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ABSTRACT 

An intensive examination was conducted to test the credibility of 

current traffic signal change interval policies founded on a kinematic 

equation developed nearly 30 years ago. The investigation involved 

the review of relevant literature as well as an extensive collection of 

data. 

The literature review and data analysis revealed that current 

change interval policies rely on the disproven assumption that traffic 

decelerates at a constant rate. The data analysis also demonstrated 

that traffic approach speed and deceleration distance affect the 

manner in which deceleration occurs. 

Based on the data analysis, an alternative treatment of the 

kinematic equation is proposed using surrogate deceleration rates. 

The surrogate rates offer a pragmatic set of input for the kinematic 

equation. Therefore, rather than yielding a change interval based on 

an inaccurate assumption, agencies can implement change intervals 

which are responsive to local traffic. 
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CHAPTER 1 

INTRODUCTION 

Traffic is continually increasing, which is exacerbating the 

number of conflicts at many intersections. This enhances the 

challenge and need for traffic engineers to address the safety, 

operational efficiency and liability issues resulting from the growing 

number of traffic conflicts. 

One function of traffic signals is to resolve conflicts by providing a 

separate phase for each traffic movement or each group of 

nonconflicting traffic movements. An interval of time must separate 

successive signal phases because of the inability for motorists to 

instantaneously relinquish their right-of-way to conflicting traffic. 

The transitional traveling period provided for changing from one 

phase to another is referred to as the inter-green interval, clearance 

interval, or the change interval. The term "change interval" will be 

used throughout this study. 

In the United States, the change interval is represented by a 

yellow traffic signal indication, sometimes combined with an all-way 

red indication. The all-way red indication provides added clearance 

time and is based on the discretion of each agency responsible for 

traffic signal timing. 

It is essential that the change interval is properly developed to 

provide safe as well as efficient traffic operations. A change interval 



that is too short will invoke a situation where motorists may not have 

enough time to make proper decisions and/or safe responses. Also, 

the motoring public's compliance with the change interval may 

diminish. Research by Wortman, Witkowski, and Fox (23), Wortman 

and Matthias (22), as well as by Chang and Messer (8), demonstrated 

that at some intersections, nearly 20 percent of traffic confronted 

with the change interval entered the intersection after the yellow 

indication had expired and a red indication was displayed. The 

research by Wortman, Witkowski and Fox (23), revealed that 

increasing the duration of the yellow indication was more effective in 

reducing traffic entering an intersection on red than the presence of 

police enforcement. 

Change intervals that are too long will reduce the efficiency of the 

signal operation. When more than adequate time is allotted to 

changing signal phases, the amount of time available for moving traffic 

through the intersection is less than optimized. Excessively long 

change intervals may even encourage traffic stopped on the cross 

street to jump to an early start before they are provided with a green 

indication. 

During the change interval, a number of activities must be 

accommodated. They are listed as follows: 

1. Motorists approaching a green signal indication must be 

informed with a yellow signal indication when the time afforded for 

their movement has terminated. 
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2. Motorists must perceive the information and react with a 

decision to stop or continue through the intersection. 

3. If motorists elect to stop, their vehicles must decelerate to a 

complete rest without entering the intersection. 

4. If motorists elect to proceed, their vehicles must clear the 

intersection before the onset of the succeeding green signal 

indication so that they will not interfere with the conflicting traffic 

movements. 

Respective to these activities, the following variables have an 

influence on the duration of the change interval: 

1. Traffic approach speed, V 

2. Perception-reaction time, T 

3. Deceleration rate, a 

4. Size of the intersection, W + L 

The following equation represents the kinematic model generally 

used to develop the change interval. The model accounts for the 

variables listed above. 

Change Interval = T + V + W + L 
2a V 

Where: T = Perception and brake reaction time, sec 
V = Approach speed, ft/sec 
a = Deceleration rate, ft/sec^ 

W = Width of the cross street at the intersection, ft 

L = Length of vehicle, ft 



The kinematic model contains the inherent assumption that 

traffic decelerates at a constant rate. This assumption must be tested 

to establish the accuracy of the model. 

Another assumption inherent to the kinematic model is the 

availability of input. Traffic speed can be measured using a radar gun. 

Intersection size and vehicle length can also be ascertained from 

direct measurements. As a result, values for these variables can be 

easily obtained to provide input for the kinematic model. 

