m)

(a) Vehicle emissions on a reverse curve
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(b) Vehicle emissions on a compound curve
Fig. 8 Vehicle emissions varied by geo-location.

Similar to the acceleration pattern on curves shown in Fig. 7, the largest vehicle emissions are
generated somewhere ahead of the midpoint of a curve. This finding suggests that the relationship
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between vehicle emissions and curve radius will also be affected by geolocation.
Emission estimation for horizontal curves
The CCF table was developed for highway design using interpolated emission data. Emission factors of
tangents were viewed as baselines, which were normalized to 1 in this table. On average, the entry CDR
is smaller than 1, which means that when approaching a curve, the vehicle tends to generate fewer
emissions compared to driving on a straight road. Conversely, exit CDR is larger than 1, which means
that when leaving a curve, a vehicle accelerates and starts to resume normal speed, and therefore
generates more emissions compared to driving on tangents. The length of entry and exit segments were
also studied. As shown in the last column in Table 1, the length of entry was approximately twice the
length of exit for different radius ranges.
Table 1 Curvature Discount Rate of Emission Factor

Factors

CO

CO2

Radius

HC

NOX

Distance Factor

Min. Radius – 500 m

Entry CDR

0.706

0.717

0.773

0.983

2.02

Exit CDR

0.991

1.225

1.210

0.774

1.00

Radius

500 m – 1000 m

Entry CDR

0.469

0.679

0.648

1.771

1.95

Exit CDR

1.098

1.307

1.184

0.964

1.00

Radius

1000 m – 5000 m

Entry CDR

0.926

0.597

0.538

1.367

2.24

Exit CDR

0.852

1.337

1.158

0.866

1.00

Radius

∞

Tangent CDR

1

1

1

1

N.A

EFTangent (mg/m)

0.305

3040

0.779

0.054

N.A

Fig. 9 shows one example of CCF application. Assume that the designed radius of this simple curve is
smaller than 500 m. This simple curve can be divided into two parts: entry segment and exit segment.
The curvature discount rate of entry for a CO 2 segment is 0.72, while the curvature discount rate of an
exit segment is 1.23. The emission factor of this horizontal curve is calculated as the product of curvature
discount rate and emission factor of tangents. The length of entry and exit segments can be estimated
using Distance Factor and the length of curve discovery as defined by NHTSA. Total emissions can be
calculated as the product of emission factor and distance.
6

Conclusions

The main outputs of this study include an algorithm to calculate the curve radius using GPS data, two
exponential models to estimate critical events using curve radius, and an emission factor table to help
roadway designers estimate vehicle emissions for horizontal curves.
The modeling results for this critical event indicates that horizontal curves with a smaller curve radius
tend to impose a higher workload on drivers and causes additional acceleration maneuvers. According to
the exponential models, there are no large differences in the deceleration pattern between curvature and
tangent when the curve radius is larger than 8,824 m, while the threshold for the acceleration pattern is
14,286 m. This means that in the roadway design process, when the curve radius is larger than 8,824 m,
designers do not need to adjust the emission factor for the entry segment of a curve using CCF. Similarly,
emission factors applied to tangents can be directly used for curve emission estimation when the curve
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radius is larger than 14,286 m.
Tangent

Normal speed
CDR = 1

Entry
CDR = 0.72

Exit
CDR = 1.23

Curvature

Braking start point
Accelerating start point

Tangent

Fig. 9 Emission estimation using CCF.

The results also indicate that aggregated data will better describe the relationship between vehicle
emissions and curve radius because emission data is highly related to driving behavior, while curve
features are associated with geolocation. The value of the Curvature Conversion Factor indicates that
compared to driving on straight roads, a vehicle tends to generate less emissions when approaching the
curve and generate more emissions when leaving the curve. Lastly, the Curvature Conversion Factor
table categorizing curve radius into four groups was developed using real-world emission data, and
provides an easy and straightforward way for roadway designers to estimate emissions on horizontal
curves.
7

Transferability and limitation

Transferability of the results is most relevant to the test procedures. Models and tables presented in this
paper can be applied to similar cases, for example, to estimate vehicle emissions on two-lane rural
highways under a free flow condition. This study utilized a light-duty vehicle for data collection, which is a
factor that should be adjusted when calculating emissions for other vehicle types. There are three main
assumptions for the Curvature Conversion Factor table: one is that all the curves are assumed to be
single curves, which means that a reverse curve or compound curve will need to be divided into two
single curves for the calculation; the other two assumptions are that superelevation and roadway grade
are assumed to be 0 due to the difficulty in collecting such data without the original drawing files or field
measurements.
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Abstract
Traditional standalone traffic signals are being replaced by adaptive traffic signals,
which automatically adjust the control parameters, and revisions of the signal
plans are becoming an integral part in the modern road transport infrastructure.
These advancements based on Cyber-Physical systems come with a lot of
weaknesses that could be easily exploited. For example, some of these systems
are used without any encryption for communication between a central traffic
control management system and field traffic signal control units, allowing an
attacker to directly change traffic signal indications. Vulnerabilities like this could
allow anyone to take complete control of the traffic control devices and could
cause traffic chaos. Much has been written in recent years explaining various
strategies to prevent attacks against adaptive traffic signal systems. In this paper,
we present a survey summarizing the relevant literature in the field of traffic light
cyber security. This survey discusses and organizes different methods of
protection for a series of major security weaknesses in traffic light systems and
highlights the importance of a defense system and the impacts of various attacks.
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1

Introduction

Traffic signal systems have evolved from series of standalone pieces of technology coordinated
through synchronized time clocks to a series of sophisticated programs running on a series of
connected computers networked together using both wired and wireless technologies. While
new technologies have greatly enhanced how traffic signals work and efficiently operate, they
have also increased the exposure to cyber security threats. Recent studies performed on the
security of traffic lights discovered a number of security vulnerabilities existing in the system.
Researchers have demonstrated that they were able to successfully compromise the security
measures used by agencies and access the agency’s traffic signal system network. Their
attacks showed that an adversary could gain access to a traffic signal system, potentially
disrupting service, compromising safety and altering operations of the traffic signal to provide
advantages to unauthorized users.
The nation’s roadway network is connected not only with asphalt and concrete, but also by
traffic control systems which ensure the safety and mobility for roadway users. These traffic
control systems are comprised of traffic signal controllers, dynamic message signs, roadway
detectors and sensors, road weather information systems, weigh-in- motion systems, etc. For
over 20 years, the transportation industry has embraced Intelligent Transportation Systems (ITS)
to reduce crash rates, traffic congestion, vehicle emissions and increase safety, reliability, and
mobility for all transportation modes. Table 1 summarizes the enabling technologies in ITS. The
team also attached a national intelligent transportation system architecture, a national ITS
architecture layer, and a connected vehicle reference implementation architecture, shown as
Appendix 2, 3 and 4. According to previous studies, there are more than 20 types of ITS
subsystems such as traffic management systems, transit management systems, freight
management systems, emission management systems, archived data management systems,
etc. (USDOT, 2005; Puget Sound Regional Council, 2006; Berenson, 2012).
While adaptive systems are being rapidly implemented in both standalone and advanced
systems, they are also being exposed to new threats from hackers wanting to utilize security
flaws for their personal gain. For example, a researcher from IOActive was able to get into the
traffic signal system with the help of devices which cost him just $100. This shows the
vulnerable state of the current system and necessity to address those problems.
Table 1 Summary of enabling technologies in ITS (Qureshi and Abdullah, 2013)

Technologies

Types

Communication

Wireless (Cellular or Wide Area) Wire line (Coaxial or
Fiber Optic)
Compact Disc, Magnetic storage, Media Magnetic stripe
cards, hard disks and data cartridges, smart cards

Data storage and processing

Database management
systems
Information display

Data Warehousing, Expert Systems

Location

Dead reckoning, Map matching, GPS, Beacon based
Vehicle
Location

Cathode ray Tubes (CRTS), LCDs, Variable message sign
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Sensors

Inductive Loops, Infrared Beams, Microwave (RADAR),
LIDAR,
Vision-based Sensors, Acoustic scanning Laser
Gates and Displays

Actuator
1.1 Traffic signal setup:

A traffic monitoring sensor node typically comprises the modules as shown below. Fig 1 gives
an overview of the setup and flow of information in the traffic control system.
A. Sensors—which acquires data.
A sensor is a device that transforms a physical process into an electrical signal. They are
usually implanted underneath the surface and are used to detect a change in the earth’s
magnetic field when a vehicle passes over its measured area of influence. They generate useful
traffic information such as the number of cars and speed and length of vehicles, based on
processing of the sensor data. The information is then sent to the nearest intersection control
agent over a wireless network. A magnetometer is commonly used for measuring the magnitude
and direction of the earth’s magnetic field and this device is also used to detect changes in the
earth’s magnetic field within the vicinity of the instrument. (Losilla, et al. 2011)

Fig. 1 Components of an adaptive traffic signal

B.

A processing and control module which processes the local data and stores it.

Controller carry out the necessary data processing and radio communication control. The
controller uses input from detectors, which are sensors that inform the controller processor
whether vehicles or other road users are present, to adjust signal timing and phasing within the
limits set by the controllers. (Al-Nasser, et al., 2012)
C.

A radio module is the module for wireless data communication.

D.

A power module is the module for energy supply.

E.

The MMU (Malfunction Management Unit)
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MMU is the failsafe operator of the system and ensures that the lights are not put into an
unsafe state (such as Red and Green at the same time), and the lights are then adjusted using
the information gained from the induction loops in the road (and which senses cars as they pass
over it). If control of the MMU can be gained and allow for access to the controller, the lights can
be compromised to go into incorrect states, or to stay at steady red, thereby causing gridlock
within a city. Within the MMU controller board, the researchers found that by connecting a
jumper wire, the output from the controller was ignored, and the intersection was put into a
known-safe state.
F.

Wireless Sensor Networks

The physical architecture of a wireless sensor network consists of several Sensor Nodes (SN)
and a single Access Point (AP). The raw sensor signals are first processed by the processor in
the sensor node to extract some useful information. The output of this initial sensor node-based
processing is transmitted to the access point either through direct communication with the
access point or multi-hop communication across other sensor nodes. Eventually, the access
point processes the data collected from all the sensors in the network to extract more
information, places this information into some meaningful format and sends it to the end user or
some other control system. (Akyidiz, et al., 2002, Cerrudo, 2016, Ghena, et al., 2014, Laszke, et
al., 2016)
1.2 Working of an adaptive model
Sensors are implanted along the road which detect the number of vehicles and traffic density at
that junction, once the detections are made, each wireless sensor sends time-stamped
detection event data to a nearby access point or repeater. The radio communications between a
wireless sensor and its communicating access point or repeater are two-way, allowing the
sensor to receive commands and data as well as transmit data and status information. Each
wireless sensor is uniquely addressable so its data can be independently collected and its
operation independently controlled and monitored. Upon receiving the information, the controller
will decide whether to alter the signal length, thus efficiently decreasing the wait time at the
intersections. Fig. 2 gives us a visual representation of the traffic signal setup comprising the
modules discussed above.

