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Abstract 

 

Evaluation of the Safety and Mobility Impacts of a Proposed Speed 

Harmonization System:  The Interstate 35 Case Study  

 

Jonathan Kenneth Markt, M.S.E. 

The University of Texas at Austin, 2011 

 

Supervisor:  C. Michael Walton 

 

Overuse of the Interstate and National Highway Systems has led many urban 

freeways to suffer from recurrent congestion and high crash rates.  One method of 

ameliorating these problems is through the use of Active Traffic Management (ATM).  

Within ATM, the practice of speed harmonization is well suited to improving safety and 

reducing delay.  In this study, speed harmonization is applied to a segment of Interstate 

Highway 35, just south of downtown Austin, Texas.  First, the need for congestion and 

safety improvements will be established. Then, the framework of a speed harmonization 

system will be developed through a synthesis of speed harmonization best practice.  Next, 

the speed harmonization framework will be evaluated for its impact on efficiency through 

the development of before and after micro-simulation models.  Finally, the trajectory files 

generated from simulation will be analyzed using surrogate safety measures to assess the 

safety impact of the proposed speed harmonization system.  
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Chapter 1: Introduction 

1.1 RESEARCH BACKGROUND 

 The population of the United States was approximately 227 million in 1980 and 

has grown to 309 million in 2010 (Census Bureau).  In roughly that same time frame, the 

increase in mileage of the U.S. Highway system has been less than 4% (United States 

Department of Transportation (USDOT) 2008).  This trend of growth has affected all 

parts of the country, but has had the largest impact on urban freeways.  One such 

overburdened urban freeway is Interstate Highway 35 (IH-35) in the heart of Austin, 

Texas.  On a grander scale, IH-35 is one of the United States great assets, allowing 

freight connectivity between major metropolitan cities and trade with Mexico and 

Canada.  Yet in Austin, travel during the morning and afternoon peak periods on IH-35 is 

dominated by commuters traveling from suburbs like Round Rock, Georgetown, and San 

Marcos to downtown, the State Capitol, and the University of Texas campus.  The traffic 

during peak hours reaches capacity, causing the system to operate in stop and go 

conditions. 

IH-35 has been widened over the years to attempt to keep up with growing 

demand, but IH-35 has now reached a point where building additional capacity is no 

longer feasible.  The option to build must now be replaced by better strategies of 

maximizing the efficiency of existing roadways.  The Federal Highway Administration 

has termed the collective group of efficiency maximizing strategies Advanced Traffic 

Management (ATM).  The ATM strategies as defined by FHWA are speed 

harmonization, temporary shoulder use, queue warning, truck restrictions, dynamic 
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rerouting, and traveler information.  ATM strategies have been widely enacted in Europe 

and continue to show value as a means to manage traffic.  

In order to alleviate the congestion problems associated with IH-35 in Austin, this 

thesis will investigate the use of one ATM strategy, namely speed harmonization, to 

improve the safety and efficiency of IH-35. 

Problem Statement 

 The segment of IH-35 from State Highway 71 (US-71) to the Colorado River 

bridge operates under extremely heavy traffic for several hours in both the morning and 

afternoon.  The congestion is so severe that the Texas Department of Transportation 

(TxDOT) has rated this segment (the rating covers a larger segment from SH-71 north to 

US-183) the fourth most congested area in Texas by annual hours of delay per mile 

(TxDOT 2009).  The impact of congestion has been valued at $84.4 million per year and 

results in an estimated 3.88 million hours of delay annually.  As this study will show, the 

cost of congestion may be more inclusive than just lost time, as the segment also suffers 

from persistent crash problems. 

 In order to manage the degradation of the system due to congestion, the 

implementation of a control strategy to improve efficiency is necessary.  Speed 

harmonization is one control strategy that can lead to the needed improvements.  Speed 

harmonization is the use of dynamic speed limits in response to prevailing traffic 

conditions to smooth the traffic flow.  Considering the peak hour traffic on Interstate 

Highway – 35 (IH-35) between State Highway 71 (SH-71) and Riverside Drive, a speed 

harmonization system was developed to ameliorate some of the safety and mobility 
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problems through reduced speed variability and slowed queue formation. Using a 

calibrated simulation model of the study area, a series of before and after simulations 

were run using the program VISSIM.  After completing the simulation, network-based 

performance measures were obtained for assessment of the control strategy’s effect on 

mobility.  Also, vehicle trajectory data from the simulation files was analyzed using the 

Surrogate Safety Analysis Method (SSAM) software. 

 This case study examines the impact of speed harmonization on a network-wide 

basis.  The conditions studied are representative of recurrent congestion during the 

typical morning peak hour.  The experiment conducted is limited to these conditions, and 

does not consider the impact of incidents or special events on the network. 

 This examination has assumed driver understanding of devices used in the control 

strategy.  Also, assumed is a level of driver compliance associated with speed limits prior 

to active traffic management and after the implementation of speed harmonization. 

1.2 SPEED HARMONIZATION 

 Speed harmonization is the use of dynamic speed limits to adapt to current traffic 

conditions to smooth the flow of traffic. Visually, a speed harmonization system typically 

looks like a string of overhead gantries running down a highway corridor.  A typical 

speed harmonization scheme uses the following methodology:  collection of traffic 

metrics, calculation of speed limit, display of speed limit, and enforcement of speed limit.  

The first stage of a speed harmonization scheme, collection of traffic metrics, requires the 

implementation of ITS equipment.  Loop detectors, video detection, and radar detection 
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can all be used to collect the data, such as volume and speed.  The collected data is an 

input for the second step, calculation of speed limit.  The speed limit calculation typically 

is performed using either a formula derived through experimentation or a logic tree.  

Once the speed limit is calculated the new speed limit must be displayed using overhead 

signs on gantries or using roadside signs.  The speed limit signs will typically be 

displayed at a spacing of half a mile, which allows travelers to always have a speed limit 

sign in view.  The final step is enforcement.  While static speed limits are often set with 

some travelers expected to exceed the posted speed, speed harmonization aims to reduce 

the range of traveler speeds, and thus relies on the close adherence to the speed limit.  

Since travelers will not choose to adhere to the speed limit strictly for the good of the 

system, enforcement can provide the necessary disincentive to speeding.  Enforcement 

can be automated or manned depending on a number of factors.  The four steps make up 

one cycle and in order to be effective, speed harmonization requires the process to cycle 

frequently so that the current traffic state is reflected by the current speed limit.  Yet, 

while the system will undergo many cycles during a period of use, speed harmonization 

is not always active as sometimes traffic conditions are not appropriate for speed 

harmonization. 

 The reasoning behind implementing speed harmonization can be one of two 

things, safety or efficiency.  When considering speed harmonization for safety the goal is 

to reduce collision likelihood.  While freeways do not have explicit conflict points like 

intersections, vehicles on freeways can collide through read-end and sideswipe collisions.  

Rear-end collisions on freeways stem from small headways between vehicles and speed 
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differentials.  The small headways are a product of a following vehicle choosing to travel 

at a higher speed than a lead vehicle.  If speed harmonization can effectively force 

vehicles to travel at similar speeds, then the occurrence of small time headways can be 

reduced.  In the case of sideswipe collisions the conflict occurs when a driver first 

chooses to leave his current lane either to approach or move away from the entry or exit 

ramp or to pass a slower vehicle.  Of the two reasons for lane changing, the first is 

necessary because most freeways are multilane and most entry and exit ramps only serve 

the rightmost lanes.  Yet, lane changing to pass slower vehicles can be greatly reduced by 

reducing the variability of speeds across lanes.  So, by introducing speed limits that 

reduce short headways and reduce speed variability between lanes, speed harmonization 

can reduce the number of opportunities for conflict. 

 The second objective of speed harmonization is increased efficiency or 

throughput.  Speed harmonization can increase the throughput in a number of ways.  One 

way is through more efficient vehicle following.  Regardless of whether speed 

harmonization is employed or not, vehicles travel at a speed that is based on both the 

driver’s desired speed and the speed of the vehicles they are following.  If the following 

vehicle has no opportunity to pass then there are three possible relationships between the 

two vehicles.  The first relationship is that the following car wishes to travel at a 

significantly higher speed than the lead car.  This relationship can reduce the quality of 

safety even though it actually increases throughput.  Yet, the worsened safety condition 

trumps the efficiency improvement, so the use of policy to encourage this following 

relationship is not a rational practice.  The second relationship is that the following car 
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wishes to travel at the speed that both it and the lead car are already traveling.  In this 

vehicle following relationship the space between the two cars is close to the appropriate 

safe clear space between the two vehicles.  The third relationship is that the following car 

wants to travel at a speed that is appreciably lower than the lead car.  In this case the 

space between the two cars contains both a safe cushion between the cars and an amount 

of space that the following vehicle could occupy safely, but is not being used by any 

vehicle.  The part of the spacing that is not the cushion for safe following is wasted space 

and reduces the potential throughput.  Under typical travel conditions, no speed 

harmonization, drivers often travel well above the speed limit at the same time other 

drivers are driving well below the speed limit.  This variability in speeds creates a variety 

of gap sizes with some vehicles tightly spaced while others are widely spaced, with the 

wide spacing having a much greater effect on overall efficiency than the small spacing.  

In contrast, when speed harmonization is in effect the variability in vehicle speeds is 

greatly reduced, reducing the number of large, inefficient gaps.  Without these large gaps 

the total volume that can traverse the roadway can increase. 

 While some increases in throughput can be achieved by greater uniformity of 

vehicle spacing, even more significant throughput increases can be achieved through 

slowing queue formation and hastening queue dissipation.  Queuing on basic freeway 

sections can be described as a first in, first out queue discipline where vehicles wait in the 

queue until they can be served.  The difficulty in a queuing formulation of highway 

congestion is the concept of servers.  The highway case is not like a drive-thru at a 

restaurant where the vehicle eventually reaches the window where they are processed by 
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a server.  In the highway case the server is just a line across the highway lanes, drawn 

arbitrarily by the analyst, where vehicles downstream of the line are considered to be 

processed and vehicles upstream of the line are part of the queue.  The number of servers 

can be defined as the number of lanes and the process rate at the server for highway 

queuing can be defined as the headways.  Like any queuing situation, the highway queue 

will dissipate as long as the output volume exceeds the input volume.  The problem 

encountered is when the output volume is constricted by the downstream traffic flow to 

the point that the input volume exceeds the output volume.  While the output volume 

exceeds the input volume, the vehicle queue will grow without limit.  In order to dissipate 

the large queue, the output volume must once again exceed the input volume, and then 

the queue will stop growing and begin to shorten, but based on the size of the queue and 

the difference in output rate and input rate the time for vehicles in the standing queue 

may be very large. 

 Speed harmonization enters this queuing situation though manipulation of the 

upstream and downstream traffic flows.  If the average speed of traffic downstream 

increases in response to speed harmonization, then the output rate may increase, this can 

reduce queue growth or speed queue dissipation.  Similarly, if speed harmonization 

reduces the speed of upstream traffic, then the inflow to the queue can be reduced.                       

1.3 OVERVIEW 

 The remainder of this paper will proceed in the following order.  Chapter two will 

review the literature pertaining to field tested and simulation based speed harmonization 
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experiments.  Chapter three will focus on the project study area, its geometry, character 

of traffic, and operational and safety challenges.  Chapter four will describe the proposed 

system architecture.  Chapter five will detail the speed harmonization experiment carried 

out via simulation.  Chapter six will contain conclusions and recommended actions.   
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Chapter 2: Literature Review 

2.1 VSL IMPLEMENTATION STATUS – INTERNATIONAL CASES  

Speed harmonization has been studied as a solution to safety and congestion problems 

both through trial deployments and through computer simulation.  The deployment of 

speed harmonization and VSL systems has been predominantly in Europe.  Table 1 gives 

a complete list of International speed harmonization and VSL studies.   
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Table 1. International VSL Cases (SAIC 2000), (Sisiopiku 2001) 

Country Type Status Highway Logic Detection Results Updated 

Australia Advisory Operational F6 

Tollway 

Speed based on 

the stopping site 

distance 

Loop and 

visibility 

detector 

Data collected for 

safety evaluation 

2000 

Finland Enforced Experimental E18 

(Rural) 

Speed limit for 

different 

weather  

RWIS 95% endorsing 

rate, promising 

concept 

2000 

France Unknown Active Uran-

Mareille 

Speed and 

weather based 

Overhead 

radar and 

CCTV 

 2000 

Germany Enforceable Operational Rural 

Autobahn, 

A8 

Volume, speed 

and weather 

based 

 Safety benefits, 

20-30% crash rate 

reduction 

2000 

Netherlands 

(I) 

Unknown  Operational A16 Visibility based Visibility 

sensors 

5-6 mph reduction 

of average speed 

in fog 

2000 

Netherlands 

(II) 

Enforced/Advisory Operational A2 

(Rural) 

Speed and 

volume based, 

considering 

incidents 

Loop 

detectors 

Good compliance 

by drivers, 

reduced severity 

of shockwaves 

and speed. 

2000 

United 

Kingdom 

Enforced Operational M25 

(Urban) 

Volume, queue 

based logic. The 

frequency of 

speed limit 

change is 

controlled. 

Loop 

detectors, 

CCTV 

High driver 

compliance, 10-

15% accident 

reduction 

2000 
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Of these deployments, a few were especially applicable to best speed harmonization 

practices.  The key projects and lessons learned from the International deployments are 

summarized below. 

2.1.1 M25 Motorway – United Kingdom 

 In 1995 the Secretary of State of Transport began a speed harmonization pilot 

study on a 22-km stretch of the M25 motorway (Harbord and Jones, 1996).  The M25 

motorway is four lanes wide at the test location and has a series of overhead gantries that 

allow for the speed to be displayed directly above each travel lane, as displayed in Figure 

1.   

 

Figure 1:  M25 Controlled Motorway (Department of Transport 2010) 

The speed panels display values ranging from 20 mph to 70 mph depending on 

what control scheme is used.  The motorway has been outfitted with loop detectors in the 
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pavement and video cameras on the gantries, which allow the system to calculate metrics, 

like volume and speed, and also can photograph individuals that exceed the speed limit.  

Legislation in the UK allows individuals who are photographed exceeding the speed limit 

to be fined.  In order to reduce the cost, a small number of video cameras are circulated 

through all of the possible camera locations.  Travelers are unaware of which locations 

are actually recording and which are not as all locations flash as if taking a photograph 

when a speed violation is detected. 

After two years of operation the M25 pilot study shows several benefits of speed 

harmonization (Harbord, 1998).  The first is a fifty percent reduction in drivers grossly 

exceeding the speed limit.  The second is a reduction in overall speeding offenses, which 

has remained consistent even after travelers have become familiar with the system.  The 

uniformity of traffic flow was observed by more even utilization across all travel lanes.  

Headways were observed to be more uniform, with a reduction in very short and very 

long headways.  According to anecdotal evidence, the motorway experienced a reduction 

in lane changing, which reduces the conflict opportunity. 

2.1.2 Highway E18 – Finland  

 Rama conducted a study on the value of VSL in adverse weather conditions 

(Rama, 1999).  The experiment was conducted on a 14 km stretch of highway E18 in 

Finland between the cities of Kotka and Hamina.  The test section included 36 variable 

speed signs and five dynamic message signs.  A pair of weather sensors and four road 

condition sensors were used to determine the presence of rain or snowfall, rain intensity, 
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road surface conditions, visibility, and wind speed.  Road and weather conditions were 

categorized as poor, moderate, or good.  About 100 km west of the experimental highway 

a second highway was monitored as a control case.  Speed data was collected for both the 

control and experimental case.  The value of variable speed control was calculated by 

subtracting the average speed on the control highway under adverse weather conditions 

from the average speed on the test highway section.  The investigation showed that the 

variable speed system led to a reduction in mean speed.  Also, the variable speed limits 

reduced the variability of speeds on the experimental roadway versus the control 

roadway.     

2.1.3 A2 Motorway - Netherlands 

 In 1992, a 20 km stretch along the A2 motorway between Amsterdam and Utrecht 

was operated as a pilot variable speed system (Van den Hoogen and Smulders, 1994).  

The system captured and calculated average travel speeds and vehicular volumes at 

locations that were one km apart on a per minute basis.  If the volume approached the 

roadway capacity then the variable speed system was initiated.  The variable speed 

system only posted the values of 90 km/hr and 70 km/hr, choosing between the two based 

on a comparison with the current average travel speed.  Data was collected for a period 

immediately following the system’s installation and also six months after installation.  In 

order to determine the effects of speed control, the traffic data collected immediately after 

installation was compared to traffic data on the same stretch of highway collected a year 
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prior to the installation of the variable speed system.  The experiment used the variable 

speed signs as advisory rather than enforcing the speeds displayed. 

 Analysis of the experimental data versus the control data showed a more even 

distribution of vehicles across lanes as well as a reduction in the number of small 

headways.  These two findings led to the conclusion that safety on the pilot stretch had 

improved due to fewer opportunities for vehicles to collide.  The study also found that 

after the system had been operating for six months the effects of the variable speed 

system were still positive though slightly reduced. 

2.2 VSL IMPLEMENTATION STATUS – DOMESTIC CASES 

 As can be seen above, European speed harmonization and variable speed studies 

have been well structured to allow researchers to collect vast amounts of data and draw 

extensive conclusions.  The U.S. experience with speed harmonization and variable speed 

limits has yet to lead to heavy national implementation, but has yielded lessons for future 

implementations.  Table 2 details the full list of domestic deployments.   
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Table 2.  Domestic VSL Cases (SAIC 2000), (Sisiopiku 2001) 

DOT Type Status Highway Method Detection Results Updated 

Arizona N/A N/A I-40, rural Weather related 

speed limit control, 

Fuzzy logic 

RWIS test site Simulation, 

Preliminary 

data 

collection 

July 2001 

Colorado N/A Plan SH82 WB Weather related 

speed limit control 

Video camera N/A Oct. 2010 

Delaware N/A Operational I-95, I-295, I-

495 (2004), 

SR 1 (2002), 

and I-4 (2008) 

Notify excess 

traffic, and improve 

air quality 

N/A N/A 2008 

Michigan Advisory, 

Enforceable 

Field Test I-96, four 

workzones 

The speed limit is 

set to be the 85
th

 

percentile speed at 

the downstream 

VSL sign location. 

RTMS(remote 

traffic 

microwave 

sensor)/ 

pneumatic 

tubes 

Limited and 

inconsistent 

results. 

Sep. 

2003 

Minnesota Advisory Field Test I-494, for 

work zones 

The speed limit is 

set to be a weighted 

average of 

upstream and 

downstream 

detected speed. 

RTMS Reduced 

speed 

variance. 

Mar. 

2006 

Missouri Enforced Operational I-270 It is loop-detector 

based method to 

determine 

congestion. 

Loop Occupancy, 

volume, and 

speed based. 

(40-60mph) 

2009 
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Table 2 (Continued).  Domestic VSL Cases (SAIC 2000), (Sisiopiku 2001) 

New Jersey Enforced Deployed New Jersey 

Turnpike 

Integrated with 

ATSCS system. 

Changed by traffic 

flow, weather, and 

constructions. 

inductive loop 

detectors 

120 Signs. 1960s – 

Present 

New 

Mexico 

Enforced Dismantled 

in 1997 

I-40 EB, 

Albuquerque 

Based on average 

speed, illumination 

and weather 

RWIS 3 signs in 3 

miles. 

1997 

Oregon Advisory Field Test I-84 (btw 

Pendleton and 

La Grande) 

Downhill advisory 

speed based on 

Weight, Rural - 6 

mile long 6% 

downgrade 

AVI tag, 

WIM 

 1999 

Utah Advisory Experimental I-80 Different speed 

limit for daytime 

and nighttime 

Traffic 

counting 

tubes 

Lower 

speed 

variations, 

lower 

speeds if 

necessary 

2008 

Washington Enforced Operational I-5, SR 520, I-

90 (2011) 

The smarter 

highways project 

(Active Traffic 

Management) 

Wide aperture 

radar/Loop 

detectors 

30% 

reduction in 

injury 

collisions 

and a 22% 

increase in 

capacity. 

2010 
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Several key U.S. projects are summarized below. 

 2.2.1 I-40 – New Mexico 

 In 1989 a three-mile section of I-40 in Albuquerque was equipped with detection 

equipment and three variable speed signs (SAIC 2000).  The segment was designed as a 

test-bed for testing variable speed limit equipment and introducing dynamic speed limits 

that reflect traffic conditions.  The algorithm for calculating the posted speeds set the 

speed as the sum of the smoothed average speed and an environmental constant.  The 

environmental constant could assume one of four values, namely:  +7.5 mph for daylight 

and no precipitation, +5.0 mph for dark and no precipitation, +2.5 mph for light and 

precipitation, +0.0 mph for dark and precipitation.  The algorithm was bounded so the 

minimum speed limit that could be displayed was 30 mph and the maximum was 55 mph.  

The variable speed limits were enforceable rather than strictly advisory.  In 1997 the 

highway was widened, leading to the removal of the roadside variable speed signs. 

 As for the success of the system, the number of accidents in the test section was 

slightly reduced compared to the pre-installation rate.  While the safety aspect was 

positive, the system was not overly successful.  One of the major shortcomings of this 

VSL system was the 55 mph cap—the National Maximum Speed--on the posted speed 

limit.  The maximum speed limit was a detriment because the calculated speed limits 

were supposed to match current traffic conditions, but many vehicles traveled well over 

55 mph, leading to the algorithm calculating speed limits that it could not legally post. 
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2.2.2 I-90 – Washington State 

 

Figure 2. VSL Sign along I-90 in Washington (PB Americas, Inc. 2007) 

 Washington State currently operates one of the few domestic VSL systems.  The 

system is located in a rural part of the state on Interstate – 90 traveling through 

Snoqualmie Pass (SAIC 2000).  The system includes a network of pavement condition 

sensors and 6 weather stations that collect data for the VSL algorithm.  In order to display 

the speed the system uses 13 variable message signs over a 40 mile stretch, only 17 miles 

of which is considered to be part of the VSL system.  The speed limit in the area is 65 

mph, but based on pavement and weather conditions the speed limit can be reduced in 10 

mph increments.  The speed limits are proposed by a computer system, but must be 
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authorized by an operator at the traffic management center.  The speed limit reductions 

typically match the following conditions:  55 mph when traction tires are advised, 45 

mph when traction tires are required, and 35 mph when snow chains are required.  The 

system is enforceable rather than advisory. 

 Washington State Department of Transportation (WSDOT) states that they have 

witnessed vehicles slowing down when the VSL system is activated.  At one time 

WSDOT stated that a comprehensive evaluation of the project would be compiled by the 

Washington State Transportation Center.  WSDOT also commissioned an additional 

feasibility study for speed harmonization on I-405 in the Seattle area based off the 

success of the I-90 site. 

2.3 VSL RESEARCH STATUS – SIMULATION EXPERIMENTS 

 While field deployments were once the only method of gauging the effectiveness 

of a traffic management strategy, the study of new types of traffic management has 

focused more heavily on simulation than on field studies.  To be certain, the field of 

simulation has not reached the point where simulation results are equivalent to the results 

of a pilot study.  With that said, there are some advantages to simulation over a pilot 

study.  One such advantage is that simulation experiments can test understudied 

management strategies without having to subject human subjects to a possible safety risk.  

A second advantage is that simulation experiments can be used to examine the value of 

the strategy for possible future conditions, where a pilot study can only examine the 

strategy compared to existing conditions.  Third, simulations can be run many times with 

slight variations in parameters while keeping the traffic the same, which makes 
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simulations a powerful tool for completing sensitivity analyses.  A pilot study cannot 

compare minor changes in strategy as effectively because the character of the traffic will 

change between experiments. 

 Considering these valuable aspects of simulation, incorporating simulated speed 

harmonization and VSL studies into the literature review is very important, as the 

correlation of objectives (safety, throughput) versus algorithms is superior to the 

international and domestic field experiments.  The following sections are dedicated to 

important simulation findings for VSL and speed harmonization. 

2.3.1 Gardiner Expressway – Canada 

 Lee et al. used a simulation experiment to determine if safety could be improved 

by implementing speed harmonization (Lee et al., 2006).  First, the simulation model was 

developed to reflect a 10 km stretch of the Gardiner Expressway in Toronto, Canada and 

the model was calibrated against observed traffic data, which was collected by a system 

of loop detectors.  The data used to calibrate the model was collected from days on which 

no crashes were observed.  Yet, data was also collected for conditions just prior to a crash 

in order to develop a crash potential model.  Crash potential uses statistical modeling to 

identify trigger conditions where the likelihood of a crash occurring increases 

substantially.  From the data collected from the study area, a crash potential model was 

developed that used three traffic flow measures as explanatory variables.  The three 

measures were:  coefficient of variation in speed, spatial variation in speed, and 

covariance of volume differences between adjacent lanes.  The statistical model showed 
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that the spatial variation in speed was the most dominant factor in increasing crash 

potential.  From this, the researchers identified deceleration as creating a larger increase 

in crash potential than acceleration, while maintaining a steady speed showed the lowest 

crash potential. This led to the understanding that speed harmonization might affect 

safety positively when speed limits are reduced according to the conditions.  The 

algorithm used to activate the speed harmonization system focused on crash potential.  If 

the crash potential exceeded a predetermined threshold then the system was activated and 

could not shut off until a pre-specified amount of time had passed.  If after enough time 

had elapsed, the crash potential had fallen below the threshold then the system would 

shut off.  The study applied the speed harmonization strategy to a 4.7 km stretch of the 

freeway which was bounded by seven detector stations, each with a variable speed sign 

and an average spacing of 580 meters.   

The experiment consisted of running the simulation to determine the crash 

potential for the do nothing option and then running the simulation again to determine the 

crash potential of the speed harmonization option, with the difference in crash potential 

of the two options being the impact of speed harmonization.  The experiment included a 

sensitivity analysis where the factors studied included:  crash potential threshold, 

intervention duration, speed limit calculation.  The examination of crash potential 

threshold showed that lower thresholds led to higher reductions in crash potential, but the 

findings also suggest that if the thresholds get too low then they reach a point of 

substantially added cost, as measured by increased travel time.  The intervention duration 

sensitivity analysis highlighted that a duration of 5-10 minutes was superior to durations 
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that were very short or very long.  The speed limit calculation tested fixed values versus 

average travel speed and transition speed.  Transition speed for speed sign i is calculated 

by finding the average speed at detectors i – 1 and i + 1 and taking the average.  Both the 

average and transition speed algorithm worked better than the fixed value speeds.  The 

key finding with regard to the safety objective was that speed harmonization can reduce 

freeway crash potential by 5-17%, depending on the threshold, the duration, and the 

speed limit calculation. 

2.3.2 Delft University of Technology – Netherlands  

 Hegyi et al. created a simulation with the object to test speed harmonization’s 

effect on throughput for a theoretical freeway (Hegyi et al., 2005).  The postulated 

freeway segment was two lanes and spanned 12 km.  The first five kilometers and final 

kilometer were left uncontrolled, while the rest of the segment was instrumented for 

speed harmonization.  The demand specified was 3,900 vehicles per hour while the 

capacity was specified at 4,000 vehicles per hour.  The control strategy used was titled 

model predictive control and the speed limit was allowed to change once per minute.  The 

model predictive control algorithm used dual objective functions to optimize the speed 

limits displayed over a control horizon.  The objective functions attempted to minimize 

total travel time while also minimizing variation in displayed speed. 

 When the simulation was run, the speed harmonization system was activated the 

first time after five minutes in order to limit inflow into the queue that was forming.  

Around thirty-five minutes into the simulation the speed limits began to increase.  By 90 
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– 120 minutes into the simulation the speed limits ranged from 70 to 100 km/h, and no 

longer limited flow.  The total time spent by all vehicles traversing the section for the 

speed harmonization case was 1466.7 vehicle hours.  The simulated network was also run 

for an uncontrolled case in which the total time spent was 1835.3 vehicle hours.  The 

speed harmonization case showed an improvement in total travel time of roughly 20.1%. 

2.3.3 Queen Elizabeth Way – Canada  

 Allaby et al. created a simulation of the Queen Elizabeth Way in Toronto, Canada 

in order to determine the potential safety, calculated as the change in crash potential, and 

time savings benefits of a speed harmonization strategy (Allaby et al., 2007).  The study 

area covered an eight kilometer freeway segment with thirteen variable speed signs and 

dual detectors with an average spacing of 600 meters.  Queen Elizabeth Way is a three 

lane freeway with a posted speed limit of 100 km/h and a directional annual average daily 

traffic of 70,000 vehicles per day.  The freeway section has 4 interchanges and in the 

morning peak period, the most downstream ramp adds 1,000 vehicles per hour to the 

already congested freeway.  The bottleneck area has average speeds of around 30 – 50 

km/h, but occasionally traffic reaches a standstill.  In addition to a peak hour speed 

harmonization case, the researchers also simulated near-peak and off-peak conditions.  

The algorithm employed by the researchers focused on choosing between a limited set of 

possible speeds based on a logic tree that uses the factors of volume and occupancy.  The 

researchers first chose volume and occupancy thresholds based on engineering judgment 

rather than from the collected data.  The judgment thresholds produced high safety 
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benefits, especially for the peak period, but also drastically increased travel time.  The 

researchers then changed the thresholds to better suit the data and found relative peak 

safety benefits to be 39% with only a 1% increase in travel time compared to the 

uncontrolled case.  Increasing the activation thresholds based on volume and occupancy 

led to the system being used only in cases of imminent traffic breakdown as compared to  

lower thresholds, which occasionally activated the system when disturbances would have 

cleared up without intervention. 

2.3.4 I-4 – Florida  

 Abdel-Aty et al. calibrated a simulation model to study the effects of speed 

harmonization on I-4 in Orlando, Florida (Abdel-Aty et al., 2005).  The researchers 

investigated safety benefits using a crash potential model that had been developed for the 

segment of I-4 that was used in the simulation.  Unlike other simulation studies that 

examined crash potential for the entire study area, this study calculated safety benefits as 

the improvement in crash potential at a single detector location.  Also unique to this 

study, the researchers developed crash potential models for both high speed and low 

speed locations.   

 The I-4 corridor utilizes dual detector stations at an average spacing of half a mile 

over a thirty-six mile segment.  At the segment of I-4 under consideration for the low 

speed model, annual average daily traffic is roughly 82,000 vehicles per day.  For the 

high speed location, the annual average daily traffic is 58,500 vehicles per day.  The 
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experiment considered both peak period and off-peak period loadings.  Traffic metrics 

are collected every thirty seconds and aggregated to a five minute average speed. 

 The researchers first simulated an uncontrolled case before simulating a speed 

harmonization case.  The speed harmonization case was simulated for a period of three 

hours with a fifteen minute start-up time.  The speed harmonization algorithm was not 

activated until thirty minutes into the simulation and the new speed limits were active for 

thirty minutes before speeds returned to the original posted speed limits.  The researchers 

found that after running the simulation for both the high speed and low speed cases, the 

low speed case did not show significant safety benefits.  The high speed case was shown 

to have significant safety benefits, and so a sensitivity analysis was performed to 

determine the value for important factors that created the greatest safety benefit. 

 The factors in the speed harmonization algorithm that were judged for sensitivity 

were abruptness of speed limit change, amount of speed limit change, and direction of 

change.  The abruptness of speed limit change was examined both spatially and 

temporally.  The best results came from a gradual increase of speed in time, five miles 

per hour every ten minutes, but with abrupt changes in space, where increases in the 

upstream speed limit and decreases in the downstream speed limit were posted only a 

mile apart.  The amount of speed change that produced the best results was a maximum 

change in either direction of fifteen miles per hour.  The best location for the speed 

changes was found to be two miles upstream or downstream of the detector of interest.  

The final factor was direction of change and the best safety results were found through 
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speed changes both upstream and downstream.  With all factors set to the preferred 

values, the overall crash risk reduction at the location of interest was 122%. 

2.4 Literature Findings 

 Upon examining international and domestic VSL deployments and a wide range 

of VSL simulation research, a clear set of best practices emerged.  From these best 

practices, the development of a prototype VSL system was possible.  Still, the literature 

also illuminated that VSL systems are only as successful if tailored to the characteristics 

of the location where they are implemented.            
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Chapter 3: Preliminary Flow and Safety Analysis for Study Area 

3.1 DESCRIPTION OF STUDY AREA 

 Interstate Highway 35 (IH-35) is a major United States highway running from the 

southern tip of Texas to the northern terminus at the Minnesota – Canada border.  The 

portion of IH-35 which runs through Texas totals roughly 500 miles and passes through 

the metropolitan areas of San Antonio, Austin, Waco, Dallas-Fort Worth, and Denton.  

IH-35 serves a diverse traffic makeup with trucks making up nearly twenty percent of 

total traffic during off-peak hours.  In Austin, IH-35 is one of the main arteries between 

the suburban communities of Kyle, Buda, and San Marcos and the employment centers of 

downtown, the capitol complex, and the University of Texas campus.   

 The particular location of interest is a northbound segment of IH-35 between the 

exits for SH-71, also named Ben White Boulevard, and Riverside Drive.  The segment is 

roughly 2.5 miles long and includes both the three lane freeway and the two to three lane 

frontage road.  On the southern edge of the segment, the freeway maintains a straight and 

level alignment, but before the northernmost exit at Riverside Drive the roadway curves 

back to the west.  On top of this horizontal curvature, the freeway begins a downgrade 

before leveling out near the bridge crossing Lady Bird Lake.  A map of the study area is 

included as Figure 3. 
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Figure 3. Map of IH-35 between SH-71 and Lady Bird Lake 

The study area also provides a twist on the traditional speed harmonization 

problem because of Texas’s use of frontage roads.  While on- and off-ramps are an 

element that appear in all speed harmonization studies, the ramps that have been 

previously studied do not allow drivers to exit and re-enter the freeway multiple times, 

but if the frontage road is moving and the freeway is at a standstill, some drivers may 
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attempt to complete a portion of the trip on the frontage road.  Also, frontage roads allow 

drivers to exit the freeway at multiple locations to reach the same cross street, which is 

very different than the operation of ramps found in the reviewed studies.   

3.2 CONGESTION PROBLEM 

Capital Area Metropolitan Planning Organization’s (CAMPO) 2010 Annual 

Average Daily Traffic report shows the study area having roughly 183,000 vehicles per 

day (CAMPO 2011).  This high value of daily traffic has led the segment to be rated by 

TxDOT as the fourth most congested in the state, as measured by annual hours of delay 

per mile (TxDOT 2009).  The Texas congestion index (TCI) for the segment between 

SH-71 and US-183 is 1.45, which means that a twenty minute long trip during light 

traffic will take twenty-nine minutes on average during the morning or evening peak.  

Also, the commuter stress index (CSI), which is the average of the TCIs in the direction 

of heavier flow during peak hours, is 2.40.  Since the northbound lanes of IH-35 between 

SH-71 and Riverside are the heavier direction of flow during the morning peak hour, a 

commuter traveling to downtown will require on average twenty-four minutes to make a 

ten minute trip.  Figure 4 shows the level of density that is typical of peak hours on IH-35 

in the study area. 



 30 

 

Figure 4. Peak Hour Congestion on IH-35 (CityReader 2010) 

3.3 SAFETY PROBLEM 

 The element that makes this segment fitting for speed harmonization is the unique 

potential for crashes.  The northern terminus of the freeway segment is located just south 

of downtown, which draws a high proportion of the traffic from the southern suburbs, but 

the southern terminus borders a much less traveled portion of the corridor.  During peak 

hours when IH-35 is operating near capacity, this disparity in vehicular flow can lead to 

vehicles transitioning from high speeds to a standstill in less than three miles.  

Complicating matters, the freeway segment includes a horizontal curve that ends in a 

steep downgrade, making stopped vehicles on the downgrade virtually invisible to fast 

approaching vehicles.  Implementation of a speed harmonization strategy offers an 

opportunity to reduce speed differentials between queued and approaching vehicles as 

well as possibly reducing the time that traffic is queued south of downtown. 
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Prior to implementing speed harmonization, the study area was examined to 

determine the current level of safety.  Data was analyzed from TxDOT’s Crash Record 

Information System (CRIS) (TxDOT 2009).  CRIS stores the information from crash 

reports including information on the crash location, time, type, contributing factors, and 

other information.  For this project, information from the CRIS database was used for the 

years 2006 – 2009.  From CRIS, data was filtered, so that crash trends could be collected 

at a variety of scales.  The largest scale examined was system-wide crash data, which 

included all accidents occurring on IH-35 during the analysis period.  One disclaimer is 

that the crash data collected from CRIS does not include accident activity for the frontage 

road.  The next level of magnification examined was for IH-35 within the Austin 

metropolitan statistical area.  The smallest scale of crash data examination was conducted 

for the analysis area.  These three levels of analysis were performed in order to determine 

if the analysis area does suffer from a greater safety threat than the rest of the IH-35 

corridor.  The data in Table 3 summarizes the distribution of crash severity across the 

three scales, using four year average crash numbers.  Crash severity is an important key 

to safety because our society places a higher value on the prevention of accidents that 

may cause bodily harm than on the prevention of low injury risk crashes.   
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Table 3.  Crash Frequency at the State, Metro, and Study Area Levels by Injury Type 

 IH-35 Texas IH-35 Austin 
Analysis Area  

95% Confidence Interval 

Non-Injury 63.3 % 55.0 % (44.4 %, 53.3 %) 

Possible Injury 20.8 % 23.8 % (24.3 %, 32.4 %) 

Non-

Incapacitating 

Injury 

10.5 % 14.8 % (14.1 %, 20.9 %) 

Incapacitating 

Injury 
2.3 % 2.3 % (0.7 %, 3.2 %) 

Fatality 0.6 % 0.6 % (0.0 %, 0.9 %) 

 

 The crash data for the analysis area does show some statistically significant 

differences in crash rates for the analysis area compared to the crash rates for IH-35 

throughout Texas and IH-35 throughout the Austin metro area.  The first difference is in 

the percentage of crashes that are non-injury crashes.  The statewide percentage for non-

injury crashes on IH-35 is roughly sixty-three percent, but for the analysis area one can 

conclude that the percentage is no larger than fifty-three percent at the ninety-five percent 

confidence level.  Thus, the study area experiences non-injury crashes less often than the 

average section of IH-35.  Similarly, the study area suffers from a higher percentage of 

possible injury accidents and non-incapacitating injury accidents than the IH-35 average 

on the statewide scale.  Another indication of the relative safety of the study area is the 

difference in crash percentages between the study area and the average percentage for IH-

35 in Austin.  While no significant difference was found for fatality and injury accidents, 

significant differences were found for non-injury and possible injury crashes.  For non-

injury crashes, the study area was found to have a lower than average fraction of crashes 
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that are documented as resulting in no injury.  The flipside of this trend is that the study 

area had a higher than average percentage of possible injury crashes. 

 Another safety factor considered was the similarity of crash rates for the study 

area as compared to the rest of the Austin metro area.  Typically crash rates are derived in 

the units of crashes per million vehicle miles traveled.  Yet, from the CRIS dataset the 

derivation of vehicle miles traveled was infeasible.  So, to offer some perspective as to 

how frequently crashes occur in the study area compared to the rest of IH-35 in Austin, 

crash rates were developed in crashes per mile.  For this measure to be worth 

investigating, the use of distance must be comparable to exposure.  Given that the 

definition of a metropolitan area is that it includes adjacent areas that have significant 

commuter interchange, the use of mileage as the proxy for exposure is more realistic.  

From the data for all of Austin, IH-35 experienced an average crash rate of roughly sixty-

six crashes per mile per year.  Using a ninety-five percent confidence interval, the 

average crash rate for the study area is between one hundred and twenty-eight and one 

hundred and forty-two crashes per mile per year.  Given that the confidence interval does 

not contain the value of sixty-six crashes per mile per year, one can conclude that the 

crash rate in the study area is significantly higher than the crash rate for IH-35 in the 

Austin metro region. 

 After establishing the relative level of safety of the analysis area, a more in-depth 

examination was conducted on the types of accidents that were occurring in the study 

area.  This examination was necessary to ensure that 1) the type of management proposed 

is fitting for the problem at hand and 2) to guide the selection of modeling and analysis 
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methods.  The first trend examined was the frequency of crashes related to roadway 

geometry.  Roadway geometry is an issue because the study area includes one location 

that is on a horizontal curve as the highway is on a downgrade, which limits sight 

distance for oncoming vehicles.  Since sight distance is not explicitly modeled in the 

preferred type of model—in this case, a simulation—a high fraction of curve-related 

accidents may indicate the need for a different model type.  Table 4 presents the data 

from 2006 – 2009 for geometry-related crash frequency as well as the average crash 

frequency. 

Table 4. Crash frequency by roadway geometry 

Year 
Straight, 

Level 

Straight, 

Grade 
Curve, Level 

Curve, 

Grade 

2006 75.3% 13.5% 4.8% 2.7% 

2007 74.1% 17.2% 2.7% 2.9% 

2008 75.8% 15.2% 2.9% 3.7% 

2009 74.9% 16.5% 2.9% 2.8% 

Average 75.1% 15.6% 3.4% 3.0% 

   

 Looking at the trends, over ninety percent of crashes occur on the straight sections 

of the highway alignment.  Given that the curve accounts for roughly half a mile of the 

three mile analysis area, the crash rate on the curve is low with respect to the amount of 

the analysis area that is on a curve.  Thus, the modeling method will not require special 

functionality to evaluate sight-distance-related crashes. 

 Another concern is the frequency of crashes that involve only two vehicles.  The 

importance of this value is that it can impact the suitability of the analysis method.  Since 
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safety surrogate measures will be utilized, the concept of conflicts is used.  Conflicts 

really only relate to the relationship between two vehicles, so the best results from 

employing safety surrogate analysis would come from a highway where only two 

vehicles were involved in an accident at one time.  The number of vehicles involved in 

each accident is shown in Table 5. 

Table 5. Crash Frequency by Number of Vehicles Involved 

Year 
Single 

Vehicle 

Two 

Vehicle 

Multi-

Vehicle 

2006 14.8% 66.0% 19.2% 

2007 14.3% 66.3% 19.4% 

2008 14.1% 64.9% 21.1% 

2009 15.7% 63.1% 21.2% 

Average 14.7% 65.1% 20.2% 

 

 The number of two vehicle accidents does make up a majority of accidents for 

this region, but not an overwhelming majority.  The use of safety surrogate measures may 

underestimate the number of potential crashes because approximately thirty-five percent 

of crashes are not two vehicle crashes.  However, the combined value for two and multi-

vehicle crashes is quite high, which is important because a reduction in the number of 

two vehicle crashes, as captured by safety surrogate measures, would probably correlate 

with a decrease in multi-vehicle crashes.  This correlation is reasonable because most 

multi-vehicle accidents begin as two vehicle collisions, but then a third vehicle cannot 

avoid the accident area and crashes as well. 
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Perhaps even more important to the use of safety surrogate measures is a high 

percentage of vehicles crashing into other vehicles rather than objects.  Table 6 details 

how often the first harmful event was another vehicle as compared to other causes.. 

Table 6. Study Area Crash Frequency by First Harmful Event 

Year 
Moving 

Vehicle 

Fixed 

Object 
Overturned 

2006 82.8% 14.0% 1.3% 

2007 84.1% 12.1% 1.6% 

2008 84.5% 12.6% 1.8% 

2009 82.0% 14.1% 2.1% 

Average 83.4% 13.2% 1.7% 

 

  For the period examined, over eighty percent of crashes were vehicles hitting 

other vehicles.  This percentage reinforces that the use of surrogate safety measures will 

be addressing a high percentage of current accidents.   

Surrogate safety analysis focuses on the categorization of conflicts by type, 

severity, and location.  In order to judge how similar the surrogate safety measures are to 

historical crash conditions, crash data was compiled by collision type and sorted spatially.  

Figure 5 presents the four year crash frequencies by collision type.  
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Figure 5. Study Area Crash Frequency by Collision Type 

  Surrogate safety analysis focuses mainly on three types of collision:  crossing, 

lane change, and rear end conflicts, but those terms do not align perfectly with TxDOT’s 

definitions.  Given that this safety data is for a freeway, crossing collisions should be 

infrequent, and in fact they did not register as one of the most frequent collision types 

reported by CRIS.  Lane change collisions are almost synonymous with sideswipe 

collisions and are similar to freeway angle collisions, so columns two, four, and five 

could be combined by surrogate safety definitions.  Using that classification, lane change 

collisions are most typical of IH-35, followed by rear end collisions. 

 Another angle from the safety perspective is to spatially examine safety.  One way 

of accomplishing this is to split the study area into a number of subareas using mileposts.  

In Table 7, the subareas are set to be a half mile in length and to be tied geographically to 

the cross streets.    
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Table 7. Study Area Four Year Average Crash Frequencies by Location 

Location 
Number of 

Crashes 

North of Riverside Street 

(Mileposts 234 – 234.5) 
79 

South of Riverside Street 

(Mileposts 233.5 – 234) 
40 

North of Woodland 

Avenue (Mileposts 233 – 

233.5) 

100 

South of Woodland 

Avenue (Mileposts 232.5 

– 233) 

64 

North of Oltorf Street 

(Mileposts 232 – 232.5) 
68 

South of Oltorf Street 

(Mileposts 231.5 – 232) 
64 

North of Woodward 

Street (Mileposts 231 – 

231.5) 

137 

South of Woodward 

Street (Mileposts 230.5 – 

231) 

40 

North of SH-71 

(Mileposts 230 – 230.5) 
18 

South of SH-71 

(Mileposts 229.5 – 230) 
67 

 

 The spatial dispersion of crashes offers a lot of information about the state of 

safety in this area.  First, sections immediately upstream and downstream of this segment 

account for a lot of crashes.  This is important because crash frequencies, particularly at 

the downstream boundary, may not be accurately reflected in the safety analysis of a 

speed harmonization system because the abstracted network terminates shortly after exit 

234.  Also of interest is that the middle of the study area does have a higher concentration 
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of crashes than the study area as a whole.  This higher concentration starting at 

Woodward Street and heading north to Woodland Avenue, probably has to do with a high 

density of interchanges in this part of the study area.  Most importantly, the historical 

analysis of crashes by collision type and by location can guide the development of the 

speed harmonization system to put the greatest emphasis on problem locations.  

3.4 Study Area Conclusions 

 Through defining the congestion and safety problems associated with this area, an 

attempt has been made to highlight specific problems that can be ameliorated by speed 

harmonization.  One of those problems is clearly the formation of queues during the 

morning and afternoon peak periods.  Another is the high percentage of accidents in the 

study area that result in injuries.  It is with a focus on these problems that a prototype 

speed harmonization system must be designed if the system is to prove effective for this 

area.    
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Chapter 4: VSL System Design 

 A VSL system is a creation of many elements, all of which are crucial to ensuring 

optimal system functionality.  The first part of the VSL system is the development of the 

physical infrastructure, or the system architecture.  The second part is the control 

strategy, or how the system intuits and reacts to input from the physical infrastructure.  

The final elements are the key parameters, which while not inherent to the control 

strategy, can greatly impact the effect the VSL system has on the roadway users.  

4.1 SYSTEM ARCHITECTURE 

4.1.1 Vehicle Detection 

The system architecture includes all hardware that will be necessary for the 

functionality of the VSL system.  The first function that must be supported is detection.  

Speed harmonization relies heavily on the data collected and fed to the speed limit 

generating algorithm.  In order to assure the best outcome of a speed harmonization 

installation, an appropriate detection scheme must be designed.  The design of the 

detection scheme must deal with a number of trade-offs, but still achieve the goal of 

capturing all metrics necessary for the control strategy.  The first trade-off typically is a 

choice of invasive or non-invasive detectors.  Invasive detectors are detectors that are 

placed in the pavement and non-invasive detectors include all detectors not placed in the 

pavement.  With invasive detectors the problems are that traffic must be detoured around 

the point of installation and also if these devices require maintenance then access is 

difficult (Mimbela and Klein, 2000).  Non-invasive detectors do not require stopping a 
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lane of traffic to install, but do suffer from occlusion.  A study performed by TTI found 

that none of the non-invasive technologies that they tested produced vehicle counts for 

the far inside lane that were consistent with the loop detector in that lane (Middleton and 

Parker, 2003).  Given that neither invasive nor non-invasive detection technology can be 

chosen based strictly on merit, a comparison of the most popular invasive and non-

invasive detectors will be undertaken, with a focus on the needs of the experimental 

system. 

 According to the Traffic Detection Handbook (Klein, Mills, and Gibson, 2006), 

loop detectors have been recognized as the most commonly used form of detection 

worldwide.  Loop detectors own that distinction in part due to the state of detection 

technology not being as advanced when transportation officials first saw the need for 

vehicle detection on highways.  Even considering that historical bias toward loop 

detectors, loop detectors can rightfully be called the most robust traffic detection 

technology.  Loop detectors will provide accurate data collection across any lane in 

which they are placed and do not suffer any negative effects from nighttime or inclement 

weather conditions.  The only difficulty with loop detectors in this instance is the 

negative consequences of loop detector installation and maintenance.  First, a 

maintenance crew would have to shut down IH-35 a lane a time to be able to saw cut the 

pavement to install loops.  With the traffic that is on IH-35 and the high posted speed 

limits, the installation is a hazardous task.  Then, if a particular loop detector or a number 

of loop detectors are damaged, a maintenance crew will have to go back and replace them 

amidst dangerous conditions. 
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 The other option is to use video cameras with video image processors, a popular 

non-invasive technology.  Video cameras immediately remove the safety concern, as the 

cameras would likely be mounted on the roadside.  Video cameras also have the benefit 

of sending an image back to a traffic management center (TMC), so that TMC operators 

can diagnose the reason for current traffic condition (Mimbela and Klein, 2000).  Video 

image processors also provide the benefit of greater coverage and flexibility because the 

data collected by the video image processor is based on user definition of detector 

locations.  The problem with video detection is occlusion, which presents the problem of 

incomplete data.  Also, video image processors have still not reached the point where 

they are a match, accuracy-wise, for loop detectors in dark or inclement weather 

conditions.  Considering video detection for the purpose of speed harmonization and 

specifically for the Austin area, the problems of inclement weather and darkness are 

reduced because of Austin’s sunny climate.  Also, speed harmonization is not typically 

required during the darkest hours of the day, except for short days during the winter 

months.  The problem of occlusion is difficult to overcome because of a wide disparity in 

vehicle sizes, which allow trucks to hide cars, but with careful placement video cameras 

can handle the detection needs of the VSL system.   

The recommendation of the researcher is that video detection should be used 

rather than loop detectors.  Video detection removes the risk of nearby traffic from the 

implementation and maintenance of the detection system.  Video detection also allows 

for an increased density of detection points if necessary and permits TMC staff to better 
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recognize any impediment to IH-35 traffic.  Locating the video cameras will be of the 

utmost importance to ensure limited occlusion. 

4.1.2 Variable Speed Signs 

 After the detection stage, the next part of speed harmonization that is related to 

infrastructure is the display of the calculated speed limit.  The method for displaying the 

speed limit is typically a form of variable message sign.  The design concern with 

displaying the speed limit is often the location of the displayed speed.  The typical 

placement of static speed signs is along the side of the roadway.  Yet, the course of action 

is not as simple as just putting variable speed signs in the same type of location as a static 

speed limit sign.  The more common response, based on the literature review, is to 

construct overhead gantries and place a variable speed sign above each lane, an example 

of which is shown in Figure 6.   

 

Figure 6:  Conceptual Drawing of a Gantry with Variable Speed Signs (PB Americas, 

Inc. 2007) 

In many cases the use of overhead, gantry-mounted signs is chosen based on 

additional uses of the gantry, but sometimes gantries are required.  One such case might 
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be for a highway where locating the sign on the shoulder cannot accommodate sufficient 

legibility distance as mandated by the Manual for Uniform Traffic Control Devices 

(FHWA, n.d.).  

4.2 CONTROL STRATEGIES 

  The literature review indicated that each speed harmonization system must be 

custom designed to the location where it will be implemented.  The first element that 

must be decided is the traffic management objective.  The two main objectives usually 

considered are safety and throughput, though some studies indicate that both can be 

solved using a single VSL strategy.  Once the objective is set, the algorithm becomes the 

new focus of the customization.  The algorithm is the link between the future, smoothed 

traffic condition that matches the chosen objective and the current traffic condition.  The 

following sections will cover the objective and algorithm in detail. 

4.2.1 Objective 

 Typically, the desired objective is to improve both safety and mobility, but 

frequently an improvement in one leads to a loss of the other.  Since both safety and 

mobility cannot both be guaranteed to improve using speed harmonization, one or the 

other must be given priority.  If priority is given to safety, then VSL acts preventatively, 

keeping vehicle speed differentials low to limit the need for accelerating, decelerating, or 

lane changing.  On the other hand, mobility can be given priority.  In the case of mobility 

as a priority, speeds are controlled to allow the front of queues to discharge more quickly 

and the back of queues to have a reduced inflow.  Whether safety, mobility, or another 
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objective completely, the selection of the objective is crucial to the determining the 

proper type of algorithm. 

4.2.2 Algorithm – Activation Criteria 

 The algorithms available for speed harmonization are boundless because the 

algorithm must address a series of questions and the answers to some of those questions 

can vary widely.  Waller et al. identified algorithms as either off-line, set to activate 

speed harmonization at a pre-determined time, or on-line, activates speed harmonization 

any time data suggests it is warranted (Waller et al., 2009).  Their categorization is 

accurate for the quality of speed harmonization activation, but does not formally classify 

the trigger condition, the speed limit selection method, or speed change location.  The 

following sections will address these classifications to better explain the choice of 

algorithm for the study area. 

4.2.2.1 Pre-timed Algorithms 

 Pre-timed algorithms are the set of algorithms characterized by passive setting of 

speed limits based on historical data rather than real-time data.  The use of historical data 

to choose when to use speed harmonization can be effective.  One reason to use pre-timed 

algorithms might be a lack of detection equipment.  If a pre-timed algorithm is used then 

the amount of detection equipment plays no role in the effectiveness of speed 

harmonization, but if an algorithm is used that relies on real-time data, then gaps in the 

detection scheme may hamper the effectiveness of speed harmonization.  Another reason 

may be the presence of recurring congestion.  If a highway segment experiences gridlock 

daily then the speed limit on the upstream segment can be lowered to reduce speed 
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differentials.  Also, for improved throughput, a combination of speed limit lowering 

upstream combined with raising the speed limit downstream can help to dissipate queues 

more quickly than without traffic management, as was shown via simulation by Abdel-

Aty (Abdel-Aty et al. 2005). 

The use of pre-timed algorithms can also lead to unintended consequences.  One 

such consequence is that a freeway controlled by a speed harmonization system using a 

pre-timed algorithm will operate under speed harmonization for a fixed period of time, 

even if speed harmonization is not improving safety or throughput.  While speed 

harmonization may be useful during a period of congestion, the freeway will likely 

experience periods of lower density in the middle of the congested period.  If speed 

harmonization is still lowering the speed limit during the low density periods, then speed 

harmonization is more likely reducing efficiency rather than improving it.  Another 

critique of the pre-timed algorithm is the algorithm’s lack of sensitivity to random 

fluctuations.  For example, a pre-timed speed harmonization algorithm will not reduce 

speeds upstream of an accident.  A final drawback to pre-timed algorithms is that they 

may appear to offer no benefit over static speed limits.  If commuters experience 

particular days where the pre-timed algorithm performs inadequately, then they may 

violate the variable speed limit, though this argument depends heavily on enforcement. 

4.2.2.2 Adaptive Algorithms 

 While pre-timed algorithms are based on historical factors, adaptive algorithms 

focus on real-time data.  The type of data depends on the type of adaptive algorithm, but 

with all adaptive algorithms the same logic is applied.  In order to describe an adaptive 
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algorithm, the metric of volume will be considered.  When volume is low the freeway 

operates in a safe and efficient manner, but once the volume on the freeway eclipses a 

threshold then the system begins to suffer from safety and efficiency problems.  The 

adaptive algorithm seeks to use that threshold value as a switch to activate speed 

harmonization.  If the threshold is well chosen, then the reduction in speed brought on by 

speed harmonization can prevent or delay the onset of safety and efficiency problems.  

Thus the success of an adaptive algorithm is due in part to the choice of the threshold.  If 

the threshold is set too low, in the case of volume, then speed harmonization may induce 

unnecessary delay, but if the threshold is set too high then safety and efficiency problems 

may form that are too severe to be counteracted by speed harmonization.  Even though 

selection of the threshold is very important, there is no uniform method of deriving the 

threshold.  The M25 Motorway uses an adaptive algorithm where the threshold is based 

on engineering judgment (Harbord, 1998).  Hegyi et al. used trial and error to establish 

the threshold, though this option is only reasonable for simulation studies (Hegyi et al., 

2005). 

 As mentioned above, adaptive algorithms are data intensive and due to that 

quality adaptive algorithms should not be used on freeways that do not have sufficient 

detection equipment to find the threshold of interest.  Aside from the situation where the 

data requirement is constricting, adaptive algorithms have greater flexibility than pre-

timed systems, which generally leads to better safety and efficiency.  
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4.2.2.2.1 Direct Traffic Flow Features  

 Adaptive algorithms come in two varieties, namely, direct traffic flow feature 

algorithms and derived traffic flow feature algorithms.  Direct traffic flow feature 

algorithms focus on using threshold values for measures that come directly from the 

detection scheme.  The direct traffic flow features that were contained in the literature 

included volume, occupancy, and visibility distance.  So, if volume is chosen as the 

indicator of safety and efficiency, then the volume that corresponds to the onset of 

diminishing safety or efficiency would trigger the activation of speed harmonization. 

 

 

 

 

 

 The use of direct traffic flow feature adaptive algorithms can be fitting when the 

threshold for a direct traffic flow feature correlates well with both safety and efficiency.  

For example, if accident rates increase and delay increases when the freeway volume 

surpasses 1,800 vehicles per hour then a direct traffic flow feature adaptive algorithm is 

appropriate. 

4.2.2.2.2 Derived Traffic Flow Features.   

 The converse of a direct traffic flow feature algorithm is a derived traffic flow 

feature algorithm.  For derived traffic flow feature algorithms, the critical point does not 

relate to a measurement collected by field detectors.  Instead the threshold is related to an 
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equation or equations that quantify safety and/or efficiency.  These equations solve for 

safety and efficiency quantities by using regression to establish relationships between 

safety and efficiency and factors that are direct traffic flow features.  For example, Lee et 

al. developed the concept of crash potential, a proxy for safety, by using transformations 

of the direct traffic flow features of speed and volume as factors (Lee et al., 2006).  A 

slightly different example of a derived traffic flow feature algorithm was the optimization 

of throughput performed by Hegyi et al., which required constant detection of speeds and 

volumes throughout the network (Hegyi et al., 2005). 

 Derived traffic flow feature algorithms require both a dense detection network 

and added study into the causes of safety and efficiency.  In the study performed by 

Hegyi et al. the additional investigation was performed via simulation, but even that level 

of investigation adds cost to a speed harmonization project (Hegyi et al., 2005).  Not to 

mention, some derived traffic flow features are based on statistical principles, so the fit of 

the regression may be poor, in which case a direct traffic flow feature algorithm may be 

the better choice. 
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 Yet, in the situation where the added cost and effort are justified and a regression 

or optimization equation fit the study area well, then derived traffic flow feature 

algorithms offer the best association of the desired objective and activation of speed 

harmonization.  In order to illustrate the previous point, consider an example where the 

crash potential equation from Lee et al. is the measure of safety and some threshold, say a 

frequency of seven crashes, is set (Lee et al., 2006).  The detection equipment 

incorporated in the speed harmonization system first detects new direct traffic flow 

features (speed, volume, etc.).  Then the safety quantity (crash potential) is calculated 

from the direct traffic flow features.  If the crash potential is at a crash frequency above 

seven crashes then speed harmonization is activated.  Now that the system is activated, 

the direct traffic flow features will change and must be detected again.  The crash 

potential will be calculated again, and if it is still above seven, then speed harmonization 

continues, if below seven then speed harmonization is no longer needed.  The loop acts 

continuously and ensures that speed harmonization is only active or inactive because of 

the direct safety need.  This example shows that the feedback loop from derived traffic 

flow feature algorithms is superior to the feedback loop of direct traffic flow feature 

algorithms because if the example above replaced crash potential with volume, then just 

because volume has decreased, no definitive conclusion can be drawn about improving 

safety. 

4.2.3 Algorithm – Speed Limit Selection Methodology 

 Now that a speed harmonization algorithm has defined a reason for activating and 

for deactivating, the algorithm must include a method for choosing appropriate speed 



 51 

limits.  In choosing the correct speed limit, the system must be sensitive to driver and 

operator preference for a speed limit that is in no smaller than 5 mph or 5 km/h 

increments.  Also decreases in speed limits that are too large can create serious safety 

risks and should not be allowed by the algorithm (Lee et al., 2006).  The three 

methodologies for choosing speed limits found in the literature are arbitrary speed limits, 

direct calculation of specific location, network calculation.    

4.2.3.1 Arbitrary speed limits 

 Arbitrary choice of speed limits in this context does not mean that any speed limit 

is chosen, but refers to a choice of speed limit that ignores detected speed.  The study on 

I-90 in Washington State shows a very simple arbitrary speed limit method as speed 

limits displayed only depend on weather and pavement conditions (SAIC 2000).  Abdel-

Aty et al.’s study also fits the criteria of arbitrary because speed limits only take the value 

of the originally posted speed limit, posted speed limit plus fifteen miles per hour, and 

posted speed limit minus fifteen miles per hour, and the speed limits do not change 

except by choice (Abdel-Aty et al. 2005).  Also, categorized as arbitrary is any pre-timed 

algorithm because the speed is set based on metrics that are not being detected in real-

time. 

 The arbitrary speed limit method, first, is the only option for locations without 

detection.  The second value of the arbitrary method is that it is superior to other methods 

in situations where the intended results are not aligned with current speeds.  The best 

example of such a case is high travel speeds in poor weather conditions. 
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4.2.3.2 Decision Tree Speed Limit Selection 

 Unlike arbitrary speed limits, decision tree speed limits and optimization speed 

limits use data collected from the observed traffic as part of the decision process of 

selecting appropriate speed limits.  In order to examine these decision processes, decision 

trees will be examined first, followed by optimization. 

Decision tree speed limits attempt to be responsive to current conditions in order 

to improve a certain aspect of the current flow condition, with the most frequently 

considered aspect being the speed variance.  For example, speed limits on the A2 

Motorway are chosen as either 70 km/h or 90 km/h, based on which of those two speeds 

is closer to the calculated speed (Van den Hoogen and Smulders 1994).  By setting the 

speed limit as near the average travel speed as is practical, the differences in the mean 

and the extremes can be reduced, which should produce fewer possibilities for conflict.  

Also, characteristic of decision trees is a focus on local data.  Decision tree speed limits 

typically must be applied separately to each set of detectors and speed signs.   
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Decision trees used to set speed limits are popular due to their similarity to 

existing practice.  Static speed limits are set to be the eighty-fifth percentile speed 

traveling the roadway as determined by a spot speed study conducted while vehicles are 

traveling in free-flow.  Likewise, decision tree speed limits can approximate the eighty-

fifth percentile, but for conditions that are not free-flow.  In fact, decision tree speed 

limits can improve upon the practice used for static speed limits because they can involve 

other factors in the selection of speed limits, like volume, which can create speed limits 

that do not just punish vehicles traveling at extremely high speeds, but force all vehicles 

to travel at lower speeds in the name of safety.   

Yet, decision tree speed limits have disadvantages as well.  To achieve 

responsiveness, decision tree speed limits must assume that the conditions that are 

experienced at the time of detection are nearly the same as the traffic conditions when the 

new speed limit is posted.  In that sense, decision tree speed limits can be detrimental to 

improving efficiency if the decision tree chooses speed limits that reflect previous traffic 

conditions, but not current conditions.  If the difference between the past and current 

conditions becomes too large, then the decision tree may produce unintended 

consequences, frequently a reduction of the speed limit that is unwarranted, leading to 

inefficient highway operation.  

4.2.3.3 Dynamically Optimized Speed Limits 

 Dynamically optimized speed limits differ considerably from the other types of 

speed limit setting rules.  First, dynamic optimization does not consider speed or other 

metrics in the same way as a decision tree.  Dynamic optimization collects the same types 
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of parameters, but instead of making them part of the selection rule, speed and other 

metrics go into a flow evolution model.  The flow evolution model determines the 

character of traffic at a specific location in the future based on the current traffic 

condition at that location and the current traffic some distance upstream of that location.  

The use of the flow evolution model leads to another difference between dynamic 

optimization and the other speed limit selection strategies, namely, that dynamic 

optimization is typically used over a string of connected freeway segments, rather than a 

single segment.  The combination of planning for future conditions and including a long 

corridor rather than a single freeway segment allows dynamic optimization to potentially 

become more efficient by reducing speeds even if local conditions do not warrant it.  

Using the other speed limit selection methods, reducing speeds when it will not improve 

safety leads to an increase in total travel time.  Yet, this rule is not implicit; rather, the 

situation frequently works out that way because drops in speed limit are not coordinated 

temporally or spatially.  However, a dynamic optimization can drop the speed limit even 

if current conditions can handle a higher speed, if the lower speed limit limits inflow into 

a downstream part of the network where a queue is forming.  All considered, of the 

methods discussed here dynamic optimization as a speed limit selection strategy can lead 

to the most significant gains in efficiency. 

 While dynamic optimization seems to be the most effective way to battle queue 

formation, dynamic optimization may not always realize all of its potential and may not 

be appropriate for all objectives.  Dynamic optimization relies heavily on prediction, and 

prediction is uncertain.  What’s more, the value of dynamic optimization would increase 
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with the length of the planning horizon, but as length increases the level of uncertainty 

for predicted traffic conditions grows.  A balance must be struck between the length of 

planning horizon and an acceptable level of uncertainty.  While prediction capabilities are 

still untapped, the balance is typically met at short planning horizons, which leads to less 

than ideal conditions for dynamic optimization.  In the future, technology and further 

research into traffic flow evolution may remove these constraints, which would lead to a 

more favorable situation for dynamically optimized speed limits.  The second reason 

dynamic optimization may not be used is if safety is the key speed harmonization 

objective.  Certainly speed harmonization can consider minimizing crash risk as an 

objective, the problem is that then the efficiency benefits that would typically be the draw 

of dynamic optimization may be nullified.  In that case, possibly a multi-objective 

optimization with safety as one objective and efficiency as another would lead to 

improvements in both, but no research has currently been performed in this area, leaving 

the argument undecided as to the viability of dynamic optimization of speed limits for 

meeting dual, competing objectives. 

4.2.4 Algorithm - Location of VSL Sign 

 The location of the change in speed limit can have a major role in the function of 

speed harmonization.  The three possible location setups are upstream, downstream, and 

changes in speed limit both upstream and downstream.  While the question of location 

requires little explanation, a discussion of the potential advantages and disadvantages of 

the different location strategies is important in ensuring that the location strategy matches 

all previously selected speed harmonization elements. 
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4.2.4.1 VSL Sign Upstream of Detection 

 Locating VSL signs upstream of collected data can be effective in reducing crash 

risk due to spatial speed differentials.  For example, if a detector registers a stopped 

vehicle, the stopped vehicle benefits very little by a speed limit change directly 

downstream of that vehicle, as the vehicle cannot move at any speed until the vehicles 

directly in front of it are cleared.  However, if traffic upstream of the queue is still 

traveling at free-flow, then a drop in the speed limit upstream of the queue would lower 

the potential for rear-end crashes by reducing braking distance between the approaching 

vehicle and a stopped vehicle, as depicted in Figure 10. 
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Generally, upstream VSL signs will most frequently display decreases in the 
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then queues form faster, which is undesirable.  Likewise, if speed limits are raised 

Speed 

Limit 

55 

  
Speed 

Limit 

40 

Detectors 

Figure 10. Example of VSL Sign Upstream of Detection 



 57 

upstream of a queue, vehicles reach the queue with a very high speed compared to 

vehicles in the queue, creating a conflict area.  In situations where congestion and queue 

formation are not likely, then raising the upstream speed limit may lead to potential 

efficiency improvements without having a negative impact on safety, but this situation is 

underrepresented by research, and should be investigated further before a conclusion can 

be drawn. 

4.2.4.2 VSL Signs Downstream of Detection 

 While upstream VSL signs can improve both safety and efficiency objectives 

through decreasing the speed limit, VSL signs downstream of detection can be used to 

either decrease or increase the speed limit based on whether the objective of efficiency or 

safety is considered.  When downstream VSL signs show decreased speed limits, safety 

is usually of greater concern.  The M25 Motorway fits this location strategy as a detector 

station registers the volume and other metrics and then may lower the speed limit 

downstream based on volume as a proxy for crash risk (Harbord, 1998).  The other 

situation, when downstream VSL signs should show increased speed limits, is associated 

with the efficiency, particularly the clearance of a queue.  An example may look like a 

detector registering speeds below a critical value, indicating a queue may be forming.  If 

speeds at that detector location are increased, vehicles may not be able to respond to the 

increase in posted speed because of downstream traffic conditions.  Yet, if downstream 

traffic was given an increased posted speed limit, then the downstream vehicles could 

clear faster, and be less of a limiting factor on the traffic at the detector station.  Figure 11 

shows a VSL strategy which uses downstream VSL signs for speed limit lowering and 



 58 

Figure 12 shows a VSL strategy which uses downstream VSL signs for speed limit 

raising. 
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4.2.4.3 VSL Signs Both Upstream and Downstream of Detection 

 Placing VSL signs both upstream and downstream of a detector location attempts 

to combine all of the benefits of the previous two strategies without creating new 

problems.  Generally, this strategy is successful at both queue reduction, through 

increasing output and decreasing input, and safety, by lowering speed differentials near 

the back of the queue.  Figure 13 depicts an example of VSL signs both upstream and 

downstream of detection.  The only reason to not choose to place VSL signs both 

upstream and downstream of the point of detection is that using both always leads to 

downstream speed limit increases.  In some cases, it is not appropriate to increase speeds 

downstream.  One such case might be when traffic is heavy enough to be a safety 

concern.  Then, even though the queue could be dissipated faster through a speed limit 

increase, the increase in speed limit could trigger an accident, which would be more 

detrimental than the queue to efficient traffic flow.      
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4.2.5 Algorithm Selection for IH-35 

 Using the classification above, the strengths of different activation types, speed 

limit value, and location of speed limit change can be matched to the problem under 

consideration.  One important consideration is that the algorithms tested in this 

experiment must reflect the objective of improving both safety and efficiency, with safety 

considered a priority.  This consideration means that speed harmonization should activate 

often enough to prevent queues from forming and maintain safety, but not so frequently 

as to force free-flowing vehicles to travel at a lower speed.  A pre-timed algorithm would 

likely lead to at least some duration of vehicles being forced to travel at unnecessarily 

low speeds.  Another consideration is expense associated with developing a derived 

traffic flow feature algorithm.  To choose to a strategy that may add a great deal of 

expense without first testing a less expensive strategy would be wasteful.  So, the best 

strategy will be part of the direct traffic flow feature algorithm class.             

 Next, a speed limit selecting logic must be chosen to complement the activation 

mechanism.  An arbitrary speed limit selection strategy is one possibility, but Lee et al. 

found that arbitrary choice of speed limits did not produce effective results when paired 

with their adaptive algorithm (Lee, Hellinga and Saccomanno 2006).  Another choice 

would be the use of dynamic optimization to select speed limits.  Yet, dynamic 

optimization has not been shown to be effective for setting speed limits when considering 

safety as the primary objective, and the development of a predictive model for IH-35 may 

be costly and time consuming.  The most practical choice for the study area is a decision 

tree for determining speed limits. 
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 The final factor in selecting the control strategy is the placement of VSL signs.  

Of the potential strategies, all three have been shown to produce safety benefits, which is 

the major concern for this system.  Of the three, the use of VSL signs both upstream and 

downstream of detection locations would probably be the least effective for safety 

because the strategy does involve raising the downstream speed limit, which might send 

vehicles at a faster speed away from one queue right into the tail of another queue.  

Besides excluding the configuration with signs both upstream and downstream, a 

combination of the upstream only and downstream only VSL sign placements may allow 

the greatest flexibility for targeting hazardous safety locations.  In situations where the 

detector is not immediately upstream of a bottleneck, VSL signs downstream of detection 

would be appropriate.  However, if the detector is located immediately upstream of a 

bottleneck, then VSL signs upstream of detection would be more suitable. 

4.3 KEY PARAMETERS  

4.3.1 Decision Cycle Time 

Within the scope of system architecture, but outside the details of the control 

strategy are several key parameters that can drastically change the effectiveness of speed 

harmonization.  The first of these parameters could be described as the decision cycle 

time.  The decision cycle time is measured from the moment the algorithm is run once 

until it is run a second time.  The importance in the decision cycle time is in the balance 

of over-responsiveness and suitability of assumptions.  If the decision cycle time is set to 

a minimum, then the system may be over-responsive, reacting even when changes in 

speed limit should not take place.  One example of this over-reactive effect was on the 
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Queen Elizabeth Way, when the control strategy was being tested for off-peak conditions 

and the speed limit was frequently lowered for pockets of density that lasted for less than 

a minute (Allaby, Hellinga and Bullock 2007).  The result of this over-reaction was 

limited safety improvement, but considerable loss of efficiency. 

On the other end of the spectrum, long decision cycle times can be unsuitable 

because of the difference in conditions before and after speed limit implementation.  

Consider a decision cycle time of twenty minutes.  Within that twenty minutes, a number 

of different traffic conditions may have been recorded.  If the entire twenty minutes is 

part of an average used to calculate the new speed limit at the end of twenty minutes, then 

the speed limit calculated may not be the best reflection of recent conditions.  Thus, 

smaller decision cycle times can ensure more homogeneous traffic conditions through the 

data collection and speed limit implementation periods. 

The decision cycle time chosen for this case study was five minutes.  A decision 

cycle time of five minutes produced the best results in the sensitivity analysis performed 

by Lee et al (Lee, Hellinga and Saccomanno 2006).  Using a five minute average will 

prevent the system from short, unnecessary speed limit reductions, but will also be more 

homogenous than longer intervals. 

4.3.2 Maximum Change in Speed Limit 

Another key parameter is the maximum change in speed limit that is allowed.  In 

the case of safety, the maximum change in speed limit must be considered relative to 

adjacent upstream and downstream segments.  Lee et al. found that a relative decrease in 

speed of larger than twenty kilometers per hour, roughly twelve miles per hour, due to 

VSL cause an increase in crash potential (Lee, Hellinga and Saccomanno 2006).  

However, Abdel-Aty et al. found that differences in speed limit of up to fifteen miles per 
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hour did not negatively impact crash potential.  Beyond keeping the difference between 

two adjacent speed limit signs at fifteen miles per hour or below, there is little evidence 

that safety is negatively impacted by large decreases from the original speed limit 

(Allaby, Hellinga and Bullock 2007), (Lee, Hellinga and Saccomanno 2006). 

Another factor that is important in determining the maximum change in speed 

limits is throughput.  In some cases a reduction in speed limit increases flow on a facility, 

but if the speed limit is allowed to decrease without limit, eventually the flow will 

decrease with each decrease in the speed limit.  Lee et al. noted this trend by examination 

of the performance of a number of pre-determined speed limits (Lee, Hellinga and 

Saccomanno 2006).  To prevent this unnecessary reduction in flow, the speed limit 

should remain relatively high even in the worst case. 

Based on the goal of the IH-35 deployment to improve safety without adversely 

impacting efficiency, the maximum speed limit reduction needed to be small enough to 

not create large speed discrepancies between adjacent highway sections.  Since the 

previous research offered conflicting reports about how much of a speed limit reduction 

is too much, maximum speed limit reductions of ten miles per hour and fifteen miles per 

hour were both considered for further study.  The preferred value for this parameter was 

chosen based on the analysis of simulation results, and is therefore broached in the 

following chapter.  
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Chapter 5: Simulation and Results analysis 

 Now that the needs of the study area and the scope of the proposed speed 

harmonization system have been covered, the stage has been set for an experiment, the 

results of which could justify the scope of the proposed improvements.  The organization 

of this experiment and its results are illustrated in Figure 14. 

 

Figure 14. Experimental Framework 
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5.1 VISSIM - BASE CASE DESCRIPTION AND RESULTS 

 The platform chosen to experiment with speed harmonization in the study area 

was simulation.  As previously discussed, simulation allows a plethora of traffic 

management strategies to be compared in a short time, without endangering drivers, and 

at a much lower cost than a field demonstration.  More specifically, micro-simulation was 

employed because the scale of single vehicles is necessary to examine driver reaction to 

speed harmonization and record potential conflicts between vehicles.  A variety of micro-

simulation platforms are available, but VISSIM was chosen because VISSIM allows the 

user to develop custom control strategies, through the Vehicle Actuated Programming 

(VAP) language, and can export the data necessary to use the Surrogate Safety Analysis 

Model (SSAM). 

 Using VISSIM, a network was created to emulate the study area.  The first two 

elements created as part of the network were links and connectors.  Links behave like 

roadway segments, where vehicles only travel on these segments in a single direction and 

do not encounter vehicles traveling on a conflicting path.  For this network, links were 

necessary for the IH-35 northbound freeway lanes, the northbound frontage road, and five 

cross streets.  Yet, because links do not allow conflicting vehicle paths, a vehicle cannot 

travel from one link to another link without traversing a connector.  In the case of IH-35, 

connectors were needed at on and off ramp locations as well as at the intersections of the 

frontage road and the cross streets.  The creation of the model study area required 78 

links and connectors. 
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 The next element in the IH-35 model was the placement of control devices.  

While the category of control devices also includes yield and stop signs, the most 

important type of control device for the simulation of IH-35 was the frontage road traffic 

signals.  Six traffic signals were included in the network, each with its own signal timing 

plan.  Table 8 shows the locations of the traffic signals as well as the cycle lengths at 

each location. 

Table 8. Intersection Cycle Lengths 

Intersection Cycle Time (s) 

Riverside Drive 135 

Woodland Avenue 75 

Oltorf Street 145 

Woodward Street 130 

SH-71 West 160 

SH-71 East 160 

 

 After the placement of control devices, the development of the physical network 

was complete, and is depicted in Figure 15.  In the figure, the leftmost of the north-south 

roadways is the IH-35 Freeway northbound lanes.  To the right of the freeway is the 

northbound frontage road.  Cross streets running from south to north are:  SH-71 East, 

SH-71 West, Woodward Street, Oltorf Street, Woodland Avenue, and Riverside Drive.   
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Figure 15. Simulation Representation of Study Area 

Yet, a simulation cannot just take into account the physical infrastructure, but 

must also consider the vehicular demand and driver behavior.  The demand condition 
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chosen for this simulation is the demand present during the morning peak hour, in order 

to test speed harmonization under worst case traffic conditions. The input of demand 

required collection of vehicular volumes at the intersections modeled.  The turning 

movement counts for all six intersections are specified in Tables 9 – 14.  

Table 9. Turning Movement Counts for IH-35 Frontage Road and Riverside Drive 

(Vehicles per 10 minute period) 

 

Left 

Turn 

Straight 

Through 

Right 

Turn 
Total 

Eastbound 

Riverside Drive 
40 65 -- 105  

Westbound 

Riverside Drive 
-- 140  170 310 

Northbound 

Frontage Road 
61 98 24 183 

 

Table 10. Turning Movement Counts for IH-35 Frontage Road and Woodland Avenue 

(Vehicles per 10 minute period) 

 

Left 

Turn 

Straight 

Through 

Right 

Turn 
Total 

Eastbound 

Woodland 

Avenue 

14 7 -- 21 

Westbound 

Woodland 

Avenue 

-- 37 23 60 

Northbound 

Frontage Road 
24 111 4 139 
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Table 11. Turning Movement Counts for IH-35 Frontage Road and Oltorf Street 

(Vehicles per 10 minute period) 

 

Left 

Turn 

Straight 

Through 

Right 

Turn 
Total 

Eastbound 

Oltorf Street 
65 75 -- 140 

Westbound 

Oltorf Street 
-- 141 58 199 

Northbound 

Frontage Road 
97 128 80 305 

 

Table 12. Turning Movement Counts for IH-35 Frontage Road and Woodward Street 

(Vehicles per 10 minute period) 

 

Left 

Turn 

Straight 

Through 

Right 

Turn 
Total 

Eastbound 

Woodward 

Street 

31 71 -- 102 

Westbound 

Woodward 

Street 

-- 26 25 51 

Northbound 

Frontage Road 
28 144 10 182 

 

Table 13. Turning Movement Counts for IH-35 Frontage Road and SH-71 Westbound 

(Vehicles per 10 minute period) 

 

Left 

Turn 

Straight 

Through 

Right 

Turn 
Total 

SH-71 

Westbound 
-- 108 18 126 

Northbound 

Frontage Road 
254 252 -- 506 
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Table 14. Turning Movement Counts for IH-35 Frontage Road and SH-71 Eastbound 

(Vehicles per 10 minute period) 

 

Left 

Turn 

Straight 

Through 

Right 

Turn 
Total 

SH-71 

Eastbound 
40 76 -- 116 

Northbound 

Frontage Road 
-- 364 111 475 

 

The counts reflect only a ten minute period, so volumes were inflated to the 

period of an hour.  Not included in the counts is the volume for the IH-35 freeway.  

Instead of a count, the peak hourly volume was derived by multiplying AADT numbers 

collected by CAMPO by a directional factor (D) and a percentage of total traffic that 

occurs in the hour of interest (K), as depicted in Equation 1. 

                                                      (1) 

 The D and K values of 0.55 and 0.095 were chosen to reflect the previous 

investigation into a queue warning system for the same study area (Aung 2011).  The D 

value of 0.55 signifies that a greater portion of vehicles on this highway are traveling 

northbound as compared to southbound, which is reasonable because the morning 

commute is directed primarily toward the city center, which is north of the study area.  

The K-factor of 0.095 means that roughly one tenth of all of the traffic that utilizes this 

freeway segment in a day occurs during the morning peak hour.  K-factors generally are 

between 0.08 and 0.12, with the lower value typical for extremely high daily traffic 

values and the higher value associated with lower daily traffic. 
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 Once the traffic demand was derived for the peak hour, the decision was made to 

model multiple demand levels during the simulation.  Table 15 describes the portion of 

the peak hour demand that is input to the system during each period.  The reasons for this 

varying of the demand is to attempt to capture a more realistic network loading condition 

and to create a window where speed harmonization can operate most effectively.  If 

traffic demand were set to be above capacity for the entire length of the simulation, then 

traffic would breakdown and be unable to recover even with the assistance of speed 

harmonization.  Hence, for an appropriate demonstration of the capabilities of speed 

harmonization to delay the onset of queuing, demand must start below capacity before 

increasing to the peak condition. 

Table 15. Temporal Traffic Demand Variation 

Simulation Interval 

(hh:mm – hh:mm) 

Percentage of peak 

volume input to network 

00:00 – 00:30 75% 

00:30 – 01:00 90% 

01:00 – 01:30 100% 

01:30 – 02:00 95% 

  

 The driver behavior in VISSIM is modeled through the stochastic distribution of a 

number of parameters.  While most of these parameters were left unchanged from the 

calibrated model developed by Aung, the vehicle types, desired speeds, and routes were 

customized to match current driver behavior on IH-35 (Aung 2011).  The vehicle type 

element focuses on ensuring a realistic mix of cars and trucks.  The percentage of each 

vehicle type is a user specified element, but VISSIM determines the initial position of 
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vehicles randomly, so different simulation runs will experience different dispersions of 

heavy vehicles or other vehicle types.  The two vehicle classes used for IH-35 were 

passenger and heavy vehicles, with a 94% / 6% split.  The value of six percent was 

chosen based on the truck traffic map from TxDOT (TxDOT 2009).  The high proportion 

of heavy vehicles adds to the difficulty on IH-35 in completing passing maneuvers 

because if two traffic streams are considered with equal volume, but one has a higher 

percentage of trucks, then the stream with more trucks will contain smaller average gaps 

than the stream with fewer trucks. 

 Then on top of a vehicle randomly being assigned to a vehicle class, the vehicle is 

also randomly assigned a desired speed from a desired speed distribution.  The desired 

speed distribution is an important element when considering VSL because the analyst can 

set the probability that a driver is traveling at a speed above the speed limit, which is 

synonymous with compliance rate.  The compliance rate is an important factor in the 

effectiveness of VSL.  Piao and McDonald studied VSL systems with a variety of 

compliance rates and found that at low compliance rates, the use of VSL can actually 

have a negative impact on safety due to greater variation in travel speeds (Piao and 

McDonald 2008).  For the base case, the desired speed distribution was defined to allow 

speeds between forty-five miles per hour and seventy miles per hour with eighty percent 

of the vehicles traveling less than sixty miles per hour.  This range of potential speeds 

leads to potentially larger speed differentials between queued vehicles and approaching, 

free-flowing vehicles. 
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 The final behavioral element that lends directly to modeling the study area is 

route choice.  When the simulation is initiated, the stacked vehicles waiting to enter the 

system already have a desired destination.  In order to ensure that the destinations 

generated by VISSIM match the destinations chosen by real drivers, the user can specify 

routing decisions.  The routing decisions are typically located where a single path 

diverges, like a ramp or an intersection.  Each path associated with a routing decision is 

given a probability of selection, and desirably this probability would be taken from a 

turning movement study or similar type of data collection.  The simulation model used in 

this study required the use of some routing decision based on collected data and some 

routing decisions based on assumptions.  The turning movement count data for the six 

intersections with the IH-35 frontage road provided accurate path probabilities for the 

cross streets and frontage roads, but no data was collected for the volumes on the entry 

and exit ramps (Aung 2011).  Thus, when routing decision were created to ensure an 

accurate amount of through freeway travelers compared to exiting travelers, an 

assumption had to be made for the portion of travelers exiting at each ramp and the 

portion who travel through the network without leaving the freeway. 

After fully customizing the simulation environment to match the study area, 

VISSIM was run five times with different seed numbers.  From each run a plethora of 

performance measures were collected at the network level.  Table 16 lists the network 

performance.  
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Table 16. Network Performance Measures for Base Case Simulation 

Case 

Average 

Delay 

(s/veh) 

Average 

Speed 

(mph) 

Average 

Stopped 

Delay 

(s/veh) 

Average 

Number 

of Stops 

Total 

Delay 

(h) 

Total 

Travel 

Time 

(h) 

Base Case 220.0 9.4 96.4 4.2 1215.0 1472.5 

 

 As can be seen from Table 16, the network suffers from severe congestion.  The 

average speed is less than ten miles per hour even though the system includes high speed 

limits on the freeway and the frontage roads.  Part of the low average speed limit is the 

large amount of time each vehicle is stopped during the simulation.  Each vehicle stopped 

an average of four times, leading to an average stop delay of one and a half minutes per 

vehicle, even though the system has only a total of six traffic signals and a large fraction 

of vehicles remain on the freeway throughout the simulation.  Additionally, congestion is 

evident because the delay time in the system, which is defined as all times a vehicle is 

traveling below its desired speed, is roughly 83% of the total travel time.  Clearly, on the 

network level, the study area is not performing at a desirable level of service. 

Upon establishing the network performance for the no-action scenario, a 

qualitative examination of failing locations was undertaken.  The simulation results from 

the base case scenario showed that a large portion of the delay in the system was due to 

weaving, particularly at the exit ramps.  The exit ramps create such a large problem 

within this network because the signalized intersections are relatively close to where the 

ramps connect to the frontage road.  The proximity of the signals to the entry point is 

crucial because at times a queue would form waiting for one vehicle to get from the ramp 

on the left side of the road to the right turn lane.  Also, queues would often form on the 
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freeway because a platoon of vehicles would try to exit while the downstream signal was 

red, thus blocking freeway traffic until the queue dissipated.  As will later be illustrated in 

the section on simulation safety, these merge areas were also frequently the culprit behind 

deteriorated safety conditions.  Since VISSIM has advanced animation capabilities, the 

analyst can easily spot which locations are forming persistent queues.  During the 

simulation, even before the onset of the full traffic demand, a queue formed at the off 

ramps for Oltorf Street, Woodland Avenue, and Riverside Drive.  Of these three queues, 

the queue for the Oltorf Street exit had the greatest impact on freeway traffic flow as it 

was the most upstream of all the bottleneck locations and the largest fraction of lane 

changes on the freeway were attempted upstream of this exit.  Figure 16 shows an 

animation of the area upstream of the Oltorf Street Ramp. 
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Figure 16. Freeway Traffic South of Oltorf Street Off Ramp 

5.2 SPEED HARMONIZATION CASE DESCRIPTION 

After examining the base case for the study area, a strategy was crafted to use 

speed harmonization to remediate the safety and efficiency problems.  Working within 

the system architecture defined in chapter four, a single detection and VSL sign location 

was developed upstream of the most heavily queued ramp area.  The system was located 

upstream of the off ramp to Oltorf Street, with detectors located roughly six hundred feet 



 77 

prior to the exit, as shown in Figure 17.  The detectors collected data on volume, speed, 

and occupancy in order to feed the control strategy operating the VSL sign.  The VSL 

sign placement would be roughly at the southern terminus of the study area, as the speed 

control was placed two hundred feet from the southern tip of the study area and a period 

of time may be allowed after the driver passes the sign before the new speed is 

enforceable.  From the discussion of location in the control strategy, it is evident that this 

upstream location of the VSL sign compared to the detection location means that the 

system will have the greatest effect by reducing speed limits upstream of a congested 

area. 

 

 

Figure 17. Detector Layout for Simulated Network 

Within VISSIM, the VAP language was used to develop a custom VSL controller.  

The code written in the VAP language for this VSL controller is displayed in Appendix 

A.  The logic for the VSL controller is detailed in Figure 18. 

Detectors 
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Figure 18. Flow Chart for Simulated VSL Control Strategy 

 

The logic chosen was a simple direct traffic flow feature algorithm, employing 

occupancy and speed as the quantities of interest.  Using a cycle length of five minutes, 

the detection point collects point occupancy and point speed for the duration of the cycle.  
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At the beginning of the next cycle, if five minute average occupancy is less than a user 

specified threshold, then the VSL signs would remain inactive and static speed signs 

would control.  Yet, if the five minute average occupancy surpasses the threshold, then 

the VSL signs activate.  Five minute average occupancy was chosen as a threshold 

because a high occupancy means a dense flow of traffic, which is more likely to be 

negatively impacted by a queue at the Oltorf Street exit because of limited opportunities 

for passing.  Thus, when occupancy reaches a critical value, VSL will be needed to lower 

the potential for and severity of rear-end collisions.    

Once the VSL signs are active, a decision tree based on five minute average 

speeds is used to determine the calculated speed limit.  If the occupancy has crossed the 

critical value, but speeds are still above the original speed limit, then the speed limit does 

not change.  However, if the speed limit has dropped below fifty-five miles per hour then 

the speed limit decreases in five mile per hour increments.  As discussed in chapter four, 

the parameter of the maximum speed limit difference between adjacent freeway segments 

was tested by developing two alternative control strategies, one that used a maximum 

decrease of ten miles per hour, while the other used a maximum decrease of fifteen miles 

per hour.   

Another important element in the VSL implementation case is the modeling of the 

decreased speed limits.  Unlike the original desired speed distribution assigned to all 

vehicles at the beginning of the simulation, the desired speed distributions for the 

calculated speed limits assume a much smaller range of desired speeds.  The reason for 

this change is based on the assumption of automated enforcement, which would likely 
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only cite drivers exceeding the speed limit by more than five to ten miles per hour.  

Though even with automated enforcement, some people will likely speed anyway.  Yet, 

when those individuals do speed, if automated enforcement is in place then they will be 

caught and, if fined severely, will not speed in the monitored area again.  Under this 

assumption, the desired speed distribution was set with only five percent of drivers 

traveling between five and ten miles per hour over the speed limit, fifteen percent 

traveling between the speed limit and five miles per hour over the speed limit, eighty 

percent traveling at or below the speed limit, and zero percent driving more than ten 

miles per hour over the speed limit. 

5.3 SPEED HARMONIZATION CASE RESULTS     

 After augmenting the network in VISSIM to include the two speed harmonization 

control strategies, a set of five simulation runs were performed for each of the control 

strategies.  The seed numbers for the alternative cases were controlled to be the same as 

the seed numbers for the base case, which ensured that the same set of traffic conditions 

were considered for the before and after cases.  From the simulation, performance 

measures were collected in the same fashion as the base case.  Table 17 contains the 

before and after network performance metrics. 
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Table 17. Comparison of Network Performance Measures between Base and Alternative 

Cases 

Case 

Average 

Delay 

(s/veh) 

Average 

Speed 

(mph) 

Average 

Stopped 

Delay 

(s/veh) 

Average 

Number 

of Stops 

Total 

Delay 

(h) 

Total 

Travel 

Time 

(h) 

Base Case 220.0 9.4 96.4 4.2 1215.0 1472.5 

VSL - 10 

mph 
219.5 9.4 95.4 4.2 1224.7 1491.3 

VSL - 15 

mph 
226.8 9.2 98.1 4.3 1265.8 1537.7 

  

 Looking at the two control strategies versus the base case, the network 

performance is degraded only slightly based on the implementation of speed 

harmonization.  The control strategy with a maximum speed reduction of ten miles per 

hour slightly outperformed the control strategy with a maximum speed reduction of 

fifteen miles per hour, but neither helped to improve efficiency compared to the base 

case.   

5.4 SURROGATE SAFETY ASSESSMENT MODEL (SSAM) 

 As is evident from the simulation results, the simulated control strategies have 

little effect on the performance of the network, but the simulation does not investigate 

whether safety has changed due to the implementation of the speed harmonization.  In 

order to judge the safety effects, the concept of surrogate safety measures has been 

explored.  A surrogate safety measure is a measure of effectiveness that identifies vehicle 

conflicts.  A conflict is defined by FHWA as “an observable situation in which two or 

more road users approach each other in time and space to such an extent that there is risk 

of collision if their movements remain unchanged” (Gettman and Head 2003).  As stated 
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in the definition, surrogate safety measures do not evaluate the safety of vehicles in 

context to single vehicle crashes or crashes involving more than two vehicles, which 

limits the use of surrogate safety measures for explaining all crashes.  Yet, the main types 

of crashes that speed harmonization impacts are rear-end crashes and lane changing 

crashes, which occur frequently in the study area.  Due to the similarity in the capabilities 

of surrogate safety measures and the expected effects from the management strategy, 

surrogate safety measures were selected to quantify the safety impact of speed 

harmonization.   

The tool used to identify surrogate safety measures was the program Surrogate 

Safety Assessment Model (SSAM).  SSAM takes the vehicle trajectories from VISSIM 

and uses a variety of definitions to assess whether two vehicles experience a conflict.  

The measures of evaluating conflict are described below. 

 Time To Collision (TTC) – Time to collision measures how close a lagging 

vehicle comes to colliding with a vehicle in its path or that enters its path.  The 

time to collision is calculated as the difference in time between when the lagging 

vehicle would have reached the point of conflict traveling at its original speed and 

when the leading vehicle leaves the point of conflict. TTC is an indicator of 

conflict because a very small TTC means that the likelihood of a collision is high 

because, unlike a simulation, real opposing vehicles do not always slow down 

when a vehicle attempts to cross their path. (Gettman and Head 2003)  

 Post-Encroachment Time (PET)   - Post-encroachment time also measures how 

close a lagging vehicle comes to colliding with a vehicle in its path or that enters 
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its path.  The difference in these two surrogate safety measures is that time to 

conflict is based on a theoretical arrival, whereas post-encroachment time is based 

on the actual arrival of the lagging vehicle.  Put formally, post-encroachment time 

is the difference in time between when the lagging vehicle reaches the point of 

conflict and when the leading vehicle leaves the point of conflict. 

 Initial DR, MaxS, DeltaS – These three surrogate safety measures are just 

abbreviations of self-explanatory terms.  Initial DR is the initial deceleration rate 

of the lagging vehicle as it first becomes aware of a conflict. Initial DR relates to 

the likelihood of a conflict becoming a collision because a small Initial DR means 

that the lagging vehicles may be approaching the lead vehicle too quickly to 

prevent a collision.  MaxS is the maximum speed of the two vehicles and DeltaS 

is the difference in speed of the two vehicles.  The quantities MaxS and DeltaS 

differ from the previous safety surrogate measures as they do not have as large an 

effect on collision likelihood, but are important for crash severity if a crash were 

to occur.  High values of MaxS and DeltaS are associated with a very severe 

crash. 

The aforementioned safety surrogate measures apply to most common varieties of 

two vehicle accidents, but even for these common types of accidents the values change 

slightly because some conflicts occur at a single point, but others can occur at many 

conflict points which form a conflict line.  The common types of conflict referenced here 

are rear-end, lane change, and crossing conflicts.  Rear-end conflicts are defined by an 

angle less than θ1 (a user specified value) degrees between the leading vehicle and 
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lagging vehicle.  Lane change conflicts are defined as conflicts where the angle between 

leading and lagging vehicles is between θ1 and θ2 degrees.  Crossing conflicts are defined 

as conflicts where the angle between leading and lagging vehicles is greater than θ2 

degrees.  Of these three conflict types, the crossing conflict is mostly represented by a 

point conflict.  One example of point conflict is the situation of a left turning vehicle 

trying to turn in front of a vehicle traveling straight in the opposite direction.  For a time 

the left turning vehicle is directly in the path of the oncoming vehicle and if the left turner 

does not vacate that path in time or the opposing vehicle does not slow down then the 

vehicles will collide.  Yet, the conflict is a point conflict because the two vehicle paths 

only converge in one spot. 

Unlike the crossing conflict, a line of conflict best describes the lane change and 

rear-end types of conflict because the lead vehicle does not exit the path of the lagging 

vehicle, so the lagging vehicle could collide with it at a number of locations. The 

following situation can be used to describe the concept of a line of conflict.  Consider an 

example where the lead vehicle is traveling at some initial speed and the lagging vehicle 

is traveling at a higher initial speed.  If no corrective action is taken, the vehicles will 

collide at a point that can be determined using basic kinematics.  That point would be a 

conflict point.  Yet, it is unrealistic to assume that neither of the two vehicles will take 

corrective action if the gap between them decreases.  So, if the lagging vehicle takes the 

corrective action and chooses to decelerate, the conflict point moves to a point further 

downstream.  Since the lagging driver can choose any of a number of deceleration rates, 
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the conflict could occur anywhere in between the previously described conflict points, 

and is better described as a line of conflict.  

 In addition to categorizing all conflicts as either crossing, lane change, or rear-end 

by angle of conflict, the severity of crashes was categorized. The three categories used 

were severe, moderate, and minor conflicts.  The time to conflict was used to create the 

categories with TTC < 0.5 seconds as a severe conflict, a TTC < 1.0 seconds as a 

moderate conflict, and a TTC < 1.5 seconds as a minor conflict.  It is important to note 

that severe, moderate, and minor do not reflect the potential severity of a collision, but 

merely refer to the amount of braking needed by the lagging vehicle to avoid a collision.  

A smaller TTC means that the lagging vehicle will need to use a very high proportion of 

the vehicle’s braking capability to prevent a crash.  The predicted severity if a simulated 

conflict were to become a collision could be determined by other surrogate safety 

measures, such as maximum speed and delta speed.  

5.5 SSAM RESULTS 

 Taking the trajectory files from VISSIM, SSAM was run for the base case and the 

two potential control strategies.  The number and type of conflicts was recorded from 

each trajectory file, which allowed for a comparison of the relative difference in safety 

from each case.  Another feature of SSAM is the ability to filter out conflicts of a 

particular type or on a particular link in the network.  This filtering feature was necessary 

for this investigation because the trajectory file from VISSIM does not specify elevations, 

so SSAM recorded a very high number of conflicts at grade separated crossings, which 

should not have been the case.  To reduce the number of conflicts to a more realistic 



 86 

value, two measures were taken.  The first measure was to filter out crossing conflicts.  

Crossing conflicts do matter to the safety of the network because this type of conflict can 

often occur at intersections, but because analysis of the freeway was of greater 

importance, crossing conflicts were removed from the analysis.  The second measure was 

to redefine the angle associated with the boundary between crossing and lane change 

conflicts.  The default border is eighty degrees, but the freeway crossings are not all 

greater than eighty degrees, which again would lead to conflicts which are not really 

conflicts due to grade separation.  The angle defining the two types of conflict was 

reduced to attempt to extract all inaccurate conflicts.  Tables 18 and 19 summarize the 

number of lane change and rear end conflicts for a boundary angle of sixty degrees. 

 

Table 18. Summary of Rear End Conflicts Before and After VSL Implementation 

Cases 

Mean 

Conflicts 

- Before 

Mean 

Conflicts 

- After 

Difference in 

Mean Conflicts 

= Before - After 

Percent 

Change 

in Mean 

Conflicts 

10 mph VSL 327.8 289.4 38.4 11.7% 

15 mph VSL 327.8 322.6 5.2 1.6% 

 

Table 19. Summary of Lane Change Conflicts Before and After VSL Implementation 

Cases 

Mean 

Conflicts 

- Before 

Mean 

Conflicts 

- After 

Difference in 

Mean Conflicts 

= Before - After 

Percent 

Change 

in Mean 

Conflicts 

10 mph VSL 1261.8 1282.8 -21 -1.7% 

15 mph VSL 1261.8 1323.2 -61.4 -4.9% 
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 In Tables 18 and 19, the mean value of conflicts is shown for a non-intervention 

case, labeled Mean Conflicts – Before, and both VSL case, labeled Mean Conflicts – 

After.  The quantity Difference in Mean Conflicts is derived by subtracting the mean 

conflicts for the non-intervention case from the mean conflicts for the VSL cases, so a 

positive value means that VSL reduced the number of conflicts.  From Table 17, it is 

evident that VSL led to a reduction in the mean rear-end conflicts for both VSL control 

strategies and for a θ2 value of sixty degrees.  Of the two control strategies, the first 

control strategy, with only a ten mile per hour maximum speed limit decrease, led to a 

larger conflict reduction, roughly 11.7%. 

 Looking at lane change conflicts in Table 18, both control strategies led to an 

increase in lane change conflicts.  Once again, the maximum speed limit decrease of ten 

miles per hour was superior to the maximum speed limit decrease of fifteen miles per 

hour.  For the better of the two control strategies, case one, the percent increase in 

conflicts is relatively small (1.7 %), but the total increase in lane change conflicts is more 

than half the conflict reduction for rear-end conflicts.  Thus, the first alternative control 

strategy yields a net safety increase, but is not ideal as it does not reduce both rear-end 

and lane change conflicts. 

 The second control strategy was even less effective than the first. This strategy led 

to a very small decrease in rear-end conflicts, but a comparatively large increase in lane 

change conflicts.  The degradation in safety resulting from this control strategy enforces 
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the findings by Lee et al that excessive speed differences in adjacent segments creates an 

unsafe interaction between upstream and downstream vehicles. 

 SSAM also allows for statistical testing of safety surrogate measures.  Using the t-

statistic and assuming a level of significance of five percent, a test of hypothesis was 

conducted for the two control strategies for all safety surrogate measures and for the 

difference in the number of conflicts of each type.  Neither control strategy was found to 

cause a statistically significant reduction or increase in conflicts of any type.  Thus, there 

is no evidence that even the reduction of conflicts attributed to the first control strategy is 

not equal to zero.  However, the two control strategies did register some statistically 

significant improvements for other surrogate safety measures.  The measures that were 

improved by VSL were MaxS and DeltaS.  As described above, a reduction in MaxS and 

DeltaS do not reduce the likelihood of a crash, but signify that if the two vehicles collided 

that the collision would be less severe.  This improvement in accident severity would be 

beneficial for the study area, as it might increase the fraction of non-injury crashes.   

 The final functionality of SSAM that was leveraged in this study was the ability to 

map the conflicts, which helped established where a majority of safety breakdowns were 

occurring.  The images in Figures 19, 20, and 21 show the spatial difference in conflicts 

for the base case and both VSL alternatives.  In the figures, red signifies a lane change 

conflict and green signifies a rear-end conflict. 
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Figure 19. Spatial Conflict Distribution for Base Case 
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Figure 20, Spatial Conflict Distribution for Alternative 1 (VSL with Max Speed Limit 

Change of 10 mph) 
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Figure 21. Spatial Conflict Distribution for Alternative 1 (VSL with Max Speed Limit 

Change of 15 mph) 

Comparing the three figures, it is evident that the changes in conflicts with or 

without VSL and the difference in conflicts between the two alternative VSL control 
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strategies are too minute to stand out against the unchanged conflicts.  The one benefit of 

the conflict maps is that they show a strong gravitation of conflicts toward the 

interchanges in the middle of the study area.  This is supported by the geographic crash 

frequencies found from CRIS data. 

  



 93 

Chapter 6: Conclusion  

A study was undertaken to investigate the potential of speed harmonization to 

improve safety and alleviate congestion on a segment of Interstate highway 35 in Austin, 

Texas.  First, the findings of a thorough review of current literature were recounted.  

Then the findings of previous speed harmonization experience were leveraged to develop 

the system architecture for a VSL system in the study area.  Next, a VISSIM simulation 

was employed to test the impact of a pair of basic VSL control strategies on the network 

efficiency.  Finally, the output from VISSIM was imported to SSAM and the safety 

impact of the two control strategies was quantified using the theory of surrogate safety 

measures. 

Yet, more promising was the safety analysis, which showed that the first 

alternative control strategy actually reduced the number of conflicts on the freeway.  

While the variability was large, rendering this conflict reduction insignificant statistically, 

both alternative VSL strategies led to statistically significant reductions in the safety 

surrogate measures MaxS and DeltaS.  These reductions mean that the use of VSL would 

generally reduce the severity of collisions experienced on the freeway even if VSL did 

not have an impact on the frequency of collisions. 

Especially for the problems observed in the study area, the improvements found 

in terms of safety are important.  The study area has an injury crash rate that is 

significantly higher than the IH-35 injury crash rate for Austin and throughout Texas.  

The implementation of VSL facilitates lower maximum speeds and lower speed 

differentials between colliding vehicles, which should lead to a reduction in the 

percentage of injury accidents in the study area. 



 94 

The results from this experiment are not representative of the wide range of traffic 

flow improvements that can be achieved through speed harmonization and other active 

traffic management implementations.  Additional study should be devoted to simulating a 

higher density VSL deployment in the study area.  Also, the simulation that was used in 

this study had been developed to match the traffic flow for the study area, but in order to 

better assess the safety improvements achievable through active traffic management, the 

simulation environment should be calibrated to match actual safety conditions (number of 

times vehicles brake hard).   
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Appendix 

Speed harmonization algorithm written in VAP language 

 

PROGRAM SH_15; 

CONST  

             DET1 = 1,            

             Occup_Rate1 = 0.12;  

       

/* ARRAYS */  

 

/* SUBROUTINES */  

           

/* EXPRESSIONS */  

 

/* MAIN PROGRAM */  

 

            IF NOT Init THEN 

              Init := 1; 

              TRACE(all); 

              Set_Des_Speed(1,10,80); 

              Set_Des_Speed(1,20,80);          

            END; 

 

/* The following two statements adapted from (Yadlapati and Park 2004)*/ 

         

              IF (cycle_second <> cycle_time) THEN 

                occ:=occup_rate(DET1); 

                cum_occ:= cum_occ + occ; 

                IF (presence(1) = 1) THEN 

                  vf:= 2.25 * Velocity(1); 

                  IF(vf>0) THEN 

                    cum_vol:= cum_vol+1; 

                    cum_speed:= cum_speed + vf; 

                  END; 

                END; 

              END;                                         

        

             IF (cycle_second = cycle_time) THEN 

               occrt:=cum_occ/300; 

               IF (occrt > Occup_Rate1) THEN 

                 Des_Speed:=80; 
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                 IF (cum_vol = 0) THEN 

                  Des_Speed:=80; 

                 ELSE 

                   cal_des_speed:= cum_speed/cum_vol; 

                   IF (cal_des_speed<55) AND (cal_des_speed>=50) THEN 

                     Des_Speed:=1; 

                   END; 

                   IF (cal_des_speed<50) AND (cal_des_speed>=45) THEN 

                     Des_Speed:=2; 

                   END; 

                   

                    /* The IF statement below was omitted for 10 mph max algorithm*/ 

 

                     IF (cal_des_speed<45) THEN 

                     Des_Speed:=3; 

                   END; 

                 END; 

               END; 

               set_des_speed(1,10,Des_Speed); 

               set_des_speed(1,20,Des_Speed); 

               cum_vol:=0; 

               cum_speed:=0; 

               cum_occ:=0; 

             END. 
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