Due to the complexity of measuring reaction time and 

deceleration rate, the traffic engineering community at large has 

relied on published research to provide information concerning these 

variables and their use in the model. 

The founding work for most of today's change interval policies 

was developed nearly 30 years ago. Since the inception of that work, 

research has focused primarily on the appropriate input for the model 

without evaluating the validity of the model. 

OBJECTIVES 

The primary objective of this study is to evaluate the validity of 

using the kinematic model for determining the change interval, in 

addition, the following objectives were addressed in the study: 

1. Evaluate the effect of nonuniform deceleration on the accuracy 

of the kinematic model. Recognizing that uniform deceleration is 

assumed as input for the kinematic model, the effect of nonuniform 
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deceleration on the accuracy of the model was studied. 

2. Determine the manner in which traffic decelerates. Based on 

the finding that nonuniform deceleration affects the accuracy of the 

kinematic model, traffic was studied to establish if nonuniform 

deceleration occurs when drivers stop in response to the change 

interval. 

3. Determine factors that affect deceleration behavior. As a 

result of the varying manner in which traffic decelerates in response 

to the change interval, further study was initiated to assess the factors 

affecting deceleration behavior. 

4. Propose modifications to the kinematic model. Based on a 

knowledge of the factors affecting deceleration behavior, alternative 

deceleration rate input for the kinematic equation was developed. 

The alternative input provides more accurately derived change 

intervals resulting in enhanced traffic safety. 

STUDY LIMITATIONS 

This study focused on the influence deceleration behavior has on 

the accuracy of the kinematic model, which resulted in a conclusion 

that the model is utilized in an invalid manner. Considering all of the 

components of the kinematic model would perpetuate a very complex 

research effort. Therefore, this study was limited to analyzing the 

effects of deceleration behavior. Further research addressing other 

components of the kinematic model could reveal additional 
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shortcomings which render the model invalid. 

This study is based on data collected at five intersections in 

Tucson, Arizona. Theories concerning the validity of current change 

interval policies relying on the kinematic model can be applied 

universally. However, the alternative deceleration rate information 

suggested for use in the kinematic model may be limited due to 

regional characteristics associated with the study data. 
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CHAPTER 2 

LITERATURE REVIEW 

A number of research studies have been conducted which pertain 

to the change interval. This study will review the evolution of change 

interval policies, identify current practices regarding the change 

interval, and discuss research addressing the factors that influence 

the change interval. Based on the literature, the former research 

studies have focused on developing a kinematic model and providing 

updated input for the model. Little has been done to address the 

validity of the model, which is the objective of this study. 

EVOLUTION 

A review of the literature reveals that a number of guidelines have 

been offered for determining the duration of traffic signal change 

intervals. 

The first edition of the Traffic Engineering Handbook (12) 

presented the following equation for determining the change interval: 

y = 0.8 + 0.4V + 0.7 D/V (2-1) 

Where: y = change interval, sec 

V = average vehicle speed, mph 

D = distance across intersection, feet 

In the text it was noted that for most intersections the resulting 



change interval ranged between three to five seconds. However, this 

equation does not account for various characteristics which influence 

the effectiveness of the change Interval such as the average stopping 

distance of an automobile or the average driver reaction time. 

In addition to listing equation (2-1), the second edition of the 

Traffic Engineering Handbook (10) presented the following equations: 

y = 0.682w/v (2-2) 

y = 0.682(w + s)/v (2-3) 

Where: y = change interval, sec 
w = intersecting street width, ft 

s = minimum vehicle stopping distance, ft 

v = average vehicle speed, mph 

The first equation yields the time required for a vehicle to 

traverse and clear the intersection. The second equation yields the 

time required for a vehicle to approach, traverse, and clear an 

intersection from a point where a motorist could no longer stop 

comfortably in response to the change interval. 

Equation (2-3) contains a greater assessment of driver 

characteristics than equation (2-1). As a result, equation (2-3) offers 

a greater potential for yielding more accurate change intervals. 