Fig. 2: Setup of an adaptive traffic control system

1.3 Objectives and contributions of the research
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The objective of this paper is to examine the most relevant, recent publications on adaptive
traffic light systems. Our research studies the critical technologies associated with traffic light
systems and the security aspects of these published works. This paper aims to introduce the
existing concepts in this field and the importance of developing and implementing an effective
security element for adaptive traffic light systems for the benefit of future research.
2

Critical concepts regarding cybersecurity of traffic signal systems

The current traffic signal systems rely on sensor technologies to manage the actuation and
timing of traffic signals. The sensors are susceptible to various attacks. The following list
summarizes the most common types of attacks.
2.1 Analyzing vulnerabilities of traffic light systems
Spoofed, altered or replayed routing information: This attack may be used for loop
construction, attracting or repelling traffic, extending or shortening the source route.
A.

Selective forwarding: attack in this attack, the attacker prevents the transmission of
some packets.
B.

They will be removed later by the malicious node.
Hello flooding attack: In this attack, the attacker tries to convince the sender that the
weak link is strong or that a dead node is alive. Therefore, all packets passing through this link
or this node will be lost. (Maleh, et al., 2014)
C.

Denial-of- Service Attacks: A denial-of- service (DoS) attack targets the availability and
capacity reduction of network services. Physical constraints of the sensor networks and the
nature of their deployment environment make them vulnerable to DoS attacks more than any
other type of network Layer Attack Defense.
D.

Sensor node Compromise: Sensor networks consist of hundreds or thousands of
sensor nodes. Adaptive traffic controllers will soon involve such a setup. Each node represents
a potential point of attack, making it impractical to monitor and protect each individual sensor
from either physical or logical attacks. Attackers could either introduce their own sensor nodes
or compromise a single node to gain access to the entire network. Once in control of a few
nodes inside the network, the adversary can then mount a variety of attacks, such as
falsification of sensor data, extraction of private sensed information from sensor network
readings and denial of service (Chan, et al., 2003). Table 2 below provides a list of possible
attacks at various layers.
E.

Table 2. Vulnerabilities at various layers and corresponding defense techniques

Layer
Physical

Attack
Jamming

Defense
Spread-spectrum, priority messages, lower duty cycle, region
mapping, mode change

Link

Collision
Exhaustion
Unfairness
Sinkhole
Sybil
Wormhole
Hello Flood
Session
Hijacking.

Error-correction code
Rate limitation
Small frames
Redundancy checking
Authentication, monitoring, redundancy
Authentication, probing
Authentication
aggregation data

Network

Transport
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SYN flooding
Application Data Corruption.

Package authentication
Authentication

Repudiation
2.2 Consequences
of Cyberattacks:
Privacy issues may arise because networks of traffic light systems aren’t only used to
regulate traffic flow, but the sensors can also be used to count vehicles in a specific area of the
city or to track the movement of vehicles by detecting the same vehicle with different sensors
located in different positions in a metropolitan area. This data could allow bad actors or
governments to track specific vehicles violating the users’ privacy.
A.

Denial-of-service (DoS) attacks on controlled intersections could cause a traffic jam. As
explained by the researchers the attackers could set all lights to red or trigger the MMU to take
over by attempting an unsafe configuration. This last case is serious because a physical
intervention by personnel is necessary to restore normal functioning.
B.

Traffic Congestion results from manipulating timings of an intersection relative to its
neighbors with repercussions for the entire traffic infrastructure. Such attacks have a significant
financial impact on the community targeted as demonstrated by numerous studies.
C.

Light control for personal gain, such as a terror attack or ransom may occur when lights
can be changed to red in coordination with another attack in order to cause traffic congestion
and slow emergency vehicle response.
D.

3 Recent research on Traffic light security
3.1 A Secure Architecture for Traffic Control Systems with SDLC Protocols:
Ming (Ming, et al., 2012) discusses concerns about security in an intelligent traffic system (ITS)
that utilizes the synchronous data link control (SDLC) protocol. SDLC is a legacy protocol which
was primarily used for remote communication on wide-area networks. It has been replaced by
(High-Level Data Link Control) HDLC protocol, but SDLC is still widely used across many traffic
control systems and several derivative protocols are widely used in its domain. The SDLC is
designed to deliver data from a primary device to many secondary devices. The secondary
devices cannot initiate commutation with the primary device in a SDLC protocol. SDLC primarily
works on poll and response model.
The paper proposes an architecture (shown in Fig.3) which uses message integrity,
authentication of the node and digital signatures using public key infrastructure (PKI) for
communications between the actuated signal Controller (ASC) and the controlled devices
(malfunction management unit, terminal facility bus interface units). To overcome the threat
posed by the legacy equipment in ASC/SDLC, the paper introduces a master device between
the ASC and the controlled devices, which decrypts the commands, checks for errors and then
sends commands to the terminal services. To secure wide-area communication, the author
introduces a secure communication adapter (SCA) between the ASC and the communication
network as shown in Fig 3. The author also discusses the use of a secure algorithm in this
proposed architecture and demonstrates its effectiveness through a series of stimulation results.
(Ming, et al., 2012)
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Fig.3 The architecture of the proposed secure ASC contains an SCA

3.2 Disrupting Adaptive Traffic Light Cycles through Selective Jamming Attacks
Heather (Heather, et al., 2015) discusses various jamming attacks by the signals from the
vehicles to the traffic light 170 system. These attacks would lead to incorrect load estimates
causing disruptions in the effectiveness of the adaptive traffic light system. The author considers
the impact of stealth attacks on adaptive traffic lights in particular. The paper starts with the
model that introduces us to the effects of traffic lights adaptation by learning the flow of vehicles.
The paper considers a single four-way intersection with two-lanes in each direction as shown in
Fig. 3. The author evaluates the effect of the exposed attacks using the SUMO simulations 175
under various types of attack scenarios and for different metrics of damage and cost.

Uniform Random Attack with a Probabilistic Emission Model:
Uniform Random Attack with a Deterministic Emission Model:
Isolated Random Attack with Deterministic Emission Model:
Uniform Random Attack with Deterministic Emission Model with smoothing
functions
Targeted Random Attacks with Deterministic Emission Model:
With the above-mentioned scenarios, to access the impact of the exposed jamming attacks
on the performance of adaptive trafﬁc lights, the authors follow the attack potency, which is
given by the following formula, π = Damage /Cost. With this equation, the authors calculate the
damage as the difference in trip duration that vehicles experience due to the attack. The paper
concludes that both system-wide and targeted attacks do have a significant impact on the
average trip times. The most potent attack for a system-wide attack occurs at a similar rate of
attack as a targeted one. We have shown that an attacker mounting an attack on one segment
can increase the average trip time more when compared with a similar strength attack on the
entire system. Similarly, a driver who seeks to attack opposing lane groups is able to reduce
their own trip time. With this research, the author introduces us to the basic structure for
jamming attacks and lays the foundation for more optimized research in our future work. (Hinze,
et al., 2015)
3.3 Green Lights Forever: Analyzing the Security of Traffic Infrastructure
Ghena (Ghena, et al., 2014) explains the security flaws in the existing control traffic
infrastructure. The anatomy of a traffic intersection contains sensors which are used to detect
traffic changes. Controllers are used to read the data collected by the sensors; they receive
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vehicle detection signals and use those, along with preset timing plans, to determine when the
lights should change. A Malfunction Management Unit (MMU), also known as the Conflict
Management Unit, is a hardware module used to prevent errors in the traffic light system. It
watches the outputs of the controller for invalid control signals. The MMU determines validity
with a configuration circuit board. These things are hand-soldered by road agency personnel,
where each connection has a whitelisting of possible light states. If the MMU detects an invalid
state, it overrides the controller and takes the system into a failsafe state. The traffic signals go
to blinking red lights. Communication takes paces between the traffic lights or between a traffic
light and the control center using radios.

The 900 MHz communication radios have no encryption and use a default
username and password which is readily available on the internet.
The 5.8 GHz radios were detectable from a laptop, but were not able to connect.
These radios also had no encryption enabled and used a default username and
password. Using the radio by the same vendor made it possible to connect to the
network, thus providing access to all intersections on the network.
Controllers didn’t have access control in place. They used an FTP server where
a database file with settings can be accessed. The controller ran VxWorks with the
debug port open. The vendor created a program made for remotely operating
controllers through this protocol. It was easy to sniff with Wireshark and they were able
to reverse engineer how several commands were mapped to button presses on the
front panel of the controller. By creating a library of controllers into a traffic controller
shell, the controllers’ settings were able to be modified, thus changing the traffic lights.
(Ghena, et al., 2014)
3.4 Research conducted by IOACTIVE Labs
Biswajit (Biswajit, et al., 2012) successfully launched an attack from a drone flying at over 650
feet and asserted that, theoretically, an attack could be launched from up to 1 or 2 miles away
with a better drone and hardware equipment. The researchers purchased an access point from
Sensys Networks at a cost of about $4,000. The access point acquired by the researchers is
compatible with all the sensors used by the Sensys to monitor the streets worldwide. The
access point intercepts data sent by sensors. All communication was found to be performed in
clear text without an encryption or security mechanism. Sensor identification information
(Sensorid) commands could be observed being transmitted in clear text. Because of this,
wireless communications to and from devices can be monitored and initiated by attackers,
allowing them to send arbitrary commands and data, thereby manipulating devices. Biswajit’s
(Biswajit, et al., 2012) key findings in the experiment are as follows:

No authentication ʹSensors and repeaters can be accessed and
manipulated over the air by anyone, including firmware updates.
AP doesn't authenticate sensors; It just blindly trusts wireless data
Firmware updates are not encrypted or signed. Anyone can modify firmware
and get it updated on sensors and repeaters. (Akyildiz, et al., 2002)
3.5 Security in Sensor Network Based SCADA Systems for Adaptive Traffic Signal Operation
Biswajit (Biswajit, et al., 2012) proposes the idea of providing security to an integrated adaptive
traffic system. Though the main goal of the paper is to deliver an efficient and intelligent traffic
adaptive system, it also discusses security strategies.
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The paper uses fuzzy logic for decision making based on real-time traffic data. The system
considered for collecting data is through wireless sensors deployed in intersections. The
sensors communicate with base stations though wireless communication and use a wired
network to communicate between base stations. The controllers are all base stations.
In this approach sensors are deployed in in the traffic signal intersections. Sensors
communicate with the base station, which is placed locally. The base station uses fuzzy logic to
manage the local traffic signals. The base stations also communicate with other base stations
through the wired network to effectively manage all the traffic lights in the region for smooth
traffic flow. All of the base stations are controlled in a region through a controller, which in turn is
controlled by the SCADA system.
The model considers that an attack can happen at any of the layers against any of devices in
the setup. The first layer of security suggested is that the output from the fuzzy logic is a check
of data integrity. Any message that doesn’t satisfy the integrity check is discarded at that point.
The next defense mechanism introduced is IDS in the SCADA system. Any intrusion pattern
that would match with the IDS signatures are identified in real-time. The next approach
considered is Key Computation and Communication. The paper proposes a centralized
approach that would reduce the overhead to the sensors and provide authority to the SCADA
system. The author suggests that with some improvement this system could thwart attackers
from getting into the system. (Panja, et al., 2012)
4 Conclusion
This paper introduces the current practice in setting up an adaptive traffic signal and the view of
the state of cybersecurity practices for those systems. In our evaluation, the existing setup of
traffic light systems, while bringing in a significant advantage in traffic control over the old
systems, do not protect the control center and devices from cyber-attacks. Unless effective
security controls are put in place, the existing vulnerabilities could be easily exploited by
attackers, who may only have little knowledge of the sophisticated traffic management systems.
The present paper provides a basic understanding of the deficiencies in traffic light systems and
the necessity for traffic management stakeholders and researchers to act swiftly to address
these problems.
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ABSTRACT
Civil infrastructure system maintenance planning is to determine which facility should be repaired, when and
how maintenance should be carried out, and what treatment should be used under budget and other resource
constraints. In the existing literature, various simulation and optimization models have been developed to
help select the optimal maintenance plan. However, the developed models overlooked the deterioration
propagation between adjacent connected facilities of the network infrastructure system. For instance, a facility receiving zero maintenance or having a failure of maintenance treatment affects not only the condition
of itself, but also the deterioration rate of its neighboring facilities. This raises the call for taking the deterioration propagation into consideration when developing optimization models and capture to which extent
it can affect the optimal maintenance plan. Therefore, in this paper, an infrastructure maintenance planning model considering the deterioration propagation between facilities is formulated as a mixed integer
linear programming problem. A heuristic algorithm was proposed to solve the problem efficiently. Example
networks were tested for the performance comparison between CPLEX and the heuristic algorithm. The
results of the optimization models with and without the deterioration propagation effect were compared and
discussed.
keywords: Deterioration Propagation, Infrastructure Interdependence, Maintenance Planning, Infrastructure
Management, Optimization

1

INTRODUCTION

Civil infrastructure systems (e.g., roads, bridges, water supply, and wastewater) are exposed to aging effects
and eventually subject to failure if no maintenance intervention is carried out. To prevent/delay failures,
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maintenance treatments need to be applied periodically. In order to optimize the allocation of resources
for maintenance of the facilities, maintenance planning is needed. The primary objective of maintenance
planning is to help decision makers schedule maintenance actions and determine which facility need to be
maintained, when maintenance should be carried out, and which treatments should be used. As civil infrastructure systems are spatially distributed assets covering large regions, they are specially characterized
by the interdependence and interaction within and between different systems. Researchers have developed
maintenance planning models addressing different relationships between facilities/systems from functional,
economic, and other perspectives. For example, Durango and Sarutipand [1] developed a quadratic programming formulation for designing repair and maintenance policies of multi-facility transportation infrastructure systems. In this model, the authors considered the assumption that the use of one infrastructure facility
affects other infrastructure facilities. Moreover, this model also took into account the economic dependencies between facilities in different systems. Chu and Chen [2] developed a bi-level programming model
for transportation infrastructure maintenance plan by taking the users’ responses to maintenance actions
into consideration. Zou and Madanat [3] presented an approach to address pavement management decision problems at airports with multiple runways by considering functional dependency between runways.
Bernhardt and McNeil [4] stated that pavements are interconnected through geography, which implied the
economies of scale in contracting long stretches of pavement for rehabilitation and the dis-economies of
scale in terms of the disruption to users. Gao and Zhang [5] also pointed out that road sections selected for
maintenance by traditional optimization approach are usually distributed spatially across the network. The
authors suggested that, to take advantage of economies of scale, adjacent pavement sections with similar
maintenance needs should be maintained within a single project.
Several studies have also been conducted on maintenance planning models addressing cracking propagation in pavement network. For example, Majidzadeh et al. [6] made an early attempt to study crack
propagation using fracture testing. Jacobs et al. [7] employed ParisâĂŹ law to analyze cracking in asphalt
concrete and to obtain more insight into the crack propagation and resistance of asphalt mixes. Song et
al. [8] also presented simulation of crack propagation in asphalt concrete using an intrinsic cohesive zone
model. The authors introduced a powerful numerical scheme using the cohesive zone model (CZM) concept
to investigate the fracture behavior of asphalt concrete and to simulate crack initiation and propagation of
cracks.
Despite of the studies discussed above, the propagation of deterioration from one facility to the adjacent
facilities have not been considered in maintenance planning of infrastructure management. It has been found
by previous studies that infrastructure deterioration usually propagates to its surrounding facilities. In other
words, a facility receiving zero maintenance or having a failure of maintenance treatment affects not only the
condition of itself, but also the deterioration rate of its neighboring facilities. For example, pavement cracks
usually begin as hairline or very narrow cracks. When water enters the underlying layers of the pavement
through the cracks, it may cause changes such as pumping, swelling and migration of finer materials to
widen the crack. If not properly sealed and maintained, secondary or multiple cracks will develop parallel
to the initial crack. Moreover, the crack edges can further deteriorate by raveling and eroding the adjacent
pavement facilities [9].
Another example, when stress corrosion cracks occur in pipelines, it increases the probability that a
pipe break can occur that creates a whipping pipe with the potential to damage adjacent piping and its
attached wall [10]. Motivated by these facts, we developed a new mixed integer linear programming model
to address this problem. The model developed finds the optimal maintenance plan that takes the propagation
of deterioration into consideration.
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2

Related Work

There are two types of civil infrastructure systems maintenance planning problems depending on the number
of facilities under consideration. The first one is the project-level maintenance management problem, in
which the maintenance plan of only one or a few facilities is considered. The other is the network-level
problem, where decision-makers determine which facility should be repaired, when and how repairs should
be carried out, and what treatment should be used for large-scale infrastructure networks.
In existing literature, various optimization models were developed for the project-level maintenance
management problem. Among them, dynamic programming [11, 12, 13], optimal control theory [14, 15,
16], mixed nonlinear/linear integer programming [17, 18, 19], reliability based maintenance/replacement
models [20, 21] are the most popular ones and have been extensively used for infrastructure maintenance
optimization. Due to page limitation, only a few works are briefly explained here. For example, Ouyang [14]
developed an analytical solution for project-level pavement maintenance planning problem assuming that
treatment is implemented at discrete time periods and condition indicator is continuous. Boyles et al. [12]
used dynamic programming to solve infrastructure maintenance and repair policies with nonlinear agency
cost. Frangopol et al. [20] developed a reliability-based life-cycle model for bridge infrastructure.
Network-level infrastructure maintenance planning problems are usually formulated as linear programming (LP) [22, 23, 24] or mixed integer linear/nonlinear programming (MIP) problems [25, 26, 27]. In
these models, a set of time points at which maintenance treatments might be applied is predefined. The
solutions of such models are to determine which maintenance treatment should be applied at which specific
time point.
MIP models require significant computational effort to solve, especially when dealing with large-scale
infrastructure systems. The complexity of MIP models mentioned above increases exponentially as the
size of the problem increases. Infrastructure agencies typically face network-level maintenance management problems with thousands or even more management units within the system. For this reason, some
researchers looked into meta-heuristic models [28, 29, 30] and decomposition techniques [31, 32] to handle large-scale maintenance planning problems. For example, Karabakal et al. [31] and Dahl et al. [32]
applied the Lagrangian relaxation technique to decompose the network-level MIP problem into individual
sub-problems. Then, each sub-problem was solved by the shortest path algorithm. By relaxing the budget
constraint, the relaxed original problem can be partitioned into many smaller sub-problems. The solution
to the original problem can be approximated by iteratively reducing the gap between the upper and lower
bounds, where the upper bound is determined by solving the sub-problems, and the lower bound is estimated
by constructing a feasible solution based on the subproblem solutions.

3

Methodology

In this research, we proposed a new mixed integer programming formulation to analyze the deterioration
propagation in the optimization of maintenance planning. The formulation of the proposed model is discussed in this section. The sets, parameters, and variables mentioned in the model description are summarized in Table 1.
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Table 1: Notations
Term
Sets
N
M
T
Parameters
Bt
cm
em
g

h
⇢
si
R
Variables
xit
xit1 , xit2 , xit3
wit1 , wit2 , wit3
yitm
zit

3.1

Definition
Set of infrastructure facilities, N = {1, 2 . . . , n}
Set of maintenance treatments, M = {1, 2, ..., k}
Set of maintenance planning periods, T = {1, 2, . . . , v}
Budget available for maintenance in the tth time period
The cost of applying the mth treatment
The effectiveness of the mth treatment
The threshold of good condition state. When xit g, the ith facility is considered to be in
good condition state in the tth time period.
Deterioration propagation rate
Minimum percentage of the infrastructure facilities that are required to be in good
condition state
Deterioration rate of facilities
Condition of the ith facility at the beginning of the planning horizon
A big number
Condition of the ith facility in the tth time period
Variables representing xit in different domains
Special ordered set (SOS) binary variables, which are used to restrict the condition of
facility to be between 0 and 100
Binary variable indicating whether the mth maintenance treatment is applied to the ith
facility in the tth time period, if it is, yitm = 1, otherwise yitm = 0
Binary variables indicating if the condition of the ith facility is in good condition state in
the tth time period

Formulations

In this formulation, maintenance treatments are assumed to be carried out at the end of each year. Decisionmakers have to decide annually which facility should be maintained, when it should maintain and which
treatment should be implemented at the facility. The maintenance works are subject to yearly budget constraints. In this model, the deterioration propagation relationship of adjacent facilities is also considered.
We assume that the layout of the infrastructure network is set up as shown in Figure 1. In this layout, each
facility (except the ones at both ends) has two neighboring facilities.
1

2

i

1

i

i+1

n

1

n

Figure 1: Example layout of an infrastructure network.
We assume that the condition indicator of all facilities are between 0 and 100 with 0 representing the
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worst and 100 representing the best. To restrict the condition of a facility to be within 0 to 100, special
ordered sets of type 1 (SOS1) variables are used. The idea of constraints (1)-(7) is to ensure that even if
the calculated condition of facility is above 100 or below 0 after some calculations, only the part between 0
and 100 will be used for further evaluation. As shown in constraint (2), binary variables wit1 ,wit2 and wit3
are part of a special ordered set, which means that exactly one of them can be one and the others are zero.
Constraint (3) shows that if the condition of the facility is lower than zero, then wit1 will be equal to 1. If the
calculated condition of the facility is between 0 to 100, wit2 will be 1 and xit2 will represent the condition
of the facility as shown in constraint (4). Constraint (5) and (6) ensures that even if the calculated condition
of the facility is greater than 100, only 100 will be used for further calculation.
xit = xit1 + xit2 + xit3 , 8i 2 N, 8t 2 T

(1)

Rwit1  xit1  0, 8i 2 N, 8t 2 T

(3)

100wit3 , 8i 2 N, 8t 2 T

(5)

wit1 , wit2 , wit3 2 {0, 1} , 8i 2 N, 8t 2 T

(7)

wit1 + wit2 + wit3 = 1, 8i 2 N, 8t 2 T

(2)

0  xit2  100wit2 , 8i 2 N, 8t 2 T

(4)

xit3  Rwit3 , 8i 2 N, 8t 2 T

(6)

xit3

The objective function (8) of the proposed model is to maximize the average condition of the infrastructure systems over the planning horizon. As discussed above, the use of xit2 + 100wit3 in the objective
function is to ensure that only the [0, 100] part of the condition index are counted in evaluating the performance.
1 XX
max
(xit2 + 100wit3 )
(8)
nv
i2N t2T

At the beginning of the planning horizon, the conditions of facilities are already known to the decision
makers. Constraint (9) assigns initial condition to each facility in the system.
(9)

xi0 = si , 8i 2 N

In this model, we assume that the condition of an facility in a given time period is determined by
its previous year’s condition, deterioration rate, effectiveness of the maintenance treatment applied during
this time period, and the effect from neighboring facilities. As shown in Figure 1, all facilities of the
infrastructure network have two adjacent facilities except the first and the last facility. Constraint (10)
represents the deterioration process for the 1st facility in the first year. The propagation of deterioration
from its neighboring facility is modeled as (100 x2,0 ), where is propagation rate and x2,0 is the initial
condition of the second facility. By modeling in this way, the deterioration propagation is assumed to be
determined by the condition of the adjacent facilities. The worse a facility’s condition is, the greater the
negative impact it will pass on to its neighbors. Constraint (11) represents the first year’s deterioration
process of the 2nd to the n 1th facilities, where all facilities have two neighbors. Constraint (12) shows
the deterioration process for the last facility of the network in the first year. Constraints (13), (14) and (15)
represent the deterioration process of facilities from the second year to the end of planning horizon. SOS1
variables xit2 and wit3 are introduced to ensure that facility conditions are within 0 to 100 when they are
used to calculate next year’s conditions.
X
x11 = ⇢x10
(100 x2,0 ) +
em y11m
(10)
m2M
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xi1 = ⇢xi0

(100

xi

1,0 )

(100

xi+1,0 ) +

X

m2M

xn1 = ⇢xn,0

(100

xn

1,0 )

+

X

em yitm , 8i 2 N \{1, n}

(11)
(12)

em yn1m

m2M

x1t = ⇢ (x1,t

1,2

+ 100w1,t

1,3 )

2 (100

x2,t

100w2,t

1,2

1,3 )

+

X

m2M

xit =⇢ (xi,t

1,2

(100

+ 100wi,t
xi+1,t

1,3 )

1,2

(100

100wi+1,t

xi

1,t 1,2

1,3 )

X

+

m2M

xnt = ⇢ (xi,t

1,2

+ 100wn,t

1,3 )

2 (100

xn

1,t 1,2

100wi

em y1tm , 8t 2 T \{1} (13)

1,t 1,3 )

em yitm , 8i 2 N \{1, n}, 8t 2 T \{1}

100wn

1,t 1,3 )

+

X

m2m

(14)

em yntm , 8 2 T \{1}

(15)
Constraint (16) limits the number of funded treatments per year for a specific facility. Constraint (17) is the
budget constraint, which restricts the maintenance expenditure to be below a given budget, where cm is the
cost for the mth treatment and Bt is the available budget in year t.
X
yitm = 1, 8i 2 N, t 2 T
(16)
m2M

X X

i2N m2M

cm yitm  Bt , 8t 2 T

(17)

Some infrastructure agencies often define a facility whose condition is in a certain range to be in good
condition state. For example, the Texas Department of Transportation requires 90% of the pavement sections
in the network should have 70 or higher condition scores [33]. To incorporate these requirements into the
model, variable zit is used to indicate whether a facility is in good condition state. In constraint (18), g is
the threshold of good condition state. Constraint (19) states at least h percentage of facilities should be in
good condition state.
xit gzit , 8i 2 N, 8t 2 T
(18)
P

i2N

P

t2T

zit

h
(19)
nv
Finally, constraint (20) and (21) define the decision variables yitm and zit . yitm is a binary variable indicating
whether to implement the m’th maintenance action for the i’th facility in the tth time period. zit is a binary
variable indicating whether the condition of the ith facility is greater than 70.
yitm 2 {0, 1} , 8i 2 N, 8t 2 T, 8m 2 M

(20)

zit 2 {0, 1} , 8i 2 N, 8t 2 T

(21)
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3.2

Heuristic Approach

One drawback of the above model formulation is that the size of the problem grows exponentially and
therefore incurs prohibitive computational time when the number of facilities increases. To circumvent this
problem, we developed a heuristic algorithm to solve the proposed model. The algorithm is described in the
following steps.
1. Initialize number of facilities in the network (N ), maintenance treatments (em , cm ), number of year
(T ), deterioration rate (⇢), deterioration propagation rate ( ), minimum percentage requirement (h),
good condition state (g)
2. For t 2 T , follow the steps below.
(a) Make the set S empty. For each facility i 2 N , its end-of-year condition xit is calculated using
its previous year’s condition xi,t 1 , deterioration rate ⇢, and deterioration propagation .
i. If xit g, then no maintenance treatment is selected.
ii. Otherwise, select the cheapest maintenance treatment m such that xit + em
i to S.

g and assign

(b) Rank all facilities in S by their maintenance costs cm from low to high.
i. If two facilities have the same maintenance cost, then the facility with lower condition will
be prioritized.
(c) Allocate year t’s budget to the sorted S according to their ranking.
i. If the budget runs out before the percentage constraint is satisfied, there is no feasible solution.
ii. If the percentage constraint is satisfied before budget runs out, proceed to next step.
(d) The facilities that have not received maintenance treatment are ranked by their previous year’s
condition from low to high.
(e) Allocate year t’s remaining budget to the ranked facilities until budget runs out.

4

CASE STUDY

In this case study, two examples are presented to illustrate the proposed infrastructure network maintenance
problem and the developed algorithm. One is a small size problem and the other is a large size problem.
First example is solved through exact solution (ILOG CPLEX Solver). We found that as the problem size
grows, the model size quickly expands to an extent that the ILOG CPLEX Solver can hardly manage. The
heuristic algorithm is tested on the second example.

4.1

Example 1

For illustration purposes, this example maintenance planning problem has 30 pavement sections. This example is solved using CPLEX solver. The purpose of this example is to demonstrate the optimal maintenance
plan and section conditions after maintenance actions. The planning horizon is assumed to be 3 years. During the planning horizon, all road sections are eligible for maintenance treatments, which are assumed to
be applied at the end of each year. The annual budget is set at $500,000. Data from the Texas Pavement
Management Information System (PMIS) was used for this example. The PMIS is the Texas Department
of Transportation (TxDOT) version of Pavement Management System, which is a set of computer programs
for storing, retrieving, analyzing, and reporting information to assist decision makers (highway managers
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in Texas DOT) to make cost-effective decisions regarding the maintenance and rehabilitation of pavements
[34]. The pavement condition score (CS) is selected as the pavement condition indicator. Condition score
represents the pavement’s overall condition in terms of both distress and ride quality (serviceability index
values). It ranges from 1 (the worst condition) to 100 (the best condition)[35]. The initial condition of each
section is selected from highway FM0004K in year 2000 and the reference markers of these sections range
from 336 to 350.
For demonstration purposes, the deterioration rate ⇢ is set at 0.95 and the deterioration propagation rate
is set as 0.04. The selection of the deterioration rate is taken from previous studies [36, 37]. In Table 2, five
maintenance treatments options were used in this case study. The five predefined maintenance treatments
yitm with cost cm and effectiveness em were prepared on the basis of information from Wang et al. [25].
Table 2: Cost and Effectiveness of Maintenance Treatments
Notations in
proposed
model
1
2
3
4
5

Maintenance treatment

Needs Nothing (NN)
Preventive maintenance (PM)
Light rehabilitation (LRhb)
Medium rehabilitation (MRhb)
Heavy rehabilitation (HRhb)

Maintenance
treatment unit cost
($1000)
0
6.1
21
46
110

Average condition
score increase
0
3
15
25
40

The results of the optimal maintenance treatment decisions are presented in Table 3, which represents
the condition and maintenance choices for both scenarios considering the deterioration propagation and
without considering the deterioration propagation. The value of h is assumed to be 0.9, which means that
90 percent of sections should be in good condition state (condition more than g = 70). Table 3 indicates
that the condition of the pavement deteriorates faster with the deterioration propagation rate. In other words,
consideration of the deterioration propagation rate in the deterioration process affects the performance of
the model.
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Table 3: Results of Maintenance Plan for 30 sections (h = 0.9, g = 70,⇢ = 0.95, B=$500k)
Section No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Deterioration
Propagation Rate
=0
= 0.04
=0
= 0.04
=0
= 0.04
=0
= 0.04
=0
= 0.04
=0
= 0.04
=0
= 0.04
=0
= 0.04
=0
= 0.04
=0
= 0.04
=0
= 0.04
=0
= 0.04
=0
= 0.04
=0
= 0.04
=0
= 0.04
=0
= 0.04
=0
= 0.04
=0
= 0.04
=0
= 0.04
=0
= 0.04
=0
= 0.04
=0
= 0.04
=0
= 0.04
=0
= 0.04
=0
= 0.04
=0
= 0.04
=0
= 0.04
=0
= 0.04
=0
= 0.04
=0
= 0.04

Initial
Condition
74
74
63
83
99
100
77
71
59
61
88
77
63
72
73
73
62
40
94
100
77
100
97
90
94
100
94
100
90
65

Year 1
Maintenance
Choice
1
1
3
3
3
3
3
1
1
1
1
1
3
1
3
3
3
1
3
3
1
3
3
1
3
3
3
3
1
3
3
3
3
3
3
3
1
3
1
1
1
3
1
1
1
1
1
3
1
1
1
1
1
1
1
1
1
1
3
1

Year 1
Condition
70
68
85
83
75
73
94
77
94
93
95
94
88
72
82
80
71
53
73
71
84
96
88
71
75
73
83
81
69
82
84
82
74
70
53
51
89
100
95
94
73
88
95
94
92
92
86
100
89
89
95
95
89
89
95
94
86
84
77
61

Year 2
Maintenance
Choice
3
1
3
3
3
3
1
3
1
1
1
1
1
3
1
1
3
3
3
3
1
1
3
3
3
3
1
1
3
3
3
3
3
3
3
3
1
1
1
1
3
1
1
3
1
1
3
1
1
1
1
1
1
1
1
1
1
3
3
1

Year 2
Condition
82
63
96
89
86
80
89
84
89
84
90
84
84
79
78
70
82
60
84
78
79
86
99
78
86
79
79
72
81
88
95
87
85
76
65
60
85
91
90
89
84
80
90
100
88
83
96
91
85
84
90
85
85
81
90
85
81
89
88
50

Year 3
Maintenance
Choice
3
3
1
1
3
3
3
1
3
1
1
1
1
3
3
3
3
3
3
1
1
1
1
1
3
3
3
3
3
3
1
3
3
3
3
3
1
1
1
1
1
3
1
1
1
1
1
1
3
1
1
1
1
1
1
3
1
1
3
3

Year 3
Condition
93
74
91
82
97
89
100
79
100
79
86
79
80
88
89
79
93
70
95
72
75
80
94
72
97
88
90
82
92
97
90
97
96
85
77
70
81
84
86
83
80
90
86
93
83
79
91
85
96
79
86
80
81
75
86
95
77
82
99
62

Figure 2 demonstrates the relationship between the network average condition and the annual budget
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assuming different values (0, 0.02, and 0.04) of deterioration propagation rate. Difference within curves
is significant when the budget value is low and it gradually reduces to zero when the budget increases.
It can be seen that the curves remain almost flat when the budget constraint is above $250,000, which is
approximately the threshold where different values of don’t make difference. For an annual budget above
$250,000, the effect of the deterioration propagation rate on the value of the total objective function is very
small. This result indicate that, for low budget level, an increase in the deterioration propagation rate results
in higher network average condition.

Network Average Condition

100

90

80

70
= 0.00
= 0.02
= 0.04

60
0

50

100 150 200 250 300 350 400 450 500 550
Budget ($1000)

Figure 2: Budget vs. network average condition for different deterioration propagation rates (N = 30,
T = 4, g = 70, h = 0, ⇢ = 0.95).
Figure 3 illustrates the relationship between the budget and the network average condition with different
minimum requirements on the percentage of network in good condition state. The value of h varies between
0 and 0.5. When h is 0, Figure 3 shows that, regardless of the budget, feasible solutions can always be
obtained. However, the values of h can not be satisfied at every budget value. For example, the green line
shows the optimal solution with the constraint that 20 percent (h=0. 2) of the total road network should be
in good condition state. As can be seen in Figure 3, with h = 0.2 the model has no feasible solution when
budget is below $150,000. This leads to the obvious conclusion that more budget is needed to meet a higher
requirement of h. Figure 3 also shows that when budget is large enough, the value of h does not make a
difference in the optimal solution.
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Network Average Condition

80

70

60

h = 0.0
h = 0.1
h = 0.2
h = 0.3
h = 0.4
h = 0.5

50

40
0

50

100 150 200 250 300 350 400 450 500 550
Budget ($1000)

Figure 3: Budget vs. network average condition (N = 30, T = 3, B = $500, 000, ⇢ = 0.95,
g = 70).

= 0.04,

Figure 4 shows the comparison between the optimal solutions obtained from two scenarios. While the
first scenario (the blue line) takes the deterioration propagation rate into consideration when planning
maintenance treatments, the second scenario (the green line) treats = 0 no matter what the real propagation rate is. The number of pavement sections, planning period, budget and the minimum percentage
constraints are kept constant for both scenarios. It can be seen in Figure 4 that as the value of the deterioration propagation rate increases, the difference between both scenarios also increases. This result concludes
that taking the deterioration propagation into consideration gives rise to better maintenance plan when the
propagation rate is greater than zero.
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Figure 4: Deterioration propagation rate vs. network average condition (N = 30, T = 4, B = $500, 000,
g = 70, h = 0, ⇢ = 0.95).

4.2

Example 2

In Example 2, a maintenance planning problem for a road network with up to 1,000 pavement sections was
solved using heuristic algorithm. The purpose of this example is to test the computational efficiency of the
proposed approximation method when it is applied to practical-sized problems. For demonstration purposes,
it is assumed that the planning horizon is 3 years. The initial condition of each section is generated as random
variables with a normal distribution of mean 80 and standard deviation 0.5. The maintenance treatments,
deterioration rate, and deterioration propagation rate are assumed the same as the example 1. Although Example 2 uses random generating numbers to simulate the computational environment, the proposed method
can be applied to any settings with real data.
Figure 5 shows the heuristic algorithm computing times observed against the number of sections in the
network. The results of the computational experiment demonstrate that heuristic algorithm is able to solve
practical size problems within a reasonable time, making it suitable for use when managing large numbers
of sections and keeping track of section-specific condition data.
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Figure 5: Computing time of heuristic algorithm (N = 1000, T = 3, B = $10, 000 per section, ⇢ = 0.95,
= 0.04, h = 0.9, g = 70).
In Figure 6, the upper curve shows the network average condition obtained from exact solution by
CPLEX and the lower curve shows its counterpart obtained by using the heuristic algorithm. We observe
that the two curves are very close to each other and provide very good linear relationships. The gap between
both curves increases when the number of sections increases but the largest difference is less than 1%. In
other words, the obtained feasible solution is very close to the optimal one.
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Figure 6: Pavement sections of road network vs. network average condition (N = 30, T = 3, B =
$600, 000, ⇢ = 0.95, = 0.04, h = 0.9, g = 70).

5

CONCLUSION

This paper presented a mixed integer linear programming model that aims to optimize maintenance planning
of an infrastructure system by considering the deterioration propagation between facilities. One of the
important feature of this model is that it introduces the effect of deterioration propagation to complement
the traditional deterioration process assumption. The model also takes into consideration constraints that a
certain percentage of the system needs to be in good condition state. To our knowledge, no research has
ever considered the deterioration propagation rate and percentage constraint behaviors simultaneously in a
single maintenance optimization model. The model also features to restrict the condition of a facility to be
within 0 to 100 using special order sets (SOS) variables.
One drawback of the model formulation is that the size of the problem grows exponentially and therefore
incurs prohibitive computational time when the number of facilities increases. To circumvent this problem,
a heuristic algorithm was proposed. A case study based on pavement network is illustrated in this paper.
The authors presented two examples in case studies to illustrate the characteristic of the proposed mixed
integer linear programming model and to demonstrate the computational efficiency of developed heuristic
algorithm. The case study confirms that the model incorporating the deterioration propagation could assist
decision-makers in establishing better optimal solution. The influence of various factors such as the budget
constraint, the deterioration propagation rate, and the minimum percentage coefficient were also investigated
in the case study. The proposed method can help decision-makers effectively develop close-to-optimal
maintenance and rehabilitation plans for real-world infrastructure systems.
Although road network examples are used in the case study, this research can be useful to other civil
infrastructure networks. Many civil infrastructure network systems are distributed parallel to each other.
For example, utility infrastructure of water, waste water, storm water, electricity, and communications are
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often co-located underneath the pavement or alongside the roadway. In the maintenance planning of these
utilities often does not consider the deterioration propagation. The model with multiple years maintenance
plan considering the deterioration propagation for all types of infrastructure network systems is one possible
solution for this problem, which will be considered in future research to make the maintenance planning
more efficient.
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Transportation infrastructure systems are vital to the welfare of modern society. The management
of maintenance and rehabilitation activities of the transportation infrastructure systems mainly
focus on two types of problems: 1) the planning problem, in which an agency with a limited
budget identifies suitable maintenance treatments for the facilities and decide at which year the
activities should be performed, and 2) the scheduling problem, in which the agency develops a
schedule to incorporate the time at which the maintenance treatments begin and end based on the
availability of daily resources. Existing studies mainly focus on the maintenance planning problem
of selecting the maintenance treatment for the overall benefit of the system without considering
the scheduling of daily works. However, without the proper scheduling of maintenance activities,
these approaches are far less e↵ective and could lead to overplanning of maintenance activities and
shortage of resources. Motivated by these facts, this paper proposes to address the integration of
planning and scheduling of transportation infrastructure maintenance activities. In this paper, a
mixed integer linear programming formulation was developed to help the planning and scheduling
of maintenance activities and a heuristic algorithm was proposed to solve the problem efficiently.
Example networks were tested for the performance comparison between the CPLEX solver and the
heuristic algorithm. The results show that the proposed model can help transportation agencies
better manage their maintenance and rehabilitation activities.
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INTRODUCTION

Infrastructure is the spine of the economy and a fundamental input to every economic output. It is
crucial to the nation’s success and the public health and welfare. Once every four years, a Report
31 Card for America’s infrastructure is published by the American Society of Civil Engineers (ASCE),
32 which grades the current state of the national infrastructure categories on a scale of A through F.
33 Ever since the year 1998, America’s infrastructure has obtained constant D averages, and failure to
29
30
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53

close the investment gap with required improvements and maintenance has continued. Facilities in
poor condition lead to escalation in operating costs for cars, trucks, and rail vehicles. Additional
costs include damage to vehicles from imposition of both additional miles traveled, deteriorated
roadway surfaces, time used to avoid unusable or densely congested roadways or because of breakdown of transit vehicles, and the additional cost of repairing facilities after they have deteriorated
as opposed to preserving the facilities in good condition. In addition, increased congestion reduces
the reliability of the transportation facilities, meaning that travelers allot more time for trips to
guarantee on-time arrivals (and for freight vehicles, on-time delivery). Moreover, increased congestion increases the environmental and safety costs by forcing more travelers to substandard travel
conditions and vehicles to operate at less efficient levels as the conditions continue to deteriorate.
In this light, proper maintenance of transportation infrastructure systems is of vital importance,
due to the large capital expenditure and construction time needed to construct new facilities. At the
same time, maintenance activities have nontrivial costs, and agencies responsible for maintenance
have limited budgets, making it necessary to determine what maintenance actions to perform, and
when, in order to ensure a well-functioning system with a reasonable cost. Broadly speaking, two
separate problems need to be solved: the planning problem, in which an agency with an allotted
budget must identify suitable maintenance treatments for the facilities which have to undergo
maintenance and decide at which time the activities must be performed, and the scheduling problem,
in which the agency needs to develop a schedule to incorporate the time at which the maintenance
treatments begin on the facility and when they end based on the availability of resources.
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55

Many existing studies on network-level transportation infrastructure maintenance planning problems developed models based on Markov decision processes (MDP). In a MDP, deterioration is
represented by transition probabilities, which can be determined based on expert judgment or
empirical observations. To obtain optimal maintenance policies from the MDP models, previous
studies usually used dynamic programming (DP) [1, 2, 3, 4] or linear programming (LP) [2, 5, 6, 7, 8].
Other researchers used mixed-integer linear/nonlinear programming formulation [9, 10, 11, 12].
Genetic algorithm and other evolutionary models have also been used to find optimal maintenance
plan [13,14,15,16]. For example, Maji and Jha [17] developed a nonlinear nonconvex formulation for
the maintenance optimization problem in highway infrastructure maintenance schedule with budget
constraint. A genetic algorithm is utilized for the solution procedure. Marcous and Lounis [18]
applied genetic algorithms to maintenance optimization because of their robust search capabilities
that resolve the computational complexity of large-size optimization problems. In the proposed
approach, Markov-chain models are used for predicting the performance of infrastructure facilities
because of their ability to capture the time-dependence and uncertainty of the deterioration process,
maintenance operations, and initial condition, as well as their practicality for network level analysis.
Stochastic programming has also been applied to address the uncertainty in transportation
infrastructure maintenance management. For example, Li and Puyan [19] developed a stochastic
optimization model for project selection that considers budget uncertainty. The model was formulated as a stochastic multi-choice multidimensional knapsack problem with budget recourses. Gao
et al. [20]. propose a multistage, stochastic programming model to adopt maintenance and rehabilitation scheduling policies that consider all budget fluctuations. The authors develop a solution
procedure using the augmented Lagrangian decomposition algorithm.
Despite there being many studies on infrastructure maintenance planning problems, there are
few studies related to the scheduling of maintenance activities. Fwa et al. [21] developed a mathe-
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91

matical programming procedure for routine maintenance activities at the network level developed
for incorporation into the existing pavement maintenance-management system of Indiana. The procedure allowed a highway agency to determine amounts of di↵erent routine maintenance activity
types to be performed over a given time period under the constraints of production requirements,
budget allocation, manpower, material and equipment availability, and pavement rehabilitation
schedule. But the deterioration of pavement was not considered in this paper.
As discussed above, existing studies focus on either the planning of maintenance activities over
certain time periods or the scheduling of daily maintenance work. But no studies has been done on
integrating the planning and scheduling problem together. The consequence of this lack of research
is that there may be an excessive planning of maintenance activities and not enough daily resources
available to schedule the maintenance work over a given time period. Therefore, in this paper, we
propose developing an integrated model that takes both planning and scheduling of maintenance
activities into consideration.
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METHODOLOGY

The formulation of the proposed model is discussed in this section. First, the planning problem and
scheduling problem are discussed separately. Then, the proposed integrated model is presented.
95 The sets, parameters, and variables mentioned in the model description are summarized in Table
96 1.
93
94

324

Table 1: Notations
Term
Sets
I
M
T
K
H
Parameters
Bt
cm
em
⇢
gmk
pm
Gk
mi
Variables
xit
si
zid
yd
yitm

uitmd

97

4.1

Definition
Set
Set
Set
Set
Set

of
of
of
of
of

infrastructure facilities
maintenance treatments
maintenance planning periods
resources required to implement maintenance
scheduling horizon

Budget available for maintenance in the tth time period, t 2 T
The cost of applying the mth treatment, m 2 M
The e↵ectiveness of the mth treatment, m 2 M
Annual deterioration rate of facilities
The kth resource needed for the mth maintenance, k 2 K, m 2 M
Duration of maintenance treatment for the mth facility, m 2 M
The kth resource available for each work day
Selected maintenance treatment for the ith facility after solving the planning problem (1)-(7), mi 2 M, i 2 I
Condition of the ith facility at the end of the tth time period, i 2 I, t 2 {0} [ T
Initial condition of the ith facility, i 2 I
Binary variable indicating that the maintenance activity of the ith facility will start
on day d, i 2 I, d 2 H
Binary variable indicting all activities are completed on day d, d 2 H
Binary variable indicating whether the mth maintenance treatment is applied to
the ith facility in the tth time period, if it is, yitm = 1, otherwise yitm = 0 . i 2 I,
m 2 M, t 2 T.
Binary variable and if uitmd = 1, the mth maintenance treatment will be applied to
the ith facility starting on day d in year t. i 2 I, m 2 M , t 2 T ,d 2 H.

Infrastructure Maintenance Planning Problem

A typical infrastructure maintenance planning problem (1)-(7) is to find the optimal maintenance
plan so that the network-level condition is maximized. Maintenance treatments are assumed to be
100 carried out at the end of each year. Decision-makers have to decide annually which facility should
101 be maintained, when it should maintain and which treatment should be implemented at the facility.
102 The maintenance works are subject to yearly budget constraints.
98
99

max

XX
1
xit
|I| ⇥ |T |

(1)

i2I t2T

subject to: xi0 = si , 8i 2 I
xit = ⇢xi,t

1

+

X

m2M

em yitm , 8i 2 I, 8t 2 T
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(2)
(3)

X

m2M

yitm  1, 8i 2 I, 8t 2 T

X X

(4)

cm yitm  Bt , 8t 2 T

(5)

0  xit  100, 8i 2 I, 8t 2 T

(6)

yitm 2 {0, 1}, 8i 2 I, 8t 2 T, 8m 2 M

(7)

i2I m2M

110

The objective function (1) maximizes the average condition of all facilities over all planning
horizons. | · | represents the cardinality of a set. Constraint (2) assigns (known) initial conditions
to each facility. Constraint (3) states that the condition of the ith facility at the end of tth year is
determined by its condition at previous year multiplied by a deterioration rate and the e↵ectiveness
of the applied maintenance treatment. Constraint (4) states that each facility cannot receive more
than one maintenance treatment in a single year. Constraint (5) gives a budget limitation on the
annual maintenance expenditures. Constraints (6) and (7) define the decision variables xit and
yitm .

111

4.2

103
104
105
106
107
108
109

Resource Constrained Scheduling Problem

When the maintenance activities are determined for each facility through (1)-(7), a resource113 constrained project scheduling problem (8)-(13) can be used to find a schedule of minimal du114 ration by assigning a start time to each activity and also taking the resource availabilities into
115 consideration.
112

min

X

dyd

(8)

d2H

subject to:

X

dyd

d2H

X

d2H

X
i2I

g mi k

d
X

X

d2H

dzid + pi , 8i 2 I

zid = 1, 8i 2 I

⌧ =d pi +1

(9)
(10)

zi⌧  Gk , 8k 2 K, 8d 2 H

(11)

yd 2 {0, 1}, 8d 2 H

(12)

zid 2 {0, 1}, i 2 I, d 2 H

(13)

The objective function (8) minimizes the number of days to complete all activities over the
scheduling horizon. Constraint (9) defines the end day of all activity. Constraint (10) ensures each
118 activity to be scheduled has only one start day. Constraint (11) checks if each resource is available
119 for the duration of the activity.
116
117
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120

4.3

121

In the proposed integrated model (14)-(23), it is assumed that at the end of each year maintenance
treatments are performed. It is the responsibility of the decision makers to decide annually based on
the initial condition of the facility, the available resources and budget the facility to be maintained,
the maintenance treatment to be implemented and the time at which these should be done on the
facility. The objective function (14) of the proposed model is to maximize the average condition of
the infrastructure systems over the planning horizon.

122
123
124
125
126

Integrated Maintenance and Scheduling Problem

max

XX
1
xit
|I|⇥|T |

(14)

i2I t2T

127
128
129

Equations (15)-(16) show that the condition of the ith facility at the tth year is determined by the
initial condition xio , deterioration rate ⇢ and maintenance e↵ectiveness em over the years.
xi0 = si , 8i 2 I
xit = ⇢xi,t

1

X

+

m2M

130
131

X

132
134

em yitm , 8i 2 I, 8t 2 T

(16)

Equation (17) limits the number of funded treatments per year for a specific facility.

m2M

133

(15)

yitm  1, 8i 2 I, t 2 T

(17)

Equation (18) is the budget constraint, which restricts the maintenance expenditure to be below a
given budget, where cm is the cost for the mth treatment and Bt is the available budget in year t.
X X

i2I m2M

135

cm yitm  Bt , 8t 2 T

(18)

Equation (19) ensures that the variable uitmd equals to 0 if no maintenance treatment is selected
for the ith facility in year t. It also enforces that there is only one starting day if a maintenance
138 treatment is selected.
136
137

X

d2H

139

uitmd = yitm , 8i 2 I, t 2 T, m 2 M

(19)

Constraint (20) considers the available daily resources Gk , and checks if there is sufficient resources
141 available for the duration of each planned maintenance activity.
140

X X

i2I m2M

142
143

gmk

d
X

⌧ =d pm +1

uitm⌧  Gk , 8d 2 H, k 2 K, t 2 T

(20)

Constraint (21) restricts the condition of the facility between 0 to 100.
0  xit  100, 8i 2 I, t 2 T
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(21)

144
145
146

Constraint (22) defines decision variables yitm which is a binary variable indicating whether the
mth maintenance treatment is applied to the ith facility in the tth time period.
yitm 2 {0, 1}, 8i 2 I, t 2 T, m 2 M

(22)

147

Finally, constraint (23) defines decision variable uitmd which is a binary variable indicating the day
149 d of when the maintenance activity will begin, of the ith facility receiving the mth treatment at
150 year t.
148

uitmd 2 {0, 1}, 8i 2 I, t 2 T, m 2 M, d 2 H

(23)

151

4.4

152

167

One limitation of the above model formulation is that the size of the problem grows exponentially
and therefore incurs prohibitive computational time when the number of facilities increases. To
circumvent this problem, we developed a three-phase heuristic algorithm to solve the proposed
model.
In the first phase, the maintenance treatment with the highest cost-benefit ratio is selected
for each facility so that it will stay in good condition for the upcoming year. The selection is
determined by considering the deterioration of the facility and the e↵ectiveness of the maintenance
treatment.
In the second phase, the budget is allocated to the facilities having highest cost benefit ratio.
The remaining budget is allocated to the remaining facilities in the same manner. This process is
repeated until the budget is exhausted. The facilities having the worst condition are preferred in
cases where multiple facilities have the same maintenance level of need.
In the third phase, the selected activities is scheduled. The algorithm checks each day of the
planning horizon starting from the first day. If the resources are available for the whole duration
of the maintenance activity, then the activity begins on that day. Otherwise, the algorithm will
search the next day and so on. These three phases will be repeated for the planning horizon.
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153
154
155
156
157
158
159
160
161
162
163
164
165
166

Heuristic Algorithm

CASE STUDY

In this case study, two road network examples are presented to illustrate the proposed integrated
planning and scheduling maintenance problem and the developed algorithm. One is a small size
171 problem and the other is a large size problem. While the exact solution of the first example is
172 obtained using the CPLEX solver, the second example is solved using heuristic algorithm.
169
170

173

5.1

174

For illustration purposes, this example maintenance planning problem has 50 pavement sections.
The planning horizon is assumed to be 4 years. During the planning horizon, all road sections are
eligible for maintenance treatments, which are assumed to be applied at the end of each year. The
annual budget is set at $1,000,000. The condition score (CS) is selected as the pavement condition
indicator. Condition score represents the pavement’s overall condition in terms of both distress and
ride quality (serviceability index values). It ranges from 1 (the worst condition) to 100 (the best
condition) [22].

175
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177
178
179
180

Example 1
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181
182
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184
185
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For demonstration purposes, the deterioration rate ⇢ is set at 0.95. The selection of the deterioration rate is taken from previous studies (e.g., [9]). The daily resource available is considered
to be 30 manpower and 20 machinary. As shown in Table 2, five maintenance treatments options
were used in this case study. The maintenance treatments cost cm , e↵ectiveness em , the typical
maintenance treatments, daily resource and duration were prepared on the basis of information
from previous studies [7, 9, 21, 23, 24, 25].
Table 2: Cost and E↵ectiveness of Maintenance Treatments
Notations
in proposed
model (m)

1

2

3

4

187
188
189
190
191

Maintenance treatment

Maintenance
treatment
unit
cost
($1000)

Average
condition score
increase

Duration
(Days)

0
3

reDaily
source
required
(manpower,
machinary)
0
(6,2)

Needs Nothing (NN)
Preventive maintenance (PM) includes Seal Coats
(Chip Seals), Thin Overlays < 2”, and MicroSurfacing
Light rehabilitation (LRhb) includes 2”  Overlays <
3”, Widening Pavement and Seal Coat, Base Repairs
and Seal coat, Mill, Seal, and Thin Overlay
Medium rehabilitation (MRhb) includes 3”  Overlays < 5”, Mill and Inlay (Mill and Fill), Mill, Stabilize
Base, and Seal, Level Up and Overlay, Base Repairs
and Overlay
Heavy rehabilitation (HRhb) includes Full Pavement
Reconstruction, Bomag, Add Base, and Overlay or
Seal

0
6.1

21

15

(9,3)

7

46

25

(9,5)

21

110

40

(11,7)

90

0
2

The first year optimal solution is shown in Figure 1. The planned maintenance activities are
scheduled over the duration of a calendar year with 261 work days. The schedule shows the selected
maintenance treatment of di↵erent sections, the start day of each treatment, and the duration of
each treatment. For example, section 36 will be maintained with medium rehabilitation, which
takes 21 days to finish. The maintenance project will start on day 132 and end on day 153.
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Figure 1: Maintenance Activity Schedule of First Year (Red = Preventive maintenance, Blue =
Light rehabilitation, Green = Medium rehabilition, Yellow = Heavy rehabilitation)
192
193
194
195
196
197
198

To check whether the resources are being utilised efficiently, the resource consumption is calculated in two scenarios: 1). the planning problem and the scheduling problem of maintenance
activities are solved separately, and 2). the proposed integrated model is solved.
Figure 2 shows the first scenario. As can be seen in Figure 2, to complete the maintenance
activities on the selected facilities, the daily resources required are more than double the available
daily resources. Since only planning is considered, the amount of maintenance activities selected
are higher and the consumption of resource 1 and 2 is higher than the available daily resources.

(a) Consumption of resource 1

(b) Consumption of resource 2

Figure 2: Consumption of resources when only planning is considered.
When the integrated planning and scheduling problem is solved, the resource consumption is
shown in Figure 3. As can be seen in Figure 3, the maintenance activities of the selected facilities
201 are scheduled in an optimal manner and the daily resource consumption of resource 1 and 2 are
202 within the available daily resources since both planning and scheduling are considered.
199
200
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(a) Consumption of resource 1

(b) Consumption of resource 2

Figure 3: Consumption of resources when only planning and scheduling is considered.
203

5.2

204

In Example 2, the integrated maintenance planning and scheduling problem was solved for a road
network with 1,000 pavement sections using the heuristic algorithm. The purpose of this example
is to test the computational efficiency of the proposed heuristic algorithm when it is applied to
practical-sized problems. The choices of maintenance treatments and deterioration rate are assumed
the same as in example 1.
Figure 4 shows the schedule of the sections as per the maintenance treatment selected. Out
of the 1,000 pavement sections, 87 are scheduled maintenance in the first year because of limited
budget and resources. This schedule shows the type of maintenance treatment selected for the
pavement section, the start day of the treatment and the day the duration of the maintenance
treatment. Further experiment shows that the heuristic algorithm is able to solve the integrated
planning and scheduling problem with up to 10,000 sections in 2 minutes and 23 seconds.

205
206
207
208
209
210
211
212
213
214

Example 2

Figure 4: Maintenance Activity Schedule of First Year(Red = Preventive maintenance, Blue =
Light rehabilitation, Green = Medium rehabilitation, Yellow = Heavy rehabilitation)
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215

6

216

234

In this paper, the authors developed an integer linear programming model that integrates both
maintenance planning and scheduling problems for transportation infrastructure maintenance management. In the developed model, the authors take into consideration of the maintenance type, cost
and e↵ectiveness. The daily resources (both manpower and equipment) available is also included
in the model for the scheduling of maintenance activities.
The authors also developed a three-phase heuristic algorithm to solve the proposed model, that
produces near-optimal solutions with computational time being reduced substantially as compared
to the CPLEX solver. Thanks to this substantial time saving, computationally efficient solutions to
more complicated network-level problems can be formulated by using heuristic as a building block.
Two road network examples are presented to illustrate the proposed integrated planning and
scheduling maintenance problem and the developed algorithm. The case study results show that
the developed heuristic algorithm give good results compared with the results from the CPLEX
solver. The two examples also illustrate the daily consumption of resources for two scenarios. As
a result, the resource consumption when considering both the planning and scheduling together
provides a more feasible and optimal solution.
In this research, the developed model has only considered an in-house approach, in which the
infrastructure management agency uses the resources and equipment that are available within the
agency. For future research, the model can also include the scenarios where the maintenance work
can be outsourced to contractors if the planned work cannot be completed by internal resources.
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SPECIAL TOPIC: Testimony of 30 Years’
ICTPA
Fengxiang Qiao, Ph.D.
Professor in Texas Southern University, and
President of International Chinese Transportation Professionals Association (since 2017)

Led by Professor Joe Lee of University of Kansas In 1987, a group of Chinese
Transportation Professionals in the United States formed the North American
Chinese Transportation Professionals Association (NACTPA), or called 北美华人
交通运输协会 in Chinese, which was then expanded and renamed to International
Chinese Transportation Professionals Association (ICTPA), or called 国际华人交通
运输协会 in Chinese. The mission of the ICTPA is to promote the professional
development of its members by fostering fellowship and cooperation among its
members and by maintaining a central point of reference and deliberation. One of
the very productive features of ICTPA is that, it has currently seven international
chapters: six across the entire USA from east coast to west coast: Washington,
DC Chapter, Northern California Chapter, Southern California Chapter, Northeastern United States
Chapter, Texas Chapter and Florida Chapter, plus one in the Asia: the Hong Kong Chapter. The success
of the 30 years ICTPA is based on the continuous efforts and supports from all members, all local
chapters, and definitely all past presidents and board members.
Under this special topic, Elaine Chao, the U.S. Secretary of Transportation provided warm
congratulations dedicated to ICTPA, which is a very great honor to all our members and friends. Dennis Li,
th
the president of ICTPA during its 30 annual confernece, welcome all participations to ICTPA activities.
Several other past presidents also presented the testimonies of the success of ICTPA overs the past 30
years. The past president Chi-Hsin Shao summarzed the four stages of ICTPA in the history. He
congratulates the dedication of younger generations to take on the baton. The past president Luck Cheng
th
reviewed the period when he hosted the 2007 Annual Conference and celebrated the 20 anniversary in
LA when he was the president of ICTPA. He is happy to see the increasing influence of ICTPA among the
transportation engineering and planning circle. The past president Peter Lai indicates the obligation and
future of ICTPA. He hopes ICTPA will continue to expand its professional networks and develop effective
communication platforms. Lastly (but not "leastly"), Mr. Jerry Cheng, the second president of ICTPA after
its founding, reviewed the technology exchange experiences of ICTPA members in USA, mainland China,
and Taiwan, where he spent a lot of efforts to promote the progresses in transportation engineering and
practices. Jerry is the founding board member of ICTPA and still active in all important ICTPA activities.

335

Advances in Transportation Systems and Practices

Editors in Chief: Fengxiang Qiao, Lu Gao, Qing Li

The Post-conference Proceedings of the 30th Annual Conference of the International Chinese Transportation Professionals
Association (ICTPA), May 19-21, 2017, Houston, Texas, USA
ISBN: 978-1-64008-627-2

Congratulations to ICTPA
Elain Chao
U.S. Secretary of Transportation
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Welcome to all ICTPA Activities
Dennis Li
th

International President during the 30 Annual Conference (2015-2017)

For the transportation industry, it is the best of all times. Here are some of the
encouraging global developments. In terms of GDP, China is now the second largest
economy in the world, after the United States. China is following the example of the
construction of the free-way system in US in the 60s to develop its network of high
speed railway.
Through its rapid hands on experience on infrastructure development, China has
emerged as a market as much as a provider of transportation infrastructure. With the
imminent establishment of the Asia Infrastructure Investment Bank (AIIB), the “One Belt, One Road”
Initiative and its associated infrastructure projects is more than just a blue print. Advanced economies are
now looking for greener and more sustainable transportation. Even for a country like the United States,
which has always favored private transportation, is now embracing the high speed rail. All these
developments have enhanced the demand for infrastructure.
I envisage more interaction between America and Asia. In particular, I envisage better economic ties
between the United States and China, the biggest and the second biggest economy in the world. The
Association can help to introduce to China new ideas on the academic side as well as on the industrial
side. The ICTPA annual meetings provide a valuable platform for such communications. I would then ask
th
for your continuing interest and participation in all ICTPA activities, including the 30 annual conference
and all other activities.
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The four stages of ICTPA
Chi-Hsin Shao
Past International President (2007 – 2009))

It’s a great pleasure and honor to be a part of the ICTPA’s 30-year milestone
celebration. I am proud to be one of the original founders and the lead founder of
the Northern California Chapter.
ICTPA history can be grouped into four stages. The first 10 years was basically
an era led by Professor Joe Lee of University of Kansas. ICTPA was his idea, he
brought together approximately 10 people who attended the National Construction
Seminar in 1986 in Taiwan for the goals of networking and information exchange.
It was a period of growth and excitements. We brought US based text books,
technical papers, and technologies to China and Taiwan, because they were difficult to get, but valuable
for the professionals there. We also hosted visitors from and conducted training seminars in China and
Taiwan. We created local Chapters in DC, NYC, Northern California, and Southern California.
The second stage focused on the development of chapter activities. We rotate annual conferences at
each of the chapter and then Taiwan and China/Hong Kong/Macau. We add international chapters and
officially changed the name from NACTPA to ICTPA. The Northern California Chapter hosted the annual
conference in 2003 and 2008. The 2003 Conference was co-sponsored by the Institute of Transportation
Engineers (ITE) and both the ITE International President and its Executive Director attended the
conference.
The third stage is the transitional stage. Many of our initial board members and active members began
their retirement and most of them are no longer active in the organization or in the profession. This is
happening in all of the Chapters. We were seeing younger members taking over the leadership role. The
activities hosted by the local chapters also changed, from international interaction to local focus.
We are now officially entering our second generation. I hope some of us old timers continue to mentor the
second generation. I congratulate the dedication of our younger generation to take on the baton.
Transition is always exciting, but difficult, especially for volunteer based non-profit organization.
Congratulations for the 30 years of success. Go ICTPA!
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Celebrating 30 Years’ ICTPA
Luke Cheng
Past International President (2005 – 2007)

ICTPA has been an important part of my professional journey over the past 30
years. In January 1987, while I was still a graduate student at MIT, I first
encountered ICTPA in Washington, DC and right away became a member. Three
years later, in 1990, I moved to Southern California and was fortunately to meet a
group of young and enthusiastic friends through ICTPA. In 1992, we formed the
Southern California Chapter, the first local chapter of ICTPA. Then in 1993, a
group of us from the Southern California was invited by the City of Beijing to attend
the First Multinational 多國城市交通會議.
Over the past 30 years, I was fortunate to have spent time with not only the Southern California Chapter,
but also the Northeast Chapter when I lived in Connecticut and later Hong Kong Chapter even before it
was officially a chapter when I lived there in the turn of the century around 2000. I joined the meeting of
Northern California Chapter a couple of times and am glad that they still have me in their e-mail mailing
list even till this day.
I have become less active after hosting the 2007 Annual Conference and celebrated the 20th anniversary
in LA when I was the President of ICTPA. Since then, I have seen significant progress of ICTPA under
the leadership of international board and local boards. We continue to attract new and young members
and have capable and willing leaders volunteering their time and energy to serve on the board. As a
result, we have seen increasing influence of ICTPA among the transportation engineering and planning
circle wherever we are active.
The world is constantly changing. ICTPA is also changing. We started out as a small group of immigrant
engineers/planners from Taiwan, Hong Kong and Mainland China hoping to bring the US to where we
came from. Now, in many places, we have become a two-way bridge connecting east and west. We
have seen many members come and go over the last 30 years. It is my sincere hope that ICTPA will
continue to growth in both its membership and influence both in the US and the greater China region
where many of us came from.
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The obligation and future of ICTPA
Peter Lai
Past International President (2003 – 2005)

th

It is my absolute pleasure and honor to congratulate ICTPA on its 30
anniversary. To celebrate this momentous occasion, I would like to reflect upon
ICTPA’s notable past and promising future.
I was first introduced to the New York Chapter of ICTPA back in 1996 and have
been an active member ever since. ICTPA’s impressive network connected me
with many knowledgeable and established professionals throughout the years.
Without a doubt, being a part of this wonderful association provided me the
opportunity to leverage a wealth of experience which helped me grow
professionally and develop my career particularly in Asia.

In 1998, I was grateful for the invitation to join the International Board of ICTPA. A few years later in
th
2000, I helped organize the International Annual Meeting and the 13 Asia-Pacific Transportation
Development Conference hosted in Hong Kong. This was a big milestone as it was the first major ICTPA
event conducted outside of North America. With the incredible support of the International Board and
local Hong Kong staff, the event was a huge success. It is later known as the event that started the
ICTPA tradition to host overseas functions every two years thereafter. Following subsequent ICTPA
events in Beijing and Taiwan, the event returned back to Hong Kong again in 2006 which also included
an outstanding 2-day conference in Macau. Through these memorable events, many fond memories and
dear friendships have been created on both sides of the ocean.
ICTPA has come a long way in 30 years. Today’s world is a fast paced one with ever changing needs. In
order to keep up with its dynamic nature, it is important for transportation professionals to recognize the
changes, make adjustments, and then serve the industry accordingly. I believe it is ICTPA’s obligation to
support our professionals in making those adjustments. For the past decade, advanced engineering,
innovations, major breakthroughs in IT technologies and applications have driven a lot of changes within
the transportation industry (Uber service and self-driving vehicle are two good examples). In my own
opinion, one of the most critical changes is the increased transportation quality and service expectations
from our customers - the public. Changes in customer demand and requirements often induce new public
policies and the service environment, and thereby, affect the way transportation professionals conduct
their businesses. Today, to be successful and sustainable in the transportation business, we must
operate proactively rather than reactively.
As we charter the future, I hope ICTPA will continue to expand our professional networks and develop
effective communication platforms. This will enable young professionals to connect with senior members
for guidance and advice related to our dynamic environment, technical challenges, career enhancement,
etc. and leverage valuable experiences. Last, but not least, my sincere thanks and congratulations to all
past presidents, officers, and members for their support and contributions to ICTPA over the past 30
years. A job well done! As we look ahead, it is exciting times for the future generation and I am certain of
30 more successful years and beyond.
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The ICTPA that I know
鄭向元 (Jerry Cheng)
Past International President (1996 - 1997)
「國際華人交通運輸協會」的前身為「北美華人運輸協會」，是由 1986 年回台灣參
加＂國建會＂交通組的旅美交通界學者專家們（包括吳漢南、李玨、杜二、姜渝生、
陳雨浦、劉俊嘉、閻漢寧、霍雲翔，褸乃基及鄭向元等），於 1988 年一月十日在華
盛頓 DC 成立。創會理事包括：會長李玨、副會長閻漢寧及杜二、劉俊嘉、邵啓興、
沈龍利及傅崇基。該協會最初宗旨，為提昇北美地區華裔運輸及交通專業人員的共同
利益及事業發展，並以提供相關資訊及服務，促進彼此間的合作。
後來，因協會組織巳跨出北美洲，新加入會員包括海峽兩岸及世界其他各地的成員，
而於 1995 年改名為「國際華人交通運輸協會」，以擴大服務範圍。此協會另一比較
特殊的宗旨，是以聯繫海外華裔交通運輸專業同行，以技術諮詢及學術交流研究方式，來回饋海峽兩岸及
港澳地區的華人社會。除每年年會皆有來自台灣及中國大陸的交通輸專家、學者及官員參加外，協會並在
海峽兩岸舉辦或協辦了多次學術討論會、研習會、業務技術諮詢、培訓、交流及參觀等，皆得到圓滿結果。
我在初期「北美華人運輸協會」時，曾擔任副會長，1996 年當選「美國東北區分會」會長，1998 年當選
「國際華人交通運輸協會」總會的第二任會長。從「美國東北區分會」會長下任後的二十年內，我始終還
是很關心該分會的發展，並一直以「前會長顧問委員會」成員的身分，在各方面為此分會提供協助。
「美國東北區分會」會員郝金生及劉飛，曾於 1984 年開始，為中國大陸的高速公路建設提供資詢，協助其
優化設計及解決施工困難。另一位從紐約市捷運局退休的會員馮丹龢，則曾回台灣為其都市捷運及高速鐵
路的發展提供服務。本分會第一任會長，世界橋樑專家鄧文中更以 TYLin 公司董事長身分在四川重慶，成
功創業。
1999 年至 2006 年，馬英九先生與郝龍斌先生擔任台北市長期間，
曾聘我及在紐約都會區運輸委員會擔任副主管的焦國安先生為台
北市政府的市政顧問( 交通組 )。此榮譽職，主要為協助市府交
通局的相關業務，曾多次應邀回台北參加顧問會議或交通運輸有
關研討會。聽說我們是台北市政府少許的幾位海外市政顧問。
本會與中國大陸交通界的交流稍晚。1991 年五月，十一位會員
在李玨會長領導下，赴北京參加由北京交通工程學會及亞洲城市
交通學會合辦的＂第二屆多國都市交通會議及展覽＂。1993 年，
多位會員應邀參加，在新疆烏魯木齊舉行的『中外交通安全及駕
駛適性研討會』，我們大都是以聯合國 TOKTEN Program 之資
深技術顧問身分出席。參加此研討會的國內代表大都為大陸各省
市公安交通警察的高級主管。
由『上海市科學技術協會』及『上海交通工程學會』，於 1999 年在上海聯合主辦的『99 上海國際城市交
通學術研討會』，有來自十幾個國家的代表及國內專家學者參加，包括前任上海市市長韓正。我是因『國
際華人交通運輸協會』總會長身分應邀參加，會中與『上海市城市綜合交通規劃研究所』所長陸錫明先生
一起擔任『交通政策與規劃』研討會分組的共同主席。本會應邀參加的其他大陸學術研討會包括：1993 年，
在深圳舉行的『城市客運軌道交通体系總体規劃論政會』；2004 年，在武漢市舉行的『第四屆交通運輸領
域華人學者國際會議』以及 2008 年，在成都舉行的『物流與運輸國際會議』。我曾先後應聘為深圳市『深
港城市與交通研究中心』的學術委員及『武漢市交通科學研究所』的技術顧問。
（4/17/2017, 因篇幅限制，本文有所删节）
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About the Proceedings…
The International Chinese Transportation Professionals Association
(ICTPA) was established in the United States as the North American
Chinese Transportation Professionals Association (NACTPA) in 1987.
The mission of the ICTPA is to promote the professional development of
its members by fostering fellowship and cooperation among its members
and by maintaining a central point of reference and deliberation.
In an effort to promote local activities, there are currently six chapters
across the entire USA from east coast to west coast: Washington, DC
Chapter, Northern California Chapter, Southern California Chapter,
Northeastern United States Chapter, Texas Chapter, and Florida Chapter.
In addition, the Hong Kong Chapter is the first in Asia.
During May 19-21, 2017, hundreds of young and senior transportation
professionals and officers gathered together in Houston for the 30th
Annual Conference of ICTPA, to share knowledge and research
experiences in transportation studies, practices, and policy makings.
This proceedings collected 25 selected papers covering five topics with
the theme to advance transportation systems with practical applications
in America and Asia.
The five technical topics are: (1) Transportation System Operation; (2)
Sustainable Transportation System; (3) Multi-modal Transportation
System Operation and Management; (4) Healthy Transportation and
Smart City Practices; and (5) Transportation Infrastructure Design and
Management. A special topic “Testimony of 30 Years’ ICTPA” included
the congratulations from Ms. Elaine Chao, the United States Department
of Transportation, and articles from several past presidents of ICTPA on
their witnesses of the growth of ICTPA during the past 30 years.
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