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Abstract 

Research shows that there should be a longer change interval in inclement weather. 

However, there is limited knowledge on creating a longer change interval. This capstone 

report aims to provide insight into vehicles’ speed and deceleration rates during 

inclement weather and recommend future studies. A radar gun was used to capture data 

on vehicles to understand how vehicle speed and deceleration rates differ in inclement 

weather. These data were captured on the southbound approach of the intersection of 

STH 100 (N. Mayfair Road) and W. Wisconsin Avenue in Wauwatosa, Wisconsin. Since 

there was a lack of inclement weather during the data collection of this capstone report, 

there was a limited amount of data. From the data that were collected, it can be concluded 

that vehicles drive slower than the posted speed and decelerate at a significantly slower 

rate during inclement weather. Because of the limited amount of data and known errors in 

capturing data, more research will need to be done before changes can be made to the 

timing of the change interval in inclement weather. Future studies utilizing the same 

concepts from this capstone report at a smaller intersection with more collection days 

could effectively prove the need for a longer change interval.  
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Chapter One: An Understanding of the Change Interval 

 One of the most critical decisions a driver must make is the decision to stop or 

proceed through a traffic intersection upon the presence of the yellow light. The yellow, 

often referred to as amber light, is a duration of time in which drivers need to act fast and 

correctly or jeopardize the safety of all roadway users. This yellow light is also known as 

a change interval. It is associated with an equation to determine its length based on 

assumptions and known quantities. The equation’s two default values are the driver’s 

perception reaction time and deceleration rate. Weather also impacts the change interval 

and is currently not reflected in the change interval equation (Zhang et al., 2014).  

 This capstone report aims to provide insight into the change interval during 

inclement weather. The current change interval does not consider the effects of inclement 

weather and how drivers are more cautious, driving slower and decelerating at a slower 

rate. This report features several sections that address a number of topics that support this 

theory. First is the background information that explains the concepts behind the change 

interval and the equation. The second section is the literature review, which provides 

insight and direction for the experimental design. The third is the experimental design, 

where the data collection process is presented. The fourth is the field data analysis, and 

lastly, fifth is the conclusions and recommendations for future studies based on the results 

of the experimental analysis.  

1.1 Background 

  There are three main topics that need to be addressed to properly understand the 

change interval. The three main topics are as follows: 

• A high-level understanding of traffic signals 
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• What the change interval is and each associated variable 

• The dilemma zone and the relationship it has to the change interval 

Once there is an understanding of the change interval equation’s basic ideas, the results 

of a literature review are presented on the current research trends to understand which 

aspects of the change interval equation inclement weather can affect. In addition, this 

report explains how the literature was used to create an experimental design with the 

purpose of demonstrating the effects of inclement weather.  

1.1.1 Traffic Signals 

Traffic signals are installed at an intersection of two or more roadways where a 

high amount of vehicle or pedestrian traffic occurs (Roess et al., 2019). When a traffic 

signal is present at an intersection, it is considered a signalized intersection; when there is 

no traffic signal present, it is an unsignalized intersection. A signalized intersection has a 

traffic signal, and on the traffic signal, there are three lights and four different intervals 

that give the driver instructions when crossing the intersection. When the traffic signal 

displays a green light, the driver is permitted to enter the intersection. When the traffic 

signal displays a red light, the driver cannot drive through the intersection. The green 

interval and red interval lengths are relatively straightforward to determine for a given 

intersection. When the traffic signal changes from displaying a green light to a red light, a 

yellow light gives the drivers time to react to the red. This yellow light is known as the 

change interval. The Institute of Transportation Engineers (ITE) describes the change 

interval in Roess et al. (2019) as follows: 
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This interval allows a vehicle that is one safe stopping distance away from the 

STOP line when the GREEN is withdrawn to continue at the approach speed and 

enter the intersection legally on yellow. ‘Entering the intersection’ is interpreted to 

be front wheels crossing over the intersection curb line. (p. 419) 

Lastly, an all-red clearance interval is determined through an ITE, created equation. This 

equation utilizes vehicle speed, the width of the road, including the crosswalk being 

crossed, and the standard length of a vehicle. The all-red clearance interval ranges from 1 

second to 3 seconds and displays a red light for all approaches at an intersection. The all-

red clearance clears the intersection from those still lingering after the change interval. 

While the all-red interval is not a requirement in every state, the ITE recommends using 

one immediately following the change interval for safety purposes (Roess et al., 2019). A 

set of equations can calculate each of the four different intervals seen on a traffic light. 

When the duration of each interval is obtained, a timing plan is produced for each 

intersection, showing what approaches will time concurrently and how long each interval 

will last.  

1.1.2 The Change Interval 

The change and the clearance interval are the first two values determined when 

determining traffic signal timing. Roess et al. (2019, p. 419) state, “Despite not being 

intuitive, the timing process starts with the determination of the yellow (change) and all-

red (clearance) interval.” While a change interval is mandatory in all states, there are two 

legal meanings. A permissive yellow law indicates that the driver can enter the 

intersection during any point of the change interval. There is also a restrictive yellow law, 

which means that a driver must be entirely out of the traffic intersection by the end of the 
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yellow or may not enter the traffic intersection unless it is impossible or unsafe to stop 

(Roess et al., 2019). Having multiple laws surrounding the change interval makes 

creating a universal equation to determine the duration of the change interval difficult, 

especially when the duration of the change and all-red intervals are vital to an 

intersection’s successful and safe nature.  