However, other characteristics such as reaction time and vehicle size 

also influence the duration of the change interval, but they are not 

included in either equation. 
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The third edition of the Traffic Engineering Handbook (4) 

included an equation developed by Gazis and others (11) for 

calculating the change interval. The equation accounts for the 

primary characteristics which influence the effectiveness of the 

change interval. These characteristics are contained in the equation 

as follows: 

Change Interval = T + V + W + L (2-4) 
2a V 

Where: T = perception and brake reaction time, sec 
V = approach speed, ft/sec 
a = deceleration rate, ft/sec2 

W = width of cross street at the intersection, ft 

L = length of vehicle, ft 

The rationale used to develop the change interval equation may 

be explained as follows: 

1. Consider motorists who elect to proceed through an 

intersection in response to the change interval. To ensure safety, at 

the onset of the yellow indication, motorists must be able to travel the 

distance 'X' to the intersection, the distance 'W* across the 

intersection, and drive the entire car length 'L' out of the 

intersection, before the change interval ends. Also, motorists must be 

able to travel these distances while maintaining a safe operating speed 

V. The following is a mathematical representation of this process: 



(X + W + Ll < Change Interval 
v 

(2-5) 

This equation may be rewritten as an equality if it is assumed that 

the change interval is just long enough to allow motorists to safely 

proceed through the intersection. 

X = V x (Change Interval) - W - L (2-6) 

2. Consider motorists who elect to stop in response to change 

interval. To insure safety, motorists must have enough time 'T' to 

formulate a decision to stop and move their foot from the accelerator 

to the brake pedal. Also, motorists must be able to decelerate at a 

reasonable rate 'a' from their operating speed V' to a complete stop 

without entering the intersection. All of this must occur within the 

distance 'X' the motorists are from the intersection at the onset of the 

change interval. The following is a mathematical representation of 

this process: 

X>Vf+V2 
2a 

(2-7) 

The relationship becomes an equality if it is assumed that 'x' 

represents the minimum distance in which motorists can safely stop. 

X=Vf+V2 
2a 

(2-8) 

1 9 
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3. Consider 'X' to be the minimum distance from an intersection 

at which all motorists will choose to stop in response to the change 

interval. This is the maximum distance from which motorists need to 

be able to safely proceed through an intersection in response to the 

change interval. As a result, this distance can be applied to both 

equations (2-6) and (2-8). Ultimately, these equations can be 

combined to develop the following relationship: 

V x (Change Interval) - W - L = VT + V2 (2-9) 
2a 

This equation can be simplified to become: 

Change Interval = T + V + W + L (2-10) 
2a V 

Note that equation (2-10) is identical to equation (2-4), which is 

the formulated change interval. 

During the same period Gazis and others (11) developed equation 

(2-4), empirical research by Olson and Rothery (16) demonstrated 

that motorists did not vary their behavior in response to varying 

yellow intervals. In addition, it was observed that a 5.5-second yellow 

interval would be suitable regardless of approach speed. As a result, it 

was offered that a 5.5-second yellow indication could be used at most 

signalized intersections. Research by Williams (21) also supports the 

use of a uniform yellow interval. 
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CURRENT PRACTICE 

The Manual on Uniform Traffic Control Devices (MUTCD) (1) 

recommends that change intervals should range from approximately 

three to six seconds and may be followed by a short all-way red 

interval. The manual does not formulate a method for establishing 

how to determine a change interval within that range. This is a fairly 

relaxed standard, which relies considerably on engineering judgment. 

Consequently, most agencies adopt supplemental guidelines which 

minimize engineering judgment and offer a more defendable policy. 

The research by Olson and Rothery (16) suggesting the use of a 

5.5-second yellow indication at most signalized intersections has not 

been widely employed, partly due to the absence of this concept in 

any of the nationally distributed transportation manuals. 

The current edition of theTransportation and Traffic Engineering 

Handbook (18) presents equation (2-4) which supersedes equations 

(2-l)f(2-2), and (2-3) appearing in the early editions of the Handbook. 

Equation (2-4) is used because it offers a more complete formula than 

the earlier equations. Included in the Handbook are recommended 

values for the change interval based on varying approach speed. The 

recommended values are listed in Table 2-1. 

The Manual of Traffic Signal Design (14) suggests using equation 

(2-4) in the formation of change intervals. This manual is frequently 

used by the traffic engineering profession, which increases the 

exposure to equation (2-4). 



TABLE 2-1 

TRANSPORTATION AND TRAFFIC ENGINEERING HANDBOOK MINIMUM CHANGE INTERVALS 
FOR DIFFERENT APPROACH SPEEDS, VEHICLE LENGTHS, AND CROSS STREET WIDTHS 

APPROACH 
SPEED 
(MPH) 

TIME (SEC) 
TO ENTER 

INTERSECTION 

TIME 
FOR 

(SEC) TO ENTER AND 
VEHICLE LENGTH PLUS 

CLEAR INTERSECTION 
CROSS STREET WIDTH APPROACH 

SPEED 
(MPH) 

TIME (SEC) 
TO ENTER 

INTERSECTION 60ft 80ft 100ft 120ft 140ft 

20 3.0 4.5 5.2 5.9 6.6 7.2 

30 3.2 4.6 5.0 5.5 5.9 6.4 

40 3.9 5.0 5.3 5.6 6.0 6.3 

50 4.7 5.5 5.8 6.0 6.3 6.6 

60 5.4 6.1 6.3 6.5 6.8 7.0 

2 
Clearance times based on 1 second reaction time and 10 ft/sec deceleration rate 



Equation (2-4) typically yields values between three to five 

seconds, which not only conforms to the MUTCD, but provides a 

more defined guideline. As a result of this, and the appearance of 

equation (2-4) in commonly used references, the equation is 

currently used as the basis for most change Interval policies. 

FACTORS AFFECTING THE CHANGE INTERVAL 

Each variable in equation (2-4) represents a factor that influences 

the change interval. In addition, the all-red interval, the effect of 

start-up delay, and the effect of approach grade are factors that 

inherently affect the change interval. A large amount of research has 

been conducted regarding the use or treatment of each factor. 

Intersection Clearance 

Intersection width (W) and vehicle length (L) are the two 

variables used to determine the amount of time necessary for a 

vehicle to cross and clear an intersection. Intersection width has 

conventionally been measured from the stop line to the far side of the 

intersection, according to Chang and others (9). A vehicle length of 

20 feet is typically used according to the Traffic Control Devices 

Handbook (2) and the Transportation and Traffic Engineering 

Handbook (18). 
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Approach Speed 

Speeds vary as traffic approaches an intersection. Typically the 

prevailing speed of traffic represented by the 85th percentile speed 

will be used to determine the change interval. However, some 

concerns have been raised regarding this issue. 

Research by Parsonson and Santiago (17) points out that the 

slower-moving vehicles in traffic combined with wide intersections 

may require longer change intervals. Consequently, they recommend 

calculating the change interval using both 15th and 85th percentile 

speeds and employing the larger of the two resulting change intervals. 

The current edition of the Traffic Control Devices Handbook (2) also 

supports using both percentiles. 

Research by Butler (7) addressed the need to consider slower 

traffic. He suggested determining the difference between the results 

using 15th and 85th percentiles and adding the difference to the 

all-red interval. 

Perception and Reaction Time 

Perception time is the time required to realize that the brakes 

must be applied, and the reaction time is the time required to apply 

the brakes immediately after perception. 

The current edition of the Handbook (18) assumes the use of one 

second for perception and reaction time in response to a yellow 

signal indication. Research by Parsonson and Santiago (17), as well as 
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by Bissell and Warren (6), also supports the use of one second. 

Research by Gazis and others (11) yielded an average perception and 

reaction time of 1.1 seconds, which is relatively close and supportive 

of a one-second perception and reaction time. 

Research by Williams (21), and by Sheffl and Mahmassani (19), 

identified that higher speed traffic, as well as traffic close to the 

intersection at the onset of the yellow indication, exhibited shorter 

perception and brake reaction times. Chang and others (9) supported 

this finding and subsequently defined a lag time which accounts for 

the longer perception and reaction times. The lag time was 

determined to occur in traffic that was faced with a less exigent need 

to stop (i.e. slower-moving traffic and traffic stopping over large 

distances from the intersection). The mean perception and reaction 

time excluding the lag time was determined to range from 0.9 

seconds to 1.2 seconds varying with approach speed. 

Jenkins (13) conducted a study yielding a mean perception and 

reaction time of 1.4 seconds, which is based on a fairly limited 

sample. Research by Wortman and Mathias (22) measured responses 

to the change interval which resulted in a mean response time of 1.3 

seconds. This research used the term "response time" to define the 

data, recognizing that response time may not be the same as 

perception and reaction time. Basically, response time could include 

a lag time as defined in the research by Change and others. 

The Wortman and Mathias study included one of the most 
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extensive data collecting efforts pertaining to change intervals. The 

results of the study demonstrated that a reasonable correlation did 

not exist when comparing response time with approach speed, 

deceleration rate, or vehicle distance from the intersection at the 

onset of the yellow indication. The mean response time was 

calculated using all samples. A consideration of lag time was not 

included. It is possible that if the mean response time were derived 

incorporating an allowance for lag time, the results may be very 

similar with the one-second perception and reaction times resulting 

from other research. 

Deceleration Rate 

The earlier editions of the Handbook used a deceleration rate of 

15 ft/sec2 for determining the change interval. The current edition of 

the Handbook uses 10 ft/sec2. Research by Williams (21), Stimpson 

and others (20), Parsonsons and Santiago (17), Bissell and Warren 

(6), and by Butler (7), support the use of 10 ft/sec2. 

Olson and Rothery (16) identified that nearly all traffic will stop 

when faced with a need to decelerate at 8 feet/sec2 or less, and nearly 

all traffic will reject stopping when required to decelerate at 12 

ft/sec2 or more. Wortman and Mathias (22) identified a similar range 

varying from 7 ft/sec^ to 13 ft/sec2. A study by Chang and Messer (8) 

identified a deceleration range of 6.5 ft/sec2 to 13.5 ft/sec2 varying 

with approach speed. 
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The research listed above identifies values of deceleration which 

represent constant rates of deceleration. Research by Akcelik and 

Biggs (3) demonstrates that a majority of traffic does not decelerate at 

a constant rate. Their research investigated traffic deceleration 

characteristics related to predicting fuel consumption, which 

included all traffic deceleration conditions. Consequently, their 

results cannot be applied directly to change interval design. 

However, the results do give direction to further analysis. 

Akcelik and Biggs (3) illustrated traffic deceleration by 

developing deceleration profiles using a time-speed axis arrangement. 

Figure 2-1 depicts a typical deceleration profile resulting from their 

research. 

The results of the research by Akcelik and Bigg (3) demonstrate 

that deceleration profiles generally form an S-shaped curve. If 

constant deceleration had occurred, a straight line profile would have 

resulted. Consequently, the results suggest that traffic decelerates at 

a nonuniform rate. 

Effects of Approach Grade 

Parsonson and Santiago (17) suggested introducing a factor into 

equation (2-4) which accounts for the gravitational effects of approach 

grades. As a result, equation (2-4) would be modified as follows: 

Y  +  A R  =  T  +  V  + ( W + L )  
(2a + 0.664g) V 

(2-11) 



FIGURE 2-1 

DECELERATION PROFILE FROM 
RESEARCH BY AKCELIC AND BIGGS 

> 
q" 
Ui 
Ui cu tn 

DECELERATION TIME, T 
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Where: g - percent of grade (positive for upgrade, negative for 
downgrade) 

Y + AR = change interval yellow and all-red duration, sec 
T = perception and brake reaction time, sec 
V = approach speed, ft/sec 

W = width of cross street at the intersection, ft 
a = deceleration rate, ft/sec2 

L = length of vehicle, ft 

The Institute of Traffic Engineers Technical Committee 4A-16 

has supported the use of an approach grade factor represented in 

equation (2-4) as follows: 

Y + AR = T + V + fW + LI (2-12) 
(2a + 2Gg) V 

Where: G = gravitational acceleration 

g ss percent of grade divided by 100 
Y + AR = change interval yellow and all-red duration, sec 

T = perception and brake reaction time, sec 

V = approach speed, ft/sec 

W = width of cross street at the intersection, ft 
a = deceleration rate, ft/sec2 

L = length of vehicle, ft 

Note that 2G equals 0.664 which means that the ITE committee is in 

agreement with Parsonson and Santiago (17). 

Chang and Messer (8) analyzed the effect of approach grade and 

recommended the following: 



30  

Y + AR = T + V + fW + L) (2-13) 
(2a + 0.15g) V 

Where: g = percent of grade 

Y + AR = change interval yellow and all-red duration, sec 
T = perception and brake reaction time, sec 
V = approach speed, ft/sec 
W = width of cross street at the intersection, ft 
a = deceleration rate, ft/sec2 

L = length of vehicle, ft 

Chang and Messer (8) noted that the former research concerning 

approach grade based their findings on the laws of physics and did 

not account for driver behavior. For example, motorists may partially 

compensate for the effects of a downgrade by braking harder. The 

grade coefficient resulting from Chang and Messer's research is 

significantly lower than what was previously presented. Also, the 

coefficient developed by Chang and Messer has a negligible impact on 

the change interval which suggest that approach grade has a nominal 

effect. Research by Wortman and Fox (24) resulted in an approach 

grade coefficient of 0.38, which is significantly less than the value 

recommended by Parsonson and Santiago as well as the ITE 

Technical Committee 4A-16. This tends to support the results of the 

research by Chang and Messer by indicating that the effect of 

approach grade is less than the level of effect identified in earlier 

research. 
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All-red Interval 

Research by Bissell and Warren (6) suggests that for agencies 

governed under the laws that permit motorists to enter an 

intersection during the yellow indication, the time allotted for 

vehicles to traverse and clear the intersection should be included in 

the all-red interval. This is supported by Butler (7) and the ITE 

Technical Committee 4A-16. 

The Transportation and Traffic Handbook (18) suggests that an 

all-way red interval could be used to provide the necessary clearance 

time in excess of five seconds to prevent the use of extremely long 

yellow intervals. It was also suggested that a short all-way red interval 

could be introduced to provide a factor of safety. 

Research by Benioff and others (5) concluded that including an 

all-red interval with the change interval will reduce accidents. The 

research suggests that an all-red interval should be provided at 

intersections with a right-angle accident rate greater than 0.8 

accidents per million entering vehicles. A study by Newby (15) 

resulted in a 41 percent reduction in injury accidents with the 

provision of an all-red interval. In a review of research by Change and 

others (9), a number of studies were identified which yielded a 

consensus that the frequency of accidents are reduced when the 

change interval includes an all-red interval. 
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Start-up Delay 

Start-up delay is the period between the onset of a green 

indication and the moment when a vehicle enters the intersection. 

The second edition of the Traffic Engineering Handbook (10) 

introduces the concept of reducing the calculated change interval by 

an amount that is representative of start-up delay. 

Parsonsons and Santiago (17) recommended against reducing the 

change interval to account for start-up delay. They argued that some 

motorists start into the intersection just before the onset of the green 

indication. As a result, omitting the start-up delay deduction would 

ensure a safe signal operation. 

Chang and Messer (8) suggested reducing the all-red interval by 

one second to account for the cross street start-up delay. For all-red 

intervals less than one second, the interval could be eliminated. 

Chang and Messer note that the deduction should be applied with 

caution and should not be used under the following conditions: 

1. Driver's view to the intersection is obstructed. 

2. Signal progression exists along the cross street. 

3. Negative legal implications resulting from local laws and 
ordinances. 

SUMMARY OP EXISTING STATUS 

The kinematic model represented by equation (2-4) is generally 

accepted as the conventional means for determining the change 

interval. Subsequent to the development of the equation, researchers 
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have focused on refining the kinematic model with attention given to 

grade change effects, all-red intervals, and start-up delay. 

Researchers have also focused on refining the values used as input for 

the model. Possibly a more important issue that has not been 

addressed by research is the validity of the kinematic model. 
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CHAPTER 3 

THEORETICAL CONSIDERATIONS 

As demonstrated in the literature review, considerable research 

effort has been expended to provide accurate input for the Kinematic 

model used to determine change intervals. However, the validity of 

using the various factors in the model has never been addressed. 

Deceleration rate is one of the variables included in the 

Kinematic model. The manner in which deceleration rate is used in 

the model assumes that constant deceleration is occurring. This 

implies that the equation may be invalid if traffic decelerates in a 

non-uniform manner. The following theoretical considerations 

explain why. 

CALCULATING DECELERATION RATES 

Three basic formulas are available for calculating traffic 

deceleration rates. Determining which formula to use is generally 

dependent on the data that is most accessible, most accurate, or a 

preference the researcher may have. 

The three formulas are comprised of variables measured directly 

from the traffic environment. These variables are defined as follows: 

Approach Speed (v) - The speed (ft/sec) of a vehicle just prior to 

the onset of deceleration. 

Deceleration Time (t) - The time (sec) required for a vehicle to 
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come to a complete rest after the brakes have been applied. 

Deceleration Distance (x) - The distance (ft) from the point 

where braking was initiated to the point where the vehicle stops. 

The following deceleration formula denoted by the symbol ai 

throughout the extent of this study represents a relationship 

comprised of approach speed and deceleration distance. 

The following deceleration formula denoted by the symbol a2 

throughout this study represents a relationship comprised 

ofdeceleration distance and deceleration time: 

The following deceleration formula denoted by the symbol a3 

throughout this study represents a relationship comprised of 

approach speed and deceleration time: 

al = v2/2x (3-1) 

a2 = 2x/t2 (3-2) 

a3 = V/t (3-3) 

RELATIONSHIP BETWEEN DECELERATION EQUATIONS 

The deceleration equations are inherently limited to applications 

involving only constant deceleration. For example, when data is 
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collected from a vehicle decelerating at a constant rate and then used 

as input for equations (3-1), (3-2), and (3-3), all three equations yield 

the same results. If constant deceleration does not occur, equations 

(3-1), (3-2), and (3-3) will produce three different deceleration 

values for a single deceleration incident. Consequently, if traffic 

decelerates at a nonuniform rate in response to the change interval, 

the conflicting results of the deceleration equations provide 

ambiguous input for calculating change intervals. 

When constant deceleration occurs, the three deceleration 

equations yield equal results which may be represented by the 

following equality: 

ai = a2 = a3 

When nonuniform deceleration occurs, the three deceleration 

equations yield different results. Comparing the different results, one 

of the following possible sets of inequalities will occur. 

1. ai < a3 < a2 

2. a2 < a3 < ai 

The algebraic considerations identified in Appendix A 

demonstrate that no other inequality can result. The rate calculated 

for aj must always be the smallest or largest value yielded by the 

deceleration equations. The rate for a2 must always be the opposite 

extreme of ai in the inequality. The rate for a3 must always fall 
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between aj and a2-

The effect of nonuniform deceleration on the results of the 

deceleration equations can be explained in more detail using a 

time-space axis similar to Figure 3-1. Each curve contained within 

the axis illustrates a deceleration profile which represents one 

deceleration event. 

The time axis identifies the duration of stopping corresponding 

to each point along the profile. The speed axis identifies the vehicle 

speed corresponding to each point along the profile. The area under 

the curve identifies the distance over which stopping has occurred. 

The slope at any point along the profile identifies the deceleration 

rate at that point. 

A straight line profile represents constant deceleration and 

ai=a.2-SLQ. This is illustrated in Figure 3-la. Conversely, a curved 

profile represents non-uniform deceleration related to one of the 

inequalities defined above. This is illustrated in Figures 3-lb and 

3-lc. 

The following examples should clarify the concepts identified 

above. 

Example 3-1: 

Assume vehicle 1 has an initial speed v^ = 66 feet/second Just 

prior to the onset of braking. Also assume vehicle 1 stops over a 

distance xj = 200 feet, and stops over a time period ti = 6 seconds. 



FIGURE 3-1 

DECELERATION PROFILES 

a) Vi = 66 ft/sec VEHICLE 1 DECELERATION PRORLE 
ai SB2S81 

;  X i  = :  

TIME.t tl = 6 SEC 

b) V2 = 66 ft/sec 

X2 = 250 
y////////̂  , 

VEHICLE 2 DECELERATION PRORLE 
ai < as < 82 

TIME.t t2 = 6 SEC 

C) V3 = 66 ft/sec «|s VEHICLE 3 DECELERATION PRORLE 
82 < as < at 

TIME.t t3 = 6 SEC 
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Assume vehicle 2 has the same initial speed as vehicle 1, vi = V2, 

and the same duration over which stopping occurs, ti=t2- However, 

assume vehicle 2 requires a greater distance to stop, V2 ~ 250 feet. 

This situation can only occur if different deceleration patterns 

result. Refer to Figures 3-la and 3-lb for illustrations of the 

deceleration profile for vehicles 1 and 2. The profile for vehicle 1 

identifies that the vehicle decelerated at a constant rate ai = a2 = a3 

= 11 ft/sec2. The profile for vehicle 2 identifies that nonuniform 

deceleration occurred. As a result, ai = 9 ft/sec2, a2 = 14 ft/sec2, and 

a3 - 11 ft/sec2. Consequently, the three deceleration equations yield 

the inequality a^ < a3 < a2-

Example 3-2: 

Assume vehicle 1 has the same characteristics as in example 1: 

vi = 66 feet/second, xi = 200 feet, and ti = 6 seconds. 

Assume vehicle 3 has the same characteristics as vehicle 1, 

except that it requires a shorter deceleration distance. Therefore, 

V3 = 66 feet/second, X3 - 160 feet, and t3 = 6 seconds. 

Refer to Figures 3-la and 3-lc for illustrations of the 

deceleration profiles for vehicle 1 and vehicle 3. As in example 1, the 

profile for vehicle 1 identifies constant deceleration corresponding to 

ai -a.2-3.3 - 11 ft/sec2- The profile for vehicle 3 identifies that 
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nonuniform deceleration occurred. As a result, ax - 14 ft/sec2, a2 = 

9 ft/sec2, and a3 = 11 ft/sec2. The three deceleration equations yield 

the opposite inequality, a2 < a3 < ai, than the inequality resulting in 

example 1. Hie examples listed above hardly cover all of the possible 

variations in approach speed, deceleration distance, deceleration 

time, and deceleration profile exhibited by traffic. Nevertheless, if 

nonuniform deceleration occurs, the three deceleration equations will 

yield one of the two inequalities cited above. 

QUANTIFYING DECELERATION PROFILES 

Acknowledging that if nonuniform deceleration occurs, the three 

equations yield results corresponding to two possible inequalities, the 

following provision for quantifying deceleration profiles becomes 

available: 

Q = ai/a2 (3-4) 

The deceleration rates ai and a2 are used because they 

determine the greatest difference between the values resulting from 

the deceleration equations. The deceleration rates are presented in 

the form of a fraction to account for the difference between the two 

sets of inequalities. Q values less than one will result from conditions 

associated with the inequality aj< a3 < a2 and represent deceleration 



profiles resembling Figure 3-lb. Q values greater than one will result 

from conditions related to the inequality a2 < a3 < ax and represent 

deceleration profiles resembling Figure 3-lc. Values of Q which equal 

one will result from constant deceleration conditions, al = a2 = a3, 

and represent a uniform deceleration profile as illustrated in Figure 

3-la. 

The following examples expand on examples 3-1 and 3-2 in the 

previous section. 

Example 3-3: 

In Example 3-1, vehicle 1 yielded a constant deceleration profile 

ai = a2 = a3 = 11 ft/sec2. Vehicle 2 yielded a nonuniform profile 

corresponding to ai - 9 ft/sec2, a.2 = *4 ft/sec2, and a3 = 11 ft/sec2, 

which resulted in the inequality a\ < as < a2» 

Calculating a Q value for vehicle 2 results in Q = a j / a2 = 

l i f t / s e c 2 /  l i f t / s e c 2  =  1 . 0  w h i c h  c o r r e s p o n d s  t o  c o n s t a n t  

deceleration. 

Calculating a Q value for vehicle 1 results in Q = aj / a2 = 

9 ft/see2 / 14 ft/sec2 = 0.64 which corresponds to the inequality 

al < a3 < a2 and the profile illustrated in Figure 3-lb. 

Example 3-4: 

In example 3-2, vehicle 1 yielded a constant deceleration profile 
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a i = a 2  =  a 3  =  H  f t / s e c 2 .  V e h i c l e  3  y i e l d e d  a  n o n u n i f o r m  p r o f i l e  

corresponding to ai = 14 ft/sec2, a2 - 9 ft/sec2, and a3 = 11 ft/sec2, 

which resulted in the inequality a2 < a3 < aj. 

The Q value for vehicle 1 is the same as in Example 3-4, Q = 1.0 

which corresponds to constant deceleration. 

Calculating a Q value for vehicle 3 results in Q = ai / a2 = 

14 ft/sec2 / 9 ft/sec2 = 1.56 which corresponds to the inequality 

a2 < a3 < al the profile illustrated in Figure 3-lc. 

When the difference between the values yielded by the three 

deceleration equations becomes less, the resulting inequalities tend 

towards becoming an equality, the deceleration profile curves tend 

towards becoming a straight line symbolizing constant deceleration, 

and Q values tend toward equaling one. Conversely, when the 

difference between the values yielded by the deceleration equations 

becomes greater, the degree of inequality increases, the deceleration 

profiles become more pronounced curves, and Q values become 

significantly less than or greater than one. Figure 3-2 illustrates these 

concepts. 

The ability to quantify deceleration profiles using Q values 

provides an opportunity to test the effects of traffic characteristics on 

the manner in which deceleration occurs. From the results, the 

effectiveness of the change interval equation can be analyzed. 



FIGURE 3-2 
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CHAPTER 4 

DATA COLLECTION AND REDUCTION 

The data used for this study originated from a project sponsored 

by the Arizona Department of Transportation (ADOT). The project 

was conducted from 1983 to 1984, and involved the study of driver 

behavior associated with the signal change interval. 

The data were collected using time-lapse photography which 

provided a system for recording a significant amount and variety of 

information. The data were collected at five intersections located in 

the Tucson, Arizona area. