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Abstract 
The Wyoming Department of Transportation (WYDOT) installed its first variable speed limit (VSL) corridor along 
Interstate 80 in the Elk Mountain Corridor in the Spring of 2009 in an effort to improve safety and reduce road closures, 
particularly during winter storm events.  Since that time, four additional variable speed limit corridors have been 
implemented; three additional corridors along segments of Interstate 80 and one on WY 28, a rural two lane highway 
through the area of South Pass.  There were three main objectives to this research effort: develop control strategy for the 
operation of VSL corridors, analyze the safety effects of the VSL system, and determine the impacts of the VSL on driver 
speed behavior.  For the development of a control strategy, both weather and speed variables were considered.  Initially a 
simple linear regression approach was considered but the complexity of the weather and speed behavior led to a regression 
tree based control strategy with a self-learning feedback loop using machine learning.  For the safety task, descriptive 
baseline safety was analyzed for all five corridors.  Since the Elk Mountain Corridor is the only VSL system in operation 
for more than two winter seasons, it was used for an Empirical Bayes (EB) before and after analysis, which indicated  some 
statistically significant changes in crash frequency for just a few of the corridor segments.  A weather-based safety analysis 
was performed on the four interstate VSL corridors and results from this analysis indicate a statistically significant 
reduction in crashes after the VSLs were implemented.  Analyses of speed variables indicate a reduction in speed variation 
with the implementation of the VSL system.  Modeling of the difference between observed and posted speeds show a 
reduction in speed compliance related to large reductions in posted speed limits.  
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SI* (Modern Metric) Conversion Factors 
 

Approximate Conversions from SI Units  Approximate Conversions to SI Units 
Symbol When You Know Multiply By To Find Symbol  Symbol When You Know Multiply By To Find Symbol 
Length  Length 

mm millimeters 0.039 inches in  in inches 25.4 millimeters mm 
m meters 3.28 feet ft  ft feet 0.305 meters m 
m meters 1.09 yards yd  yd yards 0.914 meters m 
km kilometers 0.621 miles mi  mi miles 1.61 kilometers km 

Area  Area 
mm2 square millimeters 0.0016 square inches in2  in2 square inches 645.2 square millimeters mm2 
m2 square meters 10.764 square feet ft2  ft2 square feet 0.093 square meters m2 
m2 square meters 1.195 square yards yd2  yd2 square yards 0.836 square meters m2 
ha hectares 2.47 acres ac  ac acres 0.405 hectares ha 

km2 square kilometers 0.386 square miles mi2  mi2 square miles 2.59 square kilometers km2 
Volume  Volume 

ml milliliters 0.034 fluid ounces fl oz  fl oz fluid ounces 29.57 milliliters ml 
l liters 0.264 gallons gal  gal gallons 3.785 liters l 

m3 cubic meters 35.71 cubic feet ft3  ft3 cubic feet 0.028 cubic meters m3 
m3 cubic meters 1.307 cubic yards yd3  yd3 cubic yards 0.765 cubic meters m3 

Mass  Mass 
g grams 0.035 ounces oz  oz ounces 28.35 grams g 
kg kilograms 2.202 pounds lb  lb pounds 0.454 kilograms kg 
Mg megagrams 1.103 short tons (2000 lbs) T  T short tons (2000 lbs) 0.907 megagrams Mg 

Temperature (exact)  Temperature (exact) 
°C Centigrade 1.8 C + 32 Fahrenheit °F  °F Fahrenheit 5(F-32)/9 Celsius °C 

 temperature  temperature    temperature or (F-32)/1.8 temperature  
Illumination  Illumination 

lx lux 0.0929 foot-candles fc  fc foot-candles 10.76 lux lx 
cd/m2 candela/m2 0.2919 foot-Lamberts fl  fl foot-Lamberts 3.426 candela/m2 cd/m2 

Force and Pressure or Stress  Force and Pressure or Stress 
N newtons 0.225 poundforce lbf  lbf pound-force 4.45 newtons N 

kPa kilopascals 0.145 pound-force per square 
inch 

psi  psi pound-force per square 
inch 

6.89 kilopascals kPa 
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INTRODUCTION 

1.1  Background 

Trying to determine an appropriate driving speed under less than ideal conditions can be a 
difficult challenge for drivers (Placer, Fuzzy Variable Speed Limit Device Modification and 
Testing: Phase II., 2001). In addition, there is often added pressure by the freight carriers to 
travel as fast as possible to meet tight delivery schedules. Equally difficult is for law enforcement 
agencies to enforce and cite someone going “too fast for conditions” (Placer, Fuzzy Variable 
Speed Limit Device Modification and Testing: Phase II., 2001). In many cases, drivers are cited 
for going too fast for conditions only after the crash has occurred. Variable Speed Limit Systems 
are a method for overcoming these issues and are thought to lower crash rates by reducing the 
speed variability (Garber & Gadiraju, 1988). 
 
Prior to utilizing variable speed limit systems as a strategy to improve safety in Wyoming, 
enabling legislation needed to be passed by the Wyoming Legislature.  In the 2007 legislative 
session, Wyoming Statute 31-5-302 was revised to include the following language : 
 

“…differing limits may be established for different times of day, different types of 
vehicles, varying weather conditions, and other factors bearing on safe speeds, 
which shall be effective when posted upon appropriate fixed or variable signs.” 

 
In February of 2009, the Wyoming Department of Transportation (WYDOT) implemented its 
first Variable Speed Limit (VSL) system on the Elk Mountain Corridor of I-80 in the 
southeastern part of the state. This 35-mile VSL system was installed to address safety concerns 
with the objectives of reducing crashes and road closures along the corridor. Based on the early 
feedback on this system, WYDOT increased the length of the original corridor by 17 miles and 
proposed four more systems to be installed in other corridors around the state. Listed in order of 
implementation priority, originally the four proposed VSL corridors were: 
 

• I-80 between Green River and Rock Springs (MP 88 – 111); 
• I-80 between Laramie and Cheyenne (MP 316 – 356); 
• I-80 east of Evanston through the Three Sisters/Lyman corridor (MP 7-28); and 
• US 287 from Tie Siding to the State Line (MP 420 to 426).  

 
The Green River – Rock Springs corridor was installed in February 2011 and the Laramie –
Cheyenne, and Evanston-Lyman corridors were installed October 2011.  A decision was made to 
install a VSL corridor on Wyoming 28 (South Pass) instead of US 287 and this VSL corridor 
became operational in October of 2012, becoming the first non-interstate VSL in the state. 
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Results from Phase I of the research work for the Elk Mountain VSL Corridor indicated that a 
decision support system to recommend speed limit changes is required to get necessary levels of 
speed compliance and reductions in speed variations (Buddemeyer, Young, Sabawat, & Layton, 
2010). As the number of VSL systems in Wyoming increase, this need becomes even more 
important as operators at the WYDOT’s Traffic Management Center (TMC) become responsible 
for a larger number of VSL signs.  

1.2  Research Objectives 

Phase 2 of this research proposes to study baseline conditions for weather and speeds for each of 
the proposed VSL corridors in order to develop a decision support system for each corridor and 
to study the impacts on the differences between types of travelers, roadway variables, and 
weather on each of the corridors beyond the Phase I project.  Through the investigation of these 
corridors, a secondary goal is to develop a general methodology for operation of future VSL 
systems beyond these five corridors. 
 
In order to meet the two goals discussed above the following research tasks were performed: 

1. Comprehensive literature review of variable speed limit systems related to control 
strategies, safety, speed compliance and speed variance; 

2. Development of control strategies for operation of VSL corridors including the 
investigation of advanced modeling methods for improving the operation of the Elk 
Mountain corridor control strategy developed in Phase I of this research; 

3. Analysis of safety of the variable speed limit corridors; and 
4. Analysis of speed compliance and speed variations of the variable speed limit corridors. 

1.3  Outline of Report 

This report is structured around the four major tasks described in the first section.  Task 1 is 
covered in Chapter 2 – Literature Review.  Chapter 3 provides background information of the 
VSL corridors including summarizing the use of the VSL systems since the corridors became 
operational.  Task 2 is covered in Chapter 4 – VSL Control Strategies.  Task 3 is covered in 
Chapter 5 – VSLs and Safety.  Task 4 is covered in Chapter 6 – VSLs and Speed.  Chapter 7 
summarizes the findings of the research effort and provides conclusions for the project.   
 
The research effort required described in this report required substantial data from a variety of 
sources.  In order to improve readability and the overall usefulness of the report, the chapters 
described above are formatted as standalone chapters so that the data used for each task and the 
methodology applied are contained within each chapter as opposed to more typical report 
formatting that has individual chapters describing data sources and methodology.  This allows 
readers to focus on an individual research task, such as safety analyses, to go to a single chapter 
to obtain information. 
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LITERATURE REVIEW 

The literature review chapter is structured around the four research tasks described in the 
previous chapter.  The first section provides a general overview of the use of VSL systems in the 
United States and internationally.  The second section reviews prior work on the development of 
control strategies for VSL systems.  The third section provides background on safety research 
related to VSL system.  Because the VSL systems in Wyoming are intended to mitigate the 
impacts of severe winter weather events it became necessary to incorporate weather variables 
into the safety analysis.  The fourth section of the literature review looks at previous research 
into incorporating weather severity indices into safety analyses. The fifth section covers previous 
research on speed related variables with respect to variable speed limit systems.   

2.1  Use of Variable Speed Limit Systems 

Variable Speed Limit (VSL) systems are an innovative way of managing traffic using Intelligent 
Transportation Systems (ITS). Unlike the traditional static speed limit signs, VSLs are speed 
limit signs with a capability of changing regulatory speed limits according to changing real time 
weather and traffic conditions. VSLs are primarily used to reduce traffic congestion and improve 
safety along roadways.  This section of the literature review looks at the use of VSL systems in 
work zones, urban applications, and in situations to address weather conditions.  The last topic of 
this section looks at VSL research using simulation software. 

VSLs in Work Zones 
To evaluate the use of VSL systems in work zones, a study was conducted in Michigan during 
the summer of 2002 on Interstate 96 near Lansing, Michigan (Lyles, Talor, Lavansiri, & 
Grossklaus, 2004).  The ITS components monitored the traffic flow and speeds at given locations 
and provided the required data for calculating speed limits to be posted on the VSL signs. The 
recommended speed limit was calculated based on the deployment site, day of the week, and 
type of construction occurring. The viability of the VSL system was evaluated by measuring the 
average speed at each VSL sign location, difference between average speed and recommended 
speed, travel time along the work zone, 85th percentile speed, speed variance and the percentage 
of vehicles travelling at higher speeds. The results from the study concluded that VSLs were 
effective in increasing the average speed and decreasing the travel time. From the crash analysis 
results, most crashes occurred in non-VSL direction and were rear end collisions.  There was no 
significant evidence to conclude that the increased crashes were from deploying VSL system. In 
response to the changing conditions in the work zone, VSLs provided more appropriate speed 
limits to the motorists during the deployment period. 
 
To evaluate the effectiveness of the VSL system on the driver behavior, the Utah Department of 
Transportation implemented a VSL system in a work zones on a Utah state highway (McMurtry, 
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Saito, Riffkin, & Heath, 2009). A six mile long work zone on I-80 north of Wanship, Utah was 
selected as a project site to observe the driver behavior to the VSL system. The project was 
carried out for 3 months using 5 speed detectors and 2 VSL signs. The results of this project 
showed that VSLs were helpful in reducing the speed variance among the vehicles.  
 
To improve the operational efficiency and reduce the traffic conflicts in a work zone on 
Interstate 494 in the Twin Cities, Minnesota, VSLs were applied for a period of three weeks from 
February to March, 2006 (Kwon, Brannan, Shouman, Isackson, & Arseneau, 2007).  The 
methodology used to display advisory speed limits in the work zone was based on real time 
vehicle data collected both upstream and downstream and the VSL sign. The objective of the 
system was to reduce the speeds upstream to the same level as the speeds downstream. To 
measure the impacts of the VSLs, vehicle data was collected both before and after VSL 
implementation.  Speed variation, total throughput, and speed compliance rates were analyzed. 
From the results, it was concluded that there was a reduction of 25% to 35% in speed differences 
during the morning peak periods on weekdays and an increase of 7% in the total throughput was 
measured during the 6:00 to 7:00 am periods.  A significant increase in throughput was not found 
during 7:00 to 8:00 am periods. Speed compliance was calculated by correlating the speed 
differences of vehicle speeds before and after the speed limit sign and it showed a 20% to 60% 
correlation even though the speed limits are only advisory. 

Urban Applications of VSLs 
To achieve a better distribution of traffic on roads and to homogenize the flow of traffic, a VSL 
system was implemented on a motorway in the Netherlands (van den Hoogen & Smulders, 
1994). The speed limits were implemented only when volume approached the roadway capacity 
and the speed limit was based on the average traffic speed on the section. The results from this 
study observed a better distribution of traffic over the available road space and less traffic 
congestion. 
 
A study was conducted on an 11.2 mile stretch of Autobahn 9 near Munich, Germany to 
investigate how a VSL and travel information system affected driver behavior and bottle neck 
formation and location (Bertini, Boice, & Bogenberger, 2006). The travel information was 
provided to road users on overhead dynamic message signs. The study found strong correlation 
between the speed limit and information messages and the actual traffic dynamics. 
 
On the M25 highway in the United Kingdom, VSLs were implemented in 1995 to improve 
traffic operations on the highway, to improve the safety, and to produce environmental benefits 
(Harbord, White, McCabe, Riley, & Tarry, 2006). VSLs were used along with Enhance Message 
Signs (EMS) to provide information to drivers about speed changes due to traffic congestion and 
queue warnings. The algorithm used to update speed limits was based on a rule based 
methodology that is designed to harmonize traffic speeds and to reduce the severity of traffic 
congestion. The use of the VSL improved travel times, decreased the shock waves, and reduced 
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the injury accidents by 10% and damage only accidents by 30%.  It was also observed that the 
overall emissions decreased between 2% and 8% and the weekday traffic noise levels were 
reduced by 0.7 decibels. 

Weather Related VSLs 
A study was conducted in the southwest of Finland to measure the effects of displaying the 
information about the road conditions on Variable Message Signs (Rama, 2001).  Loop detectors 
were used to measure headways and driving speeds before drivers could see the signs and 1100 
meters downstream from the signs. The driver’s behavior before and after the signs were 
analyzed and it was observed that the mean speed of cars travelling in free flow traffic was 
decreased by 1 to 2 km/h.  Drivers’ reports from interviews suggested that signed helped the 
drivers in refocusing on the road to look for potential hazards and to use more careful passing 
behavior. When the speed limits were lowered by 100 km/h to 80 km/h, the mean speed was 
decreased by 3.4 km/h.  It was also observed that the standard deviation of speeds decreased 
significantly.  
 
In Finland approximately 300 km of roadway is equipped with VSL systems and most of these 
are weather controlled systems. Rama and Schirokoff conducted a study to observe the effects of 
the weather controlled VSL system on injury accidents (2005) . The study was conducted using 8 
VSL signs implemented on two lane roadways. The maximum speed limit during winter 
conditions is 80 Km/h and the VSL system has three different speed limits based on the weather 
conditions, 100Km/h for good conditions, 80Km/h for moderate conditions and 60 or 70 Km/h 
for adverse conditions.  Based on the information available from road weather stations, weather 
forecasts, road weather cameras and from the observations made by maintenance personnel, the 
speed limits were updated to reflect conditions. A before and after VSL system analysis was 
conducted to study the effects of VSLs on injury accidents and the results from this analysis 
concluded that the accident risk in winter is decreased by 13% and in summer by 2%. 
 
To assess the impacts of a weather and road surface condition based VSL system, a study was 
conducted on a 37 Km long single carriageway highway (E 18) in southern Finland (Hautala & 
Nygård, 2003). The study area contained 22 variable speed limit signs, four Variable Message 
Signs (VMS), nine RWIS, and four road weather cameras. The speed limits posted depended 
upon changing weather conditions and were set at speed of 60 Km/h, 80 Km/h, or 100 Km/h and 
the VMSs are used to display warning messages such as“slippery”, “road works” and “danger”. 
The TMC operators control the VSLs according to the changing weather and road surface 
conditions and the TMC’s control principles. TMC operator receives weather and road surface 
condition data from the RWIS every 20 minutes, Finnish Road Enterprise, Finnish 
Meteorological Institute’s Road Weather Centre, the road authorities, the police, road users, 
weather radar images and weather forecasts. A before and after analysis was conducted on the 
test section to measure the impacts of the VSL system. During the study period 80 Km/h speed 
limit was used for about 94 – 96% of the time, 100 Km/h was used 4% and 60 Km/h was used 
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only 0.3% of the time. The results from the study indicated that the VSL system increased the 
traffic safety during poor winter conditions by decreasing the driving speeds and lengthening 
headways. During the study period people were interviewed in regard to implementation of VSL 
system and the survey results display high acceptance of the system. 
 
In Halland, Sweden, nine weather and /or traffic actuated VSL systems were implemented to 
observe how car drivers’ behavior change during the severe weather conditions on interurban 
motorway E6 during the period 2005 to 2007 (Lind, 2007). The test link was 55 Km and was 
divided into eight sub links. The speed limits are manually controlled by the Traffic Information 
Centre (TIC) of the Swedish Road Administration in Gothenburg. When adverse conditions were 
detected the speeds were decreased in steps of 10 Km/h or 20 Km/h. Traffic flow on the test 
location was about 20,000 vehicles per day with about 20% heavy vehicles. The speed limits 
were modified based on expected friction coefficient which is calculated based on temperature, 
moisture, and wind speed and wind direction. From the survey results on VSL system 90% of the 
car drivers’ found the system is good and 80% of the drivers’ answer that they more attentive to 
the road condition. Drivers understood that weather conditions are really severe when the speeds 
are dropped to 60 and 80 km/h. 

VSL Simulation Research 
A study based on micro-simulation using the software Paramics was conducted in Florida to 
evaluate the safety benefits using VSLs on Interstate 4 (I-4) in Orlando, Florida (Abdel-Aty, 
Dilmore, & Dhindsa, Evaluation of Variable Speed Limits for Real-Time Freeway Safety 
Improvement, 2006). A 20 mile section on I-4 was chosen as the study area and traffic average 
volumes, average speeds and occupancy data were collected using the dual loop detectors every 
30 seconds.  The loading conditions and geometric features of the study area were replicated in 
the simulation software.  Different strategies were used in the model that was based on the 
location of speed limit change (upstream or downstream), amount of speed change and rate of 
speed change. Low and High loading scenarios were considered.  From the results, the low 
loading condition found that VSLs are effective in reducing the hazard at certain locations and it 
is suggested to used VSLs not only during peak periods but also during off peak periods to 
decrease travel times. VSLs have no affect during high loading conditions and it was suggested 
to use ramp metering instead. 
 
Maximum crash likelihood was compared before and after the use of VSLs and it was found that 
there was a substantial decrease at the target location but it was also found that there was an 
increase crash potential at upstream indicating the potential of crash migration (Abdel-Aty, 
Dilmore, & Dhindsa, Evaluation of Variable Speed Limits for Real-Time Freeway Safety 
Improvement, 2006). Therefore the author suggested using Variable Message Signs (VMS) in 
conjunction with VSLs to warn the drivers about the approaching speed limit change locations to 
ensure there is a smooth transition of speeds.   
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A microscopic simulation study was conducted by using PARAMICS simulator to determine the 
safety benefits of VSL by using a real time crash potential model (Lee, Saccomanno, & Hellinga, 
2002; Lee, Hellinga, & Saccomanno, 2003; Lee, Hellinga, & Saccomanno, 2004).  For this 
simulation study a 2.5 Km freeway stretch was simulated along with four loop detectors and 
three VSL signs as shown in the Figure 2-1 below. The vehicle information was collected from 
the loop detectors which is an input for the control strategy. The control strategy used in this 
simulation modeling has addressed the following questions: 

• When should speed limits be changed? 
• How frequently can speed limits be changed?  
• If speed limits should be changed, should they be increased or decreased, and by how 

much? 
 

 
Source: (Lee, Hellinga, & Saccomanno, 2004) 

Figure 2-1: Simulated Freeway Section  

 
A control strategy was designed to reduce the crash potential and to minimize the difference 
between the average vehicle speeds and the posted speed limit (Lee, Hellinga, & Saccomanno, 
2004). The conclusions from this study were made by measuring the changes in crash potential 
with respect to change in speed limits. From the results of this study is was concluded that the 
VSL can reduce average total crash potential by temporarily reducing speed limits during risky 
traffic conditions, frequent change of speed limits can increase crash potential, reduction in 
speed limits proved to decrease in crash potential but with an increase in travel time and warning 
drivers in advance regarding the approaching risky traffic conditions is likely to be effective in 
reducing crash potential. 
 
To measure the impacts of VSLs on safety and travel time, a microscopic simulation was 
conducted and combined with a categorical crash model (Allaby, Hellinga, & Bullock, 2007). 
VSLs were implemented by using a control logic that was designed based on the occupancy and 
average speeds of the vehicles. The results from the initial control logic did prove that the safety 
benefits can be achieved but at the cost of high travel times so the authors of this paper modified 
few input parameters and found that there is a significant safety improvements with a decrease in 
travel times. 
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2.2  VSL Control Strategies 

Speeds limits are based on engineering studies that involve factors such as free flow speeds, 
crash experience, roadside development and roadway geometry.  Ideally, the 85th percentile 
speed of the free flowing traffic under good weather and visibility conditions is considered an 
optimum speed limit for a roadway but during severe weather conditions the speed limit is 
typically not reasonable and drivers must select a safe driving speed. The increase in speed 
deviance among vehicles resulting from the individual drivers selecting their own safe speed 
leads to increased crash potential (Garber & Gadiraju, 1988). Variable speed limits are 
considered a method to harmonize traffic flow related to real time conditions. Effective speed 
management strategies are essential to reduce accidents that are caused due to high speed 
variance (World Health Organization, 2008; Pisano & Goodwin, 2004; Pisano & Goodwin, 
2002).  Strategic deployment of VSL results in reduction of crashes as they harmonize traffic and 
reduce speed variation among them (Ha, Kang, & Park, 2003; Lee, Hellinga, & Saccomanno, 
2004; Rama, 1999; van den Hoogen & Smulders, 1994). 
 
Many VSL control strategies were modeled based on traffic flow density and flow speed 
relationships, for maximizing safety benefits and traffic volume throughputs (Goodwin & 
Pisano, 2003; Jianlong, Hwan, & Ioannou, 2006; Karaaslan, Varaiya, & Walrand, 1991; 
Papageorgiou, Kosmatapoulos, & Papamichail, 2008; Smulders, 1990).  A real time fuzzy 
algorithm controlled VSL system that utilizes real time road weather information was designed 
by Northern Arizona University and the Arizona Department of Transportation (Placer & 
Sagahyroon, 1998).  This system recommends speed limits continuously based on atmospheric 
and road surface conditions along Interstate 40 in rural northern Arizona. Seven different input 
parameters were selected for this control logic road surface condition, average wind speed, wind 
gust speed, visibility, degree of cross winds, precipitation intensity and emergency. Based on the 
inputs, system will recommend a prudent maximum speed limit. The system was never evaluated 
since it was never implemented in the field. 
 
A control strategy was designed in Germany for managing traffic on highways with main 
objectives of keep traffic flowing, slow down traffic before congestion areas and to minimize the 
risk of accidents because of bad weather (Krause, von Altrock, & Pozybill, 1996).  Two traffic 
management strategies were applied on B27, a state highway in Germany, to identify traffic 
congestion: 1) using fuzzy logic to identify traffic congestion, and 2) traffic control approach 
based on experience. The fuzzy control strategy uses traffic volume, traffic density, average 
velocity, pavement surface type (icy or wet) and visibility as input variables. The results of this 
study concluded that the fuzzy logic approach to identify congestion is faster and more reliable.  
 
A study was conducted in Finland on E18 highway to observe the effects of automated weather 
controlled VSLs (Rama, 1999).  Project corridor is a 114 Km long limited access highway with 
36 VSL signs and five DMS signs. VSLs were controlled automatically based on data collected 
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from two RWIS stations which updates every five minutes.  The automation of VSL is based on 
rain or snow fall, rain intensity, road surface conditions, visibility and wind velocity. DMS were 
used along with VSLs to provide additional information about road conditions to road users. 
From the results of this study it is observed that during winter season when posted speed limits 
changed from 100 Km/h to 80 Km/h there was a decrease in mean speed of cars by 3.4 Km/h in 
addition to the average mean speed reduction of 6.3Km/h which is due to severe weather 
conditions.  
 
Automated weather related signal timing is installed in city of Clearwater, Florida as there are 
frequent major traffic congestions during afternoons due to thunderstorms (Andrus, Amiro, & 
Yauch, 1994).  An electric rain gauge is installed on top of traffic signal pole near beach which is 
connected to signal controller. Whenever rain gauge senses a predetermine threshold a signal is 
received at 14 downtown traffic signals to execute new timing plans. The signal timing is based 
on traffic volumes which allows long green timings during congestion and restores to normal 
when traffic volumes are normal. The automation of traffic signal based on rainfall and traffic 
volume prevented traffic congestion and enhanced traffic mobility. 
 
To estimate the work zone capacity, Weng and Meng developed a decision tree model using 
sixteen influencing factors (2011).  The decision tree methodology was chosen since it was 
found difficult to estimate capacity by using simple mathematical models. 182 data sets were 
collected from 14 different states and cities freeway work zone projects to train, check and 
evaluate the decision tree based model. The variables used in the decision tree model are 
roadway capacity as response (continuous) variable and heavy vehicle percentage, work zone 
grade, work intensity, road type, number of open lanes, number of closed lanes, work zone 
duration, work time, lane width, lane closure, work zone length, weather conditions, driver 
composition, ramp, work zone speed and state or city as explanatory variables. The accuracy of 
the decision trees were estimated by comparing the model with existing capacity estimation 
models and the HCM using 18 sets of evaluation data. From the comparison results it was clear 
that decision tree based model out performs the existing capacity estimation models and HCM. 
 
A research study was conducted on I 5 – I 205 loop in the Portland Metro area of Oregon to 
accurately estimate the travel times (Logendran & Wang, 2008).  A regression tree methodology 
was implemented to estimate travel time. Vehicle speed was predicted using regression trees, 
which in turn used as a proxy to estimate the travel time. Four types of explanatory variables: 
traffic flow variables, incident related variables, weather related variables and time of day 
variable are considered in the development of regression tree. Four characterization standards 
were used to characterize the traffic data sets to determine the best regression tree model. The 
regression tree model was tested on evaluation data set and the results from the test indicated that 
regression tree models have accurate prediction ability of vehicle speed and promising ability to 
estimate travel time.  
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To predict drivers’ merging behavior in a work zone merging areas a study was conducted at a 
work zone site in Singapore (Meng & Weng, 2012).  A decision tree was constructed based on 
eight most influencing factors on drivers’ merging behavior. The data required to train decision 
tree was collected from a short term work zone site located in Ang mo Kio Avenue 3 in 
Singapore in March of 2009. From the collected data 80% was used to train decision trees and 
the rest were used to testing. A comparison study was conducted between decision trees and a 
binary logit model. From the results of the study it is concluded that decision tree methodology is 
providing higher prediction accuracy on both training data and testing data. 
 
Machine learning algorithms are designed to learn and upgrade its system based on the results of 
continual use. Reinforcement Learning (RL) methodology was developed to provide optimal 
controls for both recurring and non-recurring congestion on freeways (Jacob & Abdulhai, 2005). 
RL is an artificial intelligence method for machine learning algorithms. RL models continuously 
adapt to the changes in its environment and learn without any human support. The Q-Learning 
approach of Watkins was used to address the randomness of traffic. This algorithm was tested for 
four different scenarios freeway control using multiple ramp controls, work zone traffic control 
using Variable Message Sign (VMS), integrated control of a simple corridor with one ramp and 
one VMS and integrated control with multiple ramps and VMS. All these models were run using 
Paramics microscopic simulation on corridors in Toronto. The models were run under peak 
traffic flow conditions and in all scenarios the proposed algorithm of machine learning was 
effective in reducing traffic congestion and improve in traffic flow.   
 
An automatic control strategy was developed to deploy VMS in the interurban Scottish highway 
network (Messmer, Papageorgiou, & Mackenzie, 1998). This strategy is based on a simple 
automatic control with feedback and feed forward parameters subjected to user optimum 
constraints. The main objective of this strategy is to use VMS effectively in diverting the traffic 
on to different network to relieve main network from overloading. Route flow and queuing 
models were used to identify the incident locations and appropriate VMS is used to display the 
delay times and alternate routes. To evaluate the control strategy several simulations runs were 
tested and from the results of these runs it was concluded that significant amount of benefits can 
be achieved from these control strategies. 
 
A Learning Based Transportation Oriented Simulation System (ALBATROSS) is an activity 
based model of travel behavior (Arentze & Timmermans, 2000).  This model predicts which 
activities are conducted when, where, for how long, with whom and mode of transport based on 
various situational, temporal, spatial, spatial-temporal and institutional constraints. Decision tree 
methodology is the core process of this model. Activity diary data was used for training the 
decision tree. A case study was conducted to test the performance of this developed model. From 
the results of the case study it was concluded that the ALBATROSS approach is very useful in 
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developing computational process models for forecasting travel demands and decision trees are 
able to represent the heuristic and complex nature of choice behavior.   

2.3  VSLs and Safety 
This section summarizes previous research relevant to the development of Safety Performance 
Functions (SPF) and the crash hot spot analysis, including baseline safety analysis, before after 
crash data analysis, statistical methods for analyzing of count data, and Empirical Bayes method. 
All the relevant literature mentioned above will be described in the following subsections that 
will help to understand the methodology used for this research.  

Baseline Safety Analysis 
The results of the baseline safety analysis provide a point of comparison in determine the change 
in safety performance with the implementation of a safety countermeasure, such as a variable 
speed limit system.  In order to conduct a baseline analysis, it is very important to know what 
crash data information is needed. Most crash reports include crash attributes such as weather 
condition, roadway condition, time of crash occurrence, crash types, and the number of persons 
involved and injured, etc.  

After reviewing crash data availability, the next step is to determine the type of analysis to be 
performed.  Figure 2-2 illustrates the relationship the relationship between crash data availability 
and analysis possibilities (Golembiewski & Chandler, 2011). From the figure, it can be seen that 
several types of data analyses can be conducted to support safety issues depending on different 
types of data availability. For example, if a cluster analysis needs to be performed then only 
crash location information will be needed. In baseline safety analysis, the types of data analysis 
include crash frequency, crash averaging, trend analysis, and crash rates.  
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Source: (Golembiewski & Chandler, 2011) 

Figure 2-2:  Relationship between Available Information and Safety Analysis Possibilities  

Crash frequency is one of the simplest forms of crash data analysis (National Research Council, 
2010). Crash frequency can be defined as the number of crashes occurring within a specific 
roadway segment. Multiple crashes occurring at the same locations or at the same time period 
could be an indication of safety issue. So there are two types of clustering: spatial and temporal. 
Spatial clustering is the most commonly used analysis type. Khattak and Knapp studied interstate 
highway crash injuries during winter snow and non-snow events (2001). They compared 
interstate highway crash injuries during both snow and non-snow for the same segments after 
explicitly controlling temporal (seasonal, monthly, weekly, and hourly) and spatial variations.  
This research found that both non-injury and injury crash rates on interstate highways 
significantly increase during winter snow events.  

Crash averaging allows engineers to normalize the crash data by the same period of time or by 
the same stretch of roadway segment. Sometimes engineers need to examine the trend of crashes 
over time to determine if there is any pattern that may indicate potential safety issues. Crash rate 
information is another measure, in addition to crash frequency, to evaluate the safety of a 
particular roadway section.  To determine crash rates, a number of important facts about a 
roadway need to be known, including the traffic volume (usually as an ADT or AADT), the 
length of the roadway section, and the number of crashes that have occurred on that section. 
Crash rates for roadway segments are normally expressed as the number of crashes per Million 
Vehicle Miles Traveled (MVMT). Crash rates can be calculated using the Equations 1 and 2 
(National Research Council, 2010).   
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𝑉𝑀𝑇 = 𝐴𝐴𝐷𝑇 ∗ 𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑐𝑜𝑟𝑟𝑖𝑑𝑜𝑟 ∗ 365 (Equation 1) 

𝐶𝑟𝑎𝑠ℎ 𝑅𝑎𝑡𝑒 =
# 𝑜𝑓 𝑐𝑟𝑎𝑠ℎ𝑒𝑠 ∗ 1,000,000

𝑉𝑀𝑇
 (Equation 2) 

 

In this research, baseline safety analysis represents primarily trend analysis. Trend analysis 
includes the variation in crash frequencies by milepost, the variation in crash frequencies by year 
and by winter, the variation in crash frequencies of different crash types by year, and by winter, a 
comparison of seasonal variation in crash frequencies by crash types, a comparison of crash rate 
by year and by season, and a comparison of seasonal variation of crash rate by crash types. 

Safety Performance Function 
In order to improve safety, it is important to understand why crashes occur. There are a 
significant number of past research efforts that have modeled crash occurrence. Abdel-Aty and 
Radwan studied the modeling of traffic accident occurrence and involvement (2000). The results 
showed that AADT, speed, lane width, number of lanes, land-use, shoulder width, and median 
width has statistically significant impact on crash occurrence. Tegge et al. studied Safety 
Performance Functions (SPFs) in Illinois and found that AADT, access control, land-use, 
shoulder type, shoulder width, International Roughness Index, number of lanes, lane width, rut 
depth, median type, surface type, number of intersections have a significant impact on safety 
(2010). Khattak and Knapp observed in their study on the snow event effects on interstate 
highway crashes that longer snow event duration, higher snow event, wind average speed, and 
higher traffic during snow events significantly increase crash frequency (2001). Andrey and 
Yagar  found that overall accident risk during rainfall weather conditions is increased by 70 
percent compared to normal conditions (1993). Kalokoata and Seneviratne observed in their 
study on accident prediction models that section length, degree of curvature, right shoulder 
width, and number of lanes are significant at the ten percent level of significance (1994). Percent 
grade and left shoulder width could not meet the ten percent significance level. Cafiso et al. 
developed comprehensive accident models for two lane rural highways and found that section 
length, traffic volume, driveway density; roadside hazard rating, curvature ratio, and number of 
speed differentials higher than 10 km/h increased crash occurrences significantly (2010).  
 
From the research, it can be seen that there are many different variables that are related to crash 
occurrence such as geometric characteristics, weather variables, exposure, speed, etc. Through 
this research studies have applied different modeling approaches to find the relationship between 
crash occurrences and the explanatory variables, such as Multiple Linear Regression, Poisson 
Regression, Zero-Inflated Poisson Regression (ZIP), Negative Binomial Regression (NB), Zero-
Inflated Negative Binomial Regression (ZINB). Jovanis and Chang studied why Multiple Linear 
Regression is not appropriate for modeling crash occurrence (1986). In that research they showed 
that a multiple regression model approach is on the basis of some assumptions that don’t fit well 
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with accident frequency data. The major assumption is that frequency distribution has to be 
normally distributed. Most of the crash frequency data violates this assumption. Then it was 
observed that crash frequency data possesses some special characteristics such as non-integer 
data, count data, and also overdispersed. In 1993, Miaou (1993) studied the performance of 
Poisson and Negative Binomial Regression models in modeling the relationship between truck 
accidents and geometric design of road sections.  He recommended that Poisson Regression or 
ZIP models could be the initial model for establishing relationship because of crash frequencies 
are count data. But in most crash data, the mean value of accident frequencies is lower than the 
variance, and in this case, the accident data would be overdispersed.  If overdispersion is present 
in crash frequency data, NB or ZINB would be best choice.  In most accident data, crash 
frequencies show significant overdispersion and exhibit excess zeros. In this case the ZINB 
regression model appears to be the best model.  

Modeling Methodology 
In most cases the crash dataset possesses overdispersion in the response variable and fits well 
with NB distribution. Based on the previous discussion, NB can be selected as the regression 
technique in establishing the relationship between crash frequency and explanatory variables. In 
the following section NB will be discussed briefly.  
 
The Poisson Regression model is the basis of NB model. When variance of the response 
variables exceeds mean, indicates the presence of overdispersion in the dataset. The presence of 
overdispersion suggests the NB model where the overdispersion bias is taken care of. The 
formulation of NB model can be presented as follows: 
 
 lnYi = β0 + βi Xi + ϵ (Equation 3) 
 
Where, Yi represents the expected number of accidents on the time period i; β indicates the 
vector of the parameters to be estimated; xi is the vector representing explanatory variables on 
the time period i ; and ϵ represents the error term, where exp (ϵ) follows gamma distribution with 
mean 1 and variance α2. 
 
The negative-binomial can also be written as follows: 
 

 Pr(Y = y|x) =
Γ(y + α−1)
(y! Γ(α−1)   �

αµ(x)
1 + αµ(x)�

y

   �
1

1 + αµ(x)�
α−1

 

 
(Equation 4) 

The mean and variance can be given as: 
 
 Mean:  E(Y|x) = µ(x) (Equation 5) 
 Variance:  Var (Y|x) = µ(x) + αµ(x)2 (Equation 6) 
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Here α represents overdispersion parameter of the negative-binomial model. When α tends 
towards zero, the distribution of Y becomes a Poisson distribution with equal mean and variance. 
 
It is worth mentioning that when a regression model deals with several explanatory variables, 
there is a possibility to be related with each other among explanatory variables, which is known 
as multicollinearity. The problem with multicollinearity is that when explanatory variables 
become highly correlated, it produces a bigger standard error and it becomes much more difficult 
to determine which explanatory variable is producing the effect on the independent variable. 
Note that large standard error could be caused by some other property besides multicollinearity 
such as high amount of variation in sample, and smaller sample size. Though multicollinearity 
causes estimators to be biased, inefficient or inconsistent, and also does not have any impact on 
the forecasting performance of the model, it causes coefficients to be insignificant (Abdel-Aty & 
Radwan, 2000).  Since multicollinearity causes an erroneous model, it is very important to know 
how this happens and how it can be removed from the model. A few of the most common causes 
that could result in multicollinearity includes  including an explanatory variable, whose effect is 
already computed from another variable, failure to exclude a category which could happen 
because of improper use of the dummy variables, use of the same variable or almost same 
variable more than once. Since multicollinearity produces an erroneous model, before starting a 
predictive modeling, it needs to be detected that which explanatory variables are highly 
correlated and exclude one of them from the model. Continue this process as long as there is 
insignificant multicollinearity. Some of the common methods used to determined 
multicollinearity include such as large correlation value among pairs of explanatory variables, 
low values of t-statistics, using Variance Inflation Factor (VIF), and variation of estimates from 
model to model etc. 
 
Lord and Mannering studied the fundamental data and methodological issues related to modeling 
crash frequencies (2010). These issues have been shown as potential sources of error in selecting 
the appropriate model technique causing erroneous estimates of the parameters used in the 
model. Of the issues mentioned in that research, overdispersion, time-varying explanatory 
variables, spatial and temporal correlation, low sample mean and small sample size, omitted 
variable bias, under reporting, and endogenous variables could results erroneous estimates in this 
research. Other than that homogeneous section, human factors could also provide erroneous 
estimates of model parameters. 
 
There are three basic studies available to evaluate the safety effectiveness: observational before-
after studies, observational cross-sectional studies, and experimental before-after studies 
(National Research Council, 2010). Among them, observational before-after studies using SPFs 
by Empirical Bayes (EB) Method is most preferred approach in evaluating safety effectiveness 
mainly because of not having regression-to-the-mean from selection biasness, and not needing  a 
control of non-treatment sites (National Research Council, 2010). The EB before-after safety 
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evaluation approach is used to compare the crash frequencies between before and after period of 
implementing the safety scheme. Powers and Carson (2004) studied the EB method in measuring 
safety effectiveness. According to their study, the process of EB method consists of five steps: 
determining the Safety Performance Function (SPF) of predicting crash occurrence, determining 
overdispersion parameter, the relative weights, the estimated expected crashes, and the index of 
effectiveness. Chapter 9 and 10 of the Highway Capacity Manual also described the procedure of 
implementing EB method in detail (National Research Council, 2010). In the following Section, 
the steps of EB method will be discussed briefly. 
 
Step 1: Determination of Adjusted Overdispersion Parameter 
Due to having differences in crash occurrence, and roadway geometry, overdispersion could vary 
among roadway segments. For this reason, overdispersion needs to be determined for each 
individual roadway sub-segment. The following two ways show how individual overdispersion 
can be determined (Powers & Carson, 2004). 
 
Method 1: From the determination of SPF function, the significant independent variables can be 
identified based on the 95-percent confidence level. Among the significant variables, which one 
affects most can be identified from the value of estimates of each variable. Then the most 
significant variable is assumed to be a primary determinant to calculate each individual 
overdispersion. The formulation can be expressed as follows: 
 ϕi = ϕ. xi

β (Equation 7) 
Where ϕi indicates the adjusted overdispersion parameter for the explanatory variable, i for each 
roadway segment; ϕ denotes the overall overdispersion parameter for the combined roadway 
segments, and xi represents the crash frequency of the variable for each roadway segment. Here 
β indicates the differences in the explanatory variables such as roadway segment length, AADT, 
weather, grade, curvature, etc. in between roadway segments. The numeric value of β lies in 
between 0 and 1 where 0 indicates each roadway segment was completely dissimilar from other 
segments, and 1 indicates each roadway segment had exactly the same characteristics as all other 
segments identified in the model. 
 
Method 2: Instead of depending on the significant confounding factors in determining individual 
overdispersion, SPFs can also be used. Using this alternative approach, individual overdispersion 
can be calculated using the following formulation: 
 ϕi = ϕ. SPFiλ (Equation 8) 
Where, λ is a constant between 0 and 1. When λ is set to zero, then the distribution of dependent 
variable follows negative binomial, and when λ will be greater than one, the variance of gamma 
distribution decreases as SPFi increases. Previous research in modeling crash occurrences and 
before-after safety effectiveness analysis assumed γ = 1  (Miaou S. L., 1993; Powers & Carson, 
2004). Hence this VSL effectiveness analysis in this research effort also assumed γ = 1. 
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Step 2: Determination of Adjustment factor, α 
Because of having dissimilarities in roadway segments due to geometric characteristics, weather 
condition and other confounding factors, overdispersion could vary segment to segment. Now 
the differences between before and after periods also need to be adjusted.  Using the following 
formulation, the value of the adjustment factor can be calculated: 

 αi =
1

1 + SPFi
ϕi

 (Equation 9) 

Where αi denotes the relative weight applied to roadway segment i and all other variables are as 
previously defined.  
 
Step 3: Determination of Estimated Expected Crashes, π 
The expected crash frequency for each roadway segment over the entire after period can be 
calculated using SPFs and individual adjustment factor.  This calculated value will be 
represented as the expected crash frequency in the absence of the safety scheme. The formulation 
of the calculation is as follows: 
 πi = αi ∗ SPFi + (1 − αi) ∗ λi (Equation 10) 
Where πi denotes the expected number of crash frequency on roadway segment i. All other 
parameters has been defined previously. 
 
Step 4: Determination of the Index of Effectiveness, θ 
With the expected crash frequency calculated in the previous step and the actual crash frequency 
having occurred after implementing safety scheme, the unbiased relative difference can be 
calculated using equation 12. Although in this research simple difference between expected and 
observed crash frequency is subject to errors coming from the resulting low explanatory power 
of the SPF, the assumptions on the determination of the overdispersion parameters and relative 
weights, and the overall underlying variability from segment to segment. In this research, 
variances are determined using equation (9), and then apply in equation (10) to get the index 
value of effectiveness. Finally the unbiased relative difference in crash occurrence between 
expected and observed can be determined using equation (11). 
 σi2 = (1 − αi) ∗ πi (Equation 11) 

 θi =

λi
πi

1 + σi2
πi2

 (Equation 12) 

 Relative difference in crash frequency = 100 (1 − θi) (Equation 13) 
 
Step 5: Calculate overall unbiased effectiveness 
The overall reduction of crash frequency can be calculated using odds ratio according to equation 
(12). As discussed earlier, this simple odds ratio doesn’t account the errors associated with 
variability from segment to segment and some other uncertainty, as discussed in the previous 
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step. Using equation (13), the adjusted odds ratio can be determined by taking into account the 
variance. Finally the effect of the safety scheme is determined by subtracting 1 from the odds 
ratio, as shown in equation (14). 

 OR′ = �∑ Nobserved,AAll sites � / (∑ NExpected,AAll sites ) (Equation 14) 

 
OR =

OR′

1 +
Var(∑ Nexpected,A)All sites

(∑ Nexpected,A)All sites
2

 
(Equation 15) 

 Safety Effectiveness = 100 ∗ (1 − OR) (Equation 16) 

Step 6: Estimation of precision of the treated effectiveness 
In order to know the statistical significance level of the overall unbiased safety effectiveness 
calculated in previous step, the variance of odds ratio can be determined using the following 
equation (15). Using equation (16), the standard error of the odds ratio can be determined to 
obtain a measure of the precision of the odds ratio that gives the standard error of the safety 
effectiveness in percentage multiplying by 100. Using equation (18), the statistical significance 
of the estimated safety effectiveness can be determined based on the following criteria (National 
Research Council, 2010): 
 

IfAbs � Safety Effectiveness
SE(Safety Effectiveness)

� < 1.7, conclude that the safety scheme is not statistically 

significant at the 90 percent confidence level. 

IfAbs � Safety Effectiveness
SE(Safety Effectiveness)

� ≥ 1.7, conclude that the safety scheme is statistically 

significant at the 90 percent confidence level. 

IfAbs � Safety Effectiveness
SE(Safety Effectiveness)

� ≥ 2.0, conclude that the safety scheme is not statistically 

significant at the 95 percent confidence level. 
 

 Var(OR) =
OR′2 � 1

Nobserved,A
+

Var(∑ Nexpected,A)All sites

(∑ Nexpected,A)All sites
2 �

1 +  
Var(∑ Nexpected,A)All sites

(∑ Nexpected,A)All sites
2

   (Equation 17) 

 SE(OR) =  �Var(OR)  (Equation 18) 

 SE(Safety Effectiveness) = 100 ∗ SE(OR) (Equation 19) 

 Abs �
Safety Effectiveness

SE(Safety Effectiveness)� (Equation 20) 

 
Step 7: Estimation of the effectiveness and precision of the individual segments to identify crash 
hot spots 
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Using the same formulations discussed in step 5 and 6, the safety effectiveness and the precision 
of the safety effectiveness for all the individual segments can be determined. The segments 
which are statistically significant at the certain confidence level (90 percent or 95 percent based 
on engineering judgment), will be identified as the crash hot spots. These hot spots represents 
that crash frequency has been increased significantly after implementing safety scheme 
compared to the crash frequency before implementing safety scheme. 

Crash Hot Spot Analysis 
A significant amount of research has been performed to identify crash hot spots using different 
problem identification methodologies and screening methods such as Sliding Scale Analysis, 
Empirical Bayes Method, Kernel Density Estimation, Moran’s I Index Method, Getis Ord Gi* 
etc. Hauer (1997) studied how crash hot spots can be identified based on the crash rate rather 
than using crash frequency. Hauer et al. (2002) studied identification of the hazardous locations 
using Empirical Bayes (EB) method for estimating expected crash frequency. EB method of 
analysis was found to be more accurate in controlling regression-to-the-mean bias taking into 
account safety performance function (SPF) as a comparison group. This method also can be used 
to identify where a significant change of crash frequency occurs after implementing safety 
scheme. In 2010 Herbel et al. (2010) studied 12 problem identification methods identified in 
Highway Safety Manual (HSM) (National Research Council, 2010). Sometimes states have their 
own problem identification methods other than the 12 HSM problem identification methods. 
According to HSM, the 12 problem identification methods are (National Research Council, 
2010): 

• Average crash frequency 
• Crash Rate 
• Relative severity index 
• Critical crash rate 
• Excess predicted crash frequency using method of moments 
• Level of service of safety 
• Excess predicted average crash frequency using Safety Performance Function (SPFs) 
• Probability of specific crash types exceeding threshold proportion 
• Excess proportion of specific crash types 
• Expected average crash frequency with Empirical Bayes (EB) adjustment 
• Equivalent Property Damage Only (EPDO) average crash frequency with EB adjustment 
• Excess expected average crash frequency with EB adjustment 

 
Among the above problem identification methods, the methods that use SPFs and EB adjustment 
provides most accurate results based on addressing the regression-to-the-mean (RTM) bias 
prevalent in crash data, establishment a threshold for comparison, and accounts for the traffic 
volume.  The selection of problem identification method mostly depends on the type of roadway 
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segment (i.e., rural, urban, freeway), data availability for establishing SPF, and EB method. EB 
method has been discussed in detail earlier in this section. 
 
This research also looked at other screening methods such as simple ranking, sliding scale 
analysis or peak searching. Peak searching methods include Anselin Local Morans I, and Getis-
Ord Gi*. Anselin Local Morans I, and Getis-Ord Gi* methods can be applied using ArcGIS 
tools. Herbel et al. discussed the screening methods: simple ranking, sliding scale analysis, and 
peak searching (2010). Simple ranking method is the simplest method that ranks sites based on 
the highest potential for safety improvement or the greatest value of the selected problem 
identification methodology. If the transportation safety agency wants to set goal minimizing total 
crashes, selecting the location with most crashes seems logical. In the sliding scale analysis, a 
predefined fixed length moves along the route calculating the frequency of accidents at each 
sites. Peak searching method is very similar to sliding scale analysis. Here the roadway segment 
divides the segment into some sub-segments. Then sliding scale analysis will be applied at each 
sub-segment and provides an index value with statistical significance at each segment.  
 
This research is focused on the peak searching methodologies such as Anselin Local Morans I, 
and Getis-Ord Gi* using Geographical Information System (GIS).  Unlike traditional statistical 
and screening methods; Anselin Local Morans I, and Getis-Ord Gi* actually use spatial 
relationships directly in the formulated mathematics. In the past research, most of the studies 
about identifying crash hot spots using Kernel Density Estimation (KDE) are on the two 
dimensional space. Anderson  studied spatial pattern of injury related accidents using GIS and 
KDE (2009). He also presented a clustering methodology using environmental data and results 
from spatial pattern of injury related accidents. This study was illustrated using the crashes of 
London area in UK. Flahaut et al. studied the comparison of two methods: global autocorrelation 
index and kernel density estimation in determining the location and the length of road sections 
with concentration of traffic crashes (2003). They concluded that autocorrelation index method is 
the better approach since it takes into account the local spatial structure and varying segment 
length of hazardous locations. The primary goal of KDE is to find the density of crashes by 
summing the frequency of crashes within a search bandwidth. However most commonly used, 
planar KDE has been challenged to the fact that road crashes occurs on the roads and inside road 
networks that are the portions of 2-D space (Silverman, Density Estimation for Statistics and 
Data Analysis, 1986). But that 2-D space need to be simplified to 1-D lines which estimates the 
density over a distance instead if as area (Truong & Somenahali, 2011). This transformation 
urges another program depending on network configuration. Another major issue is that neither 
planar KDE nor network KDE can be tested for statistical significance. 
 
Many previous research efforts have been attempted to compare the hot spot analysis techniques 
(KDE, and Anselin Local Morans I) using spatial statistics (Khan, Qin, & Noyce, 2008; Flahaut, 
Mouchart, Martin, & Tomas, 2003; Fischer & Getis, 2010). Previous research concluded that 
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Anselin Local Morans I will be a better approach compared to KDE mainly because it uses 
spatial autocorrelation index with statistical significance. In the following paragraphs, Anselin 
Local Morans I ,Getis Ord Gi*, and Siding Scale Analysis methods will be discussed in detail. 
 
Traffic accidents are rare and random events having a tendency to cluster together at certain 
locations. The straightforward process of plotting map reveals clustering characteristics of 
accidents occurring. Road conditions, weather condition, horizontal alignment of roadway, grade 
and lighting conditions are the most contributing factors of accident problem. One of the safety 
measures is to determine the hazardous locations and visit the locations identifying the 
contributing factors why many accidents occur at that section. In order to determine the 
hazardous locations along the roadway, most widely used methods, Sliding Scale Analysis 
technique, Cluster and Outlier Analysis (Anselin Local Morans I) and Hot Spot Analysis (Getis-
Ord Gi*) could be implemented using GIS more easily. Since in this research crashes are 
dependent on the weather events in winter that are very much related with geographic conditions 
and atmospheric proximities, spatial statistical techniques such as Anselin Local Morans I and 
Getis-Ord Gi* can solve these issues. In this research, reported crash frequency has been selected 
as the problem identification methodology and sliding scale analysis, Anselin Local Morans I, 
and Getis-Ord Gi* are selected as the screening methods. In the following paragraphs Anselin 
Local Morans I, Getis-Ord Gi*, and sliding scale analysis will be discussed. In the following 
subsections the techniques would be discussed in detail.  
 
Anselin Local Morans I 
The Moran’s I index tool in GIS measures the spatial autocorrelation among crash locations 
based on the crash locations and the frequency of crashes at each location. It calculates an index 
by measuring attribute similarity and location proximity. The attribute similarity of frequency of 
crashes in between two locations is defined as the deference between the frequency of each 
location and the global mean value. Therefore, The Moran Index can be calculated using the 
following equations (Truong & Somenahali, 2011). 

 I =
n∑ ∑ Wij(xi − x�)(xj − x�)n

j=1
n
i=1

(∑ ∑ Wij
n
j=1

n
i=1 )(∑(x − x�)2)

 (Equation 21) 

 

 
Z =

I − E(I)
�VAR(I)

 

 
(Equation 22) 

Where wij expresses the spatial weight in between location i and location j; n expresses the total 
number of vehicle crash locations; xi denotes the total number of crashes at location j and x� gives 
the global mean value. Anselin Local Morans I results a summary value represented by z-score. 
This z- score describes the degree of spatial concentration of traffic crashes. Comparing the 
summary value, segment by segment, more concentrated segments can be identified. The 
standardized Z-score can be calculated using the expected value of calculated Moran’s Index 
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(E(I)) and the variances (VAR(I)). In GIS, this tool calculates an Index value along with a Z-
score and P-value to evaluate the significance of that index. The positive value of Index indicates 
that the location is surrounded by the location with similar frequency. Such a location is the part 
of hot spots. But the negative value of index indicates that the location is surrounded by 
dissimilar values which can be name as outlier (ESRIa, 2010) . The index value can be 
interpreted by Z-score and P-value. Based on the P-value and Z-score, some locations would be 
identified as cluster of high values (HH), cluster of low values (LL), outlier in which the high 
index value is surrounded by low values (HL) and outlier in which the low index value is 
surrounded by low values (LH) (ESRIa, 2010).  
 
Limitations of Anselin Local Morans I (ESRIa, 2010): 
Results from analysis of Anselin Local Morans I are not reliable if Input Feature Class contains 
less than 30 features. The inappropriate selection method of Conceptualization of Spatial 
Relationships could result wrong output. Common conceptualizations include inverse distance, 
travel time, fixed distance, K nearest and contiguity. In identifying hot spots, inverse distance 
method probably is the most appropriate. The Distance Band or Threshold Distance will be 
selected in such a way that all features should have at least one neighbor; no feature should have 
all other features as a neighbor. 
 
Getis-Ord Gi* 
The Hot Spot Analysis tool, Getis-Ord Gi* calculates the local spatial statistic for each location. 
This tool works by comparing proportionally the local sum for a location and its neighbors to the 
sum of all locations. When the local sum is significantly different than expected local sum, then 
that location may be the statistically significant Hot Spot. A location with a high value may not 
be the statistically significant hot spot. For being the significant hot spot, each location will have 
a high value and has to be surrounded by high values as well. (ESRIb, 2010). The formulation of 
the Getis-Ord Gi* statistic is given is as follows (ESRIb, 2010): 
 

 
Gi
∗ =

∑ W(ij)xj − X�  ∑ Wij)n
j=1

n
j=1

S ��
∑ Wij

2 − �∑ Wij
n
j=1 �2n

j=1
n − 1 �

 
(Equation 21) 

Where xi is the value of location, wij is the spatial weight between location i and j , n is the total 
number of locations. 

 X� =
∑ xjn
j=1

n
  (Equation 22) 

   

 S = �∑ xj2n
j=1

n
− X�2 (Equation 23) 
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This tool returns the value of Z-score and the value of p-value for each location which can be 
used as a diagnostic tool for measuring potential hot spots. The larger the z-score is, the more 
intense to be the hot spot and vice-versa.  A positive value of z-score indicates the clustering of 
high value and the negative value represents the clustering of low value.  
 
Average Crash Frequency selects the sites based on total number of crashes during a given 
period of time for a one mile segment. The site with the highest number was ranked first. Khan et 
al. studied Getis-Ord Gi* in identifying weather-prone locations instead of identifying factors 
affecting weather-related crashes (2008). The main reason of using Getis-Ord-GI* is that adverse 
weather events are very much related with geographic conditions and atmospheric proximities. 
Traffic crashes that are dependent on the adverse weather events, spatial statistical techniques are 
necessary in identifying crash hot spots to incorporate these issues. 
 
Sliding Scale Analysis 
In the sliding scale analysis, a predefined fixed length moves along the route calculating the 
frequency of accidents at each segments. This procedure can be described as follows: 
Select analysis segment length. Generally it is one mile in rural area. Selection of segment length 
is data driven depending on Average Daily Traffic (ADT), variations of weather, and roadway 
geometry. The steps for selecting segments are: 
 

• Select the increment distance. The selection of increment distance is also data driven 
varying in the range between 0.01 mile and 0.1 mile; 

• Obtain the accident history of the number of years, default value of three years; 
• Set critical crash frequency per mile above which to flag values as the crash hot spots; 
• Begin looping through the roadway corridor until the analysis corridor reaches the end of 

the corridor; 
• Count the crash frequency. If crash frequency exceeds the critical crash frequency, 

highlight them as the crash hot spots; and 
• Extend the analysis section by the incremental distance. 

 
Limitations of Sliding Scale Analysis:  
The primary advantage of sliding scale analysis is that the possibility of splitting a high crash 
area between two sections is eliminated. On the other hand, primary disadvantages include 
absence of statistical significance, inefficient use of data and absence of local peak compared to 
neighbors (Silverman, Density Estimation for Statistics and Data Analysis, 1986). In addition, 
limitations of commercially available software to Sliding Scale Analysis and cost of license  
might be an issue (Liesman, 2005).  
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2.4  Winter Severity Indices 

For reducing winter traffic crashes and winter road maintenance, it is very important to classify 
the weather conditions. Given the high variability of winter conditions from year to year in many 
regions, it becomes difficult to isolate the effects of safety countermeasures without controlling 
for the differences in weather conditions.  Variables quantifying weather conditions can come 
from traditional weather stations operated by weather agencies, Road Weather Information 
Systems (RWIS), and weather forecast data.  Weather information, both from observations and 
forecasts, can be classified as atmospheric or road weather depending upon the height above the 
earth’s surface that the weather data pertains to.  For use in traffic crash analyses, it is more 
desirable to use road weather data sources since this has a stronger correlation to the conditions 
the drivers would experience than atmospheric weather.  Even though road weather information 
is more desirable it is often harder to come by.  While the use of roadside weather stations has 
increased greatly in the last decade there can be issues with data reliability with these stations 
due to their remote locations and large number of external sensors.   
 
There are a number previous research efforts to develop Winter Severity Indices that combine 
multiple weather variables into a single value that quantifies the severity of a particular storm or 
storm season. Khattak and Knapp studied snow event effects on Interstate highway crashes 
(2001). They found that snow event duration, snowfall intensity, and average wind speed during 
snow events are important contributing factor. Additionally, AADT found to be significant 
contributing factor in crash occurrence. Khattak and Knapp defined a winter snow event as a 
weather event of 4h or more in which snowfall intensity of 0.5 cm/h or greater was recorded by 
RWIS stations along the interstate highway sections under investigations. Air temperature below 
freezing, wet pavement surface and pavement temperature below freezing were other 
requirements for identification of snow events (Khattak & Knapp, 2001). 
 
Knapp et al. defined the winter storms as the snowfall occurs for the duration of four or more 
hours and 0.51centimeters per hour or more. Any two storm separated by only one “non-storm 
hour” (Knapp, Smithson, & Khattak, 2000). NorthWest Weathernet, a private weather consulting 
service, provides road weather forecast information about five variables; Snow, Ice, Frost, Wind, 
and I/BS (Ice and blowing snow) ranked from 0 to 10 where 10 represents worst condition and 0 
represents best condition to drive (NorthWest Weathernet Inc, 2013).  The road weather forecast 
information is designed to help maintenance personnel anticipate upcoming staffing needs but 
can also have value as a data source for Winter Severity Indices. 
 
Winter Road Maintenance personnel using the Maintenance Decision Support System (MDSS) 
are able to use a single metric, called the Mobility Index (MI), to measure the ability of traffic to 
flow safely during winter especially in bad weather. The Mobility Index (MI) in MDSS provides 
information to describe the overall degradation of traffic mobility due to weather as a service 
Level of Service (LOS). The MI lies between zero (0) and one (1) where zero indicates that the 
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road is impassable due to bad weather and pavement conditions, and a one indicates perfect 
pavement conditions for the flow the traffic. This metric could be useful in defining the treatment 
of road maintenance and the Level of Service (LOS) as well. The MDSS does include Mobility 
Index (MI) based on pavement condition (Table 2-1) under Federal Aviation Administration 
(FAA) / National Weather Service (NWS) observation variables where the MI algorithm uses a 
2-wheel drive passenger with multi-season tires as a default reference (National Center for 
Atmospheric Research, 2003). 
 

Table 2-1:  Mobility Index as a Function of Pavement Condition  

Pavement Conditions Mobility Index 
Dry 0.9 
Wet 0.7 
Snow < 4 inches 0.6 
Snow 4-6 inches 0.4 
Snow >6 inches 0.3 
Ice 0.2 

Source: (Hallowwell & Blaisdell, 2003) 
 
The factors taken into account in estimating the MI are snow depth on road, presence and type of 
contaminants on road (ice, snow), and wetness of road. In the following Table 2-2, road alert 
category is divided into four groups based on the MI in MDSS. 
 

Table 2-2: Road Alert Category as a Function of Mobility Index 

Road Alert Category Mobility Index (MI) 
Extreme 0 to 0.25 
Poor 0.25 to 0.5 
Marginal 0.5 to 0.75 
OK 0.75 to 1.0 

Source: (Hallowwell & Blaisdell, 2003) 
 
DayWeather, Inc. provides a storm based Winter Severity Index (WSI) for WYDOT that 
considers snow accumulation, wind speed, pavement temperature, and visibility as the 
parameters (DayWeather, Inc., 2013). They provide impact based on the score calculated from 
weather parameters (Table 2-3) Lowest impact means about 1” snow, light winds; minor impact 
considers 1 to 3 inch snow, light winds; moderate impact is due to 4 to 6 inch snow and blowing 
snow, high impact is for 6 to 12 inch snow, wind and blowing snow; and highest impact 
considers greater than 12” snow and blizzard conditions. 
 
Based on the previous research discussed above, some parameters can be identified in 
developing Winter Severity Index such as Snow Accumulation, Wind Speed, Pavement 
Temperature Change, Visibility, Ice, Frost, Ice & Blowing Snow etc. 
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Table 2-3:  Winter Severity Index 

Impact WSI Score 
Lowest 8-14 
Minor 15-23 
Moderate 24-32 
High 33-39 
Highest 40-44 

Source: (DayWeather, Inc., 2013)  

2.5  VSLs and Speed Compliance 

Speed, speed variation, and speed compliance are important factors related to both frequency and 
severity of traffic crashes. The National Highway Safety Administration (NHSA) reports 10,530 
speeding related lives were lost in road accidents in 2010 (Tuss, 2012). The cost of speeding 
related crashes in the United States is estimated at $40.4 billion each year. Although many 
efforts have been made in safety improvements and safety research, speed related fatalities in 
U.S. still represent 31% of the total traffic fatalities in 2010, a 7% increase compared to 2000.  
 
Variable speed limits (VSL) system along rural roadways is an operational strategy used to 
address speed related safety problems.  VSL systems use real-time information such as traffic 
volumes, speeds and weather to set enforceable speed limits.  In urban areas, VSL systems are 
primarily used to reduce congestion while in rural corridors the focus is on safety.  In rural 
corridors subject to frequent and severe winter weather conditions, VSL systems can aid drivers 
in selecting safe speeds for the current conditions. To ensure that the VSL systems will be 
effective, the posted variable speeds must reach the highest degree of speed compliance from 
drivers in the corridor. 
 
There are number of studies focused on identifying the relationship between the traffic safety and 
speed variation and speed compliance. In 1988, a study was conducted to investigate the 
relationship between the speed variation and the accident rate (Garber & Gadiraju, 1988)  The 
results indicated that speed variation was significantly affected by the type of highway, roadway 
geometrics, and design speed. It was also revealed that as the speed variation increased the 
accident rate also increased.  Similar results were found in a 1997 study based on 26 years of 
data in Saskatchewan, Canada (Liu & Popoff, 1997). This research indicated that casualties and 
casualty rate are correlated to speed variation.  
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The rational speed limit was selected with driver’s common perception of the appropriateness of 
driving speed which helps to reduce the speed deviation and improve the road safety. A study 
regarding the use of rational speed limits in Virginia found that driver compliance increased 
substantially when the posted speed limit increased from 55 mph to 65 mph (Son, Fontaine, & 
Park, 2009).  Increased speed enforcement is the most common strategy for improving the 
driving compliance with speed limits but the investment and the regally maintenance cost make 
it prohibitive. Also lots of researchers have focused on identifying the demographic variables 
influencing on the driver compliance. Based on previous research age, gender, mileage, and 
socioeconomic group have found to be the key demographic variables. Younger drivers, male 
drivers, higher mileage drivers and drivers from higher socioeconomic groups have proved to 
tend to have lower driver compliance than older drivers, female drivers, lower mileage drivers 
and drivers from, lower socioeconomic groups (Elliott, Armitage, & Baughan, 2003).  
 
 Other research looking at factors influencing speed found congestion level, weather conditions 
and visibility to be important (Giles, 2003). Following up on a previous study, Giles created a 
multivariate analysis model which indicated that 62% of the speed variance could be explained 
by road environment and vehicles related variables (Giles, 2004). 
 
There are research studies looking at driver compliance and safety in a VSL corridor. A 
simulation was conducted in a VSL freeway corridor in Florida and the results indicate VSL has 
a significant improvement on safety by choosing the appropriate strategies (Abdel-Aty, Dilmore, 
& Dhindsa, 2006). Lee and Abdel-Aty conducted a driving simulator experiment on a freeway 
section with VSL signs, the simulator results found VSLs are beneficial in reducing speed 
variation  and crash risk (2008). A study conducted in Finland found that a VSL system where 
speeds were reduced during slippery road conditions decreased the risk of injury accidents, 
especially in harsh weather conditions, by efficiently helping drivers recognize hazardous 
weather and road conditions (Rama & Schirokoff, 2005). The Finnish VSL corridor had a fixed 
speed reduction when slippery road conditions and is not a fully variable speed limit corridor.  
 
Another simulation based research study revealed that VSL impacts and safety benefits are very 
sensitive to driver compliance and that the level of safety was positively correlated with 
compliance level (Hellinga & Mandelzys, 2011). This work supports previous results from 
Abdel-Aty et al. for a simulation study of a Florida freeway where safety benefits were also 
determined (Abdel-Aty, Cunningham, & Gayah, 2008).  
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PROJECT LOCATIONS 

The first variable speed limit corridor in Wyoming was installed in February of 2009 along a 
section of Interstate 80 known as Elk Mountain, which is between the towns of Rawlins and 
Laramie in the southeastern part of the state (see Figure 3-1).  Since that time three additional 
variable speed limit corridors have been installed along I-80.  A fifth VSL corridor was installed 
along Wyoming Highway 28, which goes over the Wind River Mountain Range through an area 
known as South Pass.  The following chapter describes each of the five variable speed limit 
corridors in Wyoming including the technology installed along each corridor, the traffic 
conditions, terrain, and the historic use of the VSL system (i.e. the frequency and duration for 
various speed limit setting).  The corridors are described in the chapter in the order they were 
installed staring with the oldest corridor, Elk Mountain.  To limit redundancy in the report, the 
technology is described in greater detail for the Elk Mountain Section of the report.  Subsequent 
sections only describe if the technology differs from that used in the Elk Mountain Corridor. 
 

 
Figure 3-1: Map of Wyoming Variable Speed Limit Corridors 

3.1  Elk Mountain Corridor 

The I-80 Elk Mountain corridor lies between Laramie and Rawlins, Wyoming.  Laramie and 
Rawlins are both in WYDOT District 1, located in the southeast part of Wyoming.  Laramie is 
located in Albany County, and Rawlins is located in Carbon County.  The distance between 
Laramie and Rawlins is approximately 100 miles and the project corridor is 52 miles.  The 
variable speed limit system began operation in February of 2009 from a location east of Rawlins 
at the West Elk Mountain Interchange (MP 255.6) and extended to the east to the Quealy Dome 
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Interchange (MP 290.44), a location approximately 20 miles west of Laramie (see Figure 3-2). 
During the 2009-2010 winter season the corridor was extended 17 miles further to the west to the 
Peterson Interchange (MP 238.15).  
 
The entire corridor is a four-lane interstate (see Figure 3-2).  The maximum speed limit for the 
corridor is 75 mph except for the two winter seasons of 2008-2009 and 2009-2010 where a 
seasonal speed limit of 65 was in place from October 15 through April 15.  According the 
Wyoming Department of Transportation in 2011, the ADT on the corridor is 10,121 vehicles per 
day.  Of these, 5,638 (56%) vehicles were classified as trucks (WYDOT, 2011). 

ITS Technology  
Twenty VSL signs in ten locations were installed along the corridor in February 2009.  Each sign 
is a scrolling-film panel sign (see Figure 3-3) where the speed limits are pre-printed on a rotating 
film.  When the speed limit is changed, the film scrolls through to the selected posted speed.  The 
speed limits that are printed on the film are 75, 65, 60, 55, 50, 45, 40, and 35.  Since such a large 
percentage of the vehicles are heavy vehicles, VSL signs were installed in pairs.  At each VSL 
location, there is a sign located on the shoulder and on the median.  This is so that drivers can see 
the speed limit signs no matter which lane they are traveling in and what type of vehicle they are 
traveling behind. The original VSL corridor used scrolling film VSL signs. Each sign has a 
flashing beacon that is activated when the speed limit is reduced, and when the speed limit is 
reduced, “REDUCED”, placed on a bright yellow background, appears at the top of the VSL 
sign.  When the corridor was expanded to the west during the 2009-2010 winter, four LED sign 
pairs (8 signs) were installed (see Figure 3-4). The LED VSL signs also utilized a flashing 
beacon for speed settings below the maximum speed limit. 
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Figure 3-2:  Elk Mountain Variable Speed Limit Corridor 
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Figure 3-3: Scrolling Film VSL Signs                                  

 
Figure 3-4: LED VSL Signs 

 

The final VSL corridor contains 14 VSL sign pairs with seven sign pairs in both the eastbound 
and westbound directions.  The mileposts for the 14 sign pair locations are shown in Table 3-1.  
As can be seen in the table the maximum spacing between VSL signs in the eastbound direction 
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is 9.47 miles and 10.14 miles in the westbound direction.  The average spacing is 6.9 miles in the 
eastbound direction and 7.1 in the westbound direction. 

 

Table 3-1: Elk Mountain VSL Sign Mileposts 

Eastbound Direction Westbound Direction 
Sign Location (MP) Spacing (miles) Sign Location (MP) Spacing (miles) 

238.8  246.7  
246.7 7.9 254.87 8.17 

256.17 9.47 259.77 4.9 
262.4 6.23 266.58 6.81 

267.71 5.31 271.8 5.22 
272.85 5.14 279.36 7.56 
280.36 7.51 289.5 10.14 

 
In addition to the VSL signs, road weather information systems (RWIS), speed sensors, Pan-Tilt-
Zoom (PTZ) cameras were installed on the corridor.  During the initial stages of the corridor 
VSL operations only a single RWIS station located at the Arlington Interchange (MP 272.0).  
After the first winter, four additional RWIS stations were installed at MP 244.8, 249.1, 283.75, 
and 297.66. The RWIS stations collect weather information such as temperature, dew point, 
relative humidity and wind speed information.   
 
Wavetronix SmartSensor HD speed sensors are installed near each VSL sign pair.  The speed 
sensors measure traffic volume, individual vehicle speed, average speed, 85th percentile speed, 
average headway and gap, lane occupancy, and vehicle classification.  This type of detection 
determines vehicle speed by measuring the delay from one radar beam to the next and can also 
determine length-based vehicle classification.  Based on the length of the vehicle, the speed 
sensor determines the classification of the vehicle into one of eight vehicle categories (Advanced 
Traffic Products, 2009). 
 
Two Dynamic Message Signs (DMSs) are located at either end of the corridor (MP 234.6 and 
311.1) to provide information to drivers traveling westbound towards Rawlins.  The DMS at the 
Walcott Junction Interchange (MP 234.6) provide information to drivers traveling eastbound 
towards Laramie.   
 
Initially two PTZ cameras were available on the corridor at MP 235.53 and 272.0.  Later 10 
additional cameras were installed to provide better coverage of the corridor for operators at the 
WYDOT Traffic Management Center (TMC) in Cheyenne and to the traveling public via 
WYDOT’s traveler information website (www. wyoroad.info). 

VSL Use 
VSL sign event data for the Elk Mountain Corridor from MP 256 to 289 was obtained for the 
time period from April 14, 2010 to April 14, 2012. The VSL data from April 14, 2012 to April 
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14, 2013 was not available due to a change in database formats in the summer of 2012. Data 
prior to April 2010 is summarized in the Phase I report (Buddemeyer, Young, Sabawat, & 
Layton, 2010).  The VSL usage data summarized below contains two summer (April 15-October 
15) and two winter (October 15-April 15) periods. 
 
The data included all of the VSL system speed limit changes during each time period at each 
mile marker in the eastbound and westbound directions. To analyze the VSL system, tables and 
graphs were created to show the frequency, cumulative duration, and average duration for the 
different speed limit settings.  
 
The frequency, cumulative duration, and average duration of the different VSL speed settings 
were calculated to analyze how the system was used during the time period from April 14, 2010 
to April 14, 2012. The VSL usage for the ELK Mountain corridor is displayed in the Table 3-2. 
Graphs (see Figures 3-5, 3-6, and 3-7) were plotted to display VSL usage at different mile posts 
in eastbound direction. Only eastbound figures are shown in this chapter. Westbound figures can 
be seen in Table 3-2 but the graphs are found in Appendix A. 
 

Table 3-2: Elk Mountain VSL Use 

EB MP 256.17 WB MP 259.7 

Speed Frequency 

Cumulative 

Duration 

Average 

Duration 

% of 

Time 

Displayed Speed Frequency 

Cumulative 

Duration 

Average 

Duration 

% of 

Time 

Displayed 

35 35 212:44:41 6:04:42 1.2% 35 31 202:22:11 6:31:41 1.19% 

40 10 60:33:29 6:03:21 0.4% 40 11 62:42:33 5:42:03 0.37% 

45 79 596:09:50 18:31:57 3.5% 45 78 528:00:13 6:46:09 3.11% 

50 30 169:42:26 7:01:36 1.0% 50 32 189:59:14 5:56:14 1.12% 

55 118 790:05:26 7:09:57 4.6% 55 123 647:02:00 5:15:38 3.82% 

60 26 113:11:31 4:21:13 0.7% 60 28 98:03:47 3:30:08 0.58% 

65 156 1929:46:43 118:57:28 11.3% 65 172 1835:38:43 10:40:20 10.83% 

75 114 13270:33:39 1082:08:02 77.4% 75 130 13386:50:19 102:58:32 78.98% 
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EB MP 262.4 WB MP 266.58 

Speed Frequency 

Cumulative 

Duration 

Average 

Duration 

% of 

Time 

Displayed Speed Frequency 

Cumulative 

Duration 

Average 

Duration 

% of 

Time 

Displayed 

35 31 211:23:43 6:49:09 1.22% 35 30 227:58:49 7:35:58 1.30% 

40 11 65:34:19 5:57:40 0.38% 40 10 86:38:27 8:39:51 0.49% 

45 82 638:57:34 7:47:32 3.67% 45 82 615:51:03 7:30:37 3.51% 

50 28 148:41:19 5:18:37 0.85% 50 28 155:44:35 5:33:44 0.89% 

55 111 777:29:24 7:00:16 4.47% 55 121 675:12:57 5:34:49 3.85% 

60 26 136:07:23 5:14:08 0.78% 60 23 76:38:48 3:19:57 0.44% 

65 150 1468:25:30 9:47:22 8.44% 65 166 1251:50:27 7:32:28 7.14% 

75 108 13947:34:02 129:08:39 80.19% 75 124 14454:04:54 116:33:55 82.39% 

EB MP 267.1 WB MP 271.8 

Speed Frequency 

Cumulative 

Duration 

Average 

Duration 

% of 

Time 

Displayed Speed Frequency 

Cumulative 

Duration 

Average 

Duration 

% of 

Time 

Displayed 

35 33 304:25:59 9:13:31 1.74% 35 32 453:52:59 14:11:02 2.59% 

40 8 122:19:03 15:17:23 0.70% 40 8 78:06:13 9:45:47 0.45% 

45 82 603:31:37 7:21:36 3.44% 45 78 594:37:20 7:37:24 3.39% 

50 25 182:35:33 7:18:13 1.04% 50 26 164:47:19 6:20:17 0.94% 

55 126 932:19:37 7:23:58 5.31% 55 132 814:48:44 6:10:22 4.64% 

60 21 69:54:58 3:19:46 0.40% 60 21 86:05:44 4:05:59 0.49% 

65 160 1442:24:50 9:00:54 8.22% 65 166 1181:19:02 7:06:59 6.73% 

75 118 13886:28:23 117:40:55 79.15% 75 133 14170:22:39 106:32:39 80.77% 

EB MP 273.85 WB MP 279.36 

Speed Frequency 

Cumulative 

Duration 

Average 

Duration 

% of 

Time 

Displayed Speed Frequency 

Cumulative 

Duration 

Average 

Duration 

% of 

Time 

Displayed 

35 33 362:19:12 10:58:46 2.07% 35 35 308:13:41 8:48:23 1.76% 

40 8 75:00:48 9:22:36 0.43% 40 9 97:10:29 10:47:50 0.55% 

45 83 705:34:37 8:30:03 4.02% 45 66 504:50:59 7:38:57 2.88% 

50 29 155:49:55 5:22:25 0.89% 50 32 161:39:04 5:03:06 0.92% 

55 128 905:20:49 7:04:23 5.16% 55 109 723:44:46 6:38:24 4.13% 

60 20 69:04:50 3:27:14 0.39% 60 22 93:00:37 4:13:40 0.53% 

65 156 1416:15:33 9:04:43 8.07% 65 146 1316:29:32 9:01:01 7.50% 

75 124 13854:34:16 111:43:49 78.97% 75 126 14338:50:52 113:48:01 81.73% 
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Figure 3-6:  Cumulative Duration of Elk Mountain VSL Speeds 

 
Figure 3-7: Average Duration of Elk Mountain VSL Speeds 
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Green River Interchange at MP 88.86 and east of Rock Springs near the Baxter Road Interchange 
at MP 110.36.    
 
The entire corridor is a four-lane interstate and a map of the project corridor can be seen in 
Figure 3-8.  There is a twin-bore tunnel on the corridor at MP 90.2.  The maximum speed limit 
for the corridor is 75 mph, except approaching and through the tunnel where the maximum speed 
is set at 65 mph.  According the Wyoming Department of Transportation, in 2011 the ADT on 
the center of the corridor (MP 91 to 99) is 24,491 vehicles per day.  Of these, 6,838 (28%) 
vehicles were classified as trucks (WYDOT, 2011).  ADT data show reductions in ADT of 
almost 10,000 vehicles on the section to the west of Green River and almost 5,000 vehicles on 
the section to the east of Rock Springs indicating that a considerable portion of the ADT is traffic 
between the two towns and also indicating that many vehicles traveling I-80 east of Rock 
Springs are leaving I-80 at Green River or Rock Springs. 
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Figure 3-8: Green River – Rock Springs Variable Speed Limit Corridor 
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ITS Technology 
Twenty-eight VSL signs in fourteen locations were installed along the Green River-Rock Springs 
corridor in February 2011.  All VSL signs in this corridor were LED signs (see Figure 3-4) and 
were installed in pairs on the inside and outside lanes so that signs would be visible around the 
large freight trucks that utilize the corridor.  The LED VSL signs utilize a flashing beacon for 
speed settings below the maximum speed limit. 
 
The VSL corridor contains 28 VSL sign pairs with seven sign pairs in both the eastbound and 
westbound directions.  The mileposts for the 14 sign pair locations are shown in Table 3-3.  As 
can be seen in the table the maximum spacing between VSL signs in the eastbound direction is 
7.15 miles and 7.45 miles in the westbound direction.  The average spacing is 2.8 miles in the 
eastbound direction and 3.3 in the westbound direction. 
 

Table 3-3: Green River-Rock Springs VSL Sign Mileposts 

Eastbound Direction Westbound Direction 
Sign Location (MP) Spacing (miles) Sign Location (MP) Spacing (miles) 

88.86  90.45  
90.08 1.22 97.9 7.45 
92.75 2.67 101.71 3.81 
99.9 7.15 103.2 1.49 
103.2 3.3 104.55 1.35 

104.55 1.35 106.8 2.25 
105.65 1.1 110.36 3.56 

 

In addition to the VSL signs, road weather information systems (RWIS), speed sensors, Pan-Tilt-
Zoom (PTZ) cameras were installed on the corridor.  Three RWIS at mileposts 82.3, 97.9, and 
111 provide weather data for the corridor including temperature, dew point, relative humidity 
and wind speed information.  Wavetronix SmartSensor HD speed sensors are installed near each 
VSL sign pair.  The speed sensors measure traffic volume, individual vehicle speed, average 
speed, 85th percentile speed, average headway and gap, lane occupancy, and vehicle 
classification.  Two Dynamic Message Signs (DMSs) are located at either end of the corridor 
DMS at MP 97 in the eastbound direction and 110.3 in the westbound direction provide 
information to drivers entering the corridor. 
 
Nine PTZ cameras provide visual coverage of the corridor for operators at the WYDOT TMC in 
Cheyenne and to the traveling public via WYDOT’s traveler information website (www. 
wyoroad.info).  

VSL Use 
VSL sign event data for the corridor from MP 88 to 110 was obtained for the time period from 
April 14, 2012 to April 14, 2013. The VSL data prior to downloaded data was not available due 
to a change in the database formats during the Summer of 2012. Collected VSL usage data has 
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one summer (April 15- October 15) and one winter (October 15-April 15) period. For the 
mileposts EB 88.86, EB90.08 and WB 90.45 the maximum speed limit is 65 MPH. 
 
The data included all of the VSL system speed limit changes during each time period at each 
mile marker in the eastbound and westbound directions. To analyze the VSL system, tables and 
graphs were created to show the frequency, cumulative duration, and average duration for the 
different speed limit settings.  
 
The frequency, cumulative duration, and average duration of the different VSL speed settings 
were calculated to analyze how the system was used during the time period from April 14, 2012 
to April 14, 2013. The VSL usage for the Green River-Rock Springs corridor is displayed in the 
Table 3-4. Graphs (see Figures 3-9, 3-10, and 3-11) were plotted to display VSL usage at 
different mile posts in eastbound direction. Only eastbound figures are shown in this chapter. 
Westbound figures can be seen in Table 3-4 but the graphs are found in Appendix A. 
 

Table 3-4: Green River-Rock Springs VSL Use 

EB MP 88.86 WB MP 90.45 

Speed Frequency 

Cumulative 

Duration 

Average 

Duration 

% of 

Time 

Displayed Speed Frequency 

Cumulative 

Duration 

Average 

Duration 

% of 

Time 

Displayed 

35 2 3:28:06 1:44:03 0.04% 25 1 0:24:56 0:24:56 0.00% 

45 6 29:29:08 4:54:51 0.34% 35 2 0:58:21 0:29:11 0.01% 

55 24 101:51:45 4:14:39 1.16% 45 6 31:18:21 5:13:04 0.36% 

60 1 4:46:25 4:46:25 0.05% 55 19 105:21:52 5:32:44 1.20% 

65 33 8619:57:05 261:12:38 98.40% 60 1 6:30:03 6:30:03 0.07% 

75 7 0:27:31 0:03:56 0.01% 65 30 8608:06:37 286:56:13 98.27% 

     

75 8 7:19:50 0:54:59 0.08% 

EB MP 90.08 WB MP 94.2 

Speed Frequency 

Cumulative 

Duration 

Average 

Duration 

% of 

Time 

Displayed Speed Frequency 

Cumulative 

Duration 

Average 

Duration 

% of 

Time 

Displayed 

35 2 0:58:21 0:29:11 0.01% 35 2 0:14:27 0:07:14 0.00% 

45 8 31:38:54 3:57:22 0.36% 45 4 18:55:14 4:43:48 0.22% 

55 24 115:44:33 4:49:21 1.32% 55 22 87:01:24 3:57:20 0.99% 

65 36 8611:07:47 239:11:53 98.30% 65 31 127:57:06 4:07:39 1.46% 

75 6 0:30:25 0:05:04 0.01% 75 29 8525:51:49 293:59:43 97.33% 
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EB MP 90.45 WB MP 97.9 

Speed Frequency 

Cumulative 

Duration 

Average 

Duration 

% of 

Time 

Displayed Speed Frequency 

Cumulative 

Duration 

Average 

Duration 

% of 

Time 

Displayed 

35 1 0:50:47 0:50:47 0.01% 35 1 0:51:37 0:51:37 0.01% 

45 8 23:06:56 2:53:22 0.26% 45 8 21:42:27 2:42:48 0.25% 

55 19 92:46:28 4:52:58 1.06% 55 25 94:47:56 3:47:31 1.08% 

60 2 17:19:03 8:39:31 0.20% 65 37 112:02:37 3:01:42 1.28% 

65 41 151:01:42 3:41:01 1.72% 75 30 8530:35:23 284:21:11 97.38% 

75 33 8474:55:04 256:48:56 96.75% 

     EB MP 91.99 WB MP 101.71 

Speed Frequency 

Cumulative 

Duration 

Average 

Duration 

% of 

Time 

Displayed Speed Frequency 

Cumulative 

Duration 

Average 

Duration 

% of 

Time 

Displayed 

45 6 16:14:54 2:42:29 0.19% 35 1 0:18:41 0:18:41 0.00% 

55 20 82:21:03 4:07:03 0.94% 45 6 21:54:38 3:39:06 0.25% 

65 33 128:57:44 3:54:29 1.47% 55 19 99:14:37 5:13:24 1.13% 

75 26 8532:26:19 328:10:15 97.40% 60 1 4:47:18 4:47:18 0.05% 

     

65 37 109:11:57 2:57:05 1.25% 

     

75 31 8524:32:49 274:59:07 97.31% 

          EB MP 92.75 WB MP 103.2 

Speed Frequency 

Cumulative 

Duration 

Average 

Duration 

% of 

Time 

Displayed Speed Frequency 

Cumulative 

Duration 

Average 

Duration 

% of 

Time 

Displayed 

35 1 0:07:28 0:07:28 0.00% 35 1 0:01:14 0:01:14 0.00% 

45 5 19:40:38 3:56:08 0.22% 45 6 39:27:37 6:34:36 0.45% 

55 19 76:52:55 4:02:47 0.88% 55 19 86:16:45 4:32:28 0.98% 

65 42 142:22:10 3:23:23 1.63% 65 33 103:58:44 3:09:03 1.19% 

75 33 8520:56:49 258:12:38 97.27% 75 31 8530:15:40 275:10:11 97.38% 

          EB MP 94.2 WB MP 104.55 

Speed Frequency 

Cumulative 

Duration 

Average 

Duration 

% of 

Time 

Displayed Speed Frequency 

Cumulative 

Duration 

Average 

Duration 

% of 

Time 

Displayed 

45 6 20:25:17 3:24:13 0.23% 45 5 34:38:15 6:55:39 0.40% 

55 18 92:07:08 5:07:04 1.05% 55 18 82:51:05 4:36:10 0.95% 

65 32 115:27:15 3:36:29 1.32% 60 2 5:51:32 2:55:46 0.07% 

75 26 8532:00:20 328:09:15 97.40% 65 36 237:37:42 6:36:03 2.71% 

     

75 34 8399:01:26 247:01:48 95.88% 
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EB MP 103.2 WB MP 106.8 

Speed Frequency 

Cumulative 

Duration 

Average 

Duration 

% of 

Time 

Displayed Speed Frequency 

Cumulative 

Duration 

Average 

Duration 

% of 

Time 

Displayed 

45 3 32:20:01 10:46:40 0.37% 45 6 26:09:02 4:21:30 0.30% 

55 15 90:40:23 6:02:42 1.04% 55 19 79:36:30 4:11:24 0.91% 

65 35 105:42:48 3:01:13 1.21% 60 1 2:15:41 2:15:41 0.03% 

75 32 8531:16:48 266:36:09 97.39% 65 66 424:40:07 6:26:04 4.85% 

     

75 62 8227:18:40 132:41:55 93.92% 

EB MP 104.55 WB MP 110.36 

Speed Frequency 

Cumulative 

Duration 

Average 

Duration 

% of 

Time 

Displayed Speed Frequency 

Cumulative 

Duration 

Average 

Duration 

% of 

Time 

Displayed 

45 6 42:12:20 7:02:03 0.48% 35 1 2:07:11 2:07:11 0.02% 

55 19 79:59:41 4:12:37 0.91% 45 5 18:20:04 3:40:01 0.21% 

60 1 2:15:40 2:15:40 0.03% 55 17 80:56:09 4:45:39 0.92% 

65 36 109:08:50 3:01:55 1.25% 60 1 2:15:41 2:15:41 0.03% 

75 31 8526:23:29 275:02:42 97.33% 65 29 100:29:30 3:27:55 1.15% 

     

75 24 8555:51:25 356:29:39 97.67% 

EB MP 105.65 

     

Speed Frequency 

Cumulative 

Duration 

Average 

Duration 

% of 

Time 

Displayed 

     45 5 26:25:26 5:17:05 0.30% 

     55 16 68:47:29 4:17:58 0.79% 

     60 1 2:15:47 2:15:47 0.03% 

     65 62 586:49:19 9:27:54 6.70% 

     75 57 8075:41:59 141:40:44 92.19% 

      

Figure 3-9 shows the speed versus frequency distribution for the Green River-Rock Springs 
corridor. The speeds of 75, 65, 55, and 45 are used frequently, while 60 mph was used rarely, if 
at all.  
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Figure 3-9: Frequency of Green River-Rock Springs VSL Use (Posted Speeds) 

 

 
Figure 3-10: Cumulative Duration of Green River-Rock Springs VSL Speeds 
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Figure 3-11: Average Duration of Green River-Rock Springs VSL Speeds 

3.3  Evanston – Lyman Corridor 

The third VSL corridor implemented by WYDOT was the I-80 Evanston –Lyman corridor that 
extends east from the town of Evanston through an area known as the Three Sisters because of 
the series of up and down grades the road traverses and ending to the west of the junction near 
the town of Lyman, Wyoming. The entire corridor lies within WYDOT District 3 and in the 
county of Uinta.  The distance between the towns of Evanston and Lyman is approximately 40 
miles and the project corridor is 20 miles long.  The variable speed limit system began operation 
in October of 2011 from a location on the east side of Evanston at the East Evanston Interchange 
(MP 8.45) and extending to the French Interchange at MP 27.6.  
 
The entire corridor is a four-lane interstate and a map of the project corridor can be seen in 
Figure 3-12. Locations of steep upgrades through the Three Sisters area have additional climbing 
lanes.  The maximum speed limit for the corridor is 75 mph.  According the WYDOT, in 2011 
the ADT on the center of the corridor (MP 10-13) is 12,710 vehicles per day.  Of these, 5,914 
(47%) vehicles were classified as trucks (WYDOT, 2011).   
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Figure 3-12: Evanston-Lyman Variable Speed Limit Corridor 
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ITS Technology 
Twenty-four VSL signs in twelve locations were installed along the corridor in October, 2011.  
All VSL signs in this corridor were LED signs (see Figure 3-4) and were installed in pairs on the 
inside and outside lanes so that signs would be visible around the large freight trucks that utilize 
the corridor. The LED VSL signs utilize a flashing beacon for speed settings below the 
maximum speed limit. 
 
The VSL corridor contains 24 VSL sign pairs with 6 sign pairs in both the eastbound and 
westbound directions.  The mileposts for the 12 sign pair locations are shown in Table 3-5.  As 
can be seen in the table the maximum spacing between VSL signs in the eastbound direction is 
4.41 miles and 4.25 miles in the westbound direction.  The average spacing is 3.2 miles in the 
eastbound direction and 3.5 in the westbound direction. 
 

Table 3-5: Evanston-Lyman VSL Sign Mileposts 

Eastbound Direction Westbound Direction 
Sign Location (MP) Spacing (miles) Sign Location (MP) Spacing (miles) 

8.45  10.16  
11.86 3.41 13.45 3.29 
14.59 2.73 17.66 4.21 

19 4.41 20.95 3.29 
21.05 2.05 23.35 2.4 
24.56 3.51 27.6 4.25 

 

In addition to the VSL signs, road weather information systems (RWIS), speed sensors, Pan-Tilt-
Zoom (PTZ) cameras were installed on the corridor.  Seven RWIS weather data for the corridor 
including temperature, dew point, relative humidity and wind speed information.  Wavetronix 
SmartSensor HD speed sensors are installed near each VSL sign pair.  The speed sensors 
measure traffic volume, individual vehicle speed, average speed, 85th percentile speed, average 
headway and gap, lane occupancy, and vehicle classification.  Four Dynamic Message Signs 
(DMSs) are located in the corridor with two at either end of the corridor DMS at MP 194.3 (Utah 
section) in the eastbound direction and MP 35.5 in the westbound direction provide information 
to drivers entering the corridor. 
 
Four PTZ cameras (MPs 4.2, 13.6, 18, and 28.3) provide visual coverage of the corridor for 
operators at the WYDOT TMC in Cheyenne and to the traveling public via WYDOT’s traveler 
information website (www. wyoroad.info).  

VSL Use 

VSL sign event data for the corridor from MP 8 to 27 was obtained for the time period from 
April 14, 2012 to April 14, 2013. The VSL data prior to downloaded data was not available. 
Collected VSL data has one summer period and one winter periods.  
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The data included all of the VSL system speed limit changes during each time period at each 
mile marker in the eastbound and westbound directions. To analyze the VSL system, tables and 
graphs were created to show the frequency, cumulative duration, and average duration for the 
different speed limit settings.  
 
The frequency, cumulative duration, and average duration of the different VSL speed settings 
were calculated to analyze how the system was used during the time period from April 14, 2012 
to April 14, 2013. The VSL usage for the Evanston-Lyman VSL Sign corridor is displayed in the 
Table 3-6. Graphs (see Figures 3-13, 3-14, and 3-15) were plotted to display VSL usage at 
different mile posts in eastbound direction. Only eastbound figures are shown in this chapter. 
Westbound figures can be seen in Table 3-6 but the graphs are found in Appendix A. 
 

Table 3-6: Evanston-Lyman VSL Use  

EB MP 8.45 WB MP 27.6 

Speed Frequency 
Cumulative 

Duration 
Average 
Duration 

% of Time 
Displayed Speed Frequency 

Cumulative 
Duration 

Average 
Duration 

% of Time 
Displayed 

45 15 91:41:14 6:06:45 1.05% 45 19 78:00:58 4:06:22 0.89% 

50 6 22:41:10 3:46:52 0.26% 50 7 14:12:28 2:01:47 0.16% 

55 40 183:09:59 4:34:45 2.09% 55 41 198:47:52 4:50:55 2.27% 

60 8 34:45:08 4:20:39 0.40% 60 12 28:59:39 2:24:58 0.33% 

65 68 230:01:14 3:22:58 2.63% 65 73 206:15:11 2:49:31 2.35% 

75 47 8197:41:15 174:25:08 93.58% 75 63 8233:43:52 130:41:39 93.99% 

EB MP 11.86 WB MP 23.35 

Speed Frequency 
Cumulative 

Duration 
Average 
Duration 

% of Time 
Displayed Speed Frequency 

Cumulative 
Duration 

Average 
Duration 

% of Time 
Displayed 

45 16 81:37:48 5:06:07 0.93% 25 1 2:12:07 2:12:07 0.03% 

50 6 26:40:34 4:26:46 0.30% 35 1 0:03:23 0:03:23 0.00% 

55 44 197:24:36 4:29:12 2.25% 45 17 81:22:39 4:47:13 0.93% 

60 9 40:56:34 4:32:57 0.47% 50 8 19:57:58 2:29:45 0.23% 

65 71 239:14:13 3:22:10 2.73% 55 40 195:54:55 4:53:52 2.24% 

75 50 8174:06:15 163:28:55 93.31% 60 9 27:23:15 3:02:35 0.31% 

     
65 72 208:50:28 2:54:02 2.38% 

     
75 63 8224:15:15 130:32:37 93.88% 
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EB MP 14.59 WB MP 20.95 

Speed Frequency 
Cumulative 

Duration 
Average 
Duration 

% of Time 
Displayed Speed Frequency 

Cumulative 
Duration 

Average 
Duration 

% of Time 
Displayed 

45 16 86:16:50 5:23:33 0.98% 45 15 97:22:05 6:29:28 1.11% 

50 6 39:22:39 6:33:47 0.45% 50 6 20:16:28 3:22:45 0.23% 

55 42 193:36:29 4:36:35 2.21% 55 41 189:30:38 4:37:20 2.16% 

60 8 35:30:59 4:26:22 0.41% 60 9 27:23:45 3:02:38 0.31% 

65 70 221:18:02 3:09:41 2.53% 65 74 219:24:03 2:57:54 2.50% 

75 50 8183:55:01 163:40:42 93.42% 75 63 8206:03:01 130:15:17 93.68% 

EB MP 19 WB MP 17.66 

Speed Frequency 
Cumulative 

Duration 
Average 
Duration 

% of Time 
Displayed Speed Frequency 

Cumulative 
Duration 

Average 
Duration 

% of Time 
Displayed 

45 14 84:34:01 6:02:26 0.97% 45 16 96:16:13 6:01:01 1.10% 

50 6 19:10:57 3:11:49 0.22% 50 6 20:15:10 3:22:32 0.23% 

55 42 194:51:27 4:38:22 2.22% 55 48 198:17:48 4:07:52 2.26% 

60 8 24:50:35 3:06:19 0.28% 60 9 32:19:37 3:35:31 0.37% 

65 67 222:44:21 3:19:28 2.54% 65 78 260:39:30 3:20:30 2.98% 

75 47 8213:48:39 174:45:43 93.76% 75 67 8152:11:42 121:40:28 93.06% 

EB MP 21.05 WB MP 13.45 

Speed Frequency 
Cumulative 

Duration 
Average 
Duration 

% of Time 
Displayed Speed Frequency 

Cumulative 
Duration 

Average 
Duration 

% of Time 
Displayed 

45 14 80:56:49 5:46:55 0.92% 45 15 129:56:37 8:39:46 1.48% 

50 6 19:17:24 3:12:54 0.22% 50 5 14:51:04 2:58:13 0.17% 

55 41 189:08:32 4:36:48 2.16% 55 41 183:48:27 4:28:59 2.10% 

60 8 23:23:37 2:55:27 0.27% 60 10 37:06:33 3:42:39 0.42% 

65 67 222:56:18 3:19:39 2.54% 65 75 225:41:24 3:00:33 2.58% 

75 46 8224:17:20 178:47:20 93.88% 75 65 8168:35:55 125:40:15 93.25% 

EB MP 24.56 WB MP 10.16 

Speed Frequency 
Cumulative 

Duration 
Average 
Duration 

% of Time 
Displayed Speed Frequency 

Cumulative 
Duration 

Average 
Duration 

% of Time 
Displayed 

45 15 71:19:25 4:45:18 0.81% 45 16 82:23:57 5:09:00 0.94% 

50 6 15:22:30 2:33:45 0.18% 50 6 27:45:25 4:37:34 0.32% 

55 39 192:21:42 4:55:56 2.20% 55 41 179:58:40 4:23:23 2.05% 

60 10 25:44:24 2:34:26 0.29% 60 10 35:54:13 3:35:25 0.41% 

65 69 219:20:03 3:10:44 2.50% 65 66 198:35:34 3:00:32 2.27% 

75 47 8235:51:56 175:13:52 94.02% 75 64 8235:22:11 128:40:40 94.01% 

 
Figure 3-13 shows the speed versus frequency distribution for the Green River-Rock Springs 
corridor. The speeds of 75, 65, 55, and 45 are used frequently, while 50 and 60 mph was used 
less frequent.  
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Figure 3-13: Frequency of Evanston-Lyman VSL Use (Posted Speeds) 

 

 
Figure 3-14: Cumulative Duration of Evanston-Lyman VSL Speeds 

 

 
Figure 3-15: Average Duration of Evanston-Lyman VSL Speeds 
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3.4  Cheyenne – Laramie Corridor 

The fourth VSL corridor implemented by WYDOT was the I-80 Cheyenne to Laramie corridor 
that lies between the towns of the same name in south-eastern Wyoming. The entire corridor lies 
within WYDOT District 1 and in the counties of Laramie and Albany.   The distance between the 
towns of Cheyenne and Laramie is approximately 45 miles and the project corridor is 36 miles 
long, starting near the eastern boundary of Laramie and ending to the west of Cheyenne. The 
variable speed limit system began operation in October of 2011 from a location west of Laramie 
near the Grand Avenue Interchange at MP 317.6 and east of Cheyenne several miles west the 
Roundtop Road Interchange at MP 353.    
 
The entire corridor is a four-lane interstate and a map of the project corridor can be seen in 
Figure 3-16.  The maximum speed limit for the corridor is 75 mph except for the westbound 
direction through an area known as Telephone Canyon (around MP 320), which has a maximum 
speed of 65 mph in the westbound due to steep downhill grades and horizontal curvature.  
According the WYDOT, in 2011 the ADT is 12,271 vehicles per day.  Of these, 5,709 (47%) 
vehicles were classified as trucks (WYDOT, 2011).  
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Figure 3-16: Cheyenne-Laramie Variable Speed Limit Corridor 
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ITS Technology 
The Cheyenne-Laramie corridor has extensive ITS technology due to federally funded Dynamic 
Message Sign project that was installed between 2005 and 2007. The VSL signs, additional 
speed sensing, and addition weather station technology was implemented in the corridor in 
October 2011.  Thirty-eight VSL signs in nineteen locations were installed along the corridor.  
All VSL signs in this corridor were LED signs (see Figure 3-7) and were installed in pairs on the 
inside and outside lanes so that signs would be visible around the large freight trucks that utilize 
the corridor.  This corridor also tested white and black LED signs in addition to the amber on 
black LED signs shown in the Figure 3-7.  All LED VSL signs utilize a flashing beacon for 
speed settings below the maximum speed limit. 
 
The VSL corridor contains 19 VSL sign pairs with 9 sign pairs in the eastbound and 10 sign pairs 
in the westbound direction.  The mileposts for the 19 sign pair locations are shown in Table 3-7.  
As can be seen in the table the maximum spacing between VSL signs in the eastbound direction 
is 8.14 miles and 4.1 miles in the westbound direction.  The average spacing is 3.9 miles in the 
eastbound direction and 3.2 in the westbound direction. 
 

Table 3-7: Cheyenne-Laramie VSL Sign Mileposts 

Eastbound Direction Westbound Direction 
Sign Location (MP) Spacing (miles) Sign Location (MP) Spacing (miles) 

317.68  318.5  
325.82 8.14 322.6 4.1 
329.8 3.98 325.78 3.18 

333.32 3.52 328.74 2.96 
336.16 2.84 332.29 3.55 
339.86 3.7 334.3 2.01 
343.24 3.38 338.1 3.8 
345.9 2.66 341.6 3.5 
349.1 3.2 344.69 3.09 

  347.69 3 
 

In addition to the VSL signs, road weather information systems (RWIS), speed sensors, Pan-Tilt-
Zoom (PTZ) cameras were installed on the corridor.  Prior to the installation of the VSL corridor 
there was a single RWIS near the Vedauwoo Interchange (MP 329) but six additional stations 
were installed to provide better coverage of the corridor.  Twenty-eight Wavetronix SmartSensor 
HD speed sensors are installed on the corridor.  Some speed sensors are associated with the VSL 
sign pairs and others were installed during previous ITS deployments.  The speed sensors 
measure traffic volume, individual vehicle speed, average speed, 85th percentile speed, average 
headway and gap, lane occupancy, and vehicle classification.   
 
The earlier ITS project to install DMSs in the corridor resulted in 5 DMS signs in the eastbound 
direction and 8 westbound DMS signs.  These DMS signs provide extensive coverage of the 
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corridor and are a combination of 2 line and 3 line signs installed either overhead or on the 
roadside.   
 
Twelve PTZ cameras provide visual coverage of the corridor for operators at the WYDOT TMC 
in Cheyenne and to the traveling public via WYDOT’s traveler information website (www. 
wyoroad.info).  
 

VSL Use 

VSL sign event data for the corridor from MP 317 to 353 was obtained for the time period from 
October 15, 2011 to April 14, 2013.  Collected VSL data has one summer (April 15 – October 
15) period and two winter (October 15-April 15) periods. Maximum speed limit at MP WB 
322.6 is 65mph. 
 
The data included all of the VSL system speed limit changes during each time period at each 
mile marker in the eastbound and westbound directions. To analyze the VSL system, tables and 
graphs were created to show the frequency, cumulative duration, and average duration for the 
different speed limit settings.  
 
The frequency, cumulative duration, and average duration of the different VSL speed settings 
were calculated to analyze how the system was used during the time period from October 15, 
2011 to April 14, 2013. The VSL usage for the Cheyenne-Laramie VSL Sign corridor is 
displayed in the Table 3-8. Graphs (see Figures 3-17, 3-18, and 3-19) were plotted to display 
VSL usage at different mile posts in eastbound direction. Only eastbound figures are shown in 
this chapter. Westbound figures can be seen in Table 3-8 but the graphs are found in Appendix 
A. 

Table 3-8: Cheyenne-Laramie VSL Use 

EB MP 317.68 WB MP 322.6 

Speed Frequency 
Cumulative 

Duration 
Average 
Duration 

% of 
Time 

Displayed Speed Frequency 
Cumulative 

Duration 
Average 
Duration 

% of Time 
Displayed 

35 10 61:27:07 6:08:43 0.47% 30 1 8:52:32 8:52:32 0.07% 

40 3 14:24:59 4:48:20 0.11% 35 11 84:36:35 7:41:30 0.64% 

45 22 146:40:10 6:40:00 1.12% 40 4 43:04:29 10:46:07 0.33% 

50 12 97:29:13 8:07:26 0.74% 45 55 585:53:18 10:39:09 4.45% 

55 73 702:16:13 9:37:13 5.34% 50 15 61:29:34 4:05:58 0.47% 

60 14 84:34:55 6:02:30 0.64% 55 100 480:39:49 4:48:24 3.65% 

65 115 870:15:28 7:34:03 6.62% 60 13 111:48:40 8:36:03 0.85% 

75 102 11174:51:55 109:33:27 84.97% 65 115 11747:52:26 102:09:20 89.32% 

     
70 1 0:10:35 0:10:35 0.00% 

     
75 26 27:32:02 1:03:32 0.21% 
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EB MP 323.85 WB MP 325.78 

Speed Frequency 
Cumulative 

Duration 
Average 
Duration 

% of Time 
Displayed Speed Frequency 

Cumulative 
Duration 

Average 
Duration 

% of Time 
Displayed 

35 16 73:01:25 4:33:50 0.56% 35 14 69:14:25 4:56:45 0.53% 

40 3 1:44:57 0:34:59 0.01% 40 4 11:59:00 2:59:45 0.09% 

45 50 306:24:34 6:07:41 2.33% 45 48 420:27:50 8:45:35 3.20% 

50 21 88:35:25 4:13:07 0.67% 50 19 61:15:40 3:13:27 0.47% 

55 100 727:51:06 7:16:43 5.53% 55 95 545:47:36 5:44:43 4.15% 

60 18 55:19:20 3:04:24 0.42% 60 14 38:39:30 2:45:41 0.29% 

65 159 662:21:17 4:09:57 5.04% 65 160 750:41:13 4:41:30 5.71% 

70 3 32:08:16 10:42:45 0.24% 75 143 11253:54:46 78:41:55 85.57% 

75 137 11204:33:40 81:47:06 85.19% 
     EB MP 325.82 WB MP 328.74 

Speed Frequency 
Cumulative 

Duration 
Average 
Duration 

% of Time 
Displayed Speed Frequency 

Cumulative 
Duration 

Average 
Duration 

% of Time 
Displayed 

35 20 85:43:29 4:17:10 0.65% 35 14 54:43:53 3:54:34 0.42% 

40 5 12:54:44 2:34:57 0.10% 40 5 16:01:07 3:12:13 0.12% 

45 55 341:01:05 6:12:01 2.59% 45 57 418:18:19 7:20:19 3.18% 

50 25 89:02:51 3:33:43 0.68% 50 24 59:40:47 2:29:12 0.45% 

55 111 706:54:39 6:22:07 5.37% 55 109 525:16:00 4:49:08 3.99% 

60 24 81:21:14 3:23:23 0.62% 60 20 98:13:51 4:54:42 0.75% 

65 180 592:59:51 3:17:40 4.51% 65 166 596:06:53 3:35:28 4.53% 

70 2 16:41:02 8:20:31 0.13% 75 151 11383:39:10 75:23:18 86.55% 

75 155 11225:21:05 72:25:18 85.35% 
     EB MP 329.88 WB MP 332.29 

Speed Frequency 
Cumulative 

Duration 
Average 
Duration 

% of Time 
Displayed Speed Frequency 

Cumulative 
Duration 

Average 
Duration 

% of Time 
Displayed 

35 19 62:13:39 3:16:30 0.47% 35 12 37:32:33 3:07:43 0.29% 

40 5 12:54:39 2:34:56 0.10% 40 4 15:51:26 3:57:51 0.12% 

45 60 352:50:44 5:52:51 2.68% 45 52 397:01:27 7:38:06 3.02% 

50 32 82:27:09 2:34:36 0.63% 50 26 95:11:05 3:39:39 0.72% 

55 115 479:28:21 4:10:10 3.65% 55 99 447:34:39 4:31:16 3.40% 

60 22 38:42:23 1:45:34 0.29% 60 15 34:54:20 2:19:37 0.27% 

65 183 537:11:55 2:56:08 4.08% 65 163 1016:22:13 6:14:07 7.73% 

75 416 11586:11:10 27:51:05 88.09% 70 2 0:04:18 0:02:09 0.00% 

     
75 149 11107:27:59 74:32:48 84.45% 
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EB MP 333.32 WB MP 334.3 

Speed Frequency 
Cumulative 

Duration 
Average 
Duration 

% of Time 
Displayed Speed Frequency 

Cumulative 
Duration 

Average 
Duration 

% of Time 
Displayed 

35 7 29:36:39 4:13:48 0.23% 35 4 19:16:02 4:49:00 0.15% 

40 3 8:54:25 2:58:08 0.07% 40 3 13:46:22 4:35:27 0.10% 

45 43 290:29:54 6:45:21 2.21% 45 44 335:04:55 7:36:56 2.55% 

50 21 93:35:21 4:27:24 0.71% 50 21 99:47:14 4:45:06 0.76% 

55 84 423:49:21 5:02:44 3.22% 55 80 429:22:57 5:22:02 3.26% 

60 16 31:21:15 1:57:35 0.24% 60 16 577:13:39 36:04:36 4.39% 

65 150 461:07:39 3:04:27 3.51% 65 146 526:56:43 3:36:33 4.01% 

70 2 7:20:06 3:40:03 0.06% 75 123 11150:32:08 90:39:17 84.78% 

75 130 11805:45:20 90:48:49 89.76% 
     EB MP 339.86 WB MP 338.1 

Speed Frequency 
Cumulative 

Duration 
Average 
Duration 

% of Time 
Displayed Speed Frequency 

Cumulative 
Duration 

Average 
Duration 

% of Time 
Displayed 

35 1 5:19:19 5:19:19 0.04% 30 1 0:07:01 0:07:01 0.00% 

40 2 12:38:13 6:19:06 0.10% 35 2 9:15:37 4:37:48 0.07% 

45 30 245:19:25 8:10:39 1.87% 40 2 16:12:11 8:06:05 0.12% 

50 16 81:41:05 5:06:19 0.62% 45 36 277:31:14 7:42:32 2.11% 

55 54 246:19:30 4:33:42 1.87% 50 17 88:29:51 5:12:21 0.67% 

60 15 21:50:23 1:27:22 0.17% 55 66 329:28:18 4:59:31 2.51% 

65 123 461:05:59 3:44:56 3.51% 60 14 18:50:22 1:20:44 0.14% 

70 3 0:01:32 0:00:31 0.00% 65 137 460:11:23 3:21:33 3.50% 

75 113 12077:44:34 106:52:58 91.83% 75 122 11951:54:03 97:57:59 90.88% 
EB MP 343.24 WB MP 341.6 

Speed Frequency 
Cumulative 

Duration 
Average 
Duration 

% of Time 
Displayed Speed Frequency 

Cumulative 
Duration 

Average 
Duration 

% of Time 
Displayed 

35 1 2:53:14 2:53:14 0.02% 30 1 6:33:21 6:33:21 0.05% 

40 2 12:38:15 6:19:08 0.10% 35 1 5:19:14 5:19:14 0.04% 

45 28 185:22:36 6:37:14 1.41% 40 3 10:25:47 3:28:36 0.08% 

50 13 57:23:33 4:24:53 0.44% 45 31 239:06:10 7:42:47 1.82% 

55 49 266:02:23 5:25:46 2.02% 50 18 89:23:10 4:57:57 0.68% 

60 16 27:29:06 1:43:04 0.21% 55 61 314:56:18 5:09:47 2.39% 

65 113 385:08:45 3:24:30 2.93% 60 14 17:19:49 1:14:16 0.13% 

70 1 19:58:32 19:58:32 0.15% 65 132 461:33:43 3:29:48 3.51% 

75 103 12195:03:36 118:23:55 92.72% 75 116 12007:22:28 103:30:43 91.30% 
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EB MP 345.9 WB MP 344.69 

Speed Frequency 
Cumulative 

Duration 
Average 
Duration 

% of Time 
Displayed Speed Frequency 

Cumulative 
Duration 

Average 
Duration 

% of Time 
Displayed 

35 1 2:53:16 2:53:16 0.02% 35 3 14:41:50 4:53:57 0.11% 

40 2 10:23:04 5:11:32 0.08% 40 2 16:57:53 8:28:56 0.13% 

45 27 176:18:32 6:31:48 1.34% 45 31 208:26:41 6:43:26 1.58% 

50 14 57:42:05 4:07:18 0.44% 50 13 59:07:07 4:32:51 0.45% 

55 44 268:27:33 6:06:05 2.04% 55 57 288:10:55 5:03:21 2.19% 

60 16 30:45:07 1:55:19 0.23% 60 14 24:14:26 1:43:53 0.18% 

65 100 981:49:21 9:49:06 7.47% 65 118 1033:29:25 8:45:30 7.86% 

70 1 19:58:26 19:58:26 0.15% 70 1 19:58:33 19:58:33 0.15% 

75 93 11603:42:36 124:46:16 88.23% 75 104 11486:53:10 110:27:03 87.34% 
EB MP 349.15 WB MP 347.69 

Speed Frequency 
Cumulative 

Duration 
Average 
Duration 

% of Time 
Displayed Speed Frequency 

Cumulative 
Duration 

Average 
Duration 

% of Time 
Displayed 

35 1 0:01:21 0:01:21 0.00% 35 2 3:48:35 1:54:17 0.03% 

40 1 8:39:30 8:39:30 0.07% 40 4 19:47:21 4:56:50 0.15% 

45 25 165:08:18 6:36:20 1.26% 45 24 166:10:42 6:55:27 1.26% 

50 12 49:42:13 4:08:31 0.38% 50 13 53:37:37 4:07:31 0.41% 

55 44 241:46:03 5:29:41 1.84% 55 54 310:06:49 5:44:34 2.36% 

60 13 25:37:13 1:58:15 0.19% 60 10 18:55:42 1:53:34 0.14% 

65 94 327:03:27 3:28:46 2.49% 65 102 393:40:04 3:51:34 2.99% 

70 1 19:58:26 19:58:26 0.15% 70 1 19:58:32 19:58:32 0.15% 

75 87 12314:03:29 141:32:27 93.63% 75 91 12165:54:38 133:41:29 92.50% 

     
WB MP 353 

     
Speed Frequency 

Cumulative 
Duration 

Average 
Duration 

% of Time 
Displayed 

     
35 1 0:52:06 0:52:06 0.01% 

     
40 1 7:27:34 7:27:34 0.06% 

     
45 21 161:15:40 7:40:45 1.23% 

     
50 13 58:00:55 4:27:46 0.44% 

     
55 47 254:01:16 5:24:17 1.93% 

     
60 10 19:01:00 1:54:06 0.14% 

     
65 94 356:00:10 3:47:14 2.71% 

     
70 1 19:58:32 19:58:32 0.15% 

     
75 84 12275:22:47 146:08:08 93.33% 

 
Figure 3-17 shows the speed versus frequency distribution for the Cheyenne-Laramie VSL 
corridor. The speeds of 75, 65, 55, and 45 are used frequently, while 50 and 60 mph was used 
less frequent.  
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Figure 3-17: Frequency of Cheyenne-Laramie VSL Use (Posted Speeds) 

 
 

Figure 3-18: Cumulative Duration of Cheyenne-Laramie VSL Speeds 
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Figure 3-19: Average Duration of Cheyenne-Laramie VSL Speeds 

 

3.5  South Pass Corridor 

The fifth and most recent VSL corridor implemented by WYDOT was the Wyoming State Route 
28 (WY28) section through the area of South Pass in west central Wyoming between the towns 
of Farson and Lander.  The entire corridor lies within WYDOT District 5 and in the county of 
Fremont.  The distance between the towns of Farson and Lander is approximately 75 miles and 
the project corridor is 33 miles long, extending from approximately 30 mile east of the WY 28 
and US 191 junction at the town of Farson (MP 30.4) to a location approximately 6 miles to the 
west of the WY 28 and US 287 junction near the town of Lander (MP 62.3).   
 
The entire corridor is a two-lane rural highway and a map of the project corridor can be seen in 
Figure 3-20.  The maximum speed limit for the corridor is 65 mph. According the Wyoming 
Department of Transportation in 2011, the ADT on the center of the corridor (MP 38 to 44) is 
1,359 vehicles per day.  Of these, 232 (17%) vehicles were classified as trucks (WYDOT, 2011).   
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Figure 3-20:  South Pass (WY 28) Variable Speed Limit Corridor 
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ITS Technology 
Ten VSL signs were installed along the corridor in October 2012.  All VSL signs in this corridor 
were LED signs (see Figure 3-9) and were installed in single locations on the outside edge of the 
road because the roadway was a single lane in either direction.  The LED VSL signs utilize a 
flashing beacon for speed settings below the maximum speed limit. 
 
The VSL corridor contains 10 VSL signs with 5 signs in both the eastbound and westbound 
directions.  The mileposts for the 10 sign locations are shown in Table 3-9.  As can be seen in the 
table the maximum spacing between VSL signs in the eastbound direction is 12.0 miles and 11.7 
miles in the westbound direction.  The average spacing is 6.9 miles in both directions. 
 

Table 3-9: South Pass VSL Sign Mileposts 

Eastbound Direction Westbound Direction 
Sign Location (MP) Spacing (miles) Sign Location (MP) Spacing (miles) 

30.43  35  
35 4.57 46.7 11.7 

47.04 12.04 48.8 2.1 
49.15 2.11 58 9.2 

58 8.85 62.3 4.3 
 

In addition to the VSL signs, road weather information systems (RWIS), speed sensors, Pan-Tilt-
Zoom (PTZ) cameras were installed on the corridor.  Three RWIS near mileposts 41 and 60, and 
111 provide weather data for the corridor including temperature, dew point, relative humidity 
and wind speed information.  Wavetronix SmartSensor HD speed sensors are installed near each 
VSL sign pair.  The speed sensors measure traffic volume, individual vehicle speed, average 
speed, 85th percentile speed, average headway and gap, lane occupancy, and vehicle 
classification.  Seven Dynamic Message Signs (DMSs) are located on the corridor in the upgrade 
portions of the pass.  Four eastbound DMSs are at mileposts 0.75, 30.0, 24.53, and 41.2.  Three 
westbound DMSs are at milepost 47.04, 63.09 and 67.91.   
 
Two PTZ cameras at mileposts 41.4 and 45 provide visual coverage of the corridor for operators 
at the WYDOT TMC in Cheyenne and to the traveling public via WYDOT’s traveler 
information website (www. wyoroad.info).  

VSL Use 

VSL sign event data for the corridor from MP 317 to 353 was obtained for the time period from 
October 15, 2012 to April 14, 2013, covering the one winter period the system has been in 
operation. 
 
The data included all of the VSL system speed limit changes during each time period at each 
mile marker in the eastbound and westbound directions. To analyze the VSL system, tables and 
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graphs were created to show the frequency, cumulative duration, and average duration for the 
different speed limit settings.  
 
The frequency, cumulative duration, and average duration of the different VSL speed settings 
were calculated to analyze how the system was used during the time period from October 15, 
2012 to April 14, 2013. The VSL usage for the South Pass VSL Sign corridor is displayed in the 
Table 3-10. Graphs (see Figures 3-21, 3-22, and 3-23) were plotted to display VSL usage at 
different mile posts in eastbound direction. Only eastbound figures are shown in this chapter. 
Westbound figures can be seen in Table 3-10 but the graphs are found in Appendix A. 
 

Table 3-10: South Pass VSL Use 

EB MP 30.43 WB MP 35 

Speed Frequency 
Cumulative 

Duration 
Average 
Duration 

% of Time 
Displayed Speed Frequency 

Cumulative 
Duration 

Average 
Duration 

% of Time 
Displayed 

35 1 0:54:25 0:54:25 0.02% 35 1 0:54:25 0:54:25 0.02% 

45 9 62:44:18 6:58:15 1.44% 45 12 65:03:17 5:25:16 1.49% 

50 2 24:55:21 12:27:40 0.57% 50 2 24:55:45 12:27:52 0.57% 

55 32 304:11:00 9:30:21 6.96% 55 37 330:04:39 8:55:16 7.56% 

65 33 3975:14:56 120:27:44 91.01% 65 38 3947:01:54 103:52:09 90.36% 

EB MP 35 WB MP 46.7 

Speed Frequency 
Cumulative 

Duration 
Average 
Duration 

% of Time 
Displayed Speed Frequency 

Cumulative 
Duration 

Average 
Duration 

% of Time 
Displayed 

35 2 2:43:48 1:21:54 0.06% 35 2 2:43:47 1:21:53 0.06% 

45 16 99:58:29 6:14:54 2.29% 45 19 128:12:14 6:44:51 2.94% 

50 3 31:43:57 10:34:39 0.73% 50 2 39:02:44 19:31:22 0.89% 

55 45 428:49:24 9:31:46 9.82% 55 49 385:11:09 7:51:39 8.82% 

60 1 0:23:33 0:23:33 0.01% 60 1 0:23:47 0:23:47 0.01% 

65 40 3804:20:49 95:06:31 87.10% 65 43 3812:26:19 88:39:41 87.28% 

EB MP 47.04 WB MP 48.8 

Speed Frequency 
Cumulative 

Duration 
Average 
Duration 

% of Time 
Displayed Speed Frequency 

Cumulative 
Duration 

Average 
Duration 

% of Time 
Displayed 

35 3 17:25:02 5:48:21 0.40% 35 3 17:25:31 5:48:30 0.40% 

45 17 181:51:17 10:41:50 4.16% 45 17 179:15:56 10:32:42 4.10% 

50 1 21:17:24 21:17:24 0.49% 50 1 21:10:34 21:10:34 0.48% 

55 43 376:20:57 8:45:08 8.62% 55 43 424:19:56 9:52:05 9.71% 

65 34 3771:05:20 110:54:52 86.33% 65 35 3725:48:03 106:27:05 85.30% 
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EB MP 49.15 WB MP 58 

Speed Frequency 
Cumulative 

Duration 
Average 
Duration 

% of Time 
Displayed Speed Frequency 

Cumulative 
Duration 

Average 
Duration 

% of Time 
Displayed 

35 3 17:25:05 5:48:22 0.40% 35 2 16:26:22 8:13:11 0.38% 

40 1 0:22:00 0:22:00 0.01% 45 13 176:18:39 13:33:45 4.04% 

45 15 188:20:42 12:33:23 4.31% 55 30 429:53:08 14:19:46 9.84% 

50 1 20:58:30 20:58:30 0.48% 65 27 3745:21:51 138:43:02 85.75% 

55 40 460:09:35 11:30:14 10.53% 
     

60 1 13:18:57 13:18:57 0.30% 
     

65 32 3667:25:11 114:36:25 83.96% 
     

EB MP 58 WB MP 62.3 

Speed Frequency 
Cumulative 

Duration 
Average 
Duration 

% of Time 
Displayed Speed Frequency 

Cumulative 
Duration 

Average 
Duration 

% of Time 
Displayed 

35 1 10:10:08 10:10:08 0.23% 35 1 10:10:19 10:10:19 0.23% 

45 12 143:55:23 11:59:37 3.29% 45 8 112:27:33 14:03:27 2.57% 

50 1 23:44:33 23:44:33 0.54% 55 24 335:24:53 13:58:32 7.68% 

55 32 390:45:54 12:12:41 8.95% 65 23 3909:57:15 169:59:53 89.51% 

60 1 13:18:56 13:18:56 0.30% 
     

65 32 3786:05:06 118:18:55 86.68% 
      

Figure 3-21 shows the speed versus frequency distribution for the Cheyenne-Laramie VSL 
corridor. The speeds of 65, 55, and 45 are used frequently, while 40, 50 and 60 mph was used 
less frequent.  
 

 
Figure 3-21: Frequency of South Pass VSL Use (Posted Speeds) 
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Figure 3-22: Cumulative Duration of South Pass VSL Speeds 

 

 
Figure 3-23: Average Duration of South Pass VSL Speeds 

 

 

0:00:00
480:00:00
960:00:00

1440:00:00
1920:00:00
2400:00:00
2880:00:00
3360:00:00
3840:00:00
4320:00:00

35 40 45 50 55 60 65

Cu
m

ul
at

iv
e 

Du
ra

tio
n 

(h
ou

rs
) 

Speed (MPH) 

SouthPass VSL Use - Eastbound 
(Oct. 15, 2012 - April 14, 2013) 

EB MP 30.43

EB MP 35

EB MP 47.04

EB MP 49.15

EB MP 58

0:00:00

24:00:00

48:00:00

72:00:00

96:00:00

120:00:00

144:00:00

35 40 45 50 55 60 65

Av
er

ag
e 

Du
ra

tio
n 

(h
ou

rs
) 

SouthPass VSL Use - Eastbound 
(Oct. 15, 2012 - April 14, 2013) 

EB MP 30.43

EB MP 35

EB MP 47.04

EB MP 49.15

EB MP 58



  

65 
 

VSL CONTROL STRATEGY 

Variable Speed Limits are installed on a roadway system to provide safe and reliable speed limits 
to the road users during bad weather and traffic conditions. The control strategy that operates the 
VSL system is critical as it determines the recommended speed limit to be displayed on the VSL 
signs increasing the consistency of speed limit selection and improving the response times to 
both raise and lower speed limits. The first phase of this research determined that the WYDOT’s 
interim manual protocol to deploy VSL system is currently operating less efficient than desired 
due to the increase in work load by TMC Operators and limited available maintenance or 
highway patrol personnel (Buddemeyer, Young, Sabawat, & Layton, 2010) . From the literature 
review it was concluded that the most of the available control strategies are designed for urban 
settings and very few were for rural, weather-based settings. The identified control strategies for 
rural settings are more static and are based on local conditions that are not transferable to other 
VSL corridors.  
 
Before describing the research tasks associated with the development of a proposed control 
strategy it is important to first describe the existing interim protocol utilized by WYDOT.  This 
protocol is referred throughout this chapter as the manual protocol since it utilizes observations 
by TMC operators, highway patrol, and maintenance personnel to initiate the speed change 
decision and to select the appropriate speeds for posting. 
 
The following manual protocol was implemented on February 13, 2009.  The Wyoming 
Highway Patrol (WHP) troopers, maintenance foremen, and the Traffic Management Center 
(TMC) may reduce the speed limit based on the rules set forth in the following VSL policy. 
   
Wyoming Highway Patrol   
The WHP may initiate a reduction in the legal speed based on visual inspection of the conditions.  
If conditions warrant a speed limit reduction, the following process must be followed. 

1. The trooper will change his radio to the DOT1 channel and request assistance from the 
TMC. 

2. The trooper must identify him/herself by badge number.  
3. The trooper then identifies the area in which the conditions are poor and asks the TMC to 

tell them the current pace speed on that section of roadway.  For example “Interstate 80 
in the westbound direction from MP 260.23 to MP 255.6”.  The pace speed is defined in 
the WYDOT policy as the average speed plus five miles per hour.  

4. The TMC Operator will reference the real-time speed sensor data and provide the trooper 
with the pace speed. 
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5. The trooper will indicate the location of the corridor and the speed adjustment they 
recommend based on the pace speed and their personal observation of the weather and 
roadway conditions. 

6. The TMC operator will repeat the request to the trooper to ensure the correct speed and 
location to be posted. 

7. The TMC will adjust the speed based on the trooper’s request and document the 
following: 
• The time of the trooper’s request, 
• The trooper’s badge number, 
• The location on the corridor of the speed adjustment, 
• The value of the speed adjustment, and 
• The average and pace speeds based on the speed sensors. 

 
The TMC Operator will notify the Patrol Dispatch, email the Maintenance Supervisors, the 
District Captain, the Division Lieutenants, and the staff coordinator for the affected area of the 
speed limit reduction. 
 
Maintenance Foremen 
If a WHP trooper is not on duty, a maintenance foreman may initiate a reduction in the legal 
speed based on visual inspection of the conditions.  If conditions warrant a speed limit reduction, 
the following process must be followed.  The maintenance foreman must identify himself by his 
unit number and request assistance from the TMC. 
 
The maintenance foreman identifies the area along the corridor with problems and asks that the 
posted speed be reduced to the pace speed.  For example, “Interstate 80 in the westbound 
direction from MP 260.23 to MP 255.6”.   

1. The TMC Operator will repeat the request to the foreman to ensure the correct speed 
and location to be posted. 

2. The TMC Operator will make the changes to the VSL based on the pace speed from 
the speed sensors and record the following: 

3. The time of the maintenance foreman’s request, 
4. The foreman’s unit number, 
5. The value of the speed adjustment, and 
6. The average and pace speeds from the speed sensors. 
7. The TMC Operator will notify the Patrol Dispatch, email the Maintenance 

Supervisors, the District Captain, the Division Lieutenants, and the staff coordinator 
for the affected area of the speed limit reduction. 
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TMC Operator  
If neither a trooper nor a maintenance foreman is on duty and the TMC lead operator recognizes 
a drop in the average speed along the corridor of 15 mph, the following process must be followed 
to change the legal speed limit along the corridor. 

1. The TMC Lead Operator must confirm that no trooper or maintenance foreman is on duty 
on the segment in question. 

2. The TMC Lead Operator will identify the area with the 15 mph speed decrease as 
indicated by the speed sensors. 

3. The TMC Operator then makes the change to the VSL based on the pace speed from the 
speed sensors and records the following: 

4. The time of the speed reduction, 
5. The location of the speed adjustment, 
6. The value of the speed adjustment, and 
7. The average speed and pace speed from the speed sensors. 
8. The TMC Operator will notify the Patrol Dispatch, email the Maintenance Supervisors, 

the District Captain, the Division Lieutenants, and the staff coordinator for the affected 
area of the speed limit reduction. 

9. Increasing the speed, after it has been reduced due to weather conditions, or an incident, 
or at the end of the seasonal speed limit requires approval by a trooper.  Then the posted 
legal speed can be changed by the TMC Operator. 

 
An e-mail notification of speed limit changes made by any of the three groups mentioned above 
must be sent to the District 1 Road Update list every time the speed is adjusted along the 
corridor.  The email should include the location and the value of the new speed limit.   
 
The research task for development of control strategy for rural variable speed limit corridor is 
done by answering the following key questions: 
 

• Is the current VSL system is significant in affecting vehicle speeds? 
• What are the key weather variables affecting vehicle speeds during bad weather 

conditions? 
• How to simulate the complex human behavior? 
• Should the control strategy be static? 
• Transferability of control strategy?  

 
The following chapter is laid out in with each section addressing a key question.   
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4.1 Analysis of Weather Related Variables 

To evaluate the effectiveness of current VSL system and to identify the key weather variables 
affecting vehicle speeds during bad weather conditions on I-80 between Laramie and Rawlins, a 
statistical analysis was conducted.  In the statistical models the following variables were used: 
observed speed used as response variable and posted speed limit, weather variables, day and 
night variable, cars and trucks variable used as explanatory variables. Cars and trucks binary 
variable was used only for individual vehicle models where that variable was available.  To 
perform the statistical analyses the required input data were collected from the three different 
ITS components (speed sensors, RWIS and the variable speed limit event database) along the 
corridor.  
 
Speed sensor data can be downloaded in two different formats; aggregated data and individual 
data. Aggregated data is the data which is aggregated over a given time interval.  In one minute 
aggregated data the 85th percentile of the observed speeds are reported every one minute and the 
other variables which are downloaded are direction of travel, count (aggregated over one minute) 
and time stamp. Individual data gives the information about the each individual vehicle and the 
following variables are downloaded direction of travel, length and time stamp. In order to collect 
the individual speed data, the speed sensors needed to be taken offline from the speed mapping 
software used by the WYDOT’s TMC and set to log individual observations.  To minimize the 
impact of the data collection on TMC operations only three of the ten speed sensors were taken 
offline. Individual speed data was collected for the mileposts 256.17, 273.1 and 289.5 which 
represent the either ends and the middle of the corridor.  The main difference between the 
aggregated data and individual data is the extra information about the each vehicle that is length 
of the vehicle.  The variable length of the vehicle is used to categorize the data into cars and 
trucks.  For the purpose of this study all vehicles less than 20 feet in length are classified as a 
passenger vehicle and all vehicles greater than 20 feet are classified as a truck. 
 
During the initial stages of the project, a single RWIS station at MP 272.0 next to Arlington 
Interchange was the only one available. The RWIS station provides the information about the 
pavement conditions as well as atmospheric conditions for every five minutes. The weather 
variables Surface Status, Surface Temperature, Chemical Factor, Air Temperature, RH, and Dew 
Point, Average wind speed, Gust wind speed, Precipitation type and Visibility are used in the 
statistical analysis. The Visibility variable gives the average distance that the driver can see 
along the corridor in feet. Surface status describes the surface status of the pavement. The 11 
newer RWIS stations were available after December 2010. 
 
The VSL event log records the changes made by TMC operators to the VSL sign speed display.  
The Event Log documents the milepost of the sign where the speed was changed, the time and 
date of the speed limit change, and the event code that corresponds to the new speed limit value 
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that was posted.  Once the data were collected from all the three sources, the data were merged 
using speed data as the base record. Checks were made for data loss and quality issues. 

Data Analysis 
The dataset which is merged from the three different data sources is used as the input for the 
statistical modeling. The statistical analysis was conducted for four different time periods: 
February 17th to April 14th 2009; October 15th to December 15th2009; December 1st to December 
2nd 2009 and January 18th to January 24th 2011. The observed speed data for the first and second 
events were aggregated over 5 minute and 1 minute respectively and for third and fourth events 
individual speed data was used. The aggregated datasets represent extended time periods with 
both good and bad weather periods. The individual datasets represent storm event periods and 
include the good weather periods before and after the storm events. 
 
For the first time period, the statistical software package SAS 9.1 was used to test the 
significance of the variables using the merged dataset. The dataset went through quality checks 
and then was split into two files based on the variable direction of travel (East Bound (EB) and 
West Bound (WB)). The weather variables used in the analysis were dependent on the 
availability of the information from the RWIS. For the sake of analysis, the RWIS variable 
surface status (SfStatus) was converted into binary form, where 1 indicated if the road condition 
is dry and 0 indicated for wet conditions (snow watch, trace moisture, chemically wet, wet, ice 
warning and ice watch). Based on the time stamp the day & night variable was converted into 
binary format where 1 to indicate day and 0 to indicate night. Wind direction is also a binary 
variable depending on the direction of the wind. 
 
Multicollinearity is used to denote the presence of linear relationships among the explanatory 
variables used in regression (Silvey, 1969). Multicollinearity has several adverse effects on 
estimated coefficients when a multiple regression analysis is conducted. To detect the presence 
of multicollinearity a correlation matrix and Variance Inflation Factors (VIF) can be examined 
(Mansfield & Helms, 1982).  Correlation matrix and VIF were calculated for the explanatory 
variables and find out that average wind speed and gusty wind speed has high correlation and 
gusty wind speed was taken out from the model. A linear regression model was run using SAS 
9.1’s PROC REG command. A two-tailed alpha of 0.05 was used that sets the significance level 
for the confidence intervals ensuring 95% confidence interval for the data. The probability of 
observing a value outside of this area, or the p-value, is less than 0.05. 
 
As SAS 9.1 was unable to handle the large file sizes, a newer version SAS 9.2 was used for the 
second, third and fourth time periods. As there was a strong suspicion of heteroskedasticity and 
data has significant amount of outliers, the robust regression statistical procedure was used. 
When too many outliers are present in the data, the ordinary least square (OLS) regression will 
produce biased estimates. Robust regression is resistant to the influence of the outliers and 
produces more appropriate results in the presence of outliers (Yaffee, 2002). A method of robust 
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regression called M-estimation which was introduced by Huber is used in this project as 
significant outliers were in response direction. M-estimation limits the influence the outliers by 
replacing the sum square of the residuals used in OLS with a less rapidly increasing loss function 
for the of residuals (Chen, 2002). 
 
Four statistical models were created in this section as the data required for the project was 
downloaded in two different formats 1) aggregated data, and 2) individual data. For the first time 
period, aggregated data was downloaded in 5 minute interval periods and for the second time 
period, 1 minute interval periods. The third time period represents a single storm occurred in 
between a long ideal periods whereas the fourth time period represents a series of storm events 
occurred during the time period. As the format and nature of data were different, a single model 
representing all time periods was not considered for this project. 

VSL Sign Significance for Initial Implementation of VSL 
During the initial VSL period, the speed data was aggregated over 5 minute intervals and was 
merged with RWIS and VSL data for the time period from February 17, 2009 to April 14, 2009, 
which represents the first several months of operation for the VSL system. To determine if the 
VSL signs are impacting the driver speeds, the speed limits that were displayed on the EB and 
the WB VSL signs were added as explanatory variables in the regression model.  The EB and 
WB variables are the speed limit that the driver reads on the VSL sign and these VSL signs are 
close to the speed sensors. Due to the technical difficulties of ITS components during first time 
period most of the observations were deleted during the data quality process. 
 
The statistical model used for this time period has observed speed as response variable and EB, 
WB, day and night, surface status, surface temperature, precipitation rate, air temperature, RH, 
dewpoint, average wind speed, wind direction and visibility as explanatory variables. SAS 9.1’s 
PROC REG command was used with the alpha value of 0.05 in the analysis of this data to get 
estimates of the variables at 95% confidence. The explanatory variables whose p value is greater 
than 0.05 were removed one after the other till the model has all significant variables in it. The 
final model of the statistical test results for six different mileposts are shown in Table 4-1 
(Eastbound) and Table 4-3 (Westbound). The goodness of fit for first time period in eastbound 
and westbound directions is shown in the Table 4-2 and Table 4-4 respectively. 
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 Table 4-1: Final Model Results for Eastbound VSL Sign Significance, First Time Period 

EAST BOUND FEBUARARY 17 - APRIL 14, 2009 
Speed Sensor MP 256.25 MP 260.30 MP 263.05 MP 266.40 MP 275.40 MP 288.30 

Intercept 17.941 28.031 31.61 31.372 30.212 34.531 
EB 0.746 0.644 0.544 0.553 0.502 0.473 
DN 1.305 1.238 0.976 1.291 2.213 1.014 
SfStatus 1.263 1.224 2.083 2.011 3.085 1.836 
SfTemp 0.045 0.037 0.034 0.055 - 0.057 
PrecipRate -5.481 - - - -50.173 - 
AirTemp - - 0.024 0.034 0.075 - 
RH -0.017 -0.013 - - - 0.033 
Dewpoint - - 0.027 - 0.037 -0.063 
Avg Wind Speed -0.059 -0.072 -0.073 - -0.188 -0.031 
Wind 1 (N) - - - -2.353 - - 
Wind 2 (NE) -0.997 -0.791 - - 1.562 - 
Wind 3 (E) - - - - - -1.362 
Wind 4 (SE) -2.612 - - - - - 
Wind 5 (S) - - - - - - 
Wind 6 (SW) 0.191 0.303 - - 0.941 - 
Wind 7 (W) - - - - - - 
Visibility - - 0.00004 0.00004 - 0.00002 

 

Table 4-2: Goodness of Fit for East Bound Direction, First Time Period 

EAST BOUND FEBUARARY 17 - APRIL 14, 2009 

Speed Sensor MP 256.25 MP 260.30 MP 263.50 MP 266.40 MP 282.50 MP 288.30 

Number of Observations 7065 7089 7248 7159 7072 6892 

R-Square 0.358 0.315 0.229 0.262 0.308 0.258 
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Table 4-3: Final Model Results for Westbound VSL Sign Significance, First Time Period 

WEST BOUND FEBUARARY 17 - APRIL 14, 2009 
Speed Sensor MP 256.25 MP 260.30 MP 263.50 MP 266.40 MP 275.40 MP 288.30 

Intercept 17.476 26.966 30.412 27.655 21.322 34.212 
WB 0.745 0.613 0.547 0.66 0.532 0.564 
DN 1.297 1.276 1.218 1.534 2.396 1.163 
SfStatus 1.495 1.387 1.395 0.035 4.363 1.545 
SfTemp 0.046 0.034 0.024 - 0.032 0.046 
Chem Factor - - - -0.032 0.088 0.046 
Precip Rate -5.144 - - - - - 
AirTemp - 0.012 0.033 0.056 -0.075 - 
RH -0.094 - - -0.013 - 0.027 
Dewpoint - -0.011 - - 0.025 -0.055 
Avg Wind Speed - -0.076 -0.088 - -0.174 -0.047 
Wind 1 (N) - - - -2.426 - - 
Wind 2 (NE) -1.016 -0.985 - 1.475 1.794 - 
Wind 3 (E) - - - 1.684 - -1.263 
Wind 4 (SE) -2.645 - - - - - 
Wind 5 (S) - - - - - - 
Wind 6 (SW) 0.194 0.343 - - 0.593 - 
Wind 7 (W) - - - 0.335 - - 
Visibility - - 0.0001 0.0001 - 0.00003 

 

Table 4-4: Goodness of Fit for West Bound Direction, First Time Period 

WEST BOUND FEBUARARY 17 - APRIL 14, 2009 

Speed Sensor MP 256.25 MP 260.30 MP 263.50 MP 266.40 MP 282.50 MP 288.30 

# Observations  7221 7621 5821 7718 7095 7240 

R-Square 0.244 0.258 0.275 0.392 0.365 0.221 

 
Even though the model for each milepost is slightly different, the results indicate that the 
Variable Speed Limit signs are impacting driver speeds. The coefficients for the eastbound (EB) 
and westbound (WB) sign variables are in a range of 0.47 to 0.75.  This indicates that when the 
speed limit is reduced by 10 miles per hour, there is a 4.7 to 7.5 mile per hour reduction in 
driver’s speeds.  The magnitude of the coefficients indicates that there is more speed compliance 
on the west end of the corridor (i.e. closer to the town of Rawlins) compare to that of east end of 
the corridor (i.e. closest to Laramie). 
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The day and night (DN) and surface status (SfStatus) variables are significant for all the 
mileposts in both the directions as shown in Table 4-1 and Table 4-3.  Their binary value is 
multiplied by the coefficient to give an impact on drivers speed with respect to that variable. 
From the coefficients of DN it is observed that vehicles are going at 1 to 2 mph higher speeds 
during day time to that of night time.  Each of the other variables had a continuous numeric 
reading from the RWIS that is multiplied by their coefficient to give the change in drivers speed.  
For example, if the Average Wind Speed has a -0.059 coefficient and the RWIS reading is 45 
mph, drivers slow down by 2.64 miles per hour. The R-square value varied from 0.22 to 0.39 for 
first time period which is shown in Table 4-2 and Table 4-4.  
 
Given the dependent variable is speed, which cannot be a negative value, the use of an OLS 
regression model may not be appropriate if the model would predict values in the negative range.  
If that were the case a truncated regression model would be needed to remove estimation bias.  
The data quality process for this research removed speeds below 25 mph since it was desired to 
exclude maintenance and patrol vehicles from the model.  Looking at the results in Table 4-1 and 
Table 4-3 it was determined that the range of the model was well outside of the negative range so 
the use of OLS is reasonable. 

VSL Sign Significance for Winter 2009 
For the winter time period between October 15, 2009 and December 15, 2009, 1 - minute 
aggregated speed data were collected. As there were problems with the RWIS during this time 
period, several days from each month had missing weather data.  After completing quality 
checks and the merging process were imported into SAS 9.2. The procedure PROC 
ROBUSTREG was run to determine the significance of RWIS and posted speed limit variables 
in EB and WB directions. The same statistical procedure for eliminating insignificant variables 
that was used in the analysis described in the previous section was used for this analysis (95% 
confidence, p-value < 0.05). The final results of the statistical models for the eastbound and 
westbound directions are shown in Table 4-5 and Table 4-7. The results indicated that the posted 
speed limits on the VSL signs continued to have an impact on observed vehicle speeds. Table 4-
6 and Table 4-8 shows R-square value for the second time period for eastbound and westbound 
direction respectively with values ranging from 0.2 to 0.3.  
 
The coefficients of EB and WB ranging from 0.544 to 0.855 indicating that a speed reduction on 
the VSL signs of 10 mph would result in between a 5.44 and 8.55 mph observed speed reduction 
even when natural slowing due to weather variables is factored in. Vehicles are going faster 
during day than night which is observed from coefficients of DN variable. These results are 
slightly higher (improved) from the results for the initial VSL implementation period, which 
could indicate more acceptance of the VSL system. 
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Table 4-5: Final Model Results for Eastbound VSL Sign Significance, Second Time Period 

EASTBOUND OCTOBER 15 - DECEMBER 15, 2009 

Speed Sensor 
MP 
256.25 

MP 
260.30 

MP 
263.50 

MP 
266.40 

MP 
268.10 

MP 
278.13 

MP 
282.50 

MP 
288.30 

Intercept 34.201 22.856 20.369 17.446 28.397 19.814 16.259 27.453 
DN 1.032 1.187 1.747 1.7443 2.585 1.182 1.517 0.865 
EB 0.544 0.646 0.716 0.714 0.665 0.794 0.798 0.717 
SfStatus 0.875 0.915 0.724 1.294 0.645 0.661 0.699 0.204 
SfTemp 0.263 0.484 0.226 0.146 0.343 0.265 0.257 0.032 
AirTemp -0.144 - -0.042 - - - -0.056 - 
RH -0.033 -0.026 - -0.047 -0.066 -0.087 -0.026 -0.044 
Dewpoint - - -0.042 - - 0.038 - - 
AvgWindSpe
ed 

0.012 0.036 0.045 0.022 0.018 0.033 0.042 0.047 

Wind 1 (N) - - - -0.633 - -0.731 - - 
Wind 2 (NE) -0.814 -0.934 -0.337 -1.314 -0.432 -1.504 -0.922 -0.742 
Wind 3 (E) 0.442 0.295 - -1.401 0.633 -0.926 -0.861 -0.532 
Wind 4 (SE) -0.585 -0.753 - -1.985 -0.563 -1.277 -1.464 - 
Wind 5 (S) - - - - - -0.864 -0.853 -0.654 
Wind 6 (SW) -0.112 - - - - -0.613 -0.305 - 
Wind 7 (W) - - 0.278 - - -0.325 -0.306 0.153 
PrecipType 1.485 - - 2.296 - 1.527 - 1.249 
Visibility 0.0001 0.0001 -0.0001 - 0.0001 0.0001 0.0001 0.0001 

 

Table 4-6: Goodness of Fit for East Bound Direction, Second Time Period 

EASTBOUND OCTOBER 15 - DECEMBER 15, 2009 
Speed 
Sensor 

MP 256.25 MP 260.30 MP 263.50 MP 266.40 MP 268.10 MP 278.13 MP 282.50 MP 288.30 

# 
Observations  

62014 67330 35623 62941 67598 63893 64770 36683 

R-Square 0.2904 0.2475 0.2502 0.2518 0.2525 0.2054 0.2256 0.2055 
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Table 4-7: Final Model Results for Westbound VSL Sign Significance, Second Time Period 

WESTBOUND OCTOBER 15 - DECEMBER 15, 2009 

Speed Sensor 
MP 

256.25 
MP 

260.20 
MP 

263.50 
MP 

266.40 
MP 

268.10 
MP 

278.13 
MP 

282.50 
MP 

288.30 
Intercept 28.782 25.732 17.093 13.703 16.691 25.205 25.126 32.313 
DN 1.746 1.657 0.897 1.635 1.372 2.113 2.074 1.815 
WB 0.589 0.665 0.834 0.855 0.774 0.634 0.633 0.541 
SfStatus 0.683 0.334 0.566 1.026 1.492 0.704 0.844 1.075 
SfTemp 0.542 0.744 0.102 - - 0.224 - 0.828 
AirTemp - - -0.156 - - - -0.048 -0.061 
RH -0.014 -0.041 -0.034 -0.036 -0.034 -0.023 -0.036 -0.032 
Dewpoint - 0.032 - - - 0.022 - - 
AvgWindSpeed 0.057 0.025 - 0.044 - - 0.023 0.03 
Wind 1 (N) - - - - -0.951 - - - 
Wind 2 (NE) -0.745 -0.374 -1.598 -0.348 -1.653 - -0.313 -0.585 
Wind 3 (E) 0.574 0.769 -0.547 - -1.594 1.242 -0.355 -0.278 
Wind 4 (SE) -0.703 - - - -1.515 - -0.623 -0.953 
Wind 5 (S) - - -0.645 - -0.726 - - - 
Wind 6 (SW) - - -0.468 0.274 -0.387 0.704 - 0.284 
Wind 7 (W) - -0.128 - 0.388 -0.202 0.466 - 0.244 
PrecipType 1.622 1.854 0.865 1.398 2.263 1.427 1.015 1.155 
Visibility - 0.0001 - 0.0001 -0.0001 - - 0.0001 

 

Table 4-8 : Goodness of Fit for West Bound Direction, Second Time Period 

WEST BOUND OCTOBER 15 - DECEMBER 15, 2009 
Speed 
Sensor 

MP 256.25 MP 260.20 MP 263.50 MP 266.40 MP 268.10 MP 278.13 MP 282.50 MP 288.30 

# 
Observations  

68576 69814 35427 66441 70399 72101 68935 49363 

R-Square 0.259 0.222 0.239 0.226 0.252 0.255 0.224 0.213 

 

VSL Sign Significance for Individual Speeds December 1-2, 2009 
To check how cars and trucks are reacting to VSL signs individual speed data was collected. 
Data was collected for the three mileposts (256.17, 273.15 and 289.5) for the storm event 
occurring December 1-2, 2009. Collecting individual data requires sensors to be taken off-line 
from the program that runs the TMC speed map and therefore data from only three sensors were 
collected for limited time durations. The sensors selected for the individual observations from are 
at the beginning, middle, and end of the corridor. The classification of vehicles was done based 
on the size of the vehicles. All vehicles less than 20 feet in length are classified as a passenger 
vehicle and all vehicles greater than 20 feet are classified as a truck. Individual speed data can 
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provide a clearer picture on the relationship between speeds, weather, and VSL signs since you 
can see the response of individual vehicles to conditions. The individual speed data was merged 
with RWIS data and VSL sign data. For sake of analysis the RWIS variable surface status 
(SfStatus) was converted into binary form, 1 was used to indicate if the road conditions is dry 
and 0 was used for wet conditions. In a similar way for another RWIS variable precipitation type 
(PrecipType) was converted into binary format where 0 was used if the perception type is snow 
else 1 and to observe the speed variation between cars and trucks, variable Cars and Trucks (CT) 
was included in the model as a binary format with cars as 1 and truck as 0. Using SAS 9.2’s 
ROBUSTREG procedure the statistical analysis was done using the same procedure for 
removing insignificant variables and confidence levels as the previous tasks. The final model 
results of both the eastbound and westbound directions are shown in Table 4-9. 
 

Table 4-9: Final Model Results for Eastbound and Westbound VSL Sign Significance, 
Third Time Period 

DECMBER 1-2, 2009 
Speed Sensor MP 256.17 MP 273.15 MP 289.5 MP 256.17 MP 273.15 MP 289.5 
Direction EB EB EB WB WB WB 
Intercept 36.501 46.393 79.447 43.516 49.474 48.847 
EB 0.412 0.632 0.486 N/A N/A N/A 
WB N/A N/A N/A 0.345 0.585 0.588 
CT 3.193 2.143 0.085 2.667 2.873 3.375 
DN 1.984 2.654 3.427 1.544 0.812 1.646 
SfStatus 1.555 1.601 1.797 1.694 1.121 - 
SfTemp 1.357 0.742 - 1.273 - 0.197 
SubTemp - - -0.035 - - - 
AirTemp - - - - -0.344 - 
RH - -0.146 -0.123 -0.034 -0.253 -0.066 
Dewpoint - - 0.506 - - 0.413 
AvgWindSpeed - - - - - - 
Wind 1 (N) - - -2.564 - - -2.144 
Wind 2 (NE) -1.973 -3.178 -4.832 -3.435 -5.318 -3.091 
Wind 3 (E) -3.891 -4.966 -4.076 -5.194 -2.865 -1.742 
Wind 4 (SE) 3.571 - - - - - 
Wind 5 (S) - - - - - - 
Wind 6 (SW) - - 1.271 - - - 
Wind 7 (W) - - 0.573 0.893 - - 
PrecipType 2.702 3.258 2.303 4.427 3.093 2.013 
Visibility - 1.836 -1.462 -1.333 -1.215 - 
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The coefficient of the variables EB and WB are in the range of 0.34 to 0.64 suggesting that speed 
compliance is lower than that indicated in the previous two modeling tasks. The cars and trucks 
variable coefficient varies from 2.14 to 3.37 suggesting that the cars are travelling faster that 
trucks and speed differences between car and truck is about 2.14 to 3.37 mph. The RWIS 
variable precipitation type has significant impact on the observed vehicle speeds, the coefficients 
varies from 2.99 to 4.49 which indicates that when there is snow or rain, speeds of the vehicles 
are dropping by 3 - 4.5 mph. The coefficients of the wind directions suggests that if the wind is 
from north and north-east direction then there might be a chance of snow but there was no 
significant impact of average wind speeds on drivers speed. The R-squared values for the six 
models range from 0.30 to 0.42 (see Table 4-10), which are reasonable given the human factors 
component to speed selection and the large number of observations. 

 

Table 4-10: Goodness of Fit, Third Time Period 

Speed Sensor MP 256.17 MP 273.15 MP 289.5 MP 256.17 MP 273.15 MP 289.5 
Direction EB EB EB WB WB WB 

Number of 
Observations 

4293 4313 4414 4513 4600 4371 

R-Square 0.297 0.395 0.416 0.322 0.367 0.365 

VSL Sign Significance for Individual Speeds January 18-24, 2011 
For the fourth time period from January 18 – 24, 2011, the data was analyzed more in depth to 
check how drivers’ speed is being affected based on different pavement surface conditions. 
Pavement surface conditions were categorized into three variables as snow, wet and ice instead 
of dry and wet. Using SAS 9.2’s ROBUSTREG procedure the statistical analysis was done using 
the same procedure for removing insignificant variables and confidence levels as the previous 
tasks. The final model results of both the eastbound and westbound directions are shown in Table 
4-11. Total number of observations and goodness of fit for the fourth time period is shown in the 
Table 4-12. The R-squared values for this model shows a better fit for a given total number of 
observations. 
 
The coefficients of car and trucks variable varies from 2.9 to 5.7 indicating that the difference in 
speeds between cars and trucks is 3 to 5.7 mph. The Coefficients of pavement surface condition 
variables snow, wet and ice are from -4.7 to -6.2, -1.0 to -3.75 and -1.5 to -4.3 respectively and 
these coefficients suggest that there is most reduction in speeds when the surface condition is 
snow, of 4.7 to 6.2 mph. The coefficients of EB and WB ranging from 0.29 to 0.57 indicating 
that a speed reduction on the VSL signs of 10 mph would result in between a 2.9 and 5.7 mph 
observed speed reduction. 
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Table 4-11: Final Model Results for VSL Sign Significance, Fourth Time Period 

JANUARY 18-24, 2011 
Speed Sensor MP 256.17 MP 273.15 MP 289.5 MP 256.17 MP 273.15 MP 289.5 
Intercept 39.753 58.166 46.918 60.720 61.586 60.723 
CT 5.748 4.625 5.725 5.619 3.413 5.637 
DN 3.489 2.477 1.327 3.592 4.092 2.592 
EB 0.425 0.435 0.273 N/A N/A N/A 
WB N/A N/A N/A 0.494 0.394 0.577 
Snow -2.534 -4.744 -5.237 -6.265 -5.566 -6.282 
Wet -1.196 -2.202 -3.352 -1.012 -3.754 -1.037 
Ice -1.523 -2.073 -4.317 -3.868 -3.227 -3.865 
SfTemp 0.075 - 0.083 0.044 - 0.044 
RH -0.215 -0.238 -0.068 -0.172 -0.238 -0.172 
AvgWindSpeed -0.276 -0.236 -0.043 -0.431 -0.208 -0.437 
wd1 -6.067 -2.727 -3.482 -4.282 -3.923 -4.308 
wd2 -2.856 - - 0.949 - 0.965 
wd3 - - - - - - 
wd4 - - -2.163 - - - 
wd5 -4.211 - -1.594 -5.183 - -5.163 
wd6 -0.992 -3.507 -1.473 -1.417 -3.633 -1.402 
wd7 -2.39 -1.773 -1.762 -2.434 -1.994 -2.441 
Visibility 0.000259 - 0.000449 0.000197 0.000245 - 

 

Table 4-12: Goodness of Fit, Fourth Time Period 

Speed Sensor MP 256.17 MP 273.15 MP 289.5 MP 256.17 MP 273.15 MP 289.5 
Direction EB EB EB WB WB WB 

Number of Observations 21542 37058 21016 22344 37058 21016 

R-Square 0.473 0.540 0.468 0.527 0.540 0.468 

Analysis of Weather Variables Conclusions 
From the results of the statistical tests of first time period (i.e. when the VSL are newly 
implemented) the estimates of variable EB and WB are from 0.47 to 0.75 suggesting that the 
VSLs are affecting the speeds of the drivers’ significantly. For winter 2009 modeling it was 
found that EB and WB variables have almost the same amount of impact on vehicle speeds. The 
coefficient of these variables varied from 0.59 to 0.86. These coefficients are interpreted as the 
VSL system impacting the observed speeds by lowering them 5.9 to 8.6 mph for every 10 mph 
of speed reduction posted on the signs. This observed speed reduction is in addition to the natural 
speed reductions due to observed weather conditions. The coefficient of the variables EB and 
WB from December 2009 individual speed model are in the range of 0.34 to 0.64 suggesting that 
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speed compliance is lower than that indicated in the previous two modeling tasks. The 
coefficient of CT variable signifies that there is a speed difference between cars and trucks. 
Vehicles are travelling at higher speeds during day time than night time and this trend is 
observed in all four models. It is observed from the fourth time period modeling that there is a 
most reduction in speeds when the surface condition is snow. Based on the availability of RWIS 
data and the coefficients of significant weather variables from all the four models it is concluded 
that surface status, surface temperature, RH, average wind speed and visibility are affecting the 
drivers’ speed significantly. VSL signs are affecting speeds of the drivers’ significantly but it is 
observed from coefficients of EB and WB variables that the level of significance is reducing 
from storm to storm this might be due to the current protocol of changing the speed limits. The 
change in protocol is needed for better understanding of VSL sign significance in affecting the 
drivers’ speeds. Data for different time periods should be collected and analyzed to see if the 
current conclusions are consistent along the corridor. 
 
The results of this research indicate that the VSL signs account for additional slowing due to the 
posting of reduced speeds that is not accounted from the weather variables, which indicates 
promise for VSL systems to improve operations on roadway corridors subject to winter weather 
conditions. 
 
From the statistical analysis the following conclusions were made: 
 

• VSL system is statistically significant in affecting vehicle speeds. 
• Cars are travelling faster than trucks during bad weather conditions. 
• Vehicles are travelling faster during day than night. 
• The most significant weather variables affecting the vehicle speeds are pavement surface 

condition, pavement surface temperature, RH, average wind speed and visibility. 
 

4.2 Development of Basic Control Strategy 

As the first step in the development of control strategy the key weather variables affecting the 
vehicle speeds during bad weather conditions were identified. The next step is to construct a 
frame work for the control strategy. The proposed VSL control strategy has two branches with 
one branch based on observed speeds and the second branch based on RWIS weather variables. 
Each of these branches operates independently and the branches are reconciled in the mixed 
analysis step at the end of the algorithm.  If either speed or weather variables become unavailable 
due to equipment or communications failures, a speed limit can still be recommended based on a 
single branch. 
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Observed Speed Perspective 
Observed speed perspective is based on observed traffic volumes and speeds every 15 minutes. 
The speed perspective algorithm is shown in Figure 4-1 and is described as follows: 
 
Step 1: Data Download. Time stamp, count and observed vehicle speed data for either individual 
data or aggregated data is downloaded from the speed sensors. The data from the speed sensors 
is collected continuously for data from the previous 45 minute period is used in the algorithm.  
 
Step 2: Data Quality Module. The downloaded data is passed through the quality checks where 
the system filters out data that has null values or any unreasonable data such as negative and 
extreme speeds. 
 
Step 3: Aggregate Module. The data is aggregated over 15 minute interval periods. For every 15 
minute period the number of vehicles passing the speed sensor is summed and the speed variable 
is aggregated. If the 15 minute count is greater than 40 then 85th percentile of the observed 
speeds will be calculated for the minute period.  If the count is less than 40, the 50th percentile 
speeds are calculated.  The project corridor has low ADT during the winter seasons and night 
time periods so in order to make the recommended speed limit decisions a reasonable count of 40 
vehicles was chosen.  This threshold is based on off-peak counts during the lowest volume 
month of December. To make better approximations of travelling speeds 85th percentile speeds 
were chosen for higher count periods and 50th percentile speeds for lower count periods. The 
flow chart of the Aggregate module is shown in Figure 4-1. 
 
Step 4: Main Module. The main module utilizes the count and speeds information for the three 
15 minute aggregated data to calculate the recommended speed limit for next 15 minute period. 
The main module uses a weighting methodology were the weights on each 15 minute period is 
dependent on volume count for each 15 minute period. The logic in this module is better 
explained using an example. The notations used in the example are shown in the Figure 4-2 flow 
chart.  
 
Example: As shown in the Table 4-13, three 15-minute periods are from 7:00PM - 7:45 pm. The 
speed and count values are shown in parenthesis. Based on the flow chart shown in Figure 4-2 
the weighting equation is:  
 
 𝑃𝑟𝑜𝑝𝑜𝑠𝑒𝑑𝐷 = 0.7 ∗ 𝑠𝑝𝑒𝑒𝑑 𝐶 + 0.2 ∗ 𝑠𝑝𝑒𝑒𝑑 𝐵 + 0.1 ∗ 𝑠𝑝𝑒𝑒𝑑 𝐶   (Equation 26) 

From the above equation proposedD = 62.5 mph, which will be rounded in the next step. 
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Figure 4-1: Observed Speed Perspective Flow Chart 

 
 

 

 

See Figure 4-2 for 
Main 
Module Flow Chart 
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Table 4-13: Step 4 Example 

Interval Speed Count Period Speed Limit 
Period A: 7:00PM - 7:15 pm Speed A  (63mph) Count A (40 veh) A Current 
Period B: 7:15PM - 7:30 pm Speed B (64 mph) Count B (12 veh) B Current 
Period C: 7:30PM - 7:45 pm Speed C (62 mph) Count C (43 veh) C Current 
Period D: 7:45PM - 8:00 pm   D Proposed 
 
Step 5: Rounding Module. The output from Step 4 is a speed value which is likely not 
appropriate to display on the VSL so to comply with MUTCD standards the output will be 
passed through the rounding filter to output a speed limit in 5 mph increments from 35 to 70 
mph. WYDOT maintains a policy that if conditions warrant speeds lower than 35 mph the 
corridor will be closed given the length and the remote nature of the corridor. 
 
Step 6: Converting Module.   If the recommended speed limit from Rounding Module is 75 and 
the current speed limit is 70 MPH the speed change module will never allow for the speed limit 
to be reset to the maximum value of 75 MPH. The converting module checks for this condition 
and converts the output of the speed change module to 75 if the output from main module is 
greater than or equal to 72. The algorithm for the converting module is shown in Figure 4-1. 
 
Step 7: Speed Change Module. The algorithm will calculate a recommended speed limit every 15 
minutes, which could create issues for the highway patrol officers enforcing the corridor.  It is 
also not desirable from a driver’s perspective to have the corridor subjected to frequent but minor 
speed changes.  The speed change module allows for a speed update only if the absolute speed 
difference between the current speed limit and the output from step 5 is greater than or equal to 
10. This dampens the frequency of recommended speed changes but still allows to system to 
respond quickly to worsening conditions. 
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Figure 4-2: Flow Chart for Main Module in Speed Perspective 
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RWIS Perspective 
The control strategy also contains a weather perspective branch that is based on the weather 
variables provided by the RWIS every 5 minutes. An overview of the weather perspective is 
shown in Figure 4-3. 
 
The RWIS variables used in this algorithm are surface condition, surface temperature in 
Fahrenheit (ST), Relative Humidity in percentage (RH), average wind speed in miles per hour 
(AWS) and visibility in feet (V).  These variables were shown to be statistically significant in 
affecting vehicle speeds. The RWIS provides the information about the surface condition in 
seven different categories snow watch, ice watch, ice warning, trace moisture, chemically wet, 
wet and dry. The seven different surface condition categories are reduced to four categories by 
combining wet, trace moisture, and chemically wet into a single wet category and combining ice 
watch and ice warning into an ice category. The final four pavement surface condition categories 
used in the algorithm are snow, ice, wet and dry.  
 
Observed vehicle speed patterns were plotted for each of the four pavement surface conditions 
and found to have significantly different relationships.  Therefore mathematical equations for 
speed based on a single weather parameter were estimated from observed data for a period of 
two winters’ worth of data.  These resulting equations best represent the observed vehicle speed 
patterns for the four different surface conditions. The mathematical relationship between each 
speed-weather variable was tested to determine the equation that best fit the data. 
 
These equations are used by the RWIS algorithm to determine a recommended speed limit for 
each weather variable.  Results from the four equations, depending on surface condition, are 
combined into a single weather-based speed recommendation using weighting factors described 
later.   
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  Figure 4-3: Flow Chart for the RWIS Perspective 

If the surface condition is snow: 

Surface Temperature: 
                                𝑀𝑃𝐻𝑆𝑇 = 40.128 ∗  𝑒(0.0063∗𝑆𝑇)      (Equation 27) 
RH: 
          𝑀𝑃𝐻𝑅𝐻 = (−0.0009 ∗ 𝑅𝐻3) + (0.199 ∗ 𝑅𝐻2) − (15.152 ∗ 𝑅𝐻) + 457  (Equation 28) 
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Average Wind Speed: 
                               𝑀𝑃𝐻𝐴𝑊𝑆 = (−0.0325 ∗ 𝐴𝑊𝑆2) + (1.5189 ∗ 𝐴𝑊𝑆) + 35  (Equation 29) 
Visibility: 
                              𝑀𝑃𝐻𝑉 = (14.718 ∗ log(𝑉) ) − 70      (Equation 30) 
 
If the surface condition is ice: 
Surface Temperature: 
                               𝑀𝑃𝐻𝑆𝑇 = 47.128 ∗  𝑒(0.0063∗𝑆𝑇)     (Equation 31) 
RH: 
            𝑀𝑃𝐻𝑅𝐻 = (−0.0009 ∗ 𝑅𝐻3) + (0.199 ∗ 𝑅𝐻2) − (15.152 ∗ 𝑅𝐻) + 460 (Equation 32) 
Average Wind Speed: 
                            𝑀𝑃𝐻𝐴𝑊𝑆 = (−0.0325 ∗ 𝐴𝑊𝑆2) + (1.5189 ∗ 𝐴𝑊𝑆) + 45  (Equation 33) 
Visibility: 
                           𝑀𝑃𝐻𝑉 = (14.718 ∗ log(𝑉) ) − 70     (Equation 34) 
 
If the surface condition is wet: 
Surface Temperature: 
                               𝑀𝑃𝐻𝑆𝑇 = 47.128 ∗  𝑒(0.0063∗𝑆𝑇)     (Equation 35) 
RH: 
   𝑀𝑃𝐻𝑅𝐻 = (−0.0009 ∗ 𝑅𝐻3) + (0.199 ∗ 𝑅𝐻2) − (15.152 ∗ 𝑅𝐻) + 460  (Equation 36) 
Average Wind Speed: 
     𝑀𝑃𝐻𝐴𝑊𝑆 = (−0.0005 ∗ 𝐴𝑊𝑆3) + (0.0295 ∗ 𝐴𝑊𝑆2) − (0.4832 ∗ 𝐴𝑊𝑆) + 72.905  

(Equation 37) 
Visibility: 
                        𝑀𝑃𝐻𝑉 = (0.0089 ∗ 𝑉 + 22.273)      (Equation 38) 
 
If the surface condition is dry: 
Surface Temperature: 
 If surface temperature <= 25 then 

𝑀𝑃𝐻𝑆𝑇 = 47.177 ∗  𝑒(0.0063∗𝑆𝑇) 
 Else,  
                                                         𝑀𝑃𝐻𝑆𝑇 = (0.0772 ∗ 𝑆𝑇) + 67.765             (Equation 39) 
 
RH: 
            𝑀𝑃𝐻𝑅𝐻 = (−0.0003 ∗ 𝑅𝐻3) + (0.0406 ∗ 𝑅𝐻2) − (1.8784 ∗ 𝑅𝐻) + 130  (Equation 40) 
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Average Wind Speed: 
If average wind speed <= 39 then  

      𝑀𝑃𝐻𝐴𝑊𝑆 =  (−0.0005 ∗ 𝐴𝑊𝑆3) + (0.0295 ∗ 𝐴𝑊𝑆2) − (0.4832 ∗ 𝐴𝑊𝑆) + 72.905  
Else 
   𝑀𝑃𝐻𝐴𝑊𝑠 = (−0.0005 ∗ 𝐴𝑊𝑆3) + (0.0295 ∗ 𝐴𝑊𝑆2) − (0.4832 ∗ 𝐴𝑊𝑆) + 64  (Equation 41) 
Visibility: 
                         𝑀𝑃𝐻𝑉 = (0.0089 ∗ 𝑉 ) + 22.273      (Equation 42) 
 
The algorithm for the RWIS perspective branch of the control strategy is as follows: 
 
Step 1: Data Download.  RWIS variables surface condition, surface temperature, RH, average 
wind speed and visibility will be downloaded every 5 minutes from the RWIS stations on the 
corridor.  
 
Step 2: Data Quality Module. The downloaded data is passed through the quality checks where 
the system filters the data which has null or out of range values.  
 
Step 3: Transformation Module.  The data which passed the quality checks are used in entered 
into the appropriate equations based on the surface condition. Weighting methods (Figures 4-4 
through 4-7) are applied to obtain the weather-based recommended speed limit. Weighting 
factors for each RWIS variable are based on the surface conditions status. High priority is given 
to the visibility variable as it is most important (i.e. highest weighted) factor irrespective of the 
surface condition. During dry surface condition high weight is given to the average wind speeds. 
 
 Step 4: Aggregate Module. The data, which is downloaded every 5 minute period, is aggregated 
into 15 minute periods and the 85th percentile is calculated for the weather-based speeds obtained 
in step 3. The weather-based recommended speed limit is generated every 15 minutes. 
 

Steps 5 – 7:  The Rounding Module (Step 5), Speed Change Module (Step 6) and Converting 
Module (Step 7) for the RWIS Perspective utilize the same logic as Steps 5-7 in the Speed 
Perspective. 
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Figure 4-4: Weighting Factor for Snow Surface Condition 
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Figure 4-5: Weighting Factor for Ice Surface Condition 
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Figure 4-6: Weighting Factor for Wet Surface Condition 
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Figure 4-7: Weighting Factor for Dry Surface Condition 

Mixed Analysis 
It is possible that the recommended speeds from the two perspectives may be different so a 
reconciling process called a mixed analysis is necessary to determine the final recommended 
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speed. The mixed analysis algorithm resolves this issue and is shown in Figure 4-8 and described 
below. 
 
Step 1:  Data Download: The output from the speed and RWIS perspective are calculated every 
15 minutes. 
 
Step 2: Weighting Module. This module decides which perspective receives the higher weight in 
determining the final recommended speed limit. If the difference between the speed and the 
RWIS branches is greater than or equal to 10 mph then more weight is given to RWIS 
perspective output, if the difference between the speed and the RWIS branches is less than or 
equal to -10 then more weight is given to observed speed perspective.  These two cases represent 
situations where one perspective is picking up on significantly different conditions such as speed 
reductions not reflected by the weather variables or deteriorating weather that drivers have not 
yet begun to react to appropriately. Finally, if the speed difference between the two branches is 
between -10 and 10 then the average of two perspectives is calculated. The algorithm of this step 
is shown in Figure 4-8. 
 
The output from the mixed analysis also goes through a Rounding Module (step 3), Converting 
Module (step 4) and Speed Change Module (step 5) that uses the same logic as the speed and 
RWIS branches.  See the steps in the speed perspective described above for more information 
about the control logic contained in those modules. 
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Figure 4-8: Flow Chart for the Mixed Analysis 

  

Simulation Results 
To evaluate the effectiveness of the automated protocol, the proposed control strategy was 
simulated using data from four previous events on Elk Mountain corridor. The storm data from 
events 2, 3 and 4 were not used in the development of control strategy. This was done to test how 
the control strategy will perform on storm events not used in its development.  
 

1. Storm Event 1: January 18, 2011 to January 24, 2011. 
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2. Storm Event 2: November 18, 2011 to November 19, 2011. 
3. Storm Event 3: December 14, 2010 to December 15, 2010. 
4. Storm Event 4: November 1, 2011 to November 8, 2011. 

 
To measure the speed compliance with the control strategy algorithm, four speed compliance 
rates were calculated.  The first two buffer measures are particularly useful when considering 
reductions in speed variations. 
 

• 3 mph buffer (< 3 >): The total number of vehicles travelling with in 3 mph range of the 
posted speed limit. 

• 5 mph buffer (< 5 >): The total number of vehicles travelling with in 5 mph range of the 
posted speed limit. 

• Below posted speed limit (<= P.S): The total number of vehicles travelling below or at 
posted speed limit. 

• Below posted speed limit plus 5 (<= P.S +5): The total number of vehicles travelling 
below or at posted speed limit plus 5. 

 
The simulation used the observed speeds and weather data from the four storm events and the 
results of the simulation are shown in Table 4-14.  Simulations were run considering the speed 
perspective branch only, the weather perspective branch only, and the mixed analysis which 
considered both branches.  It is understood that the simulation process ignores the effect of driver 
reactions to posted speeds different from the ones that actually posted when the speeds were 
observed.  It is believed that the speed compliance rates estimated in the simulation would 
actually improve over those shown in Table 4-14 as the speed limits become more reactive and 
rational.  The frequency column represents the number of times the posted speed was revised 
during each storm event and count column represents the number of observed vehicles during 
each storm. Table 4-14 below shows the speed compliance rates for different storms calculated 
using automated Control Strategy (CS) and WYDOT’s manual protocol. 
 
The simulation results show that in the majority of cases the use of the automated control 
strategy increased the speed compliance using the four definitions of speed compliance described 
above.  The cases where speed compliance was not improved were all in simulations where only 
either the speed perspective or weather perspective branches were used.  The mixed analysis 
shows improved speed compliance in all cases.  In most simulations, the automated control 
strategy results in a higher number of speed limit changes during the storm events than what was 
actually done using the manual protocol. 
 
Figure 4-9 shows the results of the simulations from the second storm event, which was a series 
of storm fronts over a 6 day period.  The top graph shows the automated protocol using the 
mixed analysis while the bottom graph shows what actually occurred using the manual protocol.  
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Generally, the graph shows the automated protocol trending much closer to observed speeds, 
particularly in the periods at were the speeds are transitioning.  All four storm events were 
graphed similarly to ensure that the control strategy did not result in too frequent or too erratic of 
speed changes in the corridor. 
 

Table 4-14: Simulation Results 

Speed Perspective 

Storm Event < 3 > < 5 > < P.S < P.S +5  Frequency Count 
CS – 1 28% 45% 63% 84% 39 21543 
WYDOT – 1 27% 41% 48% 69% 27 21543 
CS – 2 26% 43% 67% 85% 8 2740 
WYDOT – 2 20% 32% 24% 47% 3 2740 
CS – 3 25% 38% 66% 84% 10 3181 
WYDOT – 3 28% 45% 24% 54% 3 3181 
CS – 4 28% 44% 66% 87% 20 28431 
WYDOT – 4 24% 39% 62% 82% 8 28431 

RWIS Perspective 
CS –1 25% 39% 59% 77% 40 21543 
WYDOT – 1 27% 41% 48% 69% 27 21543 
CS – 2 29% 45% 64% 82% 5 2740 
WYDOT – 2 20% 32% 24% 47% 3 2740 
CS – 3 34% 53% 65% 87% 2 3181 
WYDOT – 3 28% 45% 24% 54% 3 3181 
CS – 4 24% 44% 41% 64% 14 28431 
WYDOT – 4 24% 39% 62% 82% 8 28431 

Mixed Analysis 
CS – 1 29% 46% 51% 74% 23 21543 
WYDOT – 1 27% 41% 48% 69% 27 21543 
CS – 2 32% 50% 43% 70% 8 2740 
WYDOT – 2 20% 32% 24% 47% 3 2740 
CS – 3 36% 56% 54% 80% 3 3181 
WYDOT – 3 28% 45% 24% 54% 3 3181 
CS – 4 31% 47% 67% 88% 14 28431 
WYDOT – 4 24% 39% 62% 82% 8 28431 
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Figure 4-9: Comparison of Manual protocol VS Initial Control Strategy 

Development of Basic Control Strategy Conclusions 
This part of the research project outlined a control strategy for a rural interstate variable speed 
limit system based on real time speed and weather observations.  The proposed control strategy 
was then simulated on four previous storm events to determine if the control strategy improved 
speed compliance and speed variation.  It was found through the simulation results that the speed 
compliance rates improved using the automated protocol even when the effect of driver reactions 
to speeds was ignored.  It is expected that speed compliance rates would improve even more the 
more rational and reactive the system was to changing conditions.  
 
There is a great variety in the type of storms events experienced in this corridor so it is expected 
that adjustments will be made to the control strategy. The next step for this research is to develop 
a control strategy using decision trees to determine if this approach would do better at modeling 
complex speed selection behavior.   
 
Key findings 

• Proposed control strategy is efficient than current manual protocol. 
• Basic control strategy provides better speed compliance and speed variance rates. 
• Basic control strategy may not be adequate to represent complex human behavior. 
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4.3 Development of Decision Tree Control Strategy 

To predict recommended speed limits according to changing weather conditions, a control 
strategy was developed. The control strategy utilizes real time data from available ITS 
components along the project corridor as described earlier. The control strategy is designed to 
predict recommended speed limits every 15 minutes. The algorithm for control strategy includes 
two main branches which are independent and able to predict recommended speed limits on own.  
The two branches are the 1) weather (RWIS) perspective and 2) speed perspective.  Unlike the 
previous control strategy that involved mathematical equations to represent human behavior, a 
new type of statistical procedure called decision tree is used in this updated control strategy as it 
best represents the typical human behavior. 

Weather (RWIS) Perspective 
Weather in Wyoming is fluctuating and the driver behavior during such conditions is very 
complex so a model which explains this pattern was required. A statistical procedure called 
decision trees (regression trees) was used in this project to address the issue of complex human 
behavior during bad weather conditions. Decision trees in this control strategy uses real time 
weather variables to predict recommended speed limits.  
 
A simple linear regression model predicts the response variable Y based on explanatory variables 
(x1, x2 …). This model is true if there is a linear relationship between the explanatory variables 
and response variables but when the model has many explanatory variables, complicated 
interactions and nonlinearity relations, a single global model describing such relation is very 
complicated. The other way of approaching this kind of problem is by dividing the data and sub 
dividing the divided data and on till the datasets are manageable size this is called recursive 
partitioning. Once a manageable dataset is found a simple model is used to fit the model 
(Breiman, Friedman, Stone, & Olshen, 1984). 
  
Decision trees use a tree model to represent recursive partitioning. A tree starts with a root node 
and branches out until it reaches a terminal node.  Each of these terminal nodes represents a 
small manageable dataset with a simple model fitting to that dataset only. At each node there is 
an explanatory variable that decides which tree path to be taken. Based on the values of the 
explanatory variables and the splitting of tree branches a response is predicted at the leaf node 
(Breiman, Friedman, Stone, & Olshen, 1984).   A typical tree is shown in Figure 4-10 where 
vehicle speed is response variable and different weather variables as explanatory variables. 
 
 



  

98 
 

 

Figure 4-10: A Typical Tree with Speed as Response Variable and Weather Variables as 
Explanatory Variables  
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• Response variable: Observed speed (MPH) as continuous variable. 
• Explanatory variables: 

o Surface temperature as continuous variable.                       
o RH as continuous variable. 
o Average wind speed as continuous variable. 
o Visibility as continuous variable. 
o Day and Night as binary variable. 

 

The variables that had the largest effect on observed speeds were chosen to develop decision 
trees. It is observed from the previous studies on this corridor that there is a significant difference 
in observed speed patterns for different pavement surface conditions. Therefore, four different 
trees were created for each of the four pavement surface conditions (dry, snow, wet and ice) 
instead of single tree for all pavement surface conditions. 
 
To improve the prediction accuracy of the decision tree, a bagging procedure was implemented 
to construct an ensemble of decision trees. Bagging is a method proposed by Breiman to reduce 
the variance associated with the prediction (Breiman, 1996).  Bagging generates multiple 
datasets from a given sample dataset using bootstrap sampling. Each of these datasets is used to 
generate a decision tree. The aggregated response over all trees is considered as final response 
for given explanatory variables. 
 
Weather perspective branch recommends a regulatory speed limit using decision trees. Storm 
data was collected during different storm events and are used to develop four decision trees. As 
mentioned earlier datasets were divided into four sets based on pavement surface condition. Each 
of these datasets was resampled 170 times using bootstrap sampling method and 170 decision 
trees for each pavement category was generated. The aggregated response from these 170 trees is 
considered as a final response for given set of explanatory variables. The performance measure 
used to test the model fit is Root-Mean-Square error (RMSE). RMSE is in range of 3.78 to 4.71 
for the decision trees as shown in Table 4-15.  
 

Table 4-15: RMSE Values for different Decision Trees 

Surface Condition RMSE 
Dry 3.66 
Wet 3.84 

Snow 4.7 
Ice 4.1 
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Low RMSE values indicate that the decision trees are able to predict with better accuracy for a 
given explanatory variables. Highest RMSE is observed for snow decision tree suggesting that 
the predicted response might be off by 4.7MPH. This margin of error is acceptable for the 
current scenario as there would not be any significant change in driving patterns if the speed 
limits are off by 5 MPH. 
 
Decision trees predict speed limits every five minutes based on the weather data collected every 
five minutes and are aggregated every fifteen minutes. The aggregated weather predicted speed 
limit is passed through the series of modules as shown in the Figure 4-11 to recommend the final 
speed limit. 

Speed Perspective 
The speed perspective branch is based on real-time vehicle speed behavior observed on the VSL 
corridor.  This branch updates every 15 minutes with a new recommended speed limit based on 
last 45 minutes of vehicle observations. The variables used in this branch are the vehicle count 
for each 15 minute period and the 85th or 50th percentile vehicle speeds based on count and time 
stamp. The 85th percentile speeds are used when vehicle counts are high enough to make this 
mathematically reasonable and 50th percentile speeds are used otherwise.  This module uses 
weightage factors on aggregated speeds for each of the three previous 15 minute periods to 
predict recommended speed limit for next 15 minute period. 

Reconciling of Weather and Speed Perspectives 
The recommended speed limits from weather and speed perspectives are merged together to get 
the final recommended speed limit. If the speed difference between observed speed branch and 
weather branch is greater than or equal to10 MPH then more weightage is given to weather 
branch else if the speed difference between weather branch and observed speed branch is greater 
than or equal to10 MPH then more weightage is given to weather branch else weightage is 
equally distributed. Figure 4-12 below shows the logical steps of the proposed algorithm.  
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Figure 4-11 : Flow Chart for the RWIS Perspective Branch 
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Figure 4-12: Flow Chart Displaying the Logical Steps involved in Proposed Control 
Strategy 

Data Analysis & Results 
The effectiveness of proposed control strategy using decision trees was evaluated by conducting 
an analysis that compares the speed compliance rates of decision tree control strategy, initial 
control strategy and WYDOT’s manual protocol. The analysis was conducted on three different 
storm periods which are not used in the development of control strategies.  

1. Storm 1: December 14 to December 15, 2010 
2. Storm 2: November 18, 2011 to November 19, 2011 
3. Storm 3: November 1, 2011 to November 8, 2011 

 
The following parameters were measured during the analysis: 
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• Percentage of vehicles travelling below posted speed limit (<= PS) 
• Percentage of vehicles travelling below posted speed limit+5 MPH (<= PS+5) 
• Percentage of vehicles travelling 3 MPH above and below posted speed limit 
• Percentage of vehicles travelling 5 MPH above and below posted speed limit  
• Frequency of change in speed limit. 

 

The speed compliance parameters were calculated by comparing observed speeds during the 
storm events against the four different speed limits:  the posted speed limits that were actually 
deployed using the current WYDOT manual protocol (Manual Percentage); the Weather 
perspective branch recommended speed limits (RWIS Percentage); the speed perspective branch 
recommended speed limits (Speed Percentage); and recommended speed limits obtained from 
the reconciling of both branches (Mixed Analysis).   
 
The results in Table 4-16 below displays the comparison of decision tree control strategy, initial 
control strategy and WYDOT’s manual protocol for categories mixed percentage, RWIS 
perspective and speed perspective. The speed compliance rates for speed perspective category 
remain the same for the decision tree control strategy and the initial control strategy because the 
methodology is the same in the both cases. The usage of VSL system can be observed from the 
frequency parameter.   
 

Table 4-16: Data Analysis Results Comparing Decision Trees, Initial Strategy and 
WYDOT’s Manual Protocol for Storms 1, 2 and 3 

Mixed Analysis 

Storm Events <PS <PS+5 <3> <5> Frequency Count 
Decision trees – 1 61% 82% 37% 58% 2 3181 

Initial strategy – 1 54% 80% 36% 56% 3 3181 

Manual – 1 24% 54% 28% 45% 3 3181 

Decision trees – 2 60% 81% 37% 52% 4 2740 
Initial strategy - 2 51% 74% 32% 50% 8 2740 

Manual - 2 24% 47% 20% 32% 3 2740 
Decision trees - 3 69% 88% 35% 51% 14 28431 
Initial strategy - 3 67% 88% 31% 47% 14 28431 

Manual - 3 62% 82% 24% 39% 8 28431 
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Speed Perspective 
Decision trees - 1 66% 84% 25% 38% 10 3181 

Initial strategy - 1 66% 84% 25% 38% 10 3181 

Manual - 1 24% 54% 28% 45% 3 3181 

Decision trees - 2  67% 85% 26% 43% 8 2740 
Initial strategy - 2 67% 85% 26% 43% 8 2740 

Manual - 2 24% 47% 20% 32% 3 2740 
Decision trees - 3 66% 87% 28% 44% 20 28431 
Initial strategy - 3 66% 87% 28% 44% 20 28431 

Manual - 3 62% 82% 24% 39% 8 28431 

RWIS Perspective 
Decision trees-1 79% 88% 35% 52% 3 3181 

Initial strategy-1 65% 87% 34% 53% 3 3181 

Manual-1 24% 54% 28% 45% 3 3181 

Decision trees-2 69% 88% 32% 49% 4 2740 
Initial strategy-2 64% 82% 29% 45% 4 2740 

Manual-2 24% 47% 20% 32% 3 2740 
Decision trees-3 64% 73% 28% 47% 14 28431 
Initial strategy-3 41% 64% 24% 44% 14 28431 

Manual-3 62% 82% 24% 39% 8 28431 
 

Observations  
In the analysis of control strategy performance, the proposed control strategy is believed to work 
more effectively than both the current manual protocol and the initial control strategy in 
deploying speed limits.   It is observed that speed recommendation changes to the VSL are more 
frequent when compared to current manual protocol but the frequency of changes is still 
reasonable.  This result is to be expected since the automated protocol is designed to be more 
reactive to changing conditions.  
 
From the results in Table 4-16 it is observed that in all the three storm periods the control 
strategy using decision trees are providing high speed compliance rates. The percentage vehicles 
in the 3MPH buffer and 5 MPH buffer around the posted speed are in a range of 35% to 39% and 
51% to 58% respectively when the decision tree control strategy was used. High percentages of 
vehicles were observed below posted speed limits and posted speed limits plus 5MPH.  
 
Since the analyses use actual observed speed data with manual protocol set speeds, the actual 
speed reactions to different posted speeds can only be estimated.  It is believed that the speed 
compliance rates reported in this section would only improve when an automated protocol is 
implemented since the speeds would be more rational to actual conditions and would be faster 
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reacting. As decision tree control strategy is outperforming initial control strategy and 
WYDOT’s manual protocol, an upgrade of protocol to deploy VSL system should be considered. 
 
Key findings 

• Decision tree methodology is used to represent complex human behavior. 
• Decision tree control strategy is more effective than initial control strategy and 

WYDOT’s manual protocol. 
• Higher speed compliance and speed variance rates were observed using new control 

strategy. 
• New decision tree is more reactive and consistent in recommending speed limits. 

4.4 Development of Machine Learning Component to Control Strategy 

A machine learning algorithm was developed to address the concern that the control strategy was 
developed on a limited number of storms.  This is particularly of concern in an era when a 
“normal” winter season is becoming harder to define.  Initially a static automated control 
strategy was designed to predict recommended speed limits but due to the highly variable nature 
of observed weather during these storm events, a self-learning component was recommended. 
This machine learning algorithm would utilize the same real time vehicle and weather data as the 
previously developed control strategies.  The focus of this section is the development of machine 
learning component that would allow the control strategy to evolve as more storm periods are 
observed. Some general details about the control strategy are provided below.  
 
The control strategy algorithm consists of two main branches.  The speed perspective branch 
uses real time traffic data and weather perspective branch uses real time weather data to 
recommend posted speed limits. These two branches are independent of each other until a 
reconciling process at the end. Speed perspective recommends posted speed limits based on real 
time observed vehicle speeds whereas the weather perspective based on a statistical procedure 
called decision trees (regression trees) that utilizes pavement surface condition, surface 
temperature, RH, average wind speed, visibility and day/night variables. The values of the RWIS 
variables are updated every five minutes. Decision trees were used in the algorithm because it is 
very difficult to model the complex nature of human behavior reactions with respect to weather 
variables.  In the later stages of the algorithm, the outputs from the two branches are combined to 
predict the final recommended posted speed limit. 

Machine Learning 
The machine learning strategy is accomplished by updating the decision trees for the weather 
perspective with newly available storm data. The machine learning algorithm is displayed in 
Figure 4-13 and explained in the following four steps: 
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Step 1: At the end of each storm event (i.e. when the speeds are set back to their maximum 
values) the TMC operator  would stop the control algorithm that is estimating recommended 
speed limits, an option for updating the system with new storm data would be available to 
operator.  If the operator opts for not updating, the system would not learn from the previous 
storm. If operator chooses to update then system will invoke the machine learning part of the 
algorithm. The option for updating the system is provided as there might be a case where vehicle 
speeds are influenced by non-weather related factors such as construction or vehicle crashes.  
 
Step 2: Once the machine learning part of the algorithm is initiated, the system will retrieve the 
RWIS weather variables associated with the weather event, weather predicted recommended 
speed limits, and the five minute aggregated observed vehicle speeds.  
 
 Step 3: Retrieved data are arranged from oldest to newest based on timestamp and aggregated 
for every five minutes. If the absolute speed difference between weather predicted recommended 
speed limits and five minute aggregated observed vehicle speeds is greater than 7 MPH and the 
observed number of vehicles is greater than 7 then the five minute aggregated vehicle speeds and 
the corresponding weather variables are separated. The separated data is considered as learning 
data as the recommended speed limit was not properly predicted by the system and thus eligible 
for further training of the decision trees. 
 
Step 4: The separated aggregated vehicle speed data and corresponding weather data is then 
separated in to dry, wet, snow and ice categories based on pavement surface type condition. 
These categorized datasets are used to update the corresponding decision trees for each pavement 
surface type. To update the decision trees, vehicle speed data is used as response variable and 
weather data as explanatory variables. These updated trees are available in databases for 
predicting recommended speed limits during next storm events. 
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Figure 4-13: Machine Learning Algorithm Flow Chart 

 

Figure 4-14: Static Control Strategy Algorithm Flow Chart 
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Data Analysis & Results 
To evaluate the performance of proposed machine learning algorithm, a comparison analysis was 
conducted between static control algorithm and machine learning algorithm. The analysis was 
conducted by applying both strategies on three different storm datasets which are not used in the 
development of control strategies.  
 

1. Storm 1: December 14 to December 15, 2010 
2. Storm 2: October 25 to October 27, 2011 
3. Storm 3: January 18 to January 24, 2011 

 
The following parameters were measured during the analysis: 
 
Speed compliance parameters 

• Percentage of vehicles travelling below posted speed limit (<= PS) 
• Percentage of vehicles travelling below posted speed limit+5 MPH (<= PS+5) 
• Percentage of vehicles travelling below posted speed limit-10 MPH (< PS-10) 
• Percentage of vehicles travelling above posted speed limit +10 MPH (> PS +10) 

Speed variance parameters 
• Percentage of vehicles travelling 3 MPH above and below posted speed limit (< 3 >) 
• Percentage of vehicles travelling 5 MPH above and below posted speed limit (< 5 >) 

General parameters 
• Frequency of change in speed limit during storm period (Speed Limit Change Frequency) 
• Total number vehicles observed during storm period (Total Count) 
 

The speed compliance parameters were calculated by comparing observed speeds during the 
storm events against the four different speed limits:  the posted speed limits that were actually 
deployed using the current WYDOT manual protocol (Manual Percentage); the Weather 
perspective branch recommended speed limits (RWIS Percentage); the speed perspective branch 
recommended speed limits (Speed Percentage); and recommended speed limits obtained from 
the reconciling of both branches (Mixed Percentage).  
 
The comparison of above parameter values between static control algorithm and machine 
learning algorithm will help in understating the performance of the machine learning algorithm 
with respect to static control algorithm. 

Static Control Algorithm 
Decision trees used in the weather perspective part of the static control strategy were developed 
using the remaining four storm datasets. The control algorithm as shown in Figure 4-14 was 
deployed on the three test storm datasets storm 1, 2 and 3 and the above mentioned parameters 
were calculated and shown in Tables 4-17,4-18 and 4-19 respectively.  
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Table 4-17: Data Analysis Results for Storm 1 using Static Control Algorithm 

Variables <= PS <= PS + 5 < PS - 10 > PS + 10 < 3 > < 5 > 

Speed 
Limit 

Change 
Frequency 

Total 
Count 

Mixed 
Percentage 61% 84% 9% 4% 39% 58% 2 3181 

Speed 
Percentage 66% 84% 9% 5% 36% 53% 3 

 RWIS 
Percentage 75% 85% 12% 7% 35% 55% 4 

 WYDOT 
Percentage 24% 54% 2% 20% 28% 45% 3 

  

Table 4-18: Data Analysis Results for Storm 2 using Static Control Algorithm 

Variables <= PS <= PS + 5 < PS - 10 > PS + 10 < 3 > < 5 > 

Speed 
Limit 

Change 
Frequency 

Total 
Count 

Mixed 
Percentage 64% 85% 18% 4% 27% 44% 8 8744 

Speed 
Percentage 59% 81% 15% 7% 26% 46% 8 

 RWIS 
Percentage 67% 86% 19% 4% 24% 41% 7 

 WYDOT 
Percentage 66% 83% 19% 8% 23% 39% 7 

  

Table 4-19: Data Analysis Results for Storm 3 using Static Control Algorithm 

Variables <= PS <= PS + 5 < PS - 10 > PS + 10 < 3 > < 5 > 

Speed 
Limit 

Change 
Frequency 

Total 
Count 

Mixed 
Percentage 62% 82% 19% 6% 32% 47% 26 21543 

Speed 
Percentage 63% 84% 13% 9% 28% 45% 39 

 RWIS 
Percentage 73% 88% 32% 4% 21% 34% 40 

 WYDOT 
Percentage 48% 69% 12% 19% 27% 41% 23 
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Form the results of static control strategy it is observed that the algorithm is predicting better 
recommended speed limits when compared to WYDOT’s manual protocol. Higher numbers in 
columns <PS -10 and >PS+10 indicate that more number of vehicles are going at very low 
speeds or very high speeds when compared to posted speed limits. 

Machine Learning Algorithm 
The decision trees used in the static control strategy were used in the machine learning algorithm 
for deploying the control strategy for storm; therefore the results for this storm period would be 
same as static control algorithm. At the end of storm 1, the machine learning component was 
activated and decision trees are updated with storm 1 data as previously stated. Now the control 
strategy with newly updated trees was applied on storm 2 and the results for storm 2 are 
displayed in Table 4-20. After deploying the control strategy for storm 2, the machine learning 
algorithm was again updated with storm 2 data. The control strategy with updated trees is now 
applied storm 3 and the results for this storm are displayed in Table 4-21. The machine learning 
algorithm flowchart is displayed in Figure 4-13. 
 

Table 4-20: Data Analysis Results for Storm 2 using Machine Learning Algorithm 

Variables 

<= PS <= PS + 5 < PS - 10 > PS + 10 < 3 > < 5 > 

Speed 
Limit 

Change 
Frequency 

Total 
Count 

Mixed 
Percentage 67% 86% 15% 4% 28% 47% 8 8744 

Speed 
Percentage 59% 81% 15% 7% 26% 46% 8 

RWIS 
Percentage 71% 89% 13% 3% 27% 45% 7 

Manual 
Percentage 66% 83% 19% 87% 23% 39% 7 

 

Table 4-21: Data Analysis Results for Storm 3 using Machine Learning Algorithm 

Variables 

<= PS <= PS + 5 < PS - 10 > PS + 10 < 3 > < 5 > 

Speed 
Limit 

Change 
Frequency 

Total 
Count 

Mixed 
Percentage 67% 84% 11% 10% 34% 50% 28 21543 

Speed 
Percentage 63% 84% 13% 9% 28% 45% 39 

RWIS 
Percentage 65% 82% 12% 8% 32% 49% 30 

Manual 
Percentage 48% 69% 12% 19% 27% 41% 23 
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The predicted recommended speed limits using machine learning algorithm are providing higher 
speed compliance rates than manual protocol. The speed limits predicted by weather perspective 
branch are relatively higher compared to speed perspective and WYDOT’s manual protocol. 

Comparing Both Control Algorithms 
The comparison of machine learning algorithm, static control algorithm and WYDOT’s manual 
protocol for storm 2 and 3 is shown in Table 4-22. 
 

Table 4-22: Comparison between Machine Learning and Static Control Algorithm  

Mixed Analysis 

Storm Events <PS <PS+5 < PS - 10 > PS + 10 <3> <5> Frequency Count 

Machine Learning – 2 67% 86% 15% 4% 28% 47% 8 8744 

Static Algorithm – 2 64% 85% 18% 4% 27% 44% 8 8744 

Manual – 2 66% 83% 19% 8% 23% 39% 7 8744 

Machine Learning – 3 67% 84% 11% 10% 34% 50% 28 21543 

Static Algorithm – 3 62% 82% 19% 6% 32% 47% 26 21543 

Manual – 3 48% 69% 12% 19% 27% 41% 23 21543 

RWIS Perspective 

Machine Learning – 2 71% 89% 13% 3% 27% 45% 7 8744 

Static Algorithm – 2 67% 86% 19% 4% 24% 41% 7 8744 

Manual – 2 66% 83% 19% 8% 23% 39% 7 8744 

Machine Learning – 3 65% 82% 12% 8% 32% 49% 30 21543 

Static Algorithm – 3 73% 88% 32% 4% 27% 41% 40 21543 

Manual – 3 48% 69% 12% 19% 21% 34% 23 21543 

 

The machine learning algorithm is performing better than WYDOT’s current manual protocol 
and static control strategy. The speed variance parameter values are higher for RWIS perspective 
branch when machine learning algorithm is used indicating less speed variance among vehicles. 
Higher values in both speed compliance and speed variance parameters suggest that machine 
learning algorithm can be used for more reliable recommended speed limits. 
 
Key findings 

• Machine learning component of control strategy is effective in learning vehicle speed 
behavior during different storm events. 

• Machine learning algorithm providing better speed compliance and speed variance rates 
than all candidate control strategies and WYDOT’s manual protocol. 

• The RWIS perspective of control strategy is recommending better speed limits compared 
to other proposed control strategies. 
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• The ability to learning from storm events allows the transferability of control strategy to 
other VSL corridors. 

 

4.5 Transferability of Control Strategy to Other Corridors 

One of the tasks for this research was to look at the transferability of a control strategy developed 
for a specific corridor to another corridor with similar weather.  Prior to this research it was not 
known how unique the control strategies were to a specific location.  To determine the 
transferability, the machine learning control strategy discussed previously was applied to a new 
location and the performance of the control strategy was analyzed.  

Data Analysis 
To evaluate the transferability of the proposed control strategy, a simulation study was 
conducted. During this study, the control logic that was developed based on the data available 
from location MP 256.25 was applied on to the storm data that was collected at location MP 330. 
The control logic was applied for the three different storm periods. 

1. Storm 1: February 17 to February 19,2013 
2. Storm 2: April 30 to May 02, 2013 
3. Storm 3: February 07 to February 11, 2013 

 
The following parameters were measured during the analysis: 
 
Speed compliance parameters 

• Percentage of vehicles travelling below posted speed limit (<= PS) 
• Percentage of vehicles travelling below posted speed limit+5 MPH (<= PS+5) 
• Percentage of vehicles travelling below posted speed limit-10 MPH (< PS-10) 
• Percentage of vehicles travelling above posted speed limit +10 MPH (> PS +10) 

Speed variance parameters 
• Percentage of vehicles travelling 3 MPH above and below posted speed limit (< 3 >) 
• Percentage of vehicles travelling 5 MPH above and below posted speed limit (< 5 >) 

General parameters 
• Frequency of change in speed limit during storm period (Speed Limit Change Frequency) 
• Total number vehicles observed during storm period (Total Count) 

 
In the results of the simulation are found in Table 4-23 where CS indicates Control Strategy, 
column <3> and <5> indicates speed variance parameters, columns <=PS, <=PS+5, <=PS-10 
and >=PS+10 indicates speed compliance parameters and column frequency indicates the usage 
of VSL.  The numbers after CS and WYDOT indicate which of the three storm event the results 
refer to. 
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Table 4-23: Data Analysis Results Comparing Decision Trees and WYDOT’s Manual 
Protocol for Storms 1, 2 and 3 

Mixed Analysis 

Storm Event < 3 > < 5 > <= P.S <= P.S +5 < =P.S -10 >= P.S + 10  Frequency Count 

CS – 1 26% 42% 57% 79% 19% 7% 10 13266 

WYDOT – 1 26% 42% 54% 77% 18% 8% 5 13266 

CS – 2 28% 44% 54% 75% 14% 9% 7 7498 

WYDOT – 2 23% 37% 65% 81% 22% 7% 8 7498 

CS – 3 30% 49% 52% 78% 12% 6% 10 27902 

WYDOT – 3 29% 46% 55% 80% 14% 6% 8 27902 

Speed Perspective 

CS – 1 26% 42% 56% 79% 19% 7% 12 13266 

WYDOT – 1 26% 42% 54% 77% 18% 8% 5 13266 

CS – 2 25% 40% 48% 69% 15% 13% 9 7498 

WYDOT – 2 23% 37% 65% 81% 22% 7% 8 7498 

CS – 3 30% 49% 54% 80% 12% 5% 10 27902 

WYDOT – 3 29% 46% 55% 80% 14% 6% 8 27902 

RWIS Perspective 

CS –1 26% 43% 54% 76% 17% 9% 12 13266 

WYDOT – 1 26% 42% 54% 77% 18% 8% 5 13266 

CS – 2 27% 43% 55% 75% 14% 9% 8 7498 

WYDOT – 2 23% 37% 65% 81% 22% 7% 8 7498 

CS – 3 30% 48% 49% 75% 11% 9% 18 27902 

WYDOT – 3 29% 46% 55% 80% 14% 6% 8 27902 
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Figure 4-15: Comparison of WYDOT’s Manual Protocol and Machine Learning Algorithm 

Observations  
From the results of the analysis, it is observed that the proposed control strategy is performing 
slightly better than WYDOT’s manual protocol.  It is observed that speed recommendation 
changes to the VSL are slightly more when compared to current manual protocol but the 
frequency of changes is still reasonable.  From the results in Table 4-23, it is observed that in all 
the three storm periods the control strategy using decision trees are providing slightly high speed 
compliance rates. The percentage vehicles in the 3MPH buffer and 5 MPH buffer around the 
posted speed are in a range of 25% to 30% and 40% to 49% respectively when decision tree 
control strategy was used. For storm 2 WYDOT’s manual protocol displayed higher speed 
compliance rates than proposed control strategy, this increase in speed compliance is the result of 
more number of vehicles travelling below posted speed limit minus 10MPH.  
 
From the Figure 4-15 it can be concluded that proposed control strategy is performing slightly 
better than WYDOT’s manual protocol. The transferability of proposed control strategy is 
successful as the system learns more about the drivers’ behavior from storm to storm and it can 
be observed from the results in Table 4-23.  Therefore it is proposed that if the control strategy 
were implemented with a self-learning component then it would be acceptable to use a borrowed 
control strategy from another corridor during initial implementation of the control strategy if an 
there was an emphasis to TMC operators to be sure to initiate the machine learning after each 
major storm event.    
 
Key findings 

• Transferability of the control strategy is possible if the weather conditions at the new 
corridor are similar to the corridor where the control strategy was developed. 

• It would be beneficial to train the decision trees with the storm data collected at the new 
corridor. 

• The system should be monitored till it is recommending desirable speed limits based on 
real time weather and traffic data. 

• From the simulation results it is observed that proposed control strategy is performing 
slightly better than WYDOT’s manual protocol. 
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• If the control strategy is to transfer a completely new corridor, it would be ideal to collect 
some storm data and train the decision trees before using the control strategy in real time. 

4.6 General Methodology for Future Corridors 

The control strategy to operate the VSL system is critical for consistent and responsive operation 
of the system as it recommends the speed limits for changing traffic and weather conditions.  
Ideally a new control strategy could be developed for each specific location. As noted in the 
previous section, the proposed machine learning control strategy has the ability to learn from the 
storms, so a control strategy could be borrowed from another location if a location specific one 
cannot be generated.  It should be noted that the best initial performance of the system can only 
come from generating a location specific control strategy before the corridor begins operations. It 
is also important to note that the proposed control strategy is not be ideal for the locations where 
the traffic volumes are extremely low traffic volumes (AADT<4,000) because a need for a 
minimum number of speed observations every 15 minutes. Additional research is needed to 
determine how the control strategy should be modified for low volume roadways.   
 
This section will focus on describing the general methodology for developing control strategy for 
future corridors. The “ideal methodology” would provide the most accurate control strategy for a 
corridor but requires more data analysis than the “acceptable methodology”.  Both are described 
in the following sections. 

 Ideal Methodology 
Ideal methodology is for those corridors that are new and there is no information about the key 
weather variables impacting driving behavior on the corridor during storm events.  
 

1. Collect vehicle speed and all the possible weather related data 
a. Weather data includes surface temperature, air temperature, relative humidity, 

average wind speed, gust wind speed, wind direction, visibility, precipitation type, 
precipitation intensity, pavement surface type, and more if available from the 
nearby RWISs for different storm events that represent all the various possible 
storm conditions along the corridor.   

b. The number of storm events selected should represent the variability of weather 
on the corridor.  A single storm event with different periods of weather conditions 
may also be adequate.  The more storm periods represented the better the initial 
control strategy will be. 

c. Typical storm would include ideal periods (at least 1 hour) before and after the 
storm. 

d. Ideal period is when the vehicle speeds are near maximum posted speed. 
2. Run robust regression analysis with vehicle speed as response variable and all the other 

available weather variables as explanatory variables.  
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a. All the variable should be tested for an alpha value of 0.05 (95% confidence). 
b. The variables that are least significant should be removed from the analysis one at 

a time until all remaining variables are significant. 
c. This analysis will help in identify the key weather variables affecting the vehicle 

speeds significantly.  These variables will be included in the corridor control 
strategy. 

3. The collected storm data with the key variables should be used to develop decision trees 
and the generated trees should be validated with other storm data which is not used in the 
development of decision trees. 

a. Validation can be done be calculating the speed compliance (percentage of 
vehicles travelling below posted speed limit, percentage of vehicles travelling 
below posted speed limits + 5mph, percentage of vehicles travelling below posted 
speed limits – 10mph and percentage of vehicles travelling above posted speed + 
10mph) and speed variance parameters (percentage of vehicles travelling ±3mph 
and percentage of vehicles travelling ±5mph). 

b. Developed decision trees will be used in the weather perspective branch of the 
proposed machine learning algorithm. 

4. The system should be carefully monitored until it is recommending desirable speed limits 
based on real time weather and traffic data. 

a. Validation for the final control strategy uses the same speed compliance and 
speed variance parameters described in step 3a. 

Acceptable Methodology 
The acceptable methodology is for the corridors where the information regarding critical weather 
variables that affecting the vehicle speeds during bad weather conditions are known from 
previous studies or through engineering judgment. For example if a VSL is implemented in a 
region that is similar in weather to an existing VSL corridor. 
 

1. Before applying the control strategy on to new corridor it is important to update the 
control strategy algorithm with the right decision trees. 

a. Decision trees may vary from corridor to corridor therefore decision trees for the 
new corridor should be selected in such a way that the variables used in the 
decision trees are similar to the critical weather variables at the new corridor.  

2. Once the decision trees are replaced with ideal decision trees in the control strategy 
algorithm. The control strategy should be tested on at least two or three storms to 
evaluate the performance. 

a. If the results from the evaluation yield similar speed compliance and speed 
variance rates to current manual protocol. Then control strategy is ready to be 
deployed. 

b. The system should be monitored till it is recommending desirable speed limits 
based on real time weather and traffic data. 



  

117 
 

c. Higher values for speed compliance and speed variance parameters using new 
control strategy when compared to current protocol indicates recommended speed 
limits are desirable. 

d. This methodology might not guarantee best results during the first use but as the 
system gets updated according to the speed patterns on the new corridor the 
system would perform better.  

3. For better performance of the control strategy it is advisable to run simulation tests with 
previous storm data on the corridor. 

a. Running simulation tests would help the decision trees to update themselves 
according to the vehicle speed patters along the corridor. 

b. The performance of the control strategy can be evaluated by calculating speed 
compliance and speed variance parameters. 

4. The system should be monitored till it is recommending desirable speed limits based on 
real time weather and traffic data. 

a. Higher values for speed compliance and speed variance parameters using new 
control strategy when compared to current protocol indicates recommended speed 
limits are desirable. 

4.7 Summary of Control Strategy Task 

Variable Speed Limit (VSL) systems are a method operating roadway facilities using Intelligent 
Transportation Systems (ITS). These speed limits are developed based on a location specific 
control strategy using real time traffic and weather conditions. The development of control 
strategy is critical as it affects the efficiency and reliability of the VSL system operations. 
Wyoming weather is highly variable and often severe and, in the absence of recommended speed 
limits for such conditions, drivers select their own safe driving speed leading to high speed 
variance among vehicles.  This high speed variance, results in high crash rates and frequent road 
closures. Currently Wyoming Department of Transportation (WYDOT) using an interim manual 
protocol to deploy speed limits on VSL corridors. A new automated self-learning methodology 
for deploying VSL is described in this control strategy section. As a first step in this project, 
weather variables that have significant effect on vehicle speeds during bad weather conditions 
were identified using a robust regression statistical procedure. Second, an automated control 
strategy was designed that uses real time weather and observed speed variables using 
mathematical equations. Third, a statistical model called decision trees was used in control 
strategy to enhance the performance of automated control strategy. A self-learning component is 
added to the control strategy to address concerns about the high variability of different storm 
events in this region. The proposed automated machine-learning algorithm was tested on 
previous storm event datasets and results from the simulation indicate that the new system is 
more efficient than current manual protocol of deploying speed limits. The transferability of 
control strategy from one location to another location was tested out and from the results of the 
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analysis it is observed that machine learning algorithm is learning from the storms to it is applied 
and produces better speed compliance and speed variance rates than WYDOT’s manual protocol. 
 
It should be pointed the use of the proposed control strategy is highly dependent on the data 
reliability from the weather and speed sensing technology installed on the corridor.  Throughout 
this research effort it became apparent that there were significant issues related to data reliability.  
The tasks covered in this Chapter required the retrieval of archived data and in many cases 
reduced data sets were used because of significant periods of missing data from some of the 
sensors.  While there is redundancy in the corridors with more than one RWIS or speed sensors 
being available there is some concern.  The proposed control strategy has redundancy built in 
both with quality control steps to pre-screen data for issues and with having two branches (speed 
and weather) that can operate independently if data from one of the sources is missing.  With that 
said, the most effective operation will come from having all required data sources available at a 
location closest to VSL sign. 
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VSLs AND SAFETY 

In February of 2009, the Wyoming Department of Transportation (WYDOT) implemented its 
first Variable Speed Limit (VSL) system on the Elk Mountain Corridor of I-80 in the southern 
part of the state. It was found that, crash rates for the period between 2009 and 2010 were the 
lowest in the past decade along the existing Elk Mountain VLS corridor. As part of the Phase II 
project four additional VSL corridors were implemented in 2011 and 2012.   
 
This Chapter analyzes the crash data collected by WYDOT from April 15, 2001 through April 
14, 2012. Eleven years of crash data will help to understand the general pattern of crashes along 
the VSL corridors. A long analysis period can help to eliminate the natural variations inherent in 
crash data from year to year.  This natural variation is amplified in regions with frequent winter 
storm events where one year of crash data may be collected during a year with several severe 
winter storms versus a year with a relatively mild winter.  This Chapter also analyzes the Safety 
Performance Function (SPF), the crash hot spots, and the effectiveness of VSL system.  
 
It has been noticed that a significant number of crashes have occurred in the winters on I-80 in 
the state of Wyoming. Especially, severe weather conditions cause most of the crashes in these 
corridors during the winters. In Wyoming for road maintenance and operation purposes the 
winter season is considered to start on October 15th and end on April 14th and the remainder of 
the year is considered as summer. In order to include the full winter season for 2001-2012, the 
end dates for the analyses periods were set at April 14, 2012.  
 
The purpose of this Chapter is to determine the baseline crash conditions along the corridors and 
note any similarities or differences among the corridors and also analyze the effectiveness of 
VSL systems on reducing crashes.  The analysis of baseline crash conditions includes the 
variation of crash frequency for winter and full year separately, the variation of crash frequency 
by specific crash types (Fatal, Injury, and PDO) for winter and full year separately, the 
comparison of crash frequencies between summer and winter, the variation of crash rates (total 
crash rate, fatal crash rate, and fatal and injury crash rate) for winter and full year separately, and 
crash hot spots at each corridor for full year only. Crash numbers will be compared with the 
Average Daily Traffic (ADT) in order to determine the crash rates per million vehicle miles 
traveled (MVMT). The crash rates will be plotted to see whether the crash rate has been 
increased, decreased or remained the same in the years of the study.   
 
Modeling SPFs estimates the expected frequency of crash occurrence depending on some 
explanatory variables such as implementation of VSL, corridors, snow, , frost, wind, and ice. 
This will help to determine which variables are significant in crash occurrence along these 
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corridors. This model also determines how well VSL systems are working in terms of reducing 
crash frequency.  

5.1 Baseline Safety on Elk Mountain Corridor 

This section takes a closer look at the crash data from April 15, 2001 through April 14, 2012 in 
on the Elk Mountain Corridor between MP 238 and MP 291. During this time period the 
variation of crash frequencies, crash rates, and crash hot spots have been analyzed. Crash data 
provided by WYDOT shows that from April 15, 2001 through April 14, 2012, there were 3,167 
reported crashes on the I-80 corridor between MP 238 and MP 291. Figure 5-1 shows a 
breakdown of crashes by one mile segments. There were on average 59 crashes per milepost 
along this corridor during this time period. It can be seen that there are some locations where 
crash frequencies are much higher than average. 
 

 
Figure 5-1: Elk Mountain Corridor 11-Year Crash Frequency (One Mile Segment) 

Figure 5-2 shows the yearly variation of crash frequency along the same roadway segment with 
the data aggregated by year (April – April) and Figure 5-3 shows the variation of crash 
frequencies by winter periods (Oct-April). The year that has the highest number of crashes (396) 
was from April 15, 2007 to April 14, 2008 of which 329 (83%) of the crashes occurred in the 
winter. It can also be seen that after implementing VSL on Feb 18, 2009, the number of crashes 
decreased in 2009- 2010, but increased again in 2010-2011 compared to 2008-2009 and 2009-
2010.  
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Figure 5-2: Yearly Crash Frequency at Elk Mountain Corridor 

 
Figure 5-3: Winter Crash Frequency at Elk Mountain Corridor 

Another step in the crash analysis was to look at the variation of crash frequencies by crash types 
for the eleven-year period (Figure 5-4).  The fatal, injury, and PDO crash columns show the total 
number of reported crashes between mileposts 238 and 291 for each year. Overall there were 38 
fatal (1.3%) , 723 injury (23.9%) and 2,267 PDO (74.9%) crashes occurred during this period. 
The pattern of the variation of PDO type crashes is similar to injury types crashes. The crash 
frequencies has been increased from 2004-2005 to 2007-2008, then decreased to 2009-2010, and 
then increased again. 

260 264 247 219 

313 301 

396 

245 
178 

326 
279 

0
50

100
150
200
250
300
350
400
450

A
pr

 1
5,

 2
00

1 
- A

pr
14

, 2
00

2

A
pr

 1
5,

 2
00

2 
- A

pr
14

, 2
00

3

A
pr

 1
5,

 2
00

3 
- A

pr
14

, 2
00

4

A
pr

 1
5,

 2
00

4 
- A

pr
14

, 2
00

5

A
pr

 1
5,

 2
00

5 
- A

pr
14

, 2
00

6

A
pr

 1
5,

 2
00

6 
- A

pr
14

, 2
00

7

A
pr

 1
5,

 2
00

7 
- A

pr
14

, 2
00

8

A
pr

 1
5,

 2
00

8 
- A

pr
14

, 2
00

9

A
pr

 1
5,

 2
00

9 
- A

pr
14

, 2
01

0

A
pr

 1
5,

 2
01

0 
- A

pr
14

, 2
01

1

A
pr

 1
5,

 2
01

1 
- A

pr
14

, 2
01

2

C
ra

sh
 F

re
qu

en
cy

 

Year 

Reported Crashes from April 15, 2001 - April 15, 2012 
(MP 238-291) 

195 184 176 144 

240 234 

329 

176 
109 

247 
202 

0
50

100
150
200
250
300
350

O
ct

 1
5,

 2
00

1 
- A

pr
14

, 2
00

2

O
ct

 1
5,

 2
00

2 
- A

pr
14

, 2
00

3

O
ct

 1
5,

 2
00

3 
- A

pr
14

, 2
00

4

O
ct

 1
5,

 2
00

4 
- A

pr
14

, 2
00

5

O
ct

 1
5,

 2
00

5 
- A

pr
14

, 2
00

6

O
ct

 1
5,

 2
00

6 
- A

pr
14

, 2
00

7

O
ct

 1
5,

 2
00

7 
- A

pr
14

, 2
00

8

O
ct

 1
5,

 2
00

8 
- A

pr
14

, 2
00

9

O
ct

 1
5,

 2
00

9 
- A

pr
14

, 2
01

0

O
ct

 1
5,

 2
01

0 
- A

pr
14

, 2
01

1

O
ct

 1
5,

 2
01

1 
- A

pr
14

, 2
01

2

C
ra

sh
 F

re
qu

en
cy

 

Winter 

Elk Mountain Corridor Winter Crash Data from 2001-
2012  

(MP 238-291) 

VSL Implemented 
(Feb 18, 2009) 

VSL Implemented 
(Feb 18, 2009) 



  

122 
 

 
Figure 5-4: Crash Frequency by Crash Type at Elk Mountain Corridor, 2001 to 2012 

In Figure 5-5, the variation of crash frequency by crash types for winter is shown. There were a 
total 10 fatal (0.5%), 513 injuries (23.0%), and 1,705 PDO crashes (76.5%) occurred during 
winter periods from 2001 to 2012. For both scenarios: winter and full year; the pattern of crash 
frequency by crash types are similar. The year April 15, 2007-April 14, 2008 and winter 2007-
2008 that has the highest injury and PDO crashes. For winter on average there were 1.8 fatal, 47 
injury and 155 PDO crashes occurred during this time period. Similarly for the full year on 
average there were 3.8 fatal, 66 injury, and 207 PDO crashes occurred during the same period. 
 
In the Figure 5-6, a Comparison of Crash Frequencies of crash types by season can be seen. Note 
that the number of days considered for the summer and winter periods are the same so they can 
be directly compared. It is very clear that in winter injury and PDO crashes increase by 2.44 and 
3.03 times respectively, though the number of fatal crashes remains almost same for both winter 
and summer. 
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Figure 5-5: Crash Frequency by Crash Type at Elk Mountain Corridor for Winter, 2001 to 

2012 

 
Figure 5-6: Comparison of Crash Frequencies by Crash Type for Elk Mountain 

In the following Figure 5-7, a Comparison of Crash Frequencies between summer and winter is 
shown. On average there were 203 reported crashes in winter and 72 reported crashes in summer 
which is, winter crashes are 2.82 times higher than summer crashes. It also shows the annual 
variation of crashes in the winter is much higher than that of summer crashes.   
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Figure 5-7: Elk Mountain Seasonal Variation of Crash Frequency, 2001 to 2012 

On average there were 386 crashes per year in the eight year period before the VSL system was 
implemented (April 15, 2001 and April 14, 2008) as can be seen back in Figure 5-2. The highest 
yearly number of crashes occurred between April 15, 2007 and April 14, 2008 with 396 crashes. 
After April 2008, the number of crashes declined. This decline might be partially attributed to 
the decrease in average annual daily traffic ADDT shown in Table 5-1. In 2008 there was an 
average of 1,000 fewer vehicles on the road per day, most likely due to the sharp economic 
decline that began around the fall of 2008.  The AADT numbers remained low until 2012.  
Similar variation can be seen in Winter Average Daily Traffic also. 

 
Table 5-1: Average Annual and Winter Daily Traffic on Elk Mountain Corridor 

Annual AADT 
Apr 15, 2001 - Apr 14, 2002 10,440 
Apr 15, 2002 - Apr 14, 2003 11,121 
Apr 15, 2003 - Apr 14, 2004 10,967 
Apr 15, 2004 - Apr 14, 2005 11,406 
Apr 15, 2005 - Apr 14, 2006 11,511 
Apr 15, 2006 - Apr 14, 2007 11,019 
Apr 15, 2007 - Apr 14, 2008 11,297 
Apr 15, 2008 - Apr 14, 2009 10,320 
Apr 15, 2009 - Apr 14, 2010 10,340 
Apr 15, 2010 - Apr 14, 2011 10,371 
Apr 15, 2011 - Apr 14, 2012 10,082 

 

Winter ADT 
Oct 15, 2001 - Apr 14, 2002 8,561 
Oct 15, 2002 - Apr 14, 2003 9,120 
Oct 15, 2003 - Apr 14, 2004 8,993 
Oct 15, 2004 - Apr 14, 2005 9,353 
Oct 15, 2005 - Apr 14, 2006 9,439 
Oct 15, 2006 - Apr 14, 2007 9,035 
Oct 15, 2007 - Apr 14, 2008 9,264 
Oct 15, 2008 - Apr 14, 2009 8,462 
Oct 15, 2009 - Apr 14, 2010 8,479 
Oct 15, 2010 - Apr 14, 2011 8,504 
Oct 15, 2011 - Apr 14, 2012 8,267 
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Crash rates are another measure, in addition to crash frequency, to evaluate the safety of a 
roadway section and account for differences in traffic exposure and segment lengths for a 
particular portion of roadway.  To determine crash rates the AADT, length of roadway section, 
and number of crashes that have occurred on that section need to be known. Crash rates for 
roadway segments are normally expressed as the number of crashes per Million Vehicle Miles 
Traveled (MVMT). Crash rates can be calculated using Equations 43 and 44.  All crash rates in 
this report were determined using these equations.   
 

𝑉𝑀𝑇 = 𝐴𝐴𝐷𝑇 ∗ 𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑐𝑜𝑟𝑟𝑖𝑑𝑜𝑟 ∗ 365 (Equation 43) 

 

𝐶𝑟𝑎𝑠ℎ 𝑅𝑎𝑡𝑒 =
# 𝑜𝑓 𝑐𝑟𝑎𝑠ℎ𝑒𝑠 ∗ 1,000,000

𝑉𝑀𝑇
 

(Equation 44) 

 

Figure 5-8 shows the variation of crash rates by crash type (crash rate, fatal crash rate, and injury 
and fatal crash rate) by yearly basis. Figure 5-9 shows the crash rates by winter season only. 
Looking at the Figures 5-8 and 5-9, it is apparent that crash rates show similar variation from 
year to year over the eleven year time period as the crash frequencies. Considering the pattern of 
crash rate and AADT, there might be a correlation between crash rates and AADT.  In Table 5-2, 
the correlation values are shown between AADT and Crash Rates. It can be noted that if eleven 
years of crash rates are considered, there is little correlation between crash rates and AADT. But 
if just the five years of crash rates are considered, there is a correlation between Injury & Fatal 
Crash Rate and AADT at the 99-percent significance level (p-value < 0.01).  
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Figure 5-8: Elk Mountain Annual Crash Rates, 2001 to 2012 

 
Figure 5-9: Elk Mountain Winter Crash Rates, 2001 to 2012 
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Table 5-2: Correlation Values between AADT and Crash Rates for Elk Mountain 

 
AADT 

Eleven Year (2001 to 
2012) 

Five Year (2007-
2012) 

Fatal Crash Rate 0.05 -0.06 
Total Injury & Fatal Crash Rate 0.55 0.83 
PDO Crash Rate -0.05 0.5 
Crash Rate 0.09 0.59 

In Figure 5-10, comparisons of different crash rates are shown between yearly and winter data. It 
becomes clear that winter crash rates, other than fatal crash rates, are about 1.8 times higher than 
annual crash rates. For fatal crash rates, there is no difference by time period. 

 

 
Figure 5-10: Comparison of Different Types of Crash Rate between Annual and Winter for 

Elk Mountain, 2001 to 2012 

In identifying crash hot spots three years (April 15, 2001 to April 14, 2012), crash data were used 
for Elk Mountain corridor. Figure 5-11 shows the crash hot spots using Morans I index tool at 
the 95-percent significance level (p-value < 0.05). The hot spots are MP 252-MP 253, MP 253-
MP 254, and MP 254- MP 255. (Refer to Literature Review chapter for information on Morans 
I.) 
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Figure 5-11: Elk Mountain Crash Hot Spots Using the Crash Data, 2001 to 2012 

5.2 Baseline Safety on Green River-Rock Springs 

This section takes a closer look at crash data from April 15, 2001 through April 14, 2012 for the 
Green River-Rock Springs corridor in between MP 87 and MP 112. During this time period the 
variation of crash frequencies, crash rates, and crash hot spots have been analyzed for this 
particular corridor. Crash data provided by WYDOT shows that from April 15, 2001 through 
April 14, 2012, there were 2,442 reported crashes on the I-80 corridor between MP 87 and MP 
112. Figure 5-12 shows a breakdown of crashes by one mile segments. There were on average 93 
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crashes per milepost along this corridor during this time period. It can be seen that there are some 
locations where crash frequencies are higher than average. 
 

 
Figure 5-12: Green River-Rock Springs 11-Year Crash Frequency (One Mile Segment) 

Figure 5-13 shows the yearly variation of crash frequency along the same stretch of road with the 
same data aggregated by year and Figure 5-14 shows the variation of crash frequencies by winter 
periods. The year that has the highest number of crashes (357) was from April 15, 2007 to April 
14, 2008 of which 255 (71.4%) crashes were occurred in winter. After this year, the number of 
crashes has been decreased every year until 2011-2012. The VSL system was implemented on 
Feb 2011. 
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Figure 5-13: Yearly Crash Frequency at Green River-Rock Springs 

 

 
Figure 5-14: Winter Crash Frequency at Green River-Rock Springs 

Figures 5-15 and 5-16 show the variation of crash frequency by crash type from April 15, 2001 
through April 14, 2012.   The fatal, injury, and PDO crash columns show the total number of 
reported crashes for each given year and each winter. Overall there were 26 fatal (1.0 %), 621 
injury (25.4%) and 1,795 PDO (73.5%) crashes that occurred during this time period. From the 
figures, it can be seen that the pattern of the variation of PDO type crashes is similar to injury 
types crashes. The crash frequencies of injury and PDO has been increased from 2005-2006 to 
2007-2008, then decreased every year till 2011-2012. 
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Figure 5-15: Crash Frequency by Crash Type at Green River-Rock Springs Corridor, 2001 

to 2012 

 

 
Figure 5-16: Crash Frequency by Crash Type at Green River-Rock Springs Corridor for 

Winter, 2001 to 2012 
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Figure 5-17 shows a Comparison of Crash Frequencies by crash type for both time periods. The 
crash data has been accumulated from April 15, 2001 through April 14, 2012. In winter, the fatal, 
injury and PDO crashes increase by 2.25, 1.49 and 2.11 times, respectively. 
 

 
Figure 5-17: Comparison of Crash Frequencies by Crash Type for Green River-Rock 

Springs 

Figure 5-18 shows a comparison of crash frequencies between summer and winter time periods 
from April 15, 2001 through April 14, 2012. On average there were 146 reported crashes in 
winter and 76 reported crashes in summer, which is 1.92 times higher for winter crashes than 
summer crashes. It can also be seen that the variation of winter crashes from year to year is 
higher than when compared to summer crashes.  An important trend to note is that the difference 
between summer and winter crashes has been decreasing every year from 2007-2008. In 2011-
2012, the winter and summer crashes are 85 and 72 respectively. 
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Figure 5-18: Green River-Rock Springs Seasonal Variation of Crash Frequency, 2001 to 

2012 

Table 5-3 shows the Annual Average Daily Traffic (AADT) for the Green River-Rock Springs 
corridor over the years. In 2006-2007 there was a sudden significant increase of AADT 
compared to previous years.  After 2006-2007, the AADT remained fairly constant. Similar 
variation can be seen in winter AADT. On average, winter ADT is about 2,500 less vehicles per 
day when compared to summer.  
 

Table 5-3: Average Annual and Winter Daily Traffic on Green River-Rock Springs 
Corridor

 

 
Annual AADT 
Apr 15, 2001 – Apr 14, 2002 15349 
Apr 15, 2002 – Apr 14, 2003 15475 
Apr 15, 2003 – Apr 14, 2004 15519 
Apr 15, 2004 – Apr 14, 2005 15846 
Apr 15, 2005 – Apr 14, 2006 15996 
Apr 15, 2006 – Apr 14, 2007 17291 
Apr 15, 2007 – Apr 14, 2008 17363 
Apr 15, 2008 – Apr 14, 2009 17431 
Apr 15, 2009 – Apr 14, 2010 17572 
Apr 15, 2010 – Apr 14, 2011 17515 
Apr 15, 2011 – Apr 14, 2012 17435 

Winter ADT 
Oct 15, 2001 – Apr 14, 2002 12586 
Oct 15, 2002 – Apr 14, 2003 12690 
Oct 15, 2003 – Apr 14, 2004 12725 
Oct 15, 2004 – Apr 14, 2005 12993 
Oct 15, 2005 – Apr 14, 2006 13116 
Oct 15, 2006 – Apr 14, 2007 14179 
Oct 15, 2007 – Apr 14, 2008 14238 
Oct 15, 2008 – Apr 14, 2009 14294 
Oct 15, 2009 – Apr 14, 2010 14409 
Oct 15, 2010 – Apr 14, 2011 14362 
Oct 15, 2011 – Apr 14, 2012 14297 
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Figure 5-19 compares the different crash rates between yearly and winter periods. It can be seen 
that winter crash rates are about 1.61 times higher than annual crash rate.  Winter fatal crash rate, 
injury and fatal crash rate, PDO crash rates are 1.5, 1.49, and 1.66 times higher than the annual 
respectively.  
 

 
Figure 5-19: Comparison of Crash Rates between Annual and Winter for Rock Spring-

Green River Corridor, 2001 to 2012 

Figure 5-20 shows the variation of crash rates (crash rate, fatal crash rate, and injury and fatal 
crash rate) on a yearly basis. Figure 5-21 shows the crash rates by winter only. Looking at these 
two figures, it can be seen that total injury and fatal crash rate combined started decreasing from 
2007-2008 until 2011-2012. 
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Figure 5-20: Green River-Rock Springs Crash Rate, 2001 to 2012 

 
Figure 5-21: Green River-Rock Springs Winter Crash Rate, 2001 to 2012 

 
In identifying crash hot spots, eleven years (April 15, 2001 to April 14, 2012) of crash data were 
used. Figure 5-22 shows the crash hot spots using Morans I index tool at the at the 95-percent 
significance level (p-value < 0.05). From the analysis of Morans I index technique, it can be seen 
that there is no crash hot spots identified for this corridor. 
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Figure 5-22: Green River-Rock Springs Crash Hot Spots Using the Crash Data, 2001 to 

2012 
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5.3 Baseline Safety on Evanston-Three Sisters 

This section analyzes crash data from April 15, 2001 through April 14, 2012 for the Evanston-
Three Sisters/Lyman corridor between MP 6 and MP 29. During this time period, the variation of 
crash frequencies, crash rates, and crash hot spots has been analyzed. Crash data provided by 
WYDOT shows that from April 15, 2001 through April 14, 2012, there were 1,758 reported 
crashes on this corridor. Figure 5-23 shows a breakdown of crashes by one mile segments. There 
were on average 76 crashes per milepost along this corridor during this time period. It can be 
seen that there are some locations where crash frequencies are higher than average. 
 

 
Figure 5-23: Evanston-Three Sisters 11-Year Crash Frequency (One Mile Segment) 

Figure 5-24 shows the yearly variation of crash frequency along the same stretch of road with the 
same data aggregated by one year periods and Figure 5-25 shows the variation of crash 
frequencies by winter time periods. The year that has the highest number of crashes (228) was 
from April 15, 2007 to April 14, 2008 of which 161 (70.6%) crashes occurred in winter. After 
this year, the number of crashes has decreased every year including winter until 2009-2010 and 
then increased again in 2010-2011. The VSL system has been implemented on October of 2011. 
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Figure 5-24: Yearly Crash Frequency at Evanston Corridor 

 
Figure 5-25: Winter Crash Frequency at Evanston Corridor 

Figures 5-26 and 5-27 show the variation of crash frequency by crash type from April 15, 2001 
through April 14, 2012.   The fatal, injury, and PDO crash columns show the total number of 
reported crashes for each given year. Overall there were 8 fatal (0.4%) , 412 injury (23.4%) and 
1,344 PDO (76.2%) crashes occurred during this time period. From the figures, it can be seen 
that the pattern of the variation of PDO type crashes is similar to injury types crashes. The Injury 
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and PDO has been decreased from 2007-2008 to 2009-20010, then increased in 2010-2011 by 
10.3% and 30.1%, respectively. 
 

 
Figure 5-26: Crash Frequency by Crash Type at Evanston Corridor from 2001 to 2012 
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Figure 5-27: Crash Frequency by Crash Type at Evanston Corridor for Winter, 2001 to 
2012 

In Figure 5-28, a Comparison of Crash Frequencies by crash type by season can be seen. The 
crash data has been accumulated from April 15, 2001 through April 14, 2012. Note that the 
number of days considered for summer and winter is same. The winter fatal and PDO crashes 
increase by 1.67 and 2.28 times respectively, but the injury type crashes decreased in winter by 
34.2% compared to summer. 
 

 
Figure 5-28: Comparison of Crash Frequencies by Crash Type for Evanston Corridor 

Figure 5-29 shows comparison and a variation of crash frequency between summer and winter 
can be shown from April 15, 2001 through April 14, 2012. On average there were 110 reported 
crashes in winter and 50 reported crashes in summer, so winter crashes are 2.2 times higher than 
summer crashes. Figure also shows that winter crashes fluctuate more from year to year so much 
compared to summer crashes. Another important trend is that the difference between summer 
and winter crashes are decreasing every year from 2007-2008. In 2011-2012, the winter and 
summer crashes are 50 and 45 respectively. 
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Figure 5-29: Evanston Corridor 11-Year Crash Frequency by Season (winter and summer) 

In Table 5-4, the variation of AADT over the years can be seen. In 2006-2007 there was a 
sudden significant increase of AADT compared to previous years, after 2006-2007 the AADT 
was almost constant every year. Similar variation can be seen in Winter Average Daily Traffic 
also. But in winter there were on average 2,000 less vehicles daily compared to summer.  

 

Table 5-4: Average Annual and Winter Daily Traffic on Elk Mountain Corridor 

Annual AADT 
Apr 15, 2001 – Apr 14, 2002 11764 
Apr 15, 2002 – Apr 14, 2003 12470 
Apr 15, 2003 – Apr 14, 2004 12300 
Apr 15, 2004 – Apr 14, 2005 12451 
Apr 15, 2005 – Apr 14, 2006 13079 
Apr 15, 2006 – Apr 14, 2007 12866 
Apr 15, 2007 – Apr 14, 2008 13337 
Apr 15, 2008 – Apr 14, 2009 12207 
Apr 15, 2009 – Apr 14, 2010 12154 
Apr 15, 2010 – Apr 14, 2011 12204 
Apr 15, 2011 – Apr 14, 2012 11864 

Winter ADT 
Oct 15, 2001 – Apr 14, 2002 9647 
Oct 15, 2002 – Apr 14, 2003 10225 
Oct 15, 2003 – Apr 14, 2004 10086 
Oct 15, 2004 – Apr 14, 2005 10210 
Oct 15, 2005 – Apr 14, 2006 10724 
Oct 15, 2006 – Apr 14, 2007 10550 
Oct 15, 2007 – Apr 14, 2008 10936 
Oct 15, 2008 – Apr 14, 2009 10010 
Oct 15, 2009 – Apr 14, 2010 9966 
Oct 15, 2010 – Apr 14, 2011 10007 
Oct 15, 2011 – Apr 14, 2012 9728 

In Figure 5-30, comparisons of crash rates are shown between yearly and winter. Interestingly, it 
can be seen that winter crash rates are about 31.4% lower than annual crash rate, which is not the 
case in the other corridors.  Winter injury and fatal crash rate, and PDO crash rate are 33% and 
30.7% lower than annual rates, respectively.  
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Figure 5-30: Comparison of Different Types of Crash Rate between Annual and Winter for 

the Evanston Corridor, 2001 to 2012 

Figure 5-31 shows the variation of crash rates (crash rate, fatal crash rate, and injury and fatal 
crash rate) by yearly basis. Figure 5-32 shows crash rates by winter only. Looking at these two 
figures, it becomes clear that total injury and fatal crash rate combined started decreasing from 
2007-2008 till 2010-2011, but increased again in 2010-2011. 
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Figure 5-31: Evanston Crash Rate, 2001 to 2012 

 
Figure 5-32: Evanston Winter Crash Rate, 2001 to 2012 
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In identifying crash hot spots eleven years (April 15, 2001 to April 14, 2012) of crash data were 
used. Figure 5-33 shows the crash hot spots using Morans I index tool at the at the 95-percent 
significance level (p-value < 0.05). From the analysis of Morans I index technique, it can be seen 
that the segment from MP 12 - MP 16 can be identified as crash hot spot. 
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Figure 5-33: Evanston Crash Hot Spots Using the Crash Data, 2001 to 2012 

5.4 Baseline Safety on Cheyenne-Laramie 

This section analyzes crash data from April 15, 2001 through April 14, 2012 for the Cheyenne-
Laramie corridor between MP 315 and MP 357. During this time period, the variations of crash 
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frequencies, crash rates, and crash hot spots have been analyzed. Crash data provided by 
WYDOT shows that from April 15, 2001 through April 14, 2012, there were 3,085 reported 
crashes on the this corridor. Figure 5-34 shows a breakdown of crashes by one mile segments. 
There were on average 72 crashes per milepost along this corridor during this time period. It can 
be seen that there are some locations where crash frequencies are higher than average. 
 

 
Figure 5-34: Laramie-Cheyenne Corridor 11-Year Crash Frequency (One Mile Segment) 

Figure 5-35 shows the yearly variation of crash frequency along the same stretch of road with the 
data aggregated by yearly period and Figure 5-36 shows the crash frequencies by winter periods. 
The year that has the highest number of crashes (334) was from April 15, 2006 to April 14, 2007 
of which 247 (73.9%) crashes were occurred in winter. After this year, the number of crashes has 
decreased every year till 2008-2009, but increased again till 2010-2011. The VSL system has 
was implemented on October 2011. 
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Figure 5-35: Laramie-Cheyenne Corridor 11-Year Crash Frequency (One Mile Segment) 

 
Figure 5-36: Winter Crash Frequency at Elk Mountain Corridor 

Figure 5-37 and 5-38 show the variation of crash frequency by crash type from April 15, 2001 
through April 14, 2012.   The fatal, injury, and PDO crash columns show the total number of 
reported crashes between mileposts 315 and 357 for each given year. Overall there were 43 fatal 
(1.4%), 854 injury (27.7%) and 2,188 (70.9%) PDO crashes occurred during this time period. 
From the figures, it can be seen that the variations of PDO type crashes is different than injury 
types crashes. The crash frequencies has been increased from 2004-2005 to 2007-2008 then 
decreased every year till 2011-2012. 
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Figure 5-37: Crash Frequency by Crash Type for Laramie-Cheyenne Corridor, 2001 to 

2012 

 
 

 
Figure 5-38: Crash Frequency by Crash Type for Laramie-Cheyenne Corridor for Winter, 

2001 to 2012 
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In Figure 5-39, a Comparison of Crash Frequencies by crash type by season can be seen. The 
crash data has been accumulated from April 15, 2001 through April 14, 2012. Note that the 
number of days considered for summer and winter is same. As shown in the figure, the winter 
injury and PDO crashes increase by 1.68 and 2.04 times respectively, but fatal crash frequency 
has been decreased in winter by 28% compared to summer. 

 

 
Figure 5-39: Comparison of Crash Frequencies by Crash Types for Laramie-Cheyenne 

Corridor 

In Figure 5-40, a comparison crash frequency between summer and winter periods is shown from 
April 15, 2001 through April 14, 2012. On average there were 184 reported crashes in winter and 
96 reported crashes in summer, which shows that winter crashes are 1.92 times higher than 
summer crashes. The figure also shows that winter crashes frequency have higher variations 
from year to year when compared to summer crash frequencies. 2008-2009 has the lowest crash 
frequency before increasing for next two years and then decreasing again. 
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Figure 5-40: Represents the Variation of Crash Rates (crash rate, fatal crash rate, and 

injury) 

Table 5-5 shows the variation of AADT over the years for the Cheyenne-Laramie Corridor. In 
2006-2007 there was a sudden significant increase of AADT compared to previous years, after 
2006-2007 the AADT was relatively constant. Similar variation can be seen in Winter Average 
Daily Traffic. In general, there were on average 2,000 less vehicles per day in winter compared 
to summer.  

 
Table 5-5: Average Annual and Winter Daily Traffic on Cheyenne-Laramie Corridor 

 
Annual AADT 
Apr 15, 2001 – Apr 14, 2002 11,765 
Apr 15, 2002 – Apr 14, 2003 11,903 
Apr 15, 2003 – Apr 14, 2004 11,848 
Apr 15, 2004 – Apr 14, 2005 12,310 
Apr 15, 2005 – Apr 14, 2006 12,598 
Apr 15, 2006 – Apr 14, 2007 13,015 
Apr 15, 2007 – Apr 14, 2008 13,340 
Apr 15, 2008 – Apr 14, 2009 12,833 
Apr 15, 2009 – Apr 14, 2010 12,867 
Apr 15, 2010 – Apr 14, 2011 12,889 
Apr 15, 2011 – Apr 14, 2012 12,536 

 
Winter ADT 
Oct 15, 2001 – Apr 14, 2002 9,647 
Oct 15, 2002 – Apr 14, 2003 9,760 
Oct 15, 2003 – Apr 14, 2004 9,715 
Oct 15, 2004 – Apr 14, 2005 10,094 

Oct 15, 2005 – Apr 14, 2006 10,330 
Oct 15, 2006 – Apr 14, 2007 10,672 
Oct 15, 2007 – Apr 14, 2008 10,939 
Oct 15, 2008 – Apr 14, 2009 10,523 
Oct 15, 2009 – Apr 14, 2010 10,551 
Oct 15, 2010 – Apr 14, 2011 10,569 
Oct 15, 2011 – Apr 14, 2012 10,280 
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In Figure 5-41, the comparisons of different crash rates are shown between yearly and winter 
periods. It can be seen that winter crash rates are about 1.6 times higher than annual crash rate.  
Winter injury and fatal crash rate, PDO crash rates are 1.49 and 1.63 times higher than annual 
respectively.  The fatal crash rate is same for winter and annual periods. 

 

 
Figure 5-41: Laramie-Cheyenne Seasonal Variation of Crash Frequency, 2001 to 2012 

Figure 5-42 shows the variation of crash rates (crash rate, fatal crash rate, and injury and fatal 
crash rate) on a yearly basis. Figure 5-43 represents the crash rates by winter periods only. 
Looking at these two figures, the patterns of each type of crash rates are similar for annual and 
winter. 2008-2009 has the lowest crash rate. Then it increases for next two years before 
decreasing again. 
 
In identifying crash hot spots eleven years (April 15, 2001 to April 14, 2012) of crash data were 
used. Figure 5-44 shows the crash hot spots using Morans I index tool at the at the 95-percent 
significance level (p-value < 0.05). From the analysis of Morans I index technique, it can be seen 
that there are few hot spots: MP 320-MP 321, and MP 227- MP 229.  
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Figure 5-42: Laramie-Cheyenne River Crash Rate, 2001 to 2012 

 
 

 
Figure 5-43: Laramie-Cheyenne Winter Crash Rate, 2001 to 2012 

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

A
pr

 1
5,

 2
00

1 
- A

pr
14

, 2
00

2

A
pr

 1
5,

 2
00

2 
- A

pr
14

, 2
00

3

A
pr

 1
5,

 2
00

3 
- A

pr
14

, 2
00

4

A
pr

 1
5,

 2
00

4 
- A

pr
14

, 2
00

5

A
pr

 1
5,

 2
00

5 
- A

pr
14

, 2
00

6

A
pr

 1
5,

 2
00

6 
- A

pr
14

, 2
00

7

A
pr

 1
5,

 2
00

7 
- A

pr
14

, 2
00

8

A
pr

 1
5,

 2
00

8 
- A

pr
14

, 2
00

9

A
pr

 1
5,

 2
00

9 
- A

pr
14

, 2
01

0

A
pr

 1
5,

 2
01

0 
- A

pr
14

, 2
01

1

A
pr

 1
5,

 2
01

1 
- A

pr
14

, 2
01

2

C
ra

sh
 R

at
e 

(M
V

M
T

) 

Year 

Laramie-Cheyenne VSL Corridor Crash Rate 

Crash Rate Fatal Crash Rate Total Injury & Fatal Crash Rate

0
0.5

1
1.5

2
2.5

3
3.5

O
ct

 1
5,

 2
00

1 
- A

pr
 1

4,
20

02

O
ct

 1
5,

 2
00

2 
- A

pr
 1

4,
20

03

O
ct

 1
5,

 2
00

3 
- A

pr
 1

4,
20

04

O
ct

 1
5,

 2
00

4 
- A

pr
 1

4,
20

05

O
ct

 1
5,

 2
00

5 
- A

pr
 1

4,
20

06

O
ct

 1
5,

 2
00

6 
- A

pr
 1

4,
20

07

O
ct

 1
5,

 2
00

7 
- A

pr
 1

4,
20

08

O
ct

 1
5,

 2
00

8 
- A

pr
 1

4,
20

09

O
ct

 1
5,

 2
00

9 
- A

pr
 1

4,
20

10

O
ct

 1
5,

 2
00

10
 - 

A
pr

 1
4,

20
11

O
ct

 1
5,

 2
00

11
 - 

A
pr

 1
4,

20
12

C
ra

sh
 R

at
e 

(M
V

M
T

) 

Winter 

Laramie-Cheyenne VSL Corridor Crash Rates 

Crash Rate Fatal Crash Rate Total Injury & Fatal Crash Rate

VSL Implemented 
(Oct, 2011) 

VSL Implemented 
(Oct, 2011) 



  

153 
 
 

 

 
Figure 5-44: Laramie-Cheyenne Crash Hot Spots Using the Crash Data, 2001 to 2012 
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5.5 Baseline Safety on South Pass 

This section analyzes crash data from April 15, 2009 through April 14, 2012 on the South Pass 
Corridor (WY 28) in between MP 25 and MP 69. During this time period, the variation of crash 
frequencies, crash rates, and crash hot spots has been analyzed. Crash data provided by WYDOT 
shows that from April 15, 2009 through April 14, 2012, there were 121 reported crashes on this 
corridor. Figure 5-45 shows a breakdown of crashes by one mile segments. There were on 
average 2.81 crashes per milepost along this corridor during this time period. It can be seen that 
there are some locations where crash frequencies are substantially higher than average. 

 

 
Figure 5-45: South Pass Corridor 11-Year Crash Frequency (One Mile Segment) 

Figure 5-46 shows the yearly variation of crash frequency with the data aggregated by year and 
Figure 5-47 shows the variation of crash frequencies by winter periods. The year that has the 
highest number of crashes (45) was from April 15, 2010 to April 14, 2011, of which 34 (75.6%) 
crashes were occurred in winter.  In 2011-2012, crashes decreased by about 25% compared to 
2010-2011. 
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Figure 5-46: Yearly Crash Frequency at South Pass Corridor 

 
Figure 5-47: Winter Crash Frequency at South Pass Corridor 

Figures 5-48 and 5-49 show the variation of crash frequency by crash type from April 15, 2009 
through April 14, 2012.   The fatal, injury, and PDO crash columns show the total number of 
reported crashes by injury type. Overall there were 3 fatal (2.5%), 24 injury (19.8%) and 94 PDO 
(77.7%) crashes occurred during this time period. From the figures, it can be seen that the pattern 
of the variation of Injury and PDO type crashes is similar. For both crash types, the 2010-2011 
has the highest number of crash frequencies among these three years. 
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Figure 5-48: Crash Frequency by Crash Type at South Pass Corridor, 2001 to 2012 

 
Figure 5-49: Crash Frequency by Crash Type at South Pass Corridor for Winter, 2001 to 

2012 

In Figure 5-50, a comparison crash frequency between summer and winter periods is shown from 
April 15, 2009 through April 14, 2012. It can be seen that in 2010-2011 there are 34 reported 
crashes in winter, whereas only 11 reported crashes in summer. For year 2009-2010 and 2011-
2012, there is almost no difference between summer and winter crashes in terms of crash 
frequency.  
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Figure 5-50: Represents the Variation of Crash Rates (crash rate, fatal crash rate, and 

injury) 

Figure 5-51 shows the variation of crash rates (crash rate, fatal crash rate, and injury and fatal 
crash rate) on a yearly basis. Figure 5-52 shows crash rates by winter period only. Looking at 
these two figures, the patterns of each types of crash rates are similar for annual and winter 
periods.  

 

 
Figure 5-51: South Pass Crash Rates, 2001 to 2012 
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Figure 5-52: South Pass Winter Crash Rates, 2001 to 2012 

5.6 Comparison of Baseline Safety among VSL Corridors 

Baseline safety analysis for the five VSL corridors has been discussed separately in detail in 
Sections 5.1 through Section 5.5.   This section compares the results of the baseline safety 
analysis across the five corridors in terms of crash frequency, crash rate, and the variation of 
crash frequency in winter over the years.  In Figure 5-53, a Comparison of Crash Frequencies 
can be shown among the VSL corridors excluding South Pass corridor. South Pass corridor has 
been excluded in this section because it belongs to different functional class of highway 
compared to others.  In order to compare the crash frequency among corridors, crash frequency 
needs to be normalized.  In this analysis, the crash frequency has been normalized by length so 
that crashes are reported as number of crashes per 10 mile corridor length. In Figure 5-53 it can 
be seen that the highest normalized crash frequency is in Green River-Rock Springs corridor 
(58.4 Crashes per 10 miles) and the lowest is Elk Mountain (38.4). 
 
In Figure 5-53, crash frequency has been normalized by only by length. But if crash rates are 
used then both length and traffic volumes are considered.   In Figure 5-54, crash rates by injury 
type are shown for each corridor. Previous research suggests that in winter only PDO and Injury 
crashes are increase significantly (Brown & Baass, 1997) (Eisenberg, 2005). Injury and Fatal 
Crash Rates are the lowest in Evanston Corridor (0.24) and highest in Laramie-Cheyenne 
corridor (0.64).  Green River-Rock Springs and Elk Mountain has higher crash rates compared to 
Evanston (0.58 and 0.56, respectively).  Considering PDO Crash Rates, Green River-Rock 
Springs and Elk Mountain are most dangerous (1.78, and 1.81 respectively) whereas for 
Evanston and for Laramie-Cheyenne Corridors are lower (0.81 and 1.04, respectively). 
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Figure 5-53: A Comparison of Crash Frequencies among VSL Corridors 

 
Figure 5-54: A Comparison of Crash Rate among VSL Corridors 

In Figure 5-55, the patterns of crash frequency over the winter periods are compared among VSL 
corridors. It can be difficult to find the similarity in the pattern of crash frequencies for the 
corridors.  Considering the last five years of crash frequency (2007-2012) data it can be noticed 
that Elk Mountain fluctuates more compared to others. For Evanston and Green River-Rock 
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Springs, the crash frequency is decreasing every year since 2007. It also can be noticed that in 
2008-2009 and 2011-2012 crash frequency decreased when compared to the previous year for all 
corridors but in 2009-2010, and 2010-2011 there is no such pattern. It may be because of the 
uniformity of weather.  
 

 
Figure 5-55: A Comparison of Crash Rate among VSL Corridors 

5.7 Weather-Based Safety Analysis for Effectiveness of VSL Corridors 

From the baseline analysis discussed from Section 5.1 through Section 5.5, it is apparent there 
were variations in the number of crashes in winter when compared to summer. In areas where 
weather is a large influence it becomes necessary to address the variations from year to year.  A 
roadway segment during a particularly harsh winter will inherently have a different crash history 
than the same segment during a mild winter.  In order to isolate the effects of the variable speed 
limit system, a model that accounted for the differences in winter weather seasons needed to be 
developed.  This section outlines the task of developing a weather-based safety analysis for 
determining the effects of the variable speed limit system.    
 
The first step in developing a weather-based safety analysis is to determine the source for 
weather data.  As mentioned in Chapter 2, there are a wide variety of weather sources broadly 
categorized as either atmospheric or road weather and as either observation or forecast data.  For 
safety analysis purposes, the ideal weather data would come from road weather, observation data 
such as what is collected by the road weather information systems (RWIS).  In Chapter 3 of the 
report the technology available on the VSL corridors was summarized and it is noted that all the 
VSL corridors have several RWISs available.  When historic archive data for the RWIS were 
downloaded for each of the corridors, it became apparent that there were frequent periods where 
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various sensors were offline and no data was available.  The second issue with the RWIS data 
was that most of the RWIS were installed at the same time as the VSL signs so no data were 
available for the roadway before the VSL systems were implemented.  Since the crash analysis 
would compare the before crash history with the after crash history the use of RWIS data in the 
analysis was excluded. 
 
Since the ideal data source was not available the decision was next made as to whether road 
weather data in the form of road weather forecasts used by WYDOT maintenance personnel 
would be preferable to atmospheric weather observations from national weather services.  Since 
crash occurrence is so closely tied with driver experiences at the road level it was decided to go 
with the road weather forecasts.   The road weather forecast data used in this research were 
collected from NorthWest Weathernet. NorthWest Weathernet is a private forecasting service 
WYDOT has used for several years to provide information for scheduling winter maintenance 
personnel. This service consists of a text-based or Microsoft wordfile-based 1 to 3 times per day 
depending on the time of year and the severity of the weather conditions.   There are total 57 
weather forecast segments for the state of Wyoming divided into the five WYDOT districts. 
 
For this task, since only VSL corridors will be analyzed, one station for each VSL corridor was 
considered as the forecast weather data for that corridor. In Figure 5-56, it can be seen that there 
are five VSL corridors (Laramie Cheyenne, Elk Mountain, Green River, Evanston, and South 
Pass) and 11 weather forecast segments near those five VSL corridors. 
 

 
Figure 5-56: Weather Stations near VSL Corridors on I-80 

 
For South Pass VSL corridor, the VSL was just implemented in October 2012, which is too 
recently to perform any safety analysis on so South Pass was taken out the this modeling task. 
For the four remaining VSL corridors, the weather forecasting segment listed in Table 5-6 was 
used for the analysis.   
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Table 5-6: Weather Stations at Different VSL Corridors 

VSL Corridor Begin MP End MP Weather Station 
Laramie Cheyenne 315 357 Laramie 
Elk Mountain 238 291 Arlington 
Green River 87 112 Rock Springs 
Evanston 6 29 Evanston 

 
The weather forecast data provided information about five variables; snow, ice, frost, wind, and 
I/BS (ice and blowing snow) ranked from 0 to 10 where 10 represents worst condition and 0 
represents best condition with respect to road conditions.  For this task, weather data was 
extracted and compiled from October 2007 through April 2012. 
 
Weather forecast was provided for four weather variables (i.e. snow, ice, frost, and wind) one to 
three times a day depending on the season and the severity of the weather conditions. The first 
step was to average the values of each of four variables to get a single value for a day (if more 
than one forecast was given for that day). Initially it was considered to model daily crash 
frequency so that the number of crashes on a particular day was merged with the averaged 
weather forecast data for that same day.  Given the short time period for crash frequencies, it was 
observed that there were many zeros in crash frequency data (i.e. many days were no crashes 
occurred on a given VSL corridor). In order to reduce the number of zeros, which can cause 
severe modeling issues, it was decided to model a seven-day crash frequency instead of a single 
day. During each seven day period, the daily weather data was been averaged. The input data of 
seven-day model provides each observation with seven-day average crash frequency, and seven-
day average weather data. The sample dataset for the Laramie-Cheyenne VSL corridor is shown 
below in Table 5-7.  The final dataset contained all four VSL corridors. 

 

Table 5-7: Sample Dataset for Modeling SPF 

Corridor Beg Date End Date VSL Snow Ice Frost Wind Crash 
Frequency 

LaramieCheyenne 10/15/2007 10/22/2007 0 3.11 0.00 5.50 0.50 29 
LaramieCheyenne 10/22/2007 10/29/2007 0 0.90 0.67 2.29 0.00 10 
LaramieCheyenne 10/29/2007 11/5/2007 0 0.93 1.71 2.62 0.00 10 
LaramieCheyenne 11/5/2007 11/12/2007 0 0.93 0.20 2.80 0.00 5 
LaramieCheyenne 11/12/2007 11/19/2007 0 1.24 0.19 4.05 0.00 2 
LaramieCheyenne 11/19/2007 11/26/2007 0 1.43 0.24 3.81 1.43 19 
LaramieCheyenne 11/26/2007 12/3/2007 0 1.40 0.07 5.73 3.90 48 
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In order to determine the effectiveness of the VSL systems on reducing crash frequencies, the 
VSL use was incorporated as an binary explanatory variable  with a value of 1 for time periods 
after the VSL was implemented, 0 for periods prior to implementation.  The different VSL 
corridors were also incorporated into the model to adjust for corridor differences such as 
geometrics, driver familiarity, etc.  For the model, crash frequency for the seven day period was 
the response variable and Corridor, VSL, Snow, Ice, Frost, and Wind are the explanatory 
variables. To normalize the crash frequency data between corridors, the crash frequency variable 
was converted into crashes per week per 100 miles of corridor length.  The weather parameter 
I/BS was excluded from the analysis because the variable had too many missing observations 
since it was not always provided in the daily forecasts.  In order to determine the weather effects, 
the weather variables (Snow, Ice, Frost, and Wind) were categorized based on their 7-day 
average values according to the scales shown in Table 5-8.  For all weather variables, the higher 
the category (Snow 2 versus Snow 3) the worse the weather conditions.  Among the weather 
variables and VSL corridors Snow1, Ice1, Frost1, Wind1, and Elk Mountain has been considered 
as the base conditions. 

 

Table 5-8: Category of Weather Variables 

Ranking Snow Ice Frost Wind 
0-2.5 Snow1 Ice1 Frost1 Wind1 
2.5-5 Snow2 Ice2 Frost2 Wind2 
5-7.5 Snow3 Ice3 Frost3 Wind3 
7.5-10 Snow4 Ice4 Frost4 Wind4 

 
For the initial model estimation, all explanatory variables are included. The p-value indicates the 
significance of the variable. The p-values greater than 0.1 are considered statistically 
insignificant at the 90% confidence level and are excluded from the model. In this process, one 
variable was dropped from the model per iteration starting with the least significant.  Therefore, 
the variable with the highest p-value is dropped first and then the model is rerun with remaining 
variables in the software program R 2.15.2. For example, in the initial model (Table 5-9), Ice2 is 
the most insignificant variable (p-value = 0.99675), so it is dropped from the model in the first 
iteration. This process was continued until the p-values of all variables are less than 0.1.   
 
Table 5-9 shows the results of the both the initial (all variables) and final (all significant 
variables) models. The coefficients indicate that for every one unit increase in explanatory 
variables, the log count of expected crash frequency is expected to increase by the value of 
estimates.  For example, when the value of Snow2 is increased by one unit (i.e. the average snow 
forecast ranking is increased from 2.5 to 3.5), the expected crash frequency is expected to 
increase by 1.94 crashes per seven days.  For the model in Table 5-9, the base condition is 
considered the Elk Mountain Corridor, prior to VSL implementation, and with weather 
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conditions in their lowest severity category (Snow1, Ice1, Frost1, and Wind1) so all model 
interpretation is relative to this base condition. 

 
Table 5-9: Safety Performance Function for VSL Corridors using Negative Binomial Count 

Model  

  Initial Model Final Model 
Independent Variables Estimate Pr(>|z|) Estimate Pr(>|z|) 
(Intercept) 8.9299 <0.001*** 26.1017 <0.001*** 
Snow2 1.9178 <0.001*** 1.9404 <0.001*** 
Snow3 1.3797 0.3297   
Snow4 NA NA   
Ice2 1.1405 0.4153   
Ice3 1.1432 0.8145   
Ice4 NA NA   
Frost2 -0.8119 0.7527   
Frost3 1.0825 0.9055   
Frost4 -0.3318 0.2383   
Wind2 1.3554 <0.05* 1.4174 <0.01** 
Wind3 1.5563 <0.05* 1.5602 <0.01** 
Wind4 1.0528 0.929   
VSL -0.7236 <0.01** -0.6736 <0.001*** 
LaramieCheyenne 1.5989 0.4841 1.3656 <0.05* 
Evanston 1.1395 0.4074   
RockSprings 1.5519 <0.05* 1.4071 <0.01** 

 
From the model results (Table 5-9), it can be seen that the expected crash frequency is higher 
when the intensity of snow is in between 2.5 and 5.0 (Snow3), and the intensity of wind is in 
between 2.5 and 7.5 (Wind2 or Wind 3). When the VSL system is implemented, the expected 
crash frequency is expected to decrease by 0.67 crashes per seven days. Note that the VSL 
variable is 1 when the VSL system is implemented and the value of corridors are 1 when crash 
frequency represents for that particular corridor.  It is interesting to note that the coefficients for 
the Laramie-Cheyenne and Green River-Rock Springs corridors are positive indicating higher 
expected crash frequencies in those corridors when compared to Elk Mountain.  The Evanston 
corridor variable was not significant in the final model indicating no statistically significant 
difference between the Evanston and Elk Mountain Corridors.  The most important result from 
the model above is the statistical significance of the VSL variable which indicates that 
implementation of the VSL systems resulted in reduction of crash frequencies. 
 

Safety Benefit Analysis 
From the model results discussed in the previous section, an estimate of the safety benefits from 
implementing the VSL systems can be estimated.  The model coefficient for the VSL variable 
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was estimated as -0.67 crashes per week per 100 miles of VSL corridor length.  This crash 
reduction estimate can then be converted from a weekly to an annual value to get 34.84 crashes 
avoided per year per 100 miles of VSL corridor.  To get total crashes avoided per year, this value 
is then multiplied by the ratio of 143/100 to adjust for the total length of the VSL corridors (see 
Table 5-10) to get an annual crash reduction estimate of 49.8. 
 

Table 5-10:  VSL Corridor Lengths for Safety Benefit Calculations 

VSL Corridor Begin 
MP 

End MP Length 
(Miles) 

Laramie Cheyenne 315 357 42 
Elk Mountain 238 291 53 
Green River 87 112 25 

Evanston 6 29 23 
Total = 143 

 
To monetize the safety benefits, estimates of both the crash severity distribution and costs by 
crash severity must be assumed.  The crash cost values were obtained from the Highway Safety 
Manual and are shown in Table 5-11 (National Research Council, 2010).  The crash severity 
distribution for rural interstates were found in a recent National Cooperative Highway Research 
Program report that develops a freeway safety methodology for the next release of the Highway 
Safety Manual (Bonneson, Geedipally, Pratt, & Lord, 2012).  Using these values and the crash 
reduction estimate the monetized annual safety benefit due to VSL implementation is 
approximately $4.7 million per year (see Table 5-11). 
 

Table 5-11:  Annual VSL Safety Benefits 

 Crash Severity  Crash 
Severity 
Percentages 

Crash 
Reduction by 
Severity 

Cost Crash Benefits 

Fatal (K) 1.775 0.88  $       4,008,900   $    3,545,176 
Incapacitating Injury (A) 1.9 0.95  $           216,000   $        204,466 
Non-Incapacitating Injury 
(B) 

11.8 5.88  $             79,000   $        464,433 

Possible Injury (C) 9.525 4.75  $             44,900   $        213,072  
Property Damage Only 
(O) 

75 37.37  $               7,400   $        276,508 

 Sum 49.8   $     4,703,654  
 
The two most representative VSL corridor installation costs are from the Green River-Rock 
Springs and the Evanston-Lyman corridors.  The bid let price for these two projects averaged 
approximately $1 million each.  Using an estimate of $1 million per VSL corridor for installation 
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costs for each of the four VSL corridors, the benefits for the VSL corridor implementation 
exceed costs in the first year of system use.  There is ongoing operation and system maintenance 
costs also associated with VSL use but these costs would be less than the estimated safety 
benefits each year showing that the benefits of the system outweigh the costs.   

 

5.8 Summary 

The overall goal is to improve safety along the VSL corridors as measured by the crash 
frequency and crash rate. Crash records for the full year, winter, and summer periods were 
analyzed to set the baseline crash history for all five VSL corridors in Wyoming from April 15, 
2001 through April 14, 2012.  A breakdown of crashes by one mile segments showed there are 
locations where more crashes occurred when compared to the corridor average. Among the VSL 
corridors, Rock Spring – Green river corridor has the highest number of Average Normalized 
Crash Frequency (58.4 Crashes per 10 miles length for 11 years of crash records) . Evanston, 
Laramie – Cheyenne, and Elk Mountain has 47.8, 43.8, and 38.4 crashes per 10 miles 
respectively. If crash rate was used as the measure of safety; Rock Spring – Green River, 
Laramie – Cheyenne and Elk Mountain are equally hazardous corridors (2.36, 2.37, and 2.34 
crashes per MVMT respectively), whereas the crash rate of Evanston Corridor is just 1.05. 
Looking at the crash rates by crash type, PDO crash rates for Rock Springs – Green River, and 
Elk Mountain (1.78, and 1.81 respectively) are much higher than Laramie – Cheyenne (1.04), 
and Evanston corridor (0.81). For all other crash types, crash rates are similar for Rock Springs – 
Green River, Laramie – Cheyenne and Elk Mountain, but for Evanston corridor, these values are 
lower than others. 
 
From the baseline data analysis it became apparent that there was considerable variability in the 
crash data during the winter periods.  In order to isolate the effects of the VSL from the effects of 
mild versus severe winters, it was necessary to perform a weather based safety analysis.  Using a 
seven day crash frequency as the response variable and weather variables from road weather 
forecast data a model utilizing crash history from the four Interstate VSL corridors was 
estimated.  This model found that there was a statistically significant result that VLS 
implementation reduced crashes on the corridors when weather was controlled for in the model.  
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VSLs AND SPEED 

Variable Speed Limit systems are a type of Intelligent Transportation System (ITS) that have  
been recognized as an effective strategy to improve the traffic safety by minimize the speed 
deviation, improving speed compliance and help drivers to select an appropriate travel speed 
(See Chapter 2).  This Chapter analyzes speed variables such as 85th percentile speed, average 
speed, speed standard deviation and speed compliance for the five VSL corridors implemented 
by WYDOT to determine the effect that VSL corridors are having on speeds.    
 

6.1 Data Sources 

Data for the speed analyses was obtained through the WYDOT Traffic Management Center 
(TMC) in Cheyenne. Aggregated data is constantly collected and archived from the roadway 
speed sensors on the corridors (see Chapter 3).  This aggregated speed data is used to display real 
time speed information on a large speed map in the TMC for operators to observe. The 
aggregated data does not allow analysis of individual vehicles since all observations speed 
observations are averaged over the time period. To obtain data for individual vehicles, each 
speed sensor had to be manually configured to collect data for each specific storm event. Setting 
the speed sensor to log individual vehicles removes this sensor from use by the speed mapping 
software.  To minimize impact to the TMC operation only a few speed sensors on each corridor 
were used to log individual speed observations for selected storm events.  For each storm event, 
the speed logging was started in the ideal period prior to the storm arrival and ended after the 
roadway speeds went back to normal operating speeds and the VSL system was reset to 
maximum speeds. 
 
The speed analysis also utilized data from the event log created any time a VSL sign message 
was changed.  By merging the speed observations and the VSL event log both the observed and 
posted speed for each vehicle could be known. 

6.2 Data Analysis  

In the following sections, each of the VSL corridors were analyzed for speed impacts.  Observed 
speed data from individual vehicles was analyzed in the six ways listed below: 

1. 85th Percentile Speeds: 85th Percenitle speeds for cars, trucks, and combined vehicles 
are calculated for every 15 minute period and plotted with posted speeds for each storm 
event. 

2. Standard Deviation: The standard deviation for cars, trucks, and combined vehicles are 
calculated for every 15 minute period and plotted against time for each storm event.  
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3. Further Analyses of Standard Deviation and Speeds:  The standard deviation of 
speeds and the difference between observed and posted speeds are further analyzed 
through the use of Box Plots and then analyzed relative to different deployment 
categories, which are based on the magnitude of the speed reductions.   

4. Speed Compliance:  Percentages of vehicles traveling at or below the speed limit or the 
speed limit plus 5 mph or the percentage traveling 10 mph or more above the speed limit 
were calculated. 

5. Speed Profiles: Frequency bar graphs of speed observations of cars, trucks, and 
combined vehicles were created for the different storm periods. 

6. Statistical Analysis:  Linear regression model is estimated for the speed difference to 
determine factors affecting speed compliance. 

 
Each of these analysis tasks are described in the following sections. Data collected from all storm 
events was merged into one large file with multiple indicator factors to complete a more 
comprehensive analysis. The seven categories created for this merged dataset were:  
 

1. Speeding indicated by yes (Y) or no (N) describing whether or not the individual vehicle 
was speeding based on the actual posted VSL speed at the time of the observation. 

2. DiffSpeed, which is the actual difference in speed of the individual vehicle either positive 
or negative, above or below the posted VSL speed limit respectively. 

3. Direction the vehicle was traveling either eastbound (EB) or westbound (WB). 
4. MP the milepost the observation was collected from. 
5. Storm indicating which storm event the observation came from. 
6. Truck factor indicating if the observation was of a car or truck. Vehicles are considered 

to be cars if their length is less than or equal to 24 feet and trucks if their length is greater 
than 24 feet. 

7. DeployCat which is a categorical indication of what the speed limit was at the time the 
observation was collected.  

 
The “DeployCat” consisted of five different categories: 

1. ‘a’ indicated the speed limit was displayed at its maximum value, either 65 or 75 mph. 
2. ‘b’ indicated the observation was collected during the transition period as previously 

defined. 
3. ‘c’ indicated the speed limit was 15 mph or less below the maximum speed limit. 
4. ‘d’ indicated the speed limit was 25 mph or less below the maximum speed limit. 
5. ‘e’ indicated the speed limit was 30 mph or more below the maximum speed limit. 
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6.3 Speed Analyses for Elk Mountain Corridor 

For the Elk Mountain Corridor, data from six storm events from 2010 to 2013 were collected for 
the analysis.  The six storm events were from: 

• December 29, 2010 to January 4, 2011; 
• November 10-12, 2010; 
• January 8-9, 2011; 
• November 1-2, 2011;  
• February 08-11, 2013; and  
• February 17-19, 2013.  

Initial speed analyses prior to the winter of 2010-2011 were also performed for the Phase I of 
this research for just the Elk Mountain Corridor.  Refer to the Phase I report for the results of the 
earlier analysis (Buddemeyer, et al. 2010).  

85th Percentile Speeds 
The 85th percentile speeds were calculated for each milepost and storm event for both cars and 
trucks. The 85th percentile speeds were calculated based on the observed individual vehicle 
speed data for each 15 minute period and graphed. Figure 6-2 shows the 85th percentile speeds 
of observations for 15 minute periods of cars, trucks and combined all vehicles for the November 
storm event at milepost 289.5. The graphs for the other mileposts and other storm events can be 
found in Appendix B. The other storm events show similar results to those shown in Figure 6-1.  
 

 

Figure 6-1: Observed 85th% Speeds on Elk Mountain, November 2010 Storm at MP 289.5 

Posted speed limits for eastbound and westbound are the same. From these graphs, a general 
trend was observed that car speeds are higher than truck speeds for most of the storm event. The 
individual vehicle data was further analyzed to statistically prove this observation. . The speed 
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data from the cars and trucks for all cases were compared using a two sample t-test for mean 
assuming unequal variance was run at a 95% confidence level. For every milepost for all six 
storm events there was a statistically significant difference in speed between cars and trucks, 
with cars traveling faster in every case.  
 
It can also be observed from Figure 6-1 that the observed speeds differ from the posted speeds 
depending on the time period being considered.  Prior to the storm arriving (ideal period) the 
average and car speeds are slightly higher than the posted speed of 75.  At the beginning of the 
transition period (first vertical line) the speeds begin to decline and are generally lower than the 
posted speed.  At the beginning of the VSL speed reduction (second vertical line) the observed 
and posted speeds are very close.  Afterwards the observed speeds begin to rise but the VSL 
speeds are kept low.  The last period is defined as VSL extended where the speeds on the VSL 
signs remain low but the observed speeds are much higher.  

Standard Deviation Analysis   
The standard deviation of speeds as an indicator of the speed variation was also calculated to see 
the influence of the VSL and determine if there was a significant difference in the standard 
deviation of speeds for cars as opposed to trucks. Reduction in standard deviation is believed to 
be related to improved safety of the roadway and is a goal of the VSL system. The standard 
deviation was calculated for 15 minute intervals of the individual observed speed data for cars, 
trucks and all vehicles for each milepost and storm event. Figure 6-2 shows the standard 
deviation for the November storm event at milepost 289.5 and is a representative example of the 
standard deviation graphs created for all three speed sensors for all six storm events.  See 
Appendix B for the graphs for the remaining mileposts and storm events. 
 

 
Figure 6-2: Standard Deviation of Speeds for Elk Mountain, November Storm at MP 289.5 

The orange vertical line (second from left) in Figure 6-2 marks the start of the VSL 
implementation, while the pink vertical line (last vertical line) marks the end of the VSL 
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implementation. In general during ideal time periods, before the storm events, the standard 
deviations of both cars and trucks are in the range of 4-6 mph. Also, during weather incidents the 
standard deviations of cars can be quite high (>10 mph). There was no consistent trend between 
standard deviations before and after the VSL speed reduction was implemented. The standard 
deviation data from the cars and trucks were compared using the standard deviation of the 
difference in the mean of the standard deviations. The standard deviations tested were the 
standard deviations of the 15 minute 85th percentile speeds. An F-test assuming independent 
variables and unequal variance was run at a 95% confidence level for all cases. Cars statistically 
are proved to have a higher standard deviation than Trucks at almost all mileposts for all the six 
storm events. However there is no statistically significant different between Cars and Trucks for 
the storm event from December 29, 2010 to January 4, 2011 at milepost 289.5 and November 
10-12, 2010 at milepost 273.1.  

Further Analysis of Standard Deviation and Speeds 
To get a feel of the speeds and variation of speeds of cars and trucks, boxplots were created from 
the raw observations of speeds(Figure 6-3) and also differences in speeds relative to the speed 
limit (Figure 6-4).  

 

 

\ 
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Figure 6-3: Boxplot of Speed Observations for Cars and Trucks for Elk Mountain 
Corridor 

 

Figure 6-4: Boxplot of Difference in Speed and Speed Limit for Cars and Trucks for Elk 
Mountain Corridor 

For the storm events from the winter of 2010-2013 the standard deviations and the speeds were 
further analyzed by categorizing the observations into four periods: 
 

1. Observations under ideal conditions based on RWIS data to represent conditions before 
the storm event began. 

2. Observations in the transitional period where RWIS data indicates worsening conditions 
but the variable speed limit not yet deployed. 

3. Observations in the initial period of the VSL deployment. 
4. Observations in the extended period of VSL deployment where speeds are starting to 

increase but the VSL speeds remain reduced. 
 
Further analysis was done on all the six storm events. For each of these time periods the average 
speed, 85th percentile speed, and standard deviations are calculated and summarized in a Table 
6-1for the three mileposts.  
 
Speeds were expected to be high and close to the maximum posted speed limit during the Ideal 
period and decrease during the weather becomes worse, VSL Implemented period was expected 
to have the lowest speeds due to the appropriate cooperate between the real time weather 
condition and the VSL system; Standard deviations are expected to be relatively low during the 
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ideal periods and increase as the conditions worsen. The figures and tables shown in this section 
are representative of the corridor.  The figures and tables for all the storm events can be found in 
Appendix B. 
 

Table 6-1: Further Analyses of Speed and Standard Deviation for November 2010 Storm 
for Elk Mountain 

 
 

After implementation of the VSL system ideally the standard deviations would be lowered but 
due to the existence of the standard deviation of the posted speed limit this observation seems 
hard to achieve for most of cases. Thus, for further analysis, speeds, speed difference, and 
standard deviations of the speed difference for different deployment categories and VSL 
Implemented periods were analyzed to more accurately determine the speeds variation. 
 
Figure 6-6, Figure 6-7, Figure 6-8 and Table 6-3 show how average difference changed relative 
to the different deployment categories. We can find that the average speed difference for trucks 
is lower than cars for every deployment category. Furthermore, after the VSL implementation 
the speed difference increase significantly with the decreasing of the posted speed limit. Figure 
6-9 and Table 6-4 show the standard deviations of the speed difference changed by different 
deployment categories which represent the change of speed variation during the storm events. 
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Table 6-2:  Average Speed Difference Analysis under Different Deployment Categories for 
Elk Mountain 

  Average Speed Difference 
Deploycat* Trucks Cars All Vehicles 
a -6.71 0.25 -4.18 
b -10.73 -4.94 -8.82 
c 0.40 5.96 2.40 
d 3.97 8.03 5.37 
e 9.38 13.22 10.51 

*a = max speed, b=transition, c=≤15 mph reduction; d= ≤25 mph reduction; e=≥30 mph reduction 

Table 6-3:  Standard Deviation of Speed Difference Analysis under Different Deployment 
Categories for Elk Mountain 

DeployCat* 
Standard Deviation of Speed 

Difference 
a 7.56 
b 9.31 
c 7.85 
d 9.08 
e 9.49 

*a = max speed, b=transition, c=≤15 mph reduction; d= ≤25 mph reduction; e=≥30 mph reduction 

 

*a = max speed, b=transition, c=≤15 mph reduction; d= ≤25 mph reduction; e=≥30 mph reduction 
Figure 6-5:  Average of Speed Difference for Trucks by Deployment Category for Elk 

Mountain  
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*a = max speed, b=transition, c=≤15 mph reduction; d= ≤25 mph reduction; e=≥30 mph reduction 

 
Figure 6-6:  Average of Speed Difference for Cars by Deployment Category for Elk 

Mountain  

 

*a = max speed, b=transition, c=≤15 mph reduction; d= ≤25 mph reduction; e=≥30 mph reduction 

Figure 6-7:  Boxplot of Speed Difference by Deployment Category for Elk Mountain  
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*a = max speed, b=transition, c=≤15 mph reduction; d= ≤25 mph reduction; e=≥30 mph reduction 

Figure 6-8:  Summary of Standard Deviation of Speed Difference by Deployment Category 
for Elk Mountain  

From the above analysis it can be seen that the standard deviation of the speed difference is the 
smallest when the posted speed limit is maximum; the transition period has a high standard 
deviation caused by the existence of the time lag between when the weather worsens and the 
implementation of the VSL where there is no speed choice guidance for drivers. Comparing with 
the transition period the standard deviation of speed difference decreased after the VSL 
implementation. However, there is an apparent trend that the speed variation increases with the 
magnitude of the decrease in posted speed limit. 

Speed Compliance 
Analysis of speed compliance on the corridor was done to determine the effect the VSL system 
had on driver behavior. Speed compliance was defined for this analysis in two ways. The first 
was a strict definition that determined the percentage of vehicles that were observed going at or 
below the posted speed limit. The second was a more lenient definition where vehicles were 
considered compliant if they were going not more than 5 mph above the speed limit. The speed 
compliance value was calculated for the same four periods as the previous analysis (ideal, 
transitional, initial speed reduction, and extended speed reduction) for the 2010-2013 storm 
events The percent of vehicles traveling well over the posted speed (>10 mph) was also 
determined.  
 
Table 6-4 and Figure 6-9 are examples of the speed compliance results. The results from the 
other storm events show similar results and can be found in Appendix C. During the November 
10-12, 2010 storm event, strict speed compliance was for the ideal period before the storm and 
ranged from 61% to 79% for all vehicles. Comparing with the trucks, cars have a lower speed 
compliance range from 37% to 52%; also have a high percentage of traveling 10 miles per hour 
or more above the posted speed limit. For the transition period the compliance rates were greatly 
increased to 83% to 93% likely indicating that it was difficult for most vehicles to travel the 
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posted speed due to deteriorating road conditions. The lower compliance rates at milepost 273.1 
may indicate that the speed compliance was influenced by the different geomantic characteristics 
at this location (there is a vertical curve at mile post 273.1).  For the initial speed reduction 
period the compliance rates were higher than those during the ideal period but lower than the 
transition period. The compliance rates for milepost 256 and 273 were relatively similar but the 
lower rates for milepost 289 may indicate that the speed was posted too low for conditions on 
that section. The extended speed reduction period had much lower compliance rates than the 
initial speed reduction period and this likely indicates that the conditions were improving but the 
speed limits were not increased.  In particular the compliance rates for milepost 289 for this 
period are very low, even when the more lenient definition for compliance is used.  For all cases, 
trucks had higher compliance rates than cars did. Also, for nearly all cases, cars had higher 
percentage rates of speed 10 mph or greater than the speed limit.  

 

Table 6-4:  Speed Compliance Rates during November Storm for Elk Mountain 
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Figure 6-9:  Speed Compliance during November Storm for Elk Mountain 

Speed Profiles 
Using the individual data from each storm at each milepost, speed profiles were created to show 
vehicle speed versus the frequency of occurrence. A speed profile was created for each of the 
categories that occurred during the particular storm event and for cars, trucks, and all vehicles. 
The speed profiles for cars, trucks, and all vehicles have been merged together to show the 
relationship between cars and trucks more clearly.  
 
The speed profiles created for the November 10-12, 2010 storm event for milepost 289.5 for the 
merged speed profiles are shown in Figure 6-s 11 through 14. When reviewing the speed profiles 
note the speeds on the x-axis as they shift slightly for each graph. These speed profiles show the 
shifting of speeds during each of the four conditions of the storm event. Speeds are high during 
ideal conditions and then they begin to drop during the transition period. Also during the 
transition period the speeds are widely distributed, meaning there is much variation in speeds. 
During the time the VSL is implemented in Figure 6-13 and Figure 6-14 the speeds begin to have 
less variation and then start to increase again.  
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Figure 6-10:  Ideal Speed Profile for November Storm for Elk Mountain, MP 289.5 

 

Figure 6-11:  Transition Speed Profile for November Storm for Elk Mountain, MP 289.5 
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Figure 6-12:  VSL Implemented Speed Profile for November Storm for Elk Mountain, MP 
289.5 

 

 

Figure 6-13:  VSL Extended Speed Profile for November Storm for Elk Mountain, MP 
289.5 

This visual analysis is powerful in its implications for the improvement to VSL system 
implementation and the potential benefits of the VSL system as a whole for this corridor and 
future corridors. Speed profiles not shown in this chapter can be found in Appendix D.   
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Statistical Analysis 
In order to further analyze the factors influencing driver speed compliance a linear regression 
was also estimated. The speed difference (DiffSpeed) was used as the dependent variable in the 
regression model. As defined previously, the speed difference is the difference in miles per hour 
between the observed speeds and the posted speed limit so as the strict definition positive values 
indicate speeding. The base condition was selected as: passenger car driving at the east bound 
direction at the mileposts 256.2 and the VSL system is under the category of “DeployCat a”. 
Ideal period was selected as the base condition during this period the posted speed limit is 
maximum. Other selected factors in the model were described in the Data Analysis section. The 
results from the initial linear regression model with all variables included are shown in the Table 
6-5. 

Table 6-5:  Linear Regression Model for Speed Difference for Elk Mountain Corridor  

Variables  Coefficient p-value 
(Intercept)  -1.27 <0.001 
DeployCat b -4.76 <0.001 
DeployCat c 6.72 <0.001 
DeployCat d 9.82 <0.001 
DeployCat e 15.29 <0.001 
Truck -5.12 <0.001 
MP273.1 1.65 <0.001 
MP289.5 2.01 <0.001 
Direction (West 
Bound) 

-1.63 <0.001 

*a = max speed, b=transition, c=≤15 mph reduction; d= ≤25 mph reduction; e=≥30 mph reduction 

 
All of the variables included in the initial estimation of the model were found to be statistically 
significant at the 95% confidence level. The results show there is good speed compliance for the 
base condition. Based on the results in the regression, which indicates under the base condition 
the average speed difference is -1.27 indicating for deployment category a (Ideal road conditions 
and the posted speed limit is maximum) vehicles on average are traveling almost 1.3 mph hour 
lower than the posted speed. For the deployment category b (road conditions have worsened but 
no speed reduction implemented) the speed difference is as low as 6 mph below the posted speed 
limit this speed reduction is mainly caused by deteriorated weather and road conditions. Of the 
most interest are all the other deployment categories indicate increased speed difference (i.e. 
higher speeding) with increases in the speed difference from 6.72 mph to 15.29 mph. Compared 
to the base condition a 15 mph or less reduction in posted speed (DeployCat c) resulted in an 
average of 6.7 mph increase in the speed difference. Since the base case averaged 1.3 mph below 
the posted speed this result indicates there was a speed difference of 5.4 mph above the posted 
speed. For posted speed reductions greater than 15 mph but less than or equal to 25 mph 
(DeployCat d) there was a 9.8 mph increase in the speed difference resulting in an 8.5 speed 
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difference above the posted speed.  While the model estimate is slightly higher than deployment 
Category C (DeployCat c) it should also be considered that the requested speed reduction was 
also higher so the overall magnitude of the speed reduction from drivers was higher even though 
the compliance was less. The last deployment category of posted speed reductions equal to or 
greater than 30 mph (DeployCat e) showed the largest increase in speed difference with an 
average of near 15.3 mph increase and an average driver traveling 13 mph above the posted 
speed.  Once again the magnitude of the speed reduction requested must be considered although 
the results likely indicate that drivers have lower tolerance for very large speed reductions.  
 
Trucks have better speed compliance than passenger cars since the truck variable decreases the 
speed difference by 5.12 mph. The speed difference at mileposts 273.1 and 289.5 is slightly 
higher than the milepost 256.2 by 1.65 mph and 2.01 mph respectively which is likely caused by 
differences geometric characteristics at those locations. Predominate wind direction is likely 
another cause for speed differences for vehicles traveling in the eastbound is higher than 
eastbound by 1.63 mph. 

6.3 Speed Analyses for Rock-Springs-Green River Corridor 

WYDOT implemented a VSL system along the Rock Spring and Green River corridor in 
February 2011. The projected corridor is nearly 23 miles long from a location west of Green 
River near the West Green River Interchange at MP 88.86 and east of Rock Springs near the 
Baxter Road Interchange at MP 110.36.   Milepost 97.9 and 111.5 were selected for observations 
collection as the beginning, and end of the corridor. The data for the two storm events in 2013 
were selected for the analysis are February 09-11, 2013, and March 09, 2013.  

85th Percentile Speeds 
Figure 6-14 shows the 85th percentile speeds of observations for 15 minute periods for cars, 
trucks, and combined all vehicles for the February storm event at milepost 97.9. The other storm 
events show similar results to those shown in Figure 6-14 and can be found in Appendix B. 
Posted speed limits for eastbound and westbound are the same. From these graphs, a general 
trend was observed that car speeds seemed to be higher than truck speeds. The individual vehicle 
data was further analyzed to statistically prove this observation. The speed data from the cars and 
trucks for all cases were compared using a two sample t-test for mean assuming unequal variance 
was run at a 95% confidence level. For every milepost for all two storm events there was a 
statistically significant difference in speed between cars and trucks, with cars traveling faster in 
every case.  
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Figure 6-14: Observed 85th% Speeds on Green River-Rock Springs, February Storm at 
MP 97.9 

Standard Deviation Analysis   
Figure 6-15 shows the standard deviation for the February storm event at milepost 97.9 and is a 
representative example of the standard deviation graphs created for all three speed sensors for all 
two storm events. 
 
The blue vertical line (second from left) in Figure 6-15 marks the start of the VSL 
implementation, while the gray vertical line (last line) marks the end of the VSL implementation. 
In general during ideal time periods, before the storm events, the standard deviations of both cars 
and trucks are in the range of 4-8 mph. Also, during weather incidents the standard deviations of 
cars can be quite high (near 13 mph). There was no consistent trend between standard deviations 
before and after the speed reduction was implemented. The standard deviation data from the cars 
and trucks were compared using the standard deviation of the difference in the mean of the 
standard deviations. The standard deviations tested were the standard deviations of the 15 minute 
85th percentile speeds. An F-test assuming independent variables and unequal variance was run 
at a 95% confidence level for all cases. Cars statistically are proved to have a higher standard 
deviation than Trucks at all mileposts for all the two storm events.  
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Figure 6-15: Standard Deviation of Speeds for Green River-Rock Springs, February Storm 
at MP 97.9 

Further Analysis of Standard Deviation and Speeds 
Boxplots were created for raw observation of speeds and also differences in speeds relative to the 
speed limit as seen in Figure 6-16 and Figure 6-17. In order to get a general feel of the speeds 
and variation of speeds of cars and trucks. 

 

Figure 6-16: Boxplot of Speed Observations for Cars and Trucks for Green River-Rock 
Springs Corridor 
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Figure 6-17: Boxplot of Difference in Speed and Speed Limit for Cars and Trucks for 
Green River-Rock Springs Corridor 

Further analysis was done on all storm events. For each of these time periods the average speed, 
85th percentile speed, and standard deviations are calculated and summarized in a Table 6-6 for 
the two mileposts.  
 
Speeds were expected to be high and close to the maximum posted speed limit during the Ideal 
period and decrease during the weather becomes worse, VSL Implemented period was expected 
to have the lowest speeds due to the appropriate cooperation between the real time weather 
condition and the VSL system; Standard deviations are expected to be relatively low during the 
ideal periods and increase as the conditions worsen. The figures and tables shown in this section 
are representative of the corridor.  The figures and tables for all the storm events can be found in 
Appendix B. 
 
After implementation of the VSL system ideally the standard deviations would be lowered but 
due to the existence of the standard deviation of the posted speed limit this observation seems 
hard to achieve for most of cases. Thus, for further analysis, speeds, speed difference, and 
standard deviations of the speed difference for different deployment categories and VSL 
Implemented periods were analyzed to more accurately determine the speed variation. 
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Table 6-6: Further Analyses of Speed and Standard Deviation for February Storm for 
Green River-Rock Springs 

 
 
 
Figure 6-18, Figure 6-19, Figure 6-20 and Table 6-7 show how the average difference changed 
relative to the different deployment categories. We can find that the average speed difference for 
trucks is lower than cars for every deployment category. Furthermore, after the VSL 
implementation, the speed difference increases with decreases in the posted speed limit.  Figure 
6-21 and Table 6-8 show the standard deviations of the speed difference changed by different 
deployment categories which represent the change of speed variation during the storm events. 

 

Table 6-7: Average Speed Difference Analysis under Different Deployment Categories for 
Green River-Rock Springs 

  Average Speed Difference 
DeployCat Trucks Cars All Vehicles 
a -7.79 0.23 -4.20 
b -12.89 -7.89 -10.73 
c -7.04 -5.76 -6.51 
d 2.77 3.31 2.95 

*a = max speed, b=transition, c=≤15 mph reduction; d= ≤25 mph reduction; e=≥30 mph reduction 
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Table 6-8: Standard Deviation of Speed Difference Analysis under Different Deployment 
Categories for Green River-Rock Springs 

DeployCat 
Standard Deviation of 

Speed Difference 
a 7.18 
b 9.13 
c 8.01 
d 7.32 

*a = max speed, b=transition, c=≤15 mph reduction; d= ≤25 mph reduction; e=≥30 mph reduction 

  
 

Figure 6-18: Average of Speed Difference for Trucks by Deployment Category for Green 
River-Rock Springs 

 
Figure 6-19: Average of Speed Difference for Cars by Deployment Category for Green 

River-Rock Springs 
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*a = max speed, b=transition, c=≤15 mph reduction; d= ≤25 mph reduction; e=≥30 mph reduction 

Figure 6-20: Boxplot of Speed Difference by Deployment Category for Green River-Rock 
Springs 

 

Figure 6-21: Summary of Standard Deviation of Speed Difference by Deployment Category 
for Green River-Rock Springs 

From the above analysis we can see that the standard deviation of the speed difference is the 
smallest when the posted speed limit is maximum; the transition period has a high standard 
deviation this may be caused by the existence of the lag between the weather becomes worse and 
the implementation of the VSL there is no appropriate speed choice guidance for drivers. 
Comparing with the transition period the standard deviation of speed difference decreased 
significant after the VSL implementation.  
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Speed Compliance 
Analysis of speed compliance on the corridor was done to determine the effect the VSL system 
had on driver behavior. Speed compliance was defined for this analysis in two ways. The first 
was a strict definition that determined the percentage of vehicles that were observed going at or 
below the posted speed limit. The second was a more lenient definition where vehicles were 
considered compliant if they were going not more than 5 mph above the speed limit. The speed 
compliance value was calculated for the same four periods as the previous analysis (ideal, 
transitional, initial speed reduction, and extended speed reduction) for the 2013 storm events The 
percent of vehicles traveling well over the posted speed (>10 mph) was also determined.  
 
Table 6-9 and Figure 6-23 are examples of the speed compliance results. The results from the 
other storm events show similar results. During the February 08-11, 2013 storm event, strict 
speed compliance was for the ideal period before the storm and ranged from 49% to 81% for all 
vehicles. Comparing with the trucks, cars have a lower speed compliance range from 29% to 
52%; cars also have a high percentage traveling 10 mile per hour or more above the posted speed 
limit. For the transition period the compliance rates were greatly increased to 84% to 95% likely 
indicating that it was difficult for most vehicles to travel the posted speed due to deteriorating 
road conditions. The lower compliance rates at milepost 97.9 may indicate that the speed 
compliance was influenced by the different geomantic characteristics at this.  For the initial 
speed reduction period the compliance rates were higher than those during the ideal period but 
lower than the transition period. The compliance rates changes for milepost 97.9 and 111.5 were 
relatively similar. The extended speed reduction period had much lower compliance rates than 
the initial speed reduction period and this likely indicates that the conditions were improving but 
the speed limits were not increased. 
 
For all cases, trucks had higher compliance rates than cars did. Also, for nearly all cases, cars 
had higher percentage rates of speed 10 mph or greater than the speed limit. Complete speed 
compliance results can be found in Appendix B. 
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Table 6-9: Speed Compliance Rates during February Storm for Green River-Rock Springs 

 

 

Figure 6-22: Speed Compliance during February Storm for Green River-Rock Springs 

Speed Profiles 
Using the individual data from each storm at each milepost, speed profiles were created to show 
vehicle speed versus the frequency of occurrence. A speed profile was created for each of the 
categories that occurred during the particular storm event and for cars, trucks, and all vehicles. 
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The speed profiles for cars, trucks, and all vehicles have been merged together to show the 
relationship between cars and trucks more clearly.  
 
The speed profiles created for the February 08, 2013 storm event for milepost 97.9 for the 
merged speed profiles are shown in Figure 6-23 through Figure 6-26. These speed profiles show 
the shifting of speeds during each of the four conditions of the storm event. Speeds are high 
during ideal conditions and then they begin to drop during the transition period. Also during the 
transition period the speeds are widely distributed, meaning there is much variation in speeds. 
During the time the VSL is implemented in Figure 6-25 and Figure 6-26 the speeds begin to have 
less variation and then start to increase again. 

 
Figure 6-23: Ideal Speed Profile for February Storm for Green River-Rock Springs, MP 

97.9 
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Figure 6-24: Transition Speed Profile for February Storm for Green River-Rock Springs, 
MP 97.9 

 

 

Figure 6-25: VSL Implemented Speed Profile for February Storm for Green River-Rock 
Springs, MP 97.9 

 

Figure 6-26: VSL Extended Speed Profile for February Storm for Green River-Rock 
Springs, MP 97.9 
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This visual analysis is powerful in its implications for the improvement to VSL system 
implementation and the potential benefits of the VSL system as a whole for this corridor and 
future corridors. Speed profiles not shown in this chapter can be found in Appendix D.  

Statistical Analysis 
In order to further analyze the factors influencing driver speed compliance a linear regression 
was also estimated. The speed difference (DiffSpeed) was used as the dependent variable in the 
regression model. As defined previously, the speed difference is the difference in miles per hour 
between the observed speeds and the posted speed limit so as the strict definition positive values 
indicate speeding. The base condition was selected as: passenger car driving at the eastbound 
direction at the mileposts 111.5 and the VSL system is under the category of “DeployCat a”. 
Ideal period was selected as the base condition during this period the posted speed limit is 
maximum. Other selected factors in the model were described in the Data Sources section. The 
results from the initial linear regression model with all variables included are shown in the Table 
6-10. 
 
Table 6-10: Linear Regression Model for Speed Difference for Green River-Rock Springs 

Corridor 

Variables  Coefficient p-value 
(Intercept)  -2.63 <0.001 
DeployCat b -8.37 <0.001 
DeployCat c -3.99 <0.001 
DeployCat d 6.46 <0.001 
Truck -6.45 <0.001 
MP97.9 3.13 <0.001 
Direction (West 
Bound) 

2.41 <0.001 

*a = max speed, b=transition, c=≤15 mph reduction; d= ≤25 mph reduction; e=≥30 mph reduction 

 
All of the variables included in the initial estimation of the model were found to be statistically 
significant at the 95% confidence level. The results show there is good speed compliance for the 
base condition. Based on the results in the regression, which indicates under the base condition 
the average speed difference is -2.63 mph indicating for deployment category a (Ideal road 
conditions and the posted speed limit is maximum) vehicles on average are traveling almost 2.6 
mph hour lower than the posted speed. For the deployment category b (road conditions have 
worsened but no speed reduction implemented) the speed difference is as low as 11 mph below 
the posted speed limit this speed reduction is mainly caused by deteriorated weather and road 
conditions. For DeployCat c and DeployCat d the results indicate increased speed difference 
from -3.99 mph to 6.46 mph with the decreasing of the posted speed limit. Compared to the base 
condition a 15 mph or less reduction in posted speed (DeployCat c) resulted in an average of 
3.99 mph increase in the speed difference. Since the base case averaged 2.6 mph below the 
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posted speed this result indicates there was a speed difference of 6.6 mph below the posted 
speed. For posted speed reductions greater than 15 mph but less than or equal to 25 mph 
(DeployCat d) there was a 6.5 mph increase in the speed difference resulting in a 3.9 mph speed 
difference above the posted speed.   
 
Trucks have better speed compliance than passenger cars since the truck variable decreases the 
speed difference by 6.5 mph. The speed difference at mileposts 97.9 is slightly higher than the 
milepost 111.5 by 3.1 mph which is likely caused by differences geometric characteristics at this 
location. Predominate wind direction is likely another cause for speed differences for vehicles 
traveling in the eastbound is higher than eastbound by 2.41 mph. The results indicate speed 
compliance is very good for Rock Spring and Green River corridor, however, results also likely 
indicate that drivers have lower tolerance for large speed reductions. 

6.4 Speed Analyses for Evanston-Three Sisters Corridor 

WYDOT implemented a VSL system along the Evanston-Three Sisters Corridor in October 
2011. The projected corridor is nearly 20 miles long from a location on the east side of Evanston 
at the East Evanston Interchange (MP 8.45) and extending to the French Interchange at MP 27.6. 
Milepost 11.86 and 23.35 were selected for observations collection as the beginning, and end of 
the corridor. The two storm events in 2013 selected for the analysis are February 09-11, 2013, 
and March 09, 2013.  

85th Percentile Speeds 
Figure 6-27 shows the 85th percentile speeds of observations for 15 minute periods of cars, 
trucks and combined all vehicles for the March storm event at milepost 23.35. The other storm 
events show similar results to those shown in Figure 6-27 and can be found in Appendix B. 
Posted speed limits for eastbound and westbound are the same. From these graphs a general 
trend was observed that car speeds seemed to be higher than truck speeds. The individual vehicle 
data was further analyzed to statistically prove this observation. The speed data from the cars and 
trucks for all cases were compared using a two sample t-test for mean assuming unequal variance 
was run at a 95% confidence level. For every milepost for all two storm events there was a 
statistically significant difference in speed between cars and trucks, with cars traveling faster in 
every case.  
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Figure 6-27: Observed 85th% Speeds on Evanston, March Storm at MP 23.35 

Standard Deviation Analysis   
The standard deviation of speeds as an indicator of the speed variation was also calculated to see 
the influence of the VSL and determine if there was a significant difference in the standard 
deviation of speeds for cars as opposed to trucks. Reduction in standard deviation is believed to 
be related to improved safety of the roadway and is a goal of the VSL system. The standard 
deviation was calculated for 15 minute intervals of the individual observed speed data for cars, 
trucks and all vehicles for each milepost and storm event. Figure 6-28 shows the standard 
deviation for the March storm event at milepost 23.35 and is a representative example of the 
standard deviation graphs created for all three speed sensors for all six storm events. 
 
The blue vertical line in Figure 6-28 marks the start of the VSL implementation, while the gray 
vertical line marks the end of the VSL implementation. In general during ideal time periods, 
before the storm events, the standard deviations of both cars and trucks are in the range of 4-8 
mph. Also, during weather incidents the standard deviations of cars can be quite high (>15 mph). 
There was no consistent trend between standard deviations before and after the speed reduction 
was implemented. The standard deviation data from the cars and trucks were compared using the 
standard deviation of the difference in the mean of the standard deviations. The standard 
deviations tested were the standard deviations of the 15 minute 85th percentile speeds. An F-test 
assuming independent variables and unequal variance was run at a 95% confidence level for all 
cases. Cars statistically are proved to have a higher standard deviation than Trucks at all 
mileposts for all the six storm events. 
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Figure 6-28: Standard Deviation of Speeds for Evanston, March Storm at MP 23.35 

Further Analysis of Standard Deviation and Speeds 
To get a general feel of the speeds and variation of speeds of cars and trucks boxplots were 
created for raw observation of speeds and also differences in speeds relative to the speed limit as 
seen in Figure 6-29 and Figure 6-30. 

 

Figure 6-29: Boxplot of Speed Observations for Cars and Trucks for Evanston Corridor 
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Figure 6-30: Boxplot of Difference in Speed and Speed Limit for Cars and Trucks for 
Evanston Corridor 

Further analysis was done on all storm events. For each of these time periods the average speed, 
85th percentile speed, and standard deviations are calculated and summarized in a Table 6-11-for 
the two mileposts.  
 
Speeds were expected to be high and close to the maximum posted speed limit during the ideal 
period and decrease during the weather becomes worse, VSL Implemented period was expected 
to have the lowest speeds due to the appropriate cooperation between the real time weather 
condition and the VSL system; Standard deviations are expected to be relatively low during the 
ideal periods and increase as the conditions worsen. The figures and tables shown in this section 
are representative of the corridor.  The figures and tables for all the storm events can be found in 
Appendix B. 
 

Table 6-11: Further Analyses of Speed and Standard Deviation for March Storm for 
Evanston 
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After implementation of the VSL system ideally the standard deviations would be lowered but 
due to the existence of the standard deviation of the posted speed limit this observation seems 
hard to achieve for most of cases. Thus, for further analysis, speeds, speed difference, and 
standard deviations of the speed difference for different deployment categories and VSL 
implemented periods were analyzed to more accurately determine the speeds variation. 
 
Figure 6-31, Figure 6-32, Figure 6-33 and Table 6-12 show how average difference changed 
relative to the different deployment categories. We can find that the average speed difference for 
trucks is lower than cars for every deployment categories. Furthermore, after the VSL 
implementation the speed difference increase significantly with the decreasing of the posted 
speed limit. Figure 6-34 and Table 6-13 show the standard deviations of the speed difference 
changed by different deployment categories which represent the change of speed variation during 
the storm events. 
 
Table 6-12: Average Speed Difference Analysis under Different Deployment Categories for 

Evanston 

  Average Speed Difference 
DeployCat Trucks Cars All Vehicles 
a -1.94 5.09 0.65 
b -3.27 3.56 -0.67 
c 0.20 4.04 1.04 
d 3.76 6.81 4.57 
e 6.28 8.99 7.08 

*a = max speed, b=transition, c=≤15 mph reduction; d= ≤25 mph reduction; e=≥30 mph reduction 



  

199 
 
 

 

Table 6-13: Standard Deviation of Speed Difference Analysis under Different Deployment 
Categories for Evanston 

DeployCat 
Standard Deviation of 

Speed Difference 
a 9.43 
b 11.07 
c 9.58 
d 10.37 
e 8.95 

*a = max speed, b=transition, c=≤15 mph reduction; d= ≤25 mph reduction; e=≥30 mph reduction 

 

Figure 6-31: Average of Speed Difference for Trucks by Deployment Category for 
Evanston 

 

Figure 6-32: Average of Speed Difference for Cars by Deployment Category for Evanston 
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*a = max speed, b=transition, c=≤15 mph reduction; d= ≤25 mph reduction; e=≥30 mph reduction 

Figure 6-33: Boxplot of Speed Difference by Deployment Category for Evanston 

 

*a = max speed, b=transition, c=≤15 mph reduction; d= ≤25 mph reduction; e=≥30 mph reduction 

Figure 6-34: Summary of Standard Deviation of Speed Difference by Deployment Category 
for Evanston 

From the above analysis we can see that the standard deviation of the speed difference is the 
smallest when the posted speed limit is maximum; the transition period has the highest standard 
deviation this may be caused by the existence of the lag between the weather becomes worse and 
the implementation of the VSL there is no appropriate speed choice guidance for drivers. 
Comparing with the transition period the standard deviation of speed difference decreased 
significant after the VSL implementation.  



  

201 
 
 

Speed Compliance 
Analysis of speed compliance on the corridor was done to determine the effect the VSL system 
had on driver behavior. Speed compliance was defined for this analysis in two ways. The first 
was a strict definition that determined the percentage of vehicles that were observed going at or 
below the posted speed limit. The second was a more lenient definition where vehicles were 
considered compliant if they were going not more than 5 mph above the speed limit. The speed 
compliance value was calculated for the same four periods as the previous analysis (ideal, 
transitional, initial speed reduction, and extended speed reduction) for the 2013 storm events The 
percent of vehicles traveling well over the posted speed (>10 mph) was also determined.  
 
Table 6-14 and Figure 6-35 are examples of the speed compliance results. The results from the 
other storm events show similar results. During the March 08, 2013 storm event, strict speed 
compliance was for the ideal period before the storm and ranged from 37% to 66% for all 
vehicles. Comparing with the trucks, cars have a lower speed compliance range from 11% to 
36%; cars also have a high percentage traveling 10 miles per hour or more above the posted 
speed limit. For the transition period the compliance rates were greatly increased to 75% to 93% 
likely indicating that it was difficult for most vehicles to travel the posted speed due to 
deteriorating road conditions. The lower compliance rates at milepost 11.86 may indicate that the 
speed compliance was influenced by the different geomantic characteristics at this location.  For 
the initial speed reduction period the compliance rates were close to those during the ideal period 
but lower than the transition period at milepost 23.35. The compliance rates for milepost 11.86 
were much lower than milepost 11.86 which may indicate that the speed was posted too low for 
conditions on that section. The extended speed reduction period had much lower compliance 
rates than the initial speed reduction period and this likely indicates that the conditions were 
improving but the speed limits were not increased.  In particular the compliance rates for 
milepost 11.86 for this period are very low, even when the more lenient definition for 
compliance is used. 
 
For all cases, trucks had higher compliance rates than cars did. Also, for nearly all cases, cars 
had higher percentage rates of speed 10 mph or greater than the speed limit. Complete speed 
compliance results can be found in Appendix C.  
 

Table 6-14: Speed Compliance Rates during March Storm for Evanston 
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Figure 6-35: Speed Compliance during March Storm for Evanston 

Speed Profiles 
Using the individual data from each storm at each milepost, speed profiles were created to show 
vehicle speed versus the frequency of occurrence. A speed profile was created for each of the 
categories that occurred during the particular storm event and for cars, trucks, and all vehicles. 
The speed profiles for cars, trucks, and all vehicles have been merged together to show the 
relationship between cars and trucks more clearly.  
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The speed profiles created for March 08, 2013 storm event for milepost 23.35 for the merged 
speed profiles are shown in Figure 6-36 through Figure 6-39. When reviewing the speed profiles 
note the speeds on the x-axis as they shift slightly for each graph. These speed profiles show the 
shifting of speeds during each of the four conditions of the storm event. Speeds are high during 
ideal conditions and then they begin to drop during the transition period. Also during the 
transition period the speeds are widely distributed, meaning there is much variation in speeds. 
During the time the VSL is implemented in Figure 6-39 and Figure 6-40 the speeds begin to have 
less variation and then start to increase again.  
 

 

Figure 6-36: Ideal Speed Profile for March Storm for Evanston, MP 23.35 
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Figure 6-37: Transition Speed Profile for March Storm for Evanston, MP 23.35 

 

Figure 6-38: VSL Implemented Speed Profile for March Storm for Evanston, MP 23.35 

 

 

 

Figure 6-39: VSL Extended Speed Profile for March Storm for Evanston, MP 23.35 
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This visual analysis is powerful in its implications for the improvement to VSL system 
implementation and the potential benefits of the VSL system as a whole for this corridor and 
future corridors. Speed profiles not shown in this chapter can be found in Appendix D.  

Statistical Analysis 
In order to further analyze the factors influencing driver speed compliance a linear regression 
was also estimated. The speed difference (DiffSpeed) was used as the dependent variable in the 
regression model. As defined previously, the speed difference is the difference in miles per hour 
between the observed speeds and the posted speed limit so as the strict definition positive values 
indicate speeding. The base condition was selected as: passenger car driving at the east bound 
direction at the mileposts 11.86 and the VSL system is under the category of “DeployCat a”. 
Ideal period was selected as the base condition during this period the posted speed limit is 
maximum. Other selected factors in the model were described in the Data Sources section. The 
results from the initial linear regression model with all variables included are shown in the Table 
6-15. 
 

Table 6-15: Linear Regression Model for Speed Difference for Evanston Corridor 

Variables  Coefficient p-value 
(Intercept)  7.19 <0.001 
DeployCat b -1.35 <0.001 
DeployCat c 1.20 <0.001 
DeployCat d 4.42 <0.001 
DeployCat e 8.56 <0.001 
Truck -5.54 <0.001 
MP23.35 -6.47 <0.001 
Direction (West Bound) -0.52 <0.001 

*a = max speed, b=transition, c=≤15 mph reduction; d= ≤25 mph reduction; e=≥30 mph reduction 

 
All of the variables included in the initial estimation of the model were found to be statistically 
significant at the 95% confidence level. The results show there is poor speed compliance for the 
base condition which may be caused by the specific geometric characteristics at milepost 11.86. 
Based on the results in the regression, which indicates under the base condition the average 
speed difference is 7.19 mph indicating for deployment Category a (Ideal road conditions and the 
posted speed limit is maximum), vehicles on average are traveling almost 7.2 mph higher than 
the posted speed. For the deployment Category b (road conditions have worsened but no speed 
reduction implemented) the speed difference decreased to 5.8 mph above the posted speed limit 
this speed reduction is mainly caused by deteriorated weather and road conditions. Of the most 
interest are all the other deployment categories indicate increased speed difference (i.e. higher 
speeding) with increases in the speed difference from 1.2 mph to 8.6 mph. Compared to the base 
condition a 15 mph or less reduction in posted speed (DeployCat c) resulted in an average of 1.2 
mph increase in the speed difference. Since the base case averaged 7.2 mph above the posted 
speed this result indicates there was a speed difference of 8.4 mph above the posted speed. For 
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posted speed reductions greater than 15 mph but less than or equal to 25 mph (DeployCat d) 
there was a 4.4 mph increase in the speed difference resulting in an 11.6 speed difference above 
the posted speed.  While the model estimate is slightly higher than DeployCat c it should also be 
considered that the requested speed reduction was also higher so the overall magnitude of the 
speed reduction from drivers was higher even though the compliance was less. The last 
deployment category of posted speed reductions equal to or greater than 30 mph (DeployCat e) 
showed the largest increase in speed difference with an average of near 8.6 mph increase and an 
average driver traveling 15.8 mph above the posted speed.  Once again the magnitude of the 
speed reduction requested must be considered although the results likely indicate that drivers 
have lower tolerance for very large speed reductions.  
 
Trucks have better speed compliance than passenger cars since the truck variable decreases the 
speed difference by 5.54 mph. The speed difference at mileposts 23.35 is significant higher than 
the milepost 11.86 by 6.5 mph which is likely caused by differences geometric characteristics at 
those locations. Predominate wind direction is likely another cause for speed differences for 
vehicles traveling in the eastbound is lower than eastbound by 0.52 mph. 

6.5 Speed Analyses for Cheyenne-Laramie Corridor 

WYDOT implemented a VSL system along the Cheyenne -Laramie corridor in October 2011. 
The projected corridor is nearly 36 miles long from a location west of Laramie near the Grand 
Avenue Interchange at MP 317.6 and east of Cheyenne several miles west the Roundtop Road 
Interchange at MP 353. Milepost 324 and 330 were selected for observations collection. The 
three storm events in 2013 selected for the analysis are February 09-11, 2013, February 17-19, 
2013 and March 09, 2013.  

85th Percentile Speeds 
Figure 6-40 shows the 85th percentile speeds of observations for 15 minute periods of cars, 
trucks and combined all vehicles for the March storm event at milepost 330. The other storm 
events show similar results to those shown in Figure 6-40 and can be found in Appendix B. 
Posted speed limits for eastbound and westbound are the same. From these graphs a general 
trend was observed that car speeds seemed to be higher than truck speeds. The individual vehicle 
data was further analyzed to statistically prove this observation. The speed data from the cars and 
trucks for all cases were compared using a two sample t-test for mean assuming unequal variance 
was run at a 95% confidence level. For every milepost for all three storm events there was a 
statistically significant difference in speed between cars and trucks, with cars traveling faster in 
every case.  
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Figure 6-40: Observed 85th% Speeds on Cheyenne-Laramie, February Storm at MP 330 

Standard Deviation Analysis   
The standard deviation of speeds as an indicator of the speed variation was also calculated to see 
the influence of the VSL and determine if there was a significant difference in the standard 
deviation of speeds for cars as opposed to trucks. Reduction in standard deviation is believed to 
be related to improved safety of the roadway and is a goal of the VSL system. The standard 
deviation was calculated for 15 minute intervals of the individual observed speed data for cars, 
trucks and all vehicles for each milepost and storm event. Figure 6-40 shows the standard 
deviation for the March storm event at milepost 330 and is a representative example of the 
standard deviation graphs created for all three speed sensors for all three storm events. The 
graphs for the other storms can be found in Appendix B. 
 
The blue vertical line in Figure 6-40 marks the start of the VSL implementation, while the gray 
vertical line marks the end of the VSL implementation. In general during ideal time periods, 
before the storm events, the standard deviations of both cars and trucks are in the range of 5-10 
mph. Also, during weather incidents the standard deviations of cars can be quite high (15 mph). 
There was no consistent trend between standard deviations before and after the speed reduction 
was implemented. The standard deviation data from the cars and trucks were compared using the 
standard deviation of the difference in the mean of the standard deviations. The standard 
deviations tested were the standard deviations of the 15 minute 85th percentile speeds. An F-test 
assuming independent variables and unequal variance was run at a 95% confidence level for all 
cases. Cars statistically are proved to have a higher standard deviation than trucks at all mileposts 
for all the three storm events. 
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Figure 6-41: Standard Deviation of Speeds for Cheyenne-Laramie, February Storm at MP 
330 

Further Analysis of Standard Deviation and Speeds 
To get a general feel of the speeds and variation of speeds of cars and trucks boxplots were 
created for raw observation of speeds and also differences in speeds relative to the speed limit as 
seen in Figure 6-42 and Figure 6-43. 

 

Figure 6-42: Boxplot of Speed Observations for Cars and Trucks for Cheyenne-Laramie 
Corridor 
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Figure 6-43: Boxplot of Difference in Speed and Speed Limit for Cars and Trucks for 
Cheyenne-Laramie Corridor 

Further analysis was done on all storm events. For each of these time periods the average speed, 
85th percentile speed, and standard deviations are calculated and summarized in a Table 6-16 for 
the two mileposts.  
 
Speeds were expected to be high and close to the maximum posted speed limit during the ideal 
period and decrease during the weather becomes worse. The VSL Implemented period was 
expected to have the lowest speeds due to the appropriate cooperation between the real time 
weather condition and the VSL system and the standard deviations are expected to be relatively 
low during the ideal periods and increase as the conditions worsen. The figures and tables shown 
in this section are representative of the corridor.  The figures and tables for all the storm events 
can be found in Appendix B. 
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Table 6-16: Further Analyses of Speed and Standard Deviation for February Storm for 
Cheyenne-Laramie 

 
 
After implementation of the VSL system ideally the standard deviations would be lowered but 
due to the existence of the standard deviation of the posted speed limit this observation seems 
hard to achieve for most of cases. Thus, for further analysis, speeds, speed difference, and 
standard deviations of the speed difference for different deployment categories and VSL 
implemented periods were analyzed to more accurately determine the speeds variation. 
Figure 6-44, Figure 6-45, Figure 6-46 and Table 6-17 show how average difference changed 
relative to the different deployment categories. We can find that the average speed difference for 
trucks is lower than cars for every deployment categories. Furthermore, after the VSL 
implementation the speed difference increase significantly with the decreasing of the posted 
speed limit. Figure 6-47 and Table 6-18 show the standard deviations of the speed difference 
changed by different deployment categories which represent the change of speed variation during 
the storm events. 
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Table 6-17: Average Speed Difference Analysis under Different Deployment Categories for 
Cheyenne-Laramie 

  Average Speed Difference 
DeployCat Trucks Cars All Vehicles 
a -5.74 2.09 -2.09 
b -8.08 -1.49 -5.71 
c -3.51 1.37 -1.68 
d 3.61 8.14 5.39 
e 7.92 13.86 10.13 

*a = max speed, b=transition, c=≤15 mph reduction; d= ≤25 mph reduction; e=≥30 mph reduction 

 

Table 6-18: Standard Deviation of Speed Difference Analysis under Different Deployment 
Categories for Cheyenne-Laramie 

DeployCat 
Standard Deviation of 

Speed Difference 
a 7.76 
b 7.87 
c 9.05 
d 9.54 
e 10.07 

*a = max speed, b=transition, c=≤15 mph reduction; d= ≤25 mph reduction; e=≥30 mph reduction 

 

 
 

Figure 6-44: Average of Speed Difference for Trucks by Deployment Category for 
Cheyenne-Laramie 
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Figure 6-45: Average of Speed Difference for Cars by Deployment Category for Cheyenne-
Laramie 

 

 

*a = max speed, b=transition, c=≤15 mph reduction; d= ≤25 mph reduction; e=≥30 mph reduction 

 
Figure 6-46: Boxplot of Speed Difference by Deployment Category for Cheyenne-Laramie 
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Figure 6-47: Summary of Standard Deviation of Speed Difference by Deployment Category 
for Cheyenne-Laramie 

From the above analysis we can see that the standard deviation of the speed difference is the 
smallest when the posted speed limit is maximum; the standard deviation for transition period is 
higher this may be caused by worsened weather; the standard deviation did not decrease after the 
VSL implementation, this likely indicates the current used VSL control strategy may not have 
worked very efficiently during the winter storm event in 2013.    

Speed Compliance 
Analysis of speed compliance on the corridor was done to determine the effect the VSL system 
had on driver behavior. Speed compliance was defined for this analysis in two ways. The first 
was a strict definition that determined the percentage of vehicles that were observed going at or 
below the posted speed limit. The second was a more lenient definition where vehicles were 
considered compliant if they were going not more than 5 mph above the speed limit. The speed 
compliance value was calculated for the same four periods as the previous analysis (ideal, 
transitional, initial speed reduction, and extended speed reduction) for the 2013 storm events The 
percent of vehicles traveling well over the posted speed (>10 mph) was also determined.  
 
Table 6-19 and Figure 6-48 are examples of the speed compliance results. The results from the 
other storm events show similar results. During the February 08, 2013 storm event, strict speed 
compliance was for the ideal period before the storm and ranged from 54% to 69% for all 
vehicles. Comparing with the trucks, cars have a lower speed compliance range from 27% to 
36%; cars also have a higher percentage traveling 10 mile per hour or more above the posted 
speed limit. For the transition period the compliance rates were greatly increased to 77% to 78% 
likely indicating that it was difficult for most vehicles to travel the posted speed due to 
deteriorating road conditions. The lower compliance rates at milepost 324 may indicate that the 
speed compliance was influenced by the different geomantic characteristics at this location.  For 
the initial speed reduction period the compliance rates were close to those during the ideal period 
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but lower than the transition period at milepost 330. The compliance rates for milepost 324 were 
much lower than milepost 330 during the VSL implementation period which may indicate that 
the speed was posted too low for conditions on that section. The extended speed reduction period 
had much lower compliance rates than the initial speed reduction period and this likely indicates 
that the conditions were improving but the speed limits were not increased.   
 
For all cases, trucks had higher compliance rates than cars did. Also, for nearly all cases, cars 
had higher percentage rates of speed 10 mph or greater than the speed limit. Complete speed 
compliance results can be found in Appendix C. 

 

Table 6-19: Speed Compliance Rates during February Storm for Cheyenne-Laramie 
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Figure 6-48: Speed Compliance during February Storm for Cheyenne-Laramie 

Speed Profiles 
Using the individual data from each storm at each milepost, speed profiles were created to show 
vehicle speed versus the frequency of occurrence. A speed profile was created for each of the 
categories that occurred during the particular storm event and for cars, trucks, and all vehicles. 
The speed profiles for cars, trucks, and all vehicles have been merged together to show the 
relationship between cars and trucks more clearly.  
 
The speed profiles created for February 17, 2013 storm event for milepost 330 for the merged 
speed profiles are shown in Figure 6-49 through Figure 6-52. When reviewing the speed profiles 
note the speeds on the x-axis as they shift slightly for each graph. These speed profiles show the 
shifting of speeds during each of the four conditions of the storm event. Speeds are high during 
ideal conditions and then they begin to drop during the transition period. Also during the 
transition period the speeds are widely distributed, meaning there is much variation in speeds. 
During the time the VSL is implemented in Figure 6-51and Figure 6-52 the speeds begin to have 
less variation and then start to increase again.  
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Figure 6-49: Ideal Speed Profile for February Storm for Cheyenne-Laramie, MP 330 

 

Figure 6-50: Transition Speed Profile for February Storm for Cheyenne-Laramie, MP 330 

 

Figure 6-51: VSL Implemented Speed Profile for February Storm for Cheyenne-Laramie, 
MP 330 
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Figure 6-52: VSL Extended Speed Profile for February Storm for Cheyenne-Laramie, MP 
330 

This visual analysis is powerful in its implications for the improvement to VSL system 
implementation and the potential benefits of the VSL system as a whole for this corridor and 
future corridors. Speed profiles not shown in this Chapter can be found in Appendix D.  

Statistical Analysis 
In order to further analyze the factors influencing driver speed compliance a linear regression 
was also estimated. The speed difference (DiffSpeed) was used as the dependent variable in the 
regression model. As defined previously, the speed difference is the difference in miles per hour 
between the observed speeds and the posted speed limit so as the strict definition positive values 
indicate speeding. The base condition was selected as: passenger car driving at the eastbound 
direction at the mileposts 324 and the VSL system is under the category of “DeployCat a”. Ideal 
period was selected as the base condition during this period the posted speed limit is maximum. 
Other selected factors in the model were described in the Data Sources section. The results from 
the initial linear regression model with all variables included are shown in the Table 6-20. 
 
All of the variables included in the initial estimation of the model were found to be statistically 
significant at the 95% confidence level. Based on the results in the regression, which indicates 
under the base condition the average speed difference is 2.9 mph indicating for deployment 
category a (ideal road conditions and the posted speed limit is maximum) vehicles on average are 
traveling almost 2.9 mph higher than the posted speed. For the deployment Category b (road 
conditions have worsened but no speed reduction implemented) the speed difference decreased 
to 0.1 mph below the posted speed limit this speed reduction is mainly caused by deteriorated 
weather and road conditions. Of the most interest are all the other deployment categories indicate 
increased speed difference (i.e. higher speeding) with increases in the speed difference from 1.6 
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mph to 12.2 mph. Compared to the base condition a 15 mph or less reduction in posted speed 
(DeployCat c) resulted in an average of 1.6 mph increase in the speed difference. Since the base 
case averaged 2.9 mph above the posted speed this result indicates there was a speed difference 
of 4.5 mph above the posted speed. For posted speed reductions greater than 15 mph but less 
than or equal to 25 mph (DeployCat d) there was a 7.9 mph increase in the speed difference 
resulting in a 10.8 speed difference above the posted speed.  While the model estimate is slightly 
higher than DeployCat c it should also be considered that the requested speed reduction was also 
higher so the overall magnitude of the speed reduction from drivers was higher even though the 
compliance was less. The last deployment category of posted speed reductions equal to or greater 
than 30 mph (DeployCat e) showed the largest increase in speed difference with an average of 
near 12.2 mph increase and an average driver traveling 15.1 mph above the posted speed.  Once 
again the magnitude of the speed reduction requested must be considered although the results 
likely indicate that drivers have lower tolerance for very large speed reductions.  
 

Table 6-20: Linear Regression Model for Speed Difference for Cheyenne-Laramie 
Corridor 

Variables  Coefficient p-value 
(Intercept)  2.90 <0.001 
DeployCat b -3.02 <0.001 
DeployCat c 1.60 <0.001 
DeployCat d 7.91 <0.001 
DeployCat e 12.17 <0.001 
Truck -5.79 <0.001 
MP330 -1.59 <0.001 
Direction (West 
Bound) 

-1.66 <0.001 

*a = max speed, b=transition, c=≤15 mph reduction; d= ≤25 mph reduction; e=≥30 mph reduction 

 
Trucks have better speed compliance than passenger cars since the truck variable decreases the 
speed difference by 5.79 mph. The speed difference at mileposts 330 is slightly lower than the 
milepost 324 by 1.6 mph which is likely caused by differences geometric characteristics at those 
locations. Predominate wind direction is likely another cause for speed differences for vehicles 
traveling in the eastbound is lower than eastbound by 1.7 mph. 

6.6   Speed Analyses for South Pass Corridor 

WYDOT implemented a VSL system along the South Pass corridor in October 2012. The 
projected corridor is approximately 30 miles long from approximately 30 mile east of the WY 28 
and US 191 junction at the town of Farson, Wyoming (MP 30.4) to a location approximately 6 
miles to the west of the WY 28 and US 287 junction near the town of Lander, Wyoming (MP 
62.3). Milepost 35, 48.8 and 58 were selected for observations collection. Due to the limited 



  

219 
 
 

duration of VSL implementation in this corridor, the only storm event data selected for the 
analysis is March 12, 2013. 

85th Percentile Speeds 
Figure 6-53 shows the 85th percentile speeds of observations for 15 minute periods of cars, 
trucks and combined all vehicles for the March storm event at milepost 35. Posted speed limits 
for eastbound and westbound are the same. From these graphs a general trend was observed that 
car speeds seemed to be higher than truck speeds for most of the time. The individual vehicle 
data was further analyzed to statistically prove this observation. The speed data from the cars and 
trucks for all cases were compared using a two sample t-test for mean assuming unequal variance 
was run at a 95% confidence level. For milepost 35 and 58 there was a statistically significant 
difference in speed between cars and trucks, with cars traveling faster than car, and there is no 
significant difference in speed between car and trucks at milepost 48.8.   

 

Figure 6-53: Observed 85th% Speeds on South Pass, March Storm at MP 35 

Standard Deviation Analysis   
The standard deviation of speeds as an indicator of the speed variation was also calculated to see 
the influence of the VSL and determine if there was a significant difference in the standard 
deviation of speeds for cars as opposed to trucks. Reduction in standard deviation is believed to 
be related to improved safety of the roadway and is a goal of the VSL system. The standard 
deviation was calculated for 15 minute intervals of the individual observed speed data for cars, 
trucks and all vehicles for each milepost and storm event. Figure 6-54 shows the standard 
deviation for the March storm event at milepost 35. 
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Figure 6-54: Standard Deviation of Speeds for South Pass, March Storm at MP 35 

 
The blue vertical line in Figure 6-54 marks the start of the VSL implementation, while the gray 
vertical line marks the end of the VSL implementation. In general during ideal time periods, 
before the storm events, the standard deviations of both cars and trucks are in the range of 0-8 
mph. Also, during weather incidents the standard deviations of cars can be quite high (<20 mph). 
There was no consistent trend between standard deviations before and after the speed reduction 
was implemented. The standard deviation data from the cars and trucks were compared using the 
standard deviation of the difference in the mean of the standard deviations. The standard 
deviations tested were the standard deviations of the 15 minute 85th percentile speeds. An F-test 
assuming independent variables and unequal variance was run at a 95% confidence level for all 
cases. Trucks statistically are proved to have a higher standard deviation than cars only at the 
mileposts 35 and there is no significant difference in standard deviation between cars and trucks 
at other two mileposts. The results are shown in the Table 6-21. This may be caused by the truck 
percentage in this corridor and the road functional classification. However, due to the limitation 
of our sample size these results may not represent the real situation in the South Pass corridor. 
Further analysis with larger sample may be required for future study.  
 
Table 6-21: Statistical Significance in Speed Standard Deviation between Cars and Truck 

for South Pass 

Event/Milepost Statistically 
significant 
difference? 

Higher 
Standard 
Deviation 

March 09,2013/ 35 Yes Truck 
March 09,2013/ 48.8 No N/A 
March 09,2013/ 58 No N/A 
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Further Analysis of Standard Deviation and Speeds 
To get a general feel of the speeds and variation of speeds of cars and trucks boxplots were 
created for raw observation of speeds and also differences in speeds relative to the speed limit as 
seen in Figure 6-55 and Figure 6-56. 

 

Figure 6-55: Boxplot of Speed Observations for Cars and Trucks for South Pass Corridor 

 

Figure 6-56: Boxplot of Difference in Speed and Speed Limit for Cars and Trucks for 
South Pass Corridor 
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Further analysis was done on all storm events. For each of these time periods the average speed, 
85th percentile speed, and standard deviations are calculated and summarized in a Table 6-22 for 
the two mileposts.  
 
Speeds were expected to be high and close to the maximum posted speed limit during the Ideal 
period and decrease during the weather becomes worse, VSL Implemented period was expected 
to have the lowest speeds due to the appropriate cooperation between the real time weather 
condition and the VSL system; Standard deviations are expected to be relatively low during the 
ideal periods and increase as the conditions worsen. The figures and tables shown in this section 
are representative of the corridor.  The figures and tables for all the storm events can be found in 
Appendix B. 

 
Table 6-22: Further Analyses of Speed and Standard Deviation for March Storm for South 

Pass 

 
 

After implementation of the VSL system ideally the standard deviations would be lowered when 
the posted speed dropped from 65 mph to 55 mph. the results shown that for trucks the speed in 
ideal period is lower than transition period and VSL implemented period and the lowest speed 
appeared during the VSL extended period. These results are highly out of our expectation. This 
difference is mainly caused by the small sample size for the different VSL implementation 
period. Thus, the data sets in three different locations were merged together and further analysis 
of speeds, speed difference, and standard deviations of the speed difference for different 
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deployment categories and VSL implemented periods were conducted to more accurately 
determine the speeds variation. 
 
Figure 6-57, Figure 6-58, Figure 6-59 and Table 6-23 show how average difference changed 
relative to the different deployment categories. We can find that the average speed difference for 
trucks is lower than cars during the deployment Category a and c. Furthermore, after the VSL 
implementation the speed difference increases significantly. Figure 6-60 and Table 6-24 show 
the standard deviations of the speed difference changed by different deployment categories 
which represent the change of speed variation during the storm events. 

 
Table 6-23: Average Speed Difference Analysis under Different Deployment Categories for 

South Pass 

  Average Speed Difference 
DeployCat Trucks Cars All Vehicles 
a -5.10 0.88 -1.76 
b 6.15 -2.25 2.28 
c 8.01 10.18 9.19 

*a = max speed, b=transition, c=≤15 mph reduction; d= ≤25 mph reduction; e=≥30 mph reduction 

 

Table 6- 24: Standard Deviation of Speed Difference Analysis under Different Deployment 
Categories for South Pass 

DeployCat 
Standard Deviation of 

Speed Difference 
a 12.34 
b 11.85 
c 11.23 

*a = max speed, b=transition, c=≤15 mph reduction; d= ≤25 mph reduction; e=≥30 mph reduction 
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*a = max speed, b=transition, c=≤15 mph reduction; d= ≤25 mph reduction; e=≥30 mph reduction 

Figure 6-57: Average of Speed Difference for Trucks by Deployment Category for South 
Pass 

 

 
*a = max speed, b=transition, c=≤15 mph reduction; d= ≤25 mph reduction; e=≥30 mph reduction 

 
Figure 6-58: Average of Speed Difference for Cars by Deployment Category for South Pass 
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*a = max speed, b=transition, c=≤15 mph reduction; d= ≤25 mph reduction; e=≥30 mph reduction 

 
Figure 6-59: Boxplot of Speed Difference by Deployment Category for South Pass 

 

 

Figure 6-60: Summary of Standard Deviation of Speed Difference by Deployment Category 
for South Pass 

From the above analysis we can see that the standard deviation of the speed difference is as high 
as 12.3 mph when the posted speed limit is maximum; the standard deviation for transition 
period is around 11.8 mph which may indicate the deteriorated weather and road condition 
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forced the drivers to lower the driving speed and the standard deviation decreased to 11.2 mph 
after the implementation of the VSL.  

Speed Compliance 
Analysis of speed compliance on the corridor was done to determine the effect the VSL system 
had on driver behavior. Speed compliance was defined for this analysis in two ways. The first 
was a strict definition that determined the percentage of vehicles that were observed going at or 
below the posted speed limit. The second was a more lenient definition where vehicles were 
considered compliant if they were going not more than 5 mph above the speed limit. The speed 
compliance value was calculated for the same four periods as the previous analysis (ideal, 
transitional, initial speed reduction, and extended speed reduction) for the 2013 storm events The 
percent of vehicles traveling well over the posted speed (>10 mph) was also determined.  
 
Table 6-25 and Figure 6-61 are examples of the speed compliance results for the storm March 
12, 2013. The VSL was not implemented at the milepost 58 during the storm event. Strict speed 
compliance rate for the ideal period before the storm are from 31% to 53% for all vehicles. 
Comparing with the trucks, cars have a lower speed compliance range from 22% to 46%; also 
have a higher percentage traveling 10 mile per hour or more above the posted speed limit. For 
the transition period the compliance rates were greatly increased to 40% to 100% likely 
indicating that it was difficult for most vehicles to travel the posted speed due to deteriorating 
road conditions. However the speed compliance for trucks is 0% to 20% which is much lower 
than 100% for cars during the transition period. This may be explained by the low traffic volume 
in South Pass corridor and very limited data set. This may also explain the reason that extended 
speed reduction period did not have a lower compliance rates compare with the initial speed 
reduction period. Complete speed compliance results can be found in   
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Appendix C 
Speed Compliance Graphs and Tables.  

 

 

 

 

 

 

 

 

 

Table 6-25: Speed Compliance Rates during March Storm for South Pass 
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Figure 6-61: Speed Compliance during March Storm for South Pass 

Speed Profiles 
Using the individual data from each storm at each milepost, speed profiles were created to show 
vehicle speed versus the frequency of occurrence. A speed profile was created for each of the 
categories that occurred during the particular storm event and for cars, trucks, and all vehicles. 
The speed profiles for cars, trucks, and all vehicles have been merged together to show the 
relationship between cars and trucks more clearly.  
 
The speed profiles created for March 12, 2013 storm event for milepost 330 for the merged 
speed profiles are shown in Figure 6-62 through Figure 6-65. These speed profiles show the 
shifting of speeds during each of the four conditions of the storm event. Speeds are high during 
ideal conditions and then they begin to drop during the transition period. Also during the 
transition period the speeds are supposed to be widely distributed which meaning there is much 
variation in speeds. However due to lack of individual vehicles data during the transition period 
the result seems does not meet our expectation very well. During the time the VSL is 
implemented in Figure 6-64 and speeds begin to have less variation but by viewing it directly we 
can see, comparing with the ideal period there seems do not have a speed reduction. Which likely 
indicates the drivers did not react with the VSL very well and the VSL control strategy applied 
here may not work efficiently. According to Figure 6-65 the speed starts to increase again during 
the extended period and seems has a low standard deviation; however, it also has a very limited 
sample size.   
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Figure 6-62: Ideal Speed Profile for March Storm for South Pass, MP 35 

 

Figure 6-63: Transition Speed Profile for March Storm for South Pass, MP 35 
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Figure 6-64: VSL Implemented Speed Profile for March Storm for South Pass, MP 35 

 

 

Figure 6-65: VSL Extended Speed Profile for March Storm for South Pass, MP 35 

This visual analysis is powerful in its implications for the improvement to VSL system 
implementation and the potential benefits of the VSL system as a whole for this corridor and 
future corridors. Speed profiles not shown in this Chapter can be found in Appendix D. 
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Statistical Analysis 
In order to further analyze the factors influencing driver speed compliance a linear regression 
was also estimated. The speed difference (DiffSpeed) was used as the dependent variable in the 
regression model. As defined previously, the speed difference is the difference in miles per hour 
between the observed speeds and the posted speed limit so as the strict definition positive values 
indicate speeding. The base condition was selected as passenger car driving at the eastbound 
direction at the mileposts 35and the VSL system is under the category of “DeployCat a”. Ideal 
period was selected as the base condition during this period the posted speed limit is maximum. 
Other selected factors in the model were described in the Data Sources section. The results from 
the initial linear regression model with all variables included are shown in the Table 6-26. 

 

 

 

 

 

 

Table 6-26: Initial Linear Regression Model for Speed Difference for South Pass Corridor 

Variables  Coefficient p-value 
(Intercept)  5.58 <0.001 
DeployCat b 1.32 0.687 
DeployCat c 9.54 <0.001 
Truck -5.39 <0.001 
MP48.8 -1.20 0.238 
MP58 -2.40 0.032 
Direction (West 
Bound) 

-5.07 <0.001 

 
All of the variables included in the initial estimation of the model were found to be statistically 
significant at the 95% confidence level except the variables “DeployCat b” and “MP48.8”. this 
means there is no significant difference in speed difference between deployment category a and 
b; and between milepost 35 and 48.8. The final regression model was established after excluding 
the insignificant variables from the initial model, the results were shown in the Table 6-27. 
 

Table 6-27: Final Linear Regression Model for Speed Difference for South Pass Corridor 

Variables  Coefficient p-value 
(Intercept)  4.45 <0.001 
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DeployCat c 10.31 <0.001 
Truck -5.54 <0.001 
Direction (West 
Bound) 

-5.51 <0.001 

 

Based on the results in the regression, which indicates under the base condition the average 
speed difference is around 4.5 mph, indicating for deployment category a (Ideal road conditions 
and the posted speed limit is maximum) vehicles on average are traveling almost 4.5 mph higher 
than the posted speed. There is no significant different in speed difference between Category  a 
and b and between different milepost locations. Compared to the base condition a 15 mph or less 
reduction in posted speed (DeployCat c) resulted in an average of 10.3 mph increase in the speed 
difference. Since the base case averaged 4.5 mph above the posted speed this result indicates 
there was a speed difference of 14.8. This may indicates drivers in this corridor almost do not 
response to the VSL. This may be caused by the lack of the data set also the VSL is very new for 
the drivers in this corridor. Looking at the other variables in the final model trucks have better 
speed compliance than passenger cars since the truck variable decreases the speed difference by 
5.54 mph. The speed difference for vehicles traveling in the westbound is lower than eastbound 
by 5.51 mph this may explained by the differences in geometric characteristics and other weather 
factors like predominate wind direction. 

6.7 Summary 

The main objective for this Chapter was to analyze the effect the VSL system implemented along 
in Wyoming improves the safety by affecting drivers’ speed behavior. Winter storm events data 
from 2010 to 2013 were analyzed by using series of analysis methods.   
 
According to the analysis, the statistical tests indicated for most of the cases cars are traveling 
faster than trucks and also have higher variation in speed. All the corridors along Interstate I 80 
(Elk Mountain, Laramie – Cheyenne, Rock Spring – Green River and Evanston – Three Sisters) 
had very similar results. For every storm event, milepost and period, trucks have a better speed 
compliance rate than cars. The results of the speed profile and standard deviation of the 
difference between the observed speed and posted speed analyses, it was found that 
implementation of VSL helped to reduce the speed variation during the storm events by 
providing speed selection guidance to drivers.  
 
The VSL system recently implemented in South Pass corridor seems did not work as well as the 
I-80 corridors with respect to the speed analyses.  This may be due to the different road 
functional classification, low traffic volumes, inefficient VSL operations or a lack of storm 
events observations. It is difficult to make formal conclusions about this corridor without 
additional analyses. 
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The regression analysis result show the difference between the observed speed and posted speed 
continuously increases with the increasing of the reduction on posted speed limit., which 
indicates that the speed compliance becomes worse with large posted speed reductions.  This is 
likely due to low tolerance by drivers for the large reductions of the posted speed limit indicating 
the posted speed may be too conservative for most of storm event.  
 
A good speed compliance rate is highly sensitive with the rational and timely implementation of 
speed reductions so an improved VSL control strategy would result in improved compliance. 
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SUMMARY AND CONCLUSIONS 

The following Chapter summarizes and provides conclusions to the research effort covered in 
this report.  Both the summary and conclusion sections are divided into three subsections based 
on the three primary research tasks:  
 

1. Development of control strategies for operation of VSL corridors including the 
investigation of advanced modeling methods for improving the operation of the Elk 
Mountain corridor control strategy developed in Phase I of this research; 

2. Analysis of safety of the variable speed limit corridors; and 
3. Analysis of speed compliance and speed variations of the variable speed limit corridors. 

 

7.1  Summary 

A summary of the control strategy development, safety analysis and speed analysis tasks are 
provided in this section. 

Control Strategy 
The main objective of this research task was to develop a protocol for the effective operation of a 
rural Variable Speed Limit system. In the process of developing the protocol, various automated 
control strategies were considered. Data collected during different storm periods were used in the 
development of the candidate control strategies. During the initial phase of this project, the key 
weather variables affecting vehicle speeds were identified using the robust regression method. 
Identified key weather variables included pavement surface condition, pavement surface 
temperature, relative humidity (RH), average wind speed and visibility. From the statistical 
analysis used to identify these weather variables, it was also found that there was a significant 
speed difference between cars and trucks and vehicles traveling during day and night. 
 
This research was conducted to observe if VSL signs are impacting the vehicles speeds during 
bad weather conditions and to identify key weather variables that are impacting the vehicle 
speeds most. A robust regression analysis was conducted on both aggregated and individual data. 
For aggregated data, the coefficients of estimates for variables EB and WB varied from 0.47 to 
0.86 indicating for every 10 mph of speed reduction posted on signs there is a vehicles’ speed 
reduction of 4.7 to 8.6 mph. From the analysis conducted on individual data, it was found that 
the coefficient of estimates for variables EB and WB varied from 0.34 to 0.64 suggesting that 
speed compliance is little lower than that indicated in the aggregated data analysis. R – Squared 
values for the models varied from 0.21 to 0.54, which are reasonable values given the modeling 
of complex human behavior. There is a significant speed difference between cars and trucks as 
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the estimate of CT variable varied from 0.085 to .574. These positive estimates for CT variable 
indicate that cars are travelling faster than trucks during bad weather conditions. Vehicles are 
travelling at higher speeds during day than night. This trend was observed as the coefficient of 
estimate for the variable DN varied from 0.86 to 2.5. From all the four statistical models it is 
concluded that pavement surface status, surface temperature, RH, average wind speed and 
visibility are the most impacting weather variables on vehicle speeds. These key weather 
variables have p – values less than 0.05 implying these variables are significantly impacting 
vehicle speeds with 95% confidence. 
 
After the key weather variables were determined, the next research step in this research task was 
to design a control strategy that works effectively in terms of both increasing speed compliance 
and reducing speed variance. A control strategy was designed using real time weather and speed 
data that recommends a posted speed limit every fifteen minutes. Four different pavement 
surface conditions were used in this project: dry, ice, wet and snow, as different speed behaviors 
were observed for each of these surface conditions. Vehicle speed behavior was then estimated 
using best fit equations for each weather variable under the four pavement surface conditions. 
The initial control strategy that was developed was then simulated using previous storm data and 
it was found that speed compliance improved and speed variance reduced under the proposed 
control strategy when compared to the existing manual protocol.  
 
An automated control strategy was developed to replace current manual protocol of deploying 
VSL system. The proposed control strategy was simulated on four previous storm datasets to 
determine if control strategy improved speed compliance and speed variation. To measure speed 
compliance rates the following parameters were calculated: 1.) Percentage of vehicles observed 
below posted speed limit and 2.) Percentage of vehicles observed below posted speed limit plus 
5mph. Speed variation was measured by calculating 1.) Five mph buffer: percentage of vehicles 
observed within ± 5 mph of posted speed limit and 2.) Three mph buffer: percentage of vehicles 
observed within ± 3 mph of posted speed limit. The parameters measured in this project were 
compared with actual observed values when WYDOT’s manual protocol was used to deploy 
VSL system. The increase in speed compliance rates were ranged from 3% to 30%. It is observed 
from simulation results that additional 2% to 18% vehicles are travelling close to posted speed 
limits when proposed control strategy is used. It is expected that speed compliance rates would 
improve even more when the control strategy is implemented in real time as the system would be 
more reactive to the changing conditions. As the proposed control strategy is more reactive to the 
changing conditions the usage of VSL system was little higher compared to WYDOT’s manual 
protocol. 
 
As the research continued, it was decided that using best fit equations to represent driving 
behavior was not an adequate representation of driver speed selection behavior, which is 
inherently complex. A statistical procedure called decision trees was tested to address the 
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complexity and to determine if an improved control strategy could be developed. The decision 
trees concept is an accepted approach to simulate complex human behavior. Decision trees (also 
known as regression trees) were developed using the identified key weather variables affecting 
vehicle speeds including a day/night variable. The new control strategy using decision trees was 
developed and simulated on collected storm data. From the results of simulation, it was found 
that there is an improvement in speed compliance rates and reduced speed variance when 
compared to the initial control strategy.  
 
To address the complex human behavior an update in the current automated control strategy was 
required. A statistical procedure called decision trees (regression trees) was used in this project 
replacing the best fitted equation methodology of previous control strategy version. Decision 
trees (regression trees) were trained using four different storm datasets. After the development of 
control strategy, it was simulated on three other storm datasets which are not used in the 
development of control strategy. The parameters used in research task 2 are used in research task 
3 to measure the performance of control strategy using decision trees. From the simulation 
results it is observed that there is a slight improvement in speed compliance and speed variance 
rates over the previous version of control strategy. The improvement varied from 1% to 9%. 
Higher improvements in speed compliance and speed variance were observed in RWIS 
perspective branch. The improvement varied from 3% to 38%. This control strategy 
methodology is a stepping stone for machine learning control strategy. 
 
The proposed control strategy was developed using storm datasets from a several winters and it 
is believed that this control strategy would work well for similar storms, but the weather in 
Wyoming can be highly variable and unpredictable. In order to make the control strategy more 
efficient and reliable for any future storm event, a machine learning algorithm was developed 
and added to the control strategy. This add-on to the algorithm can learn from new storm events 
when the system determines that control strategy performance for a storm event was below a 
recommended performance level. The machine learning algorithm was simulated on different 
storm datasets and found that machine learning algorithm is recommending better speed limits in 
terms of speed compliance and variation.  
 
A machine learning algorithm was developed to minimize the human effort in the deployment of 
VSL system. This machine learning algorithm learns how drivers’ are reacting to the different 
weather conditions and updates its system as required. In order to test the machine algorithm a 
comparison study was conducted between the static control strategy and machine learning 
algorithm. Initially the static control strategy was developed by training the decision trees for 
four different storm periods. Once the control strategy was developed it is simulated on storm 5, 
6 and 7 using static algorithm. Machine learning algorithm which is trained for four storm 
periods was applied on 5, 6, and 7 storm datasets. The only difference between these two 
strategies is that machine learning algorithm learns from storm 5 if required and utilizes on to 
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storm 6 and so on. From the results of the comparison study it is observed that there is a slight 
improvement in speed compliance and speed variance when the machine learning algorithm is 
used. Improvement of 1% to 5% was observed for speed compliance rates and improvement of 
1% to 3% was observed for speed variance rates. 
 
Overall conclusions from this research project is that drivers are reacting to the variable speed 
limit signs during bad weather conditions and key weather variables impacting vehicles speed 
are pavement surface condition, surface temperature, RH, average wind speed and visibility. 
Current manual protocol is not working efficiently in deploying variable speed limits. A machine 
learning control strategy is promising in recommending speed limits that are more rational and 
reactive to the changing conditions. 
 
The last task was to look at the transferability of the proposed control strategy to other VSL 
corridors.  It was determined that the developed control strategy performed at an acceptable level 
when applied to a different location from the location where it was developed.  Two general 
methodologies for developing control strategies for new VSL corridors are proposed.  The first is 
an ideal methodology, which is also the most time intensive, which first analyzes speed and 
weather data to determine which weather variables the speed behavior on the corridor is related 
to.  Regression trees are then estimated using these weather variables.  The acceptable 
methodology assumes the new corridor has similar weather events and therefor uses the same 
key weather variables as was found in this research to estimate corridor specific regression trees.  
If it is not possible to apply either of these methodologies then the last approach would be to 
apply the control strategy developed with this research and apply the self-learning algorithm to 
every storm event to ensure the control strategy adapts to the new corridor as quickly as possible. 
 
VSL control strategies are mostly developed based on the local location conditions, so it is 
important to understand how well the control strategy works if it is transferred to other VSL 
corridors. To evaluate the transferability of the proposed control strategy a simulation test was 
conducted where the control strategy which is developed at ELK Mountain corridor is applied 
for the Cheyenne VSL corridor. The machine learning control strategy was applied on to three 
different storm periods collected at the Cheyenne corridor. As excepted the machine learning 
algorithm learned from the storms and produced slightly better speed compliance and speed 
variance rates than WYDOT’s manual protocol with a slight higher VSL usage. 

Safety 
The overall goal is to improve safety along the VSL corridors as measured by the crash 
frequency and crash rate. Crash records for the full year, winter, and summer periods were 
analyzed to set the baseline crash history for all five VSL corridors in Wyoming from April 15, 
2001 through April 14, 2012.  A breakdown of crashes by one mile segments showed there are 
locations where more crashes occurred when compared to the corridor average. Considering the 
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last five years of crash frequency (2007-2012) data it can be noticed that Elk Mountain fluctuates 
more compared to others. For Evanston and Green River-Rock Springs, the crash frequency is 
decreasing every year since 2007. It also can be noticed that in 2008-2009 and 2011-2012 crash 
frequency decreased when compared to the previous year for all corridors but in 2009-2010, and 
2010-2011 there is no such pattern. It may be because of the non-uniformity of weather. Among 
the VSL corridors, Rock Springs – Green River corridor has the highest number of Average 
Normalized Crash Frequency (58.4 Crashes per 10 miles length for 11 years of crash records) 
Evanston, Laramie – Cheyenne, and Elk Mountain has 47.8, 43.8, and 38.4 crashes per 10 miles 
respectively.  
 
If crash rates were used as the measure of safety; Rock Springs – Green River, Laramie – 
Cheyenne and Elk Mountain are equally hazardous corridors (2.36, 2.37, and 2.34 crashes per 
MVMT respectively), whereas the crash rate of Evanston Corridor is just 1.05. Looking at the 
crash rates by crash type, PDO crash rates for Rock Springs – Green River, and Elk Mountain 
(1.78, and 1.81 respectively) are much higher than Laramie – Cheyenne (1.04), and Evanston 
corridor (0.81). For all other crash types, crash rates are similar for Rock Springs – Green River, 
Laramie – Cheyenne and Elk Mountain, but for Evanston corridor, these values are lower than 
others. 
 
From the baseline data analysis it became apparent that there was considerable variability in the 
crash data during the winter periods.  In order to isolate the effects of the VSL from the effects of 
mild versus severe winters, it was necessary to perform a weather based safety analysis.  Using a 
seven day crash frequency as the response variable and weather variables from road weather 
forecast data a model utilizing crash history from the four Interstate VSL corridors was 
estimated.  This model found that there was a statistically significant result that VLS 
implementation reduced crashes on the corridors when weather was controlled for in the model. 
From the model results, it can be seen that the expected crash frequency is higher when the 
intensity of wind is in between 2.5 and 7.5; and the intensity of snow in between 2.5 and 5.0. 
When the VSL system is implemented, the expected crash frequency is expected to decrease by 
around 0.67 crashes per seven days. Model also shows that, during the severe weather Laramie-
Cheyenne, and Green River-Rock Springs corridor has significantly higher expected crash 
frequency when compared to Elk Mountain. The Evanston corridor variable was not significant 
in the final model indicating no statistically significant difference between the Evanston and Elk 
Mountain Corridors.  
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Speed 
The main objective of speed analysis is to see how the VSL system implemented along the 
corridors in Wyoming improves the safety by affecting drivers’ speed behavior. Winter storm 
events data from 2010 to 2013 were analyzed by using series of statistic methods in this report.   
According to the analysis the statistic tests indicated for most of the cases cars are traveling 
faster than trucks and cars also have higher variation in speed. All the corridors along the 
Interstate 80 (Elk Mountain, Laramie – Cheyenne, Rock Springs – Green River and Evanston – 
Three Sisters) seem to have similar results. For every storm event, milepost and period, trucks 
have a better speed compliance rate than cars. From the analysis results of the speed profile and 
standard deviation of the difference between the observed speeds and posted speeds, we can find 
the implementation of VSL helps to reduce the speed variation during the storm events by 
proving the proper speed choice guidance for drivers.  
 
The VSL system recently implemented in South Pass corridor seems did not work as efficiently 
as the I-80 VSL corridors in terms of speed variables. However, this may be from various 
reasons, such as the different road functional classification, very low traffic volumes, inefficient 
VSL operation,  or lack of  observations in the data set. Thus, it is difficult to make conclusions 
about the operations of South Pass without additional analysis. 
 
The regression analyses of the difference between observed and posted speeds show that 
geometric characteristics and wind direction have an influence on the speed compliance. 
Moreover, the difference between the observed speed and posted speed continuously increases 
with the increasing of the reduction on posted speed limit. This means the speed compliance is 
reduced with higher posted speed limit reductions, which is likely due to driver’s low tolerance 
for large posted speed reductions. The model results indicate the posted speeds may be too 
conservative for most of the observed storm events.  
 

7.2  Conclusions 

The following section provides conclusions and recommendation for the research effort and is 
organized around the three primary research tasks of developing a control strategy, analyzing 
safety, and analyzing speed. 

Control Strategy 
The primary steps for developing the control strategy were to identify key weather variables, 
develop a candidate control strategy, and to develop a general methodology for determining 
suitable control strategies for future variable speed limit corridors. 
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Finding Key Weather Variables findings: 
• VSLs are effective in impacting vehicle speeds during bad weather conditions.  It is 

estimated that there was an additional speed reduction from 3.4 to 8.6 mph for every 10 
mph posted speed reduction even when the speed reduction due to weather conditions 
were considered. 

• Key weather variables impacting the vehicle speeds are pavement surface condition, 
pavement surface temperature, RH, average wind speed and visibility. 

 
Key findings from the development of a basic control strategy:  

• Proposed control strategy is more effective in terms of improving speed compliance and 
reducing speed variation than the current manual protocol. 

• A basic control strategy may not be adequate to represent complex human behavior and a 
more advanced model type might perform better. 

 
Key findings from the development of regression tree based control strategy: 

• Decision tree control strategy is more effective in terms of higher speed compliance and 
reduced speed variation than initial control strategy and WYDOT’s manual protocol. 

• New decision tree is more reactive and consistent in recommending speed limits. 
 
Key findings for the development of a machine learning component to the control strategy: 

• Machine learning component of control strategy is effective in learning vehicle speed 
behavior during different storm events. 

• Machine learning component to the control strategy improves the performance of the 
controls strategy in terms of better speed compliance and speed variance rates than all 
candidate control strategies and WYDOT’s manual protocol. 

• The ability to learning from storm events allows the transferability of the developed 
control strategy to other VSL corridors. 

 
Key findings from the transferability of control strategies: 

• Transferability of the control strategy is possible if the weather conditions at the new 
corridor are similar to the corridor where the control strategy was developed. 

• It would be beneficial to train the decision trees with the storm data collected at the new 
corridor so that the initial performance of the VSL corridor was maximized. 

• The system should be monitored until it is recommending desirable speed limits based on 
real time weather and traffic data based on speed compliance and speed variation targets. 

• If the control strategy is transferred to a completely new corridor, it would be ideal to 
collect some storm data to verify key weather variables and train the decision trees before 
using the control strategy in real time. 
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Safety 
Key findings from the safety analysis task: 

• Among the VSL corridors, the Rock Springs – Green River Corridor has the highest 
number of Average Normalized Crash Frequency (58.4 Crashes per 10 miles length for 
11 years of crash records). Evanston, Laramie – Cheyenne, and Elk Mountain has 47.8, 
43.8, and 38.4 crashes per 10 miles respectively. 

• Considering the last five years of crash frequency data (2007-2012), it was observed that 
the Elk Mountain Corridor has higher variability than the other corridors. 

• Rock Springs – Green River, Laramie – Cheyenne and Elk Mountain are equally 
hazardous corridors (2.36, 2.37, and 2.34 crashes per MVMT respectively) in terms of 
crash rate, whereas the crash rate of Evanston Corridor is the lowest at 1.05. 

• When the VSL system is implemented, the expected crash frequency is expected to 
decrease by around 0.67 crashes per seven days. 

Speed 
Key findings from the speed analysis task: 

• Cars are generally traveling faster than trucks and have higher speed variations. 
• Trucks have higher speed compliance than cars for most cases. 
• VSL implementation helps to decrease the speed variation. 
• Driver compliance is highly correlated with the how rationale the posted speed reduction 

is and drivers seem to have a low tolerance for the large reductions in posted speed. 
• Speed compliance seems get worse during the VSL implementation, however, speed 

reductions are observed. 
 

7.3  Recommendations 

Based on the research efforts contained in this report the following recommendations are made: 
• Control strategy software should be implemented in the TMC to improve the 

responsiveness and reliability of VSL operations and to increase speed compliance and 
reduce speed variation. 

• In order to effectively utilize a control strategy, a data monitoring system should be 
implemented in the TMC to quickly identify when weather and speed sensors are offline 
or generating erroneous data. 

• Since safety is related both to speed levels and speed variations, more focus should be 
placed on speed compliance and speed variation levels to avoid setting overly 
conservative speed limit reductions. 
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7.4  Future Research 

This report covers three years of research efforts on the variable speed limit systems in Wyoming 
and was a second phase that followed a two-year Phase I project. Much has been accomplished 
over the two phases of the project but the following section outlines some additional research 
tasks with respect to evaluating the implementation of an automated control strategy and 
monitoring the long term safety performance of the VSL corridors. 

Evaluation of Automated Control Strategy Implementation 
The control strategy developed in this report used simulations to determine the effects of the 
candidate control strategies on speed compliance and speed variation rates.  It is expected that 
with actual implementation the results would improve over the simulated results since the drivers 
would be reacting to a more response and consistent system.   A before and after evaluation of 
speed variables would provide better insight into the control strategy operations.  Related to that 
task would be to set performance levels for speed compliance and speed variation rates to 
determine what should be defined as successful operation of the control strategy during winter 
storm events. 

Long Term VSL Safety Performance 
Crash data has inherent variability that makes analyses challenging. This variation is naturally 
increased in areas subject to frequent weather events.  To counter the issues with variability the 
best method is to use more years of observations.  As the VSL corridors in Wyoming have longer 
implementation histories more conclusions about their safety effects can be made.  At this time 
only aggregate analyses of the corridors is possible but in future years individual corridors could 
be analyzed as well as looking at sub-sections of the corridors to determine the spatial 
differences in crash locations.  A secondary task related to safety would be to determine the 
safety effects of the implementation of an automated control strategy. 
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Appendix B 

Observed Speed Graphs and Basic Statistics 
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Appendix C 

Speed Compliance Graphs and Tables 
  



  

286 
 
 

 

 
 

 



  

287 
 
 

 

 
 
 



  

288 
 
 

 

 



  

289 
 
 



  

290 
 
 

 

 



  

291 
 
 

 

 



  

292 
 
 

 



  

293 
 
 



  

294 
 
 

 
 



  

295 
 
 



  

296 
 
 

 



  

297 
 
 

 



  

298 
 
 

 

 



  

299 
 
 

 
 
 

 



  

300 
 
 

 

 



  

301 
 
 

 
 

 



  

302 
 
 

 

 



  

303 
 
 

 



  

304 
 
 



  

305 
 
 

 



  

306 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

307 
 
 

Appendix D 

Speed Profiles 
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