Determining the appropriate duration for the change interval is important for the 

safety of the intersection. ITE gives the recommended change interval equation in Roess 

et al. (2019, p 420) as 

𝑦 = 𝑡 +
1.47𝑆85

2(𝑎+32.2𝐺)
,           (1) 

where 

 y = length of the yellow interval (second), 

t = perception reaction time (second), 

 S85 = 85th percentile speed of approaching vehicles or speed limit (mile/hour), 

a = deceleration rate of vehicles (ft/s2), 

G = approach grade (decimal). 

ITE recommends in Roess et al. (2019, p 420) that in Equation (1), the standard default 

value for the deceleration rate for a vehicle is 10 ft/s2, and the standard default value for 

perception reaction time (PRT) is 1 second. In Zhang et al. (2014), the definition of PRT 

is given: “PRT is defined as the time elapsed from the commencement of a yellow light 

until the vehicle brake light is illuminated” (p. 345). The deceleration rate is the rate at 
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which a driver slows down at the sight of the change interval. Unless explicitly stated, 

these two standard default values are to be used in all situations. The approach grade and 

85th percentile speed in Equation (1) are changing values specific to the intersection’s 

geometry and traveling speed. While ITE suggests using this equation to determine the 

duration of the change interval, it is not mandatory. Traffic engineers might instead 

utilize knowledge of the intersection or past timing to determine the change interval 

duration instead of the change interval equation (Roess et al., 2019).  

1.1.3 Dilemma Zone 

One of the main reasons behind the need for the change interval equation is to 

eliminate the dilemma zone. Roess et al. (2019, p. 421) state, “The use of these ITE 

policies to determine yellow and all-red intervals assures that drivers will not be 

presented with a ‘dilemma zone,’ […].” Drivers approaching an intersection face a 

multitude of different situations. How the driver then responds to the situations will 

ultimately affect the safety of the driver and those surrounding them. The topic of the 

dilemma zone breaks down the decision that drivers will make when a traffic signal turns 

from displaying a green light to yellow light. Many different aspects determine how a 

driver will react in a dilemma zone, affecting intersection and driver safety. Gazis et al. 

(1960) were the first to coin the term dilemma zone:  

[…] a car at a distance from the intersection smaller than xo cannot stop safely, 

whereas a car at a distance greater than xo cannot go through the intersection 

without accelerating before the light turns red. As mentioned already, when 

xo<x<xc, which in the sequel will be referred to as the ‘dilemma zone.’ (p 121) 
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Gazis et al. (1960) show in Figure 1 the meaning of the dilemma zone.  

 

 

Figure 1: Schematic Diagram Showing the ‘Dilemma Zone’ (Gazis et al., 1960). 

Every time a driver nears an intersection, a decision has to be made. The 

complexity of that decision is exacerbated when a driver is inside the dilemma zone and, 

depending on how they make that decision, it could be dangerous. The driver can proceed 

through the intersection and run the risk of running a red light and/or getting into a right-

angle crash. Or the driver may stop and have a greater chance of a rear-end collision from 

applying the brakes suddenly. The decision to go or to stop within the dilemma zone is 

difficult to model and understand. The most significant decision stems from human 

behavior. Along with human behavior, deceleration, PRT, and different 

weather/pavement conditions can also be associated with the dilemma zone and how 

drivers make their decisions.   
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Chapter Two: Literature Review 

A literature review was completed on relevant literature in three different areas 

surrounding the change interval equation. The first two areas are the default values in 

deceleration rate and PRT and how effective the default values are for the equation. The 

last area is the impact of weather on the change interval and the lack of weather-related 

assumptions built into the equation. The research was compiled through articles, case 

studies, and other resources that were found in the Milwaukee School of Engineering 

[MSOE] library databases using relevant terms. The relevant terms utilized to aid in 

compiling research were yellow interval, change interval, yellow light running, traffic 

signals, signalized intersections, driver safety, perception reaction time, weather effects, 

and deceleration rate. 

 The following sections employ literature to understand what research has been 

conducted on the three aspects of the change interval equation. Different studies 

involving the PRT value, the deceleration rate, and the impact of weather are discussed 

with respect to the effectiveness of the change interval equation. 

2.1 Perception Reaction Time 

Questions on the adequacy of having a 1 second PRT have been discussed for 

many years. It is essential to understand how long the PRT default value should be, as 

having it wrong would significantly affect the safety of the drivers. Having an incorrect 

PRT can impact the dilemma zone, the number of accidents, and overall traffic 

movement. Drivers with different ages, the roadway geometry, and the duration of the 

change interval can impact a driver’s PRT (Caird et al., 2007; Wong & Goh, 2000).   
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A study reported in “The Effect of Yellow Light Onset Time on Older and 

Younger Drivers Perception Reaction Time (PRT) and Intersection Behavior” (Caird et 

al., 2007) created a driving simulation that considered different aged drivers and how 

their perception reaction time would vary in different durations of change intervals. Then 

the comparison to other studies regarding perception reaction time were compiled into 

Table 1. During the study, it was found that age did play a small role in how successfully 

and quickly a driver would stop when shown the change interval. The factor that affected 

the PRT the most was the duration drivers had to react. The study showed that if a driver 

had more time to react through a more extended change interval duration, the driver 

would take more time to react. Aside from one of the groups in the study that had the 

most prolonged change interval duration, 90 percent of all the drivers had a PRT value of 

1.01 seconds. Each of the different studies showcased in Table 1 effectively indicates that 

the median PRT value is between 0.9 to 1.1 seconds. Therefore, it could be concluded 

that a PRT of 1 second would be sufficient for the change interval equation. 
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Table 1: Summary of Yellow Light PRT Studies (Caird et at., 2007). 

  

 A second study reported in “Drivers Perception Response Time During the Signal 

Change Interval” (Wong & Goh, 2000) was performed with various ages, with different 

geometric roadway properties, and with enforcement risks. The study noted that PRT did 

not change based on geometry and collision risks presented at the different test 

intersections. The 85th percentile PRT was determined to be 1.0 to 1.13 seconds, aligning 

with the default perception reaction time. 

2.2 Deceleration Rate 

 The deceleration rate plays a prominent role in Equation (1). ITE determined that 

the default value for the deceleration rate is 10 ft/s2. The American Association of State 

Highway and Transportation Officials (AASHTO) recommends a deceleration rate of 

12.9 ft/s2 (Zhang et al., 2014). Deceleration rates vary by driver’s age, the distance inside 

the dilemma zone, and the duration of the change interval. The deceleration rate also has 
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an extensive variance due to different circumstances (Caird et al., 2007; Gates et al., 

2007).  

A study was conducted in “The Effect of Yellow Light Onset Time on Older and 

Younger Drivers Perception Reaction Time (PRT) and Intersection Behavior” (Caird et 

al., 2007) to determine the mean rate of deceleration. The two different characteristics 

that affected the deceleration rate were the distance to the stop line and the driver’s age. 

The mean deceleration rates ranged from 8.2 ft/s2 to 18 ft/s2. The higher deceleration rate 

was associated with younger drivers, and older drivers recorded lower deceleration rates. 

Also, the study determined that the longer the change interval, the more time the driver 

had, and the slower the deceleration rate recorded. 

Another study conducted in “Analysis of Driver Behavior in Dilemma Zones at 

Signalized Intersections” (Gates et al., 2007) showed a range of deceleration rates from 

7.2 ft/s2 to 12.9 ft/s2 for vehicles that were in the estimated dilemma zone at the start of 

the change interval. This study noted that vehicles would be more likely to run through an 

intersection if there is an extended change interval and a shorter travel distance to the 

intersection. They also noted that larger vehicles such as dump trucks, semi-trucks, and 

buses would be less likely to decelerate when shown the change interval and proceed 

through the intersection. In both studies, different parameters were utilized to determine 

the mean deceleration rate. Another way deceleration rates can vary is during inclement 

weather and the everchanging pavement conditions. 

2.3 Weather Impacts 

The weather has an enormous impact on many different aspects of the roadway, 

such as safety, mobility, and efficiency (Pisano & Goodwin, 2002). Table 2 shows the 
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various weather events and their effect on the roadway and traffic operation. In inclement 

weather such as rain or snow, visibility and traction will decrease, affecting speed, 

perception reaction time, and deceleration. That will, in turn, affect the safety and 

efficiency of the roadway and intersections (Pisano & Goodwin, 2002). Equation (1) 

assumes dry pavement conditions and clear visibility when determining the duration of 

the change interval (Roess et al., 2019). When using a change interval duration that is 

meant for dry pavement, traffic signals and timing are ineffective in inclement weather 

conditions. When in inclement weather, the dilemma zone becomes a greater distance for 

drivers. The dilemma zone becomes an issue due to the decreased lack of traction on the 

pavement, forcing drivers to reduce speeds and to be more cautious when accelerating 

and decelerating. Therefore, more time is needed to help in eliminating the dilemma zone 

in inclement weather. Overall, drivers will take more time to accelerate and decelerate, 

and their PRT will be affected by decreased visibility and an increase in distractions on 

the road (Perrin et al., 2001). The literature primarily recognizes the roadway impacts, 

but does not adequately address the effects on signal timing. Only two different studies 

explicitly discuss the impact weather has on signal timing.  
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Table 2: Weather Impacts on Roadways and Traffic Operations (Pisano & Goodwin, 2002).

 

 In “Modifying Signal Timing During Inclement Weather” (Perrin et al., 2001), a 

study was completed in Utah to determine the factors that change when timing traffic 

signals during inclement weather. In the study, the saturation flow rate decreased by 20 

percent, the speeds were reduced by 30 percent, and start-up lost time increased by 23 

percent from the dry condition study. Drivers reduced speeds, taking longer to accelerate 

or decelerate, affecting the saturation flow rate. Saturation flow rate is the maximum 

number of vehicles for a single lane under ideal conditions that can cross an intersection, 

assuming 100 percent green time. Therefore, fewer vehicles can proceed through the 

intersection during the green interval with a decreasing saturation flow rate. It was found 

that saturation flow decreases as the severity of a storm increases. The start-up lost time 

is the time lost when starting the green interval for vehicles to react to the changing of 

intervals and to accelerate. It was found that the increased start-up lost time was due to 

the lack of tire traction and the desire to have more room in between vehicles in wet 

pavement conditions than in dry conditions. Given this amount of information, it was 
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determined that the change interval should increase by 10 to 15 percent or an additional 

0.5 seconds to 1 second. Also, the study showed that change interval durations should 

have a more significant increase when in high speed or high-grade approaches. 

 In “Weather and Traffic Analysis, Modeling and Simulation” (Park et al., 2010), 

“Benefit Assessment of Implementing Weather-Specific Signal Timing Plans by Using 

CORSIM” (Lieu & Lin, 2004) and “Inclement Weather and Traffic Flow at Signalized 

Intersections: Case Study from Northern New England” (Agbolosu-Amison et al., 2004), 

the researchers all performed modeling simulations that take into account weather effects. 

There was no specific conclusion developed in these studies on how the change interval 

duration should be impacted. Each of the studies concluded only that there should be a 

signal timing plan for inclement weather to give drivers more time. The studies found 

that if a different timing plan is utilized in inclement weather, the better the traffic would 

flow, thus increasing the saturation flow rate.  

2.4 Summary 

The literature reviewed provides insight into the different research trends 

pertaining to the change interval and its equation. It shows that more research has been 

done on the concept of the change interval than on the equation itself. The literature also 

indicates the need to better understand driver behavior and how it affects PRT and 

deceleration rate. There was also an overall lack of research surrounding inclement 

weather and how the change interval equation itself should be modified to account for 

these conditions. 

Research reported in all literature consulted supports the idea that a small range 

around 1 second should be employed for a PRT value. Drivers’ PRT varies depending on 
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how far away the vehicle is from the stop line and how long the change interval lasts. 

Drivers that needed to react quickly while inside the dilemma zone were able to do so in 

less than 1 second. Those outside the dilemma zone could use more time to react, ranging 

closer to 1.5 seconds. The studies that utilized age and gender found there was no 

substantial evidence to indicate age or gender played a role in reaction time. Lastly, the 

PRT time should not change with roadway geometry because there was no evidence to 

conclude that it had an impact (Zhang et al., 2014; Wong & Goh, 2000; Caird et al., 

2007). Also, the standard deviation, mean, and the 85th percentile were used 

interchangeably in the literature regarding PRT. Table 1 shows there is a significant range 

between age and gender in each of the studies. What should be considered when 

determining the default value for PRT in the change interval equation? Is it the standard 

deviation, mean, or the 85th percentile time? This lack of consistency equates to about 

one-half of a second, which can be a significant amount of time. Therefore, it is valid to 

question which variable or variables should be used in determining the proper duration 

for the change interval. There is a lack of consistency in the PRT studies, and that lack of 

consistency is also displayed in the deceleration studies.  

Research shows considerable variance in the appropriate deceleration range. 

While one study concluded that age and gender did not play a role (Hass et al., 2004), 

two other studies concluded that they did (Caird et al., 2007; Gates et al., 2007). While 

differing opinions are evident with respect to the different conditions that can affect 

deceleration, an extensive range is associated with the overall deceleration rate. Every 

study features a different range, from the lowest rate at 7.2 ft/s2 to the highest rate of 18 

ft/s2 (Caird et al., 2007). That is an extensive range with little information available in the 
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literature in understanding why drivers—besides age and gender—had differing 

deceleration rates. Should the change interval equation have a default range of 

deceleration values? Each of the studies found it difficult to select one deceleration value 

even in a controlled environment. What happens to the deceleration rate in different 

situations or dilemma zones? Or different weather situations? The studies do not address 

a lot of variation in situations and how it can change the deceleration rate. 

There is a lack of literature on the direct impact that weather may have on the 

timing of the change interval. There is also a knowledge gap regarding how the change 

interval equation can be modified to incorporate different weather conditions. The studies 

reveal the different performance measures that decrease in inclement weather, but there is 

a knowledge gap in the literature as researchers did not investigate how to directly 

modify the change interval equation to help improve the roadway’s saturation flow rate. 

Each of the studies conclude only that there should be an increase in the change interval 

or a new signal timing plan during inclement weather, as many factors worsen in poor 

weather conditions. Understanding PRT and deceleration rates during inclement weather 

would be very beneficial in creating a new signal timing plan.  

2.5 Conclusions 

The literature presents an interesting perspective on three different aspects of the 

change interval equation. In almost every study, there is some form of indecisiveness 

with respect to understanding human behavior. There is much variability in the research 

for all three topics. There is a wide range of values regarding default values and the effect 

of inclement weather on these values. This state of affairs provided the motivation and 

the direction for this capstone paper. While the default value for PRT of 1 second was 
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deemed relatively accurate in the research, the variance in which statistical measure is 

appropriate is a concern. The lack of understanding regarding the deceleration rate is 

another concern, as an extensive range of values are reported. To account for most 

drivers, a range of default values for the deceleration rate could potentially be better for 

the effectiveness of the change interval and the saturation flow rate. However, a 

knowledge gap exists regarding how weather impacts the change interval. While the 

effect of weather is acknowledged in the literature, an effective timing plan for inclement 

weather conditions can only be obtained and considered with additional research.  
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Chapter Three: Experimental Design Method 

Based on the literature discussed in Chapter Two, there is a need to understand 

the current knowledge gap regarding the change interval during inclement weather 

conditions. The hypothesis and experimental design, for this capstone project were 

designed to investigate how variables in the change interval equation should differ in 

inclement weather.  

3.1 Background 

 Reviewing the variables in Equation (1), there are two variables for which 

literature indicates the need for additional data, especially during inclement weather 

conditions. Those variables are the 85th percentile speed of drivers and drivers’ 

deceleration rate. In the literature regarding the impacts of inclement weather on the 

change interval, it is noted that there will be a decrease in overall speed and deceleration 

rate due to visibility and traction (Perrin et al., 2001). While a 10 ft/s2 default value for 

deceleration rate is currently utilized in the equation, the literature features differing 

opinions—thus providing the need to gather more information (Caird et al., 2007; Gates 

et al., 2007; Hass et al., 2004). It can be assumed from the literature that a 1 second PRT 

is acceptable for all ages and genders (Zhang et al., 2014; Wong & Goh, 2000; Caird et 

al., 2007). With the slight variability in the various literature studies, a 1 second PRT is 

acceptable even in inclement weather. The last variable is the grade of the intersection, 

and to be able to eliminate this term from Equation (1), the intersection that was 

investigated in this capstone project features a grade of zero. More information is needed 

to determine a new change interval equation; in this capstone project, a hypothesis for the 
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85th percentile speed and the deceleration rate in inclement weather were employed to 

lead the experiment.  

3.2 Hypothesis 

A hypothesis was generated to guide the experimental design to ensure field data 

could be accurately collected and placed into the change interval equation. An 

understanding of the different variables found in the change interval equation and how 

they differ in inclement weather was determined through data collection. The hypothesis 

for this experimental design was that when it is snowing, both the 85th percentile speed 

and the deceleration rate of vehicles will decrease due to poor pavement conditions and 

visibility.  

3.3 Experimental Design 

 A collection of speeds and deceleration rates at a given intersection during 

inclement weather were employed to investigate the hypothesis. The intersection and 

experimental procedure needed to remain consistent throughout the experiment. With the 

intersection and experimental procedure remaining constant, vehicles’ speed and 

deceleration rates could be determined during inclement weather. 

3.3.1 Background 

The ideal intersection for the experimental design needs to experience significant 

traffic volume. The intersection also needs to feature zero grade change on the approach 

so that traffic could be observed. Finally, the majority of the traffic volume on the 

observed approach needed to proceed through the intersection. Given these three criteria, 

the intersection of State Trunk Highway (STH) 100 (N. Mayfair Road) and W. Wisconsin 
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Avenue in Wauwatosa, Wisconsin, was selected to perform the experiment. Figure 2 

displays the intersection of STH 100 (N. Mayfair Road) and Wisconsin Avenue. As 

shown in Figure 2, STH 100 (N. Mayfair Road) has the greater capacity with four 

through lanes, while W. Wisconsin Avenue has two lanes. The southbound approach on 

STH 100 (N. Mayfair Road) was chosen for the experiment as the approach is flat and 

volumes proceed through the intersection.  

 

Figure 2: STH 100 (N. Mayfair Road) and W. Wisconsin Avenue Intersection (Google, n.d.). 
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The intersection is operated and maintained by the Wisconsin Department of 

Transportation (WisDOT); therefore, WisDOT provided information for the intersection. 

The information assisted with understanding the current intersection operation. WisDOT 

provided manual turn counts, traffic signal timing, crash data, and the plan and profile for 

the intersection. These four documents are included in Appendix 1. 

 STH 100 (N. Mayfair Road) has a design speed of 40 miles per hour (mph), and 

the intersection utilizes an adaptive traffic signal control system. An adaptive traffic 

signal control system is a control system that regulates the green time based on current 

traffic conditions (Roess et al., 2019). The clearance and the change interval timing 

remain consistent, but the red and green intervals will change based on traffic volumes. 

The change interval for this intersection is programmed at 4.0 seconds. The intersection’s 

most current manual turn count data were collected on Thursday, March 12th, 2020. 

From these data, the Annual Average Daily Traffic (AADT) of the intersection is 40,224 

vehicles, and the AADT of the southbound approach is 17,848 vehicles. The intersection 

experiences minimal pedestrian usage. Lastly, the crash data from the three most recent 

years were reviewed to identify possible crash trends. From 2018 to 2020, there was an 

average of 4.67 crashes per year, with a crash rate of 0.32 crashes per million vehicles 

entering. WisDOT in “Statewide Average Crash Rates and Upper Control Limits” 

(Brugman, 2021) states no specific threshold crash rate for assessing intersection safety 

issues. Therefore, since there is no ability for comparison, it was assumed there was not a 

crash concern at the intersection. Reviewing the crash data, there were no crash trends 

related to the change interval timing, but there were two crashes where wet pavement was 

noted in the crash report.  
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3.3.2 Experimental Tools 

A speed radar detector was needed to accurately gather vehicle speeds and 

deceleration rates for the experiment. From Pocket Radar Inc. (n.d.), The Traffic Advisor 

Radar™ Model PR1000-TA was utilized to collect the intersection data necessary to 

investigate the hypothesis. Figure 3 from Pocket Radar Inc. (n.d.) is a picture of the 

Model PR1000-TA.   

 

Figure 3: Model PR1000-TA Traffic Advisor Radar (Pocket Radar Inc., n.d.) 
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Traffic engineering professionals use this model for certified speed studies and for 

gathering vehicle speeds. The product description for the Pocket Radar Inc (n.d.), Model 

PR1000-TA is: 

The professional grade Traffic Advisor Radar™ is the state of the art in advanced 

handheld radar technology. The Traffic Advisor Radar™ is the world’s smallest 

certified accurate speed radar. Designed for traffic professionals and engineers 

that require independent certificates of accuracy by the police radar test 

lab.  Accurate to within +/- 1 mph (+/- 2 kph), has a ½ mile range on a car and 

measures from 7 mph to 325 mph. (para. 1) 

This paper refers to the Traffic Advisor Radar™ Model PR1000-TA as the speed radar. 

The radar measures an object moving in line with the radar beam, so the vehicle must be 

within the radar beam cone. This means that the speed radar is the most accurate when 

standing as close to inline with oncoming traffic and this requirement impacts how to 

gather data at the intersection. 

3.3.3 Speed 

 Data gathering consistency is critical in forming valid recommendations on the 

change interval variables in inclement weather. First, in this capstone project, it was 

determined where the person collecting data would stand to ensure the speeds measured 

would be at operation speed, not deceleration speed. After observing the intersection, the 

best location to collect data was determined to be 430 feet from the southbound stop bar. 

The location and dimensions are shown in Figure 4. The red circle indicates the location 

of the speed radar where speeds were collected. The person collecting vehicle speeds was 
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standing as close as possible to inline with the traffic to ensure the accuracy of the speed 

radar.  

 

Figure 4: Radar Location for Gathering Speeds at STH 100 (N. Mayfair Road) and W. Wisconsin 

Avenue Intersection (Google, n.d.). 
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When recording vehicle speeds, not every vehicle should be measured. Only the 

first vehicle should be taken if there is a platoon of vehicles—a platoon forms when a 

group of vehicles travels along a signalized roadway, proceeding in a manner that allows 

them to move through several signals continuously. During platooning, only the first 

driver chooses the speed, and the rest of the vehicles in the platoon follow that set speed 

(Roess et al., 2019). If the speed of every vehicle in the platoon was collected, data would 

be skewed. Also, vehicles that turned onto STH 100 (N. Mayfair Road) from an adjacent 

intersection and turning at the intersection were not measured as they were likely not at 

full operating speed. Lastly, since the speed radar is most accurate when facing the 

vehicle head-on, vehicles from the nearest lane or the right lane were the only vehicles 

recorded. Given these potential sources of error, the vehicles’ speeds driving on STH 100 

(N. Mayfair Road) were accurately gathered. 

3.3.4 Deceleration Rate 

Assumptions were made to utilize the speed radar while determining the 

deceleration rate. The speed radar detects the speed of vehicles, not their deceleration 

rate. Equation (2) from Evans (2011, p. 9) was utilized to determine the deceleration rate 

of vehicles. Thus: 
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𝑎 =
𝑣𝑖
2−𝑣𝑓

2

2𝑥
,                       (2) 

where 

a = deceleration rate of vehicles (ft/s2), 

vi = initial velocity (mph), 

 vf = final velocity (mph), 

x = distance traveled. 

It was assumed that every vehicle would be at zero mph at the stop bar and that all the 

vehicles were decelerating at a consistent rate. The final assumption was that all vehicles 

had already started decelerating at the location where the data were being collected. In 

order to determine the location where vehicles began decelerating, an observation of the 

intersection was performed. This observation determined that all vehicles were 

decelerating at a point 230 feet from the southbound stop bar, which is where the speed 

radar was then located, and a red circle in Figure 5 shows the location.  
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Figure 5: Radar Location for Gathering Deceleration Rate at STH 100 (N. Mayfair Road) and W. 

Wisconsin Avenue Intersection (Google, n.d.). 

While at the location 230 feet from the stop bar, the speeds of the vehicles during 

the change interval were recorded. Vehicles recorded were during either the change 

interval or the start of the red interval as long as they were the first vehicle to the stop bar. 
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Only the first vehicle to decelerate and stop at the stop bar was recorded. The second car 

to stop was not traveling to the stop bar; therefore, the distance the vehicle was traveling 

is not 230 feet and would result in a wrong deceleration rate. Also, if vehicles are 

platooning, that can change a driver’s desired deceleration rate. Therefore, the speeds 

collected were the first vehicle to stop at the stop bar in the right lane. 

3.3.5 Recording Data 

Inclement weather for this experiment was defined as at least 0.5 inches of snow 

accumulation to gather consistent data. Utilizing a snowfall of at least 0.5 inches would 

ensure that there would be a considerable amount of snowfall on the pavement, which 

would result in slicker conditions than would occur from a light dusting of snow. From 

the Midwestern Regional Climate Center (2014), winters in Milwaukee, Wisconsin, from 

1981 to 2010, had on average 13.4 days of snowfall a year with more than 1 inch of 

snow. The station USW00014839 Milwaukee Mitchell Airport, where the data are 

gathered, is approximately 10 miles from the intersection, and similar weather patterns 

may be assumed in Wauwatosa. It was safe to assume there would be plenty of days with 

over an inch of snow to gather data. The more data points collected in similar inclement 

weather conditions, the more accurate the conclusions would be. Since not every 

snowstorm is identical, the differences in pavement condition and visibility were noted 

on the field’s datasheet.  

 An additional person was utilized for the safety and accuracy of data collection. 

Benjamin Quintero (MSOE graduate student in civil engineering) assisted with field data 

collection and recording speed data gathered with the speed radar. Speeds were recorded 

using a datasheet produced in Excel. There were two different datasheets, one for speeds 
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and one for deceleration. The upper half of each datasheet required the same information 

regarding the time, place, and weather conditions present at the intersection. The lower 

half of the datasheet was used to record vehicle speeds. More vehicle speeds can be 

recorded in the speed datasheet than in the deceleration datasheet. The deceleration 

datasheet required more information regarding traveling distance and ending speeds to 

calculate the deceleration rate. Figure 6 shows the deceleration datasheet, which, unlike 

the speed datasheet, has columns in the lower half to be able to calculate the deceleration 

rate. The speed datasheet has no columns in the lower half and just has places for the 

vehicle’s speeds to be placed. The average speed and deceleration rate were calculated at 

the very bottom of both datasets. These two datasheets were brought to the intersection 

and utilized in investigating the hypothesis.  



  36 
 

 

Figure 6: Deceleration Datasheet Template. 
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Chapter 4: Field Data Analysis 

 What proved quite problematic throughout the winter months was, in fact, snow. 

The winter of 2021-2022 only featured 22 inches of snowfall in Wauwatosa, where an 

average winter has close to 50 inches of snowfall (National Weather Service, 2022). 

Collecting data was quite difficult with this little snowfall. One snowfall occurred during 

the day and satisfied the inclement weather conditions set out in the experimental design. 

The remaining snow was merely a dusting or occurred during the night hours. Rain 

events were considered in late winter/early spring as the occurrence of snowfall seemed 

bleak. However, the decision was made to continue with only snow events. Additional 

snowfalls did not happen, and as a result, there was one dataset collected and analyzed 

for this study.  

4.1 Collected Data 

 The single data collection period was on January 24th, 2022. From the National 

Centers for Environmental Information [NCEI] (n.d.), there was a recorded 1.5 inches of 

snowfall 3.6 miles away from the intersection at station US1WIMW0046. Data were 

collected from 10:00 am to 11:00 am. Figure 7 shows the pavement conditions as data 

were being collected. 
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Figure 7: Pavement Conditions. 

As seen in Figure 7, the pavement conditions were hazardous, and all the data 

were collected as the snow was falling and before plows cleared the roadway. Ninety-one 

operating speeds were recorded, with an average speed of 28.0 mph compared to the 

roadway’s posted speed of 40 mph. The average vehicle speed was 30 percent lower than 

STH 100 (N. Mayfair Road)’s posted speed. Figure 8 shows Benjamin Quintero 

collecting data using the speed radar. Additionally, 21 vehicle speeds were collected to 

obtain the deceleration rate. With these speeds, the calculated deceleration rate was 

determined to be 2.0 ft/s2, which is significantly less than the default value of 10 ft/s2. 

The datasheets showing the gathered speeds and calculated deceleration rates are found in 

Appendix B.  
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Figure 8: Collecting Speeds. 

Collecting the average vehicle speed proved to be the most straightforward data 

collection procedure. While obtaining the speeds through the speed radar was 

challenging, collecting and recording the data were fairly simple. Obtaining deceleration 

rates proved challenging as the change interval is shorter than the green time, and only 

the first vehicle to stop at the stop bar could be measured. While it proved more difficult, 

good readings were obtained to investigate the hypothesis.  
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Chapter Five: Conclusions and Recommendations 

 From the field data analysis in Chapter Four, it can be concluded that an extended 

change interval during inclement weather should be recommended. However, because 

there was a lack of a sufficient amount of collected data, future studies are recommended. 

5.1 Conclusions 

 Even with the lack of data, a strong conclusion can be inferred that a more 

extended change interval equation is warranted for inclement weather. At the same time, 

the experiment was unable to pinpoint at which precise depth of snow the deceleration 

rate should fluctuate, or which speed should be used. Solely utilizing observation at the 

intersection, it can be seen that drivers are significantly more cautious. Drivers are not 

driving the same in inclement weather as in perfect conditions. Vehicles are being driven 

at lower speeds, leaving more space between vehicles, and gradually decelerating. Each 

of these observations can help support the idea of the need for a longer change interval. 

Utilizing Equation (1) with the perception reaction time of 1 second, the recorded speed 

of 28 mph, calculated deceleration rate of 2.0 ft/s2, and grade of 0 ft/ft, the change 

interval should be 11.3 seconds. With the current change interval of the intersection at 4 

seconds, programming to 11 seconds would be drastic, but the data collected do indicate 

more time. Since the change interval would be 2.75 times longer than currently 

programmed interval, more data would be needed before implementing this timing during 

inclement weather.  
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5.2 Sources for Error 

 Even with only one actual data gathering day, issues concerning the speed radar 

could be raised, which could in turn undermine the validity of the conclusion in this 

capstone project. The primary concern is that it was difficult to know which vehicle was 

being measured by the speed radar. The actual radar mechanism is located on the upper 

backside of the speed radar, and if it is facing vehicles that are moving, there is no way to 

understand which vehicle is being measured. Figure 9 shows the backside of the speed 

radar; the square at the top is the radar collecting the speed of objects in its view frame 

that are moving.  

 

Figure 9: Backside of the Model PR1000-TA Traffic Advisor Radar  (Pocket Radar Inc., n.d.) 
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Not knowing which vehicle was actually measured became a possible source of error 

when vehicles were in all four lanes of STH 100 (N. Mayfair Road), and each was at a 

different location. Without knowing which vehicle was recorded, the vehicle’s location, 

and lane became unclear. Also, recording the vehicle’s speed to calculate the deceleration 

rate accurately at a precise location rendered the potential for error in the calculated 

deceleration rate probable. Lastly, it was quite possible that while collecting speeds, one 

vehicle could have been read multiple times unknowingly. As speeds were obtained, the 

speed radar button had to be pushed; therefore, speeds were taken consecutively as 

vehicles passed from different lanes and spots, and one vehicle mistakenly could have 

been recorded twice.  

 While it would be hard to design an experiment in the field without any sources 

for error, utilizing a speed radar for this experiment was probably not the most effective 

procedure for maintaining consistency. Having more than one data set would have helped 

to ensure a more representative data sample. The speed radar would have worked 

perfectly in a location with only one lane or less consistent traffic. It can still be 

concluded solely by observation that drivers were driving at much slower speeds and 

using more caution when decelerating. Considering the possible introduction of statistical 

bias in this experiment, recommendations for future studies would include the need to 

choose an intersection that could better suit a speed radar.  

5.3 Recommendations 

       Even with the lack of data, there is still strong observational data suggesting the 

need for a longer change interval time during inclement weather. In order for any change 

to be made on how timings are calculated and signal timing plans are implemented in the 
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field, more research would need to be done. If there had been more time or one more year 

to collect data, these are the lessons learned from this experiment that would need to be 

implemented in a future study.   

• Only collect vehicle speeds and not deceleration 

• Utilize a smaller, one-lane roadway 

• Gather data no matter the amount of snow 

• Develop a change interval time for inclement weather 

• Place the new change interval time for inclement weather 

• Visualize the results of the new timing 

From observations of the intersection, it can be seen that vehicles are driving 

significantly slower in inclement weather. Since there is so much variability in the 

deceleration rate, and larger studies could not obtain a reasonable range for drivers, it 

seems more realistic to focus on vehicle speeds. Placing a slower vehicle speed into the 

change interval equation will still produce a longer change interval that could be 

implemented and would be more realistic than what was found in this experiment. To 

eliminate some of the potential sources of errors found in this experiment, utilizing a 

smaller intersection would eliminate most of the sources of errors and remove the 

deceleration rate from the study. It is also hoped that by gathering data at all snow events, 

there would be more data, and different timings could be produced depending on how 

much snow is predicted to fall. How vehicles driving in varying levels of snowfall 

impacts the speed at which they travel could be clarified. Lastly, being able to calculate 

the change interval and, with enough time, implement it into the signal for a special 

signal timing plan would benefit the experiment. Visualizing and recording drivers’ 



  44 
 

behavior with respect to a longer change interval is vital to being able to fully enact a 

longer change interval into practice during inclement weather. Suppose drivers react well 

to a longer change interval, and it helps to improve the intersection flow rate and safety. 

In that case, it could change how signal engineers determine interval timing at an 

intersection during inclement weather.  
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Appendix A: STH 100 (N. Mayfair Road) and W. Wisconsin Avenue 

Reference Documents 

 STH 100 (N. Mayfair Road) and W. Wisconsin Avenue intersection reference 

documents. The reference documents from WisDOT are manual turn counts, traffic 

signal timing, crash data, and the plan. 
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Manual Turn Counts 
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Traffic Signal Timing 
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Crash Data 
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Traffic Signal Plan 
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Traffic Signal Plan 
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Traffic Signal Plan Controller Logic 
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Appendix B: Collected Data 

 Two datasheets are supplied. The first datasheet is the average speed, and the 

second datasheet is the average deceleration rate of vehicles. The data were collected on 

January 24th, 2022. 
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Average Speed Datasheet 
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Average Deceleration Rate Datasheet 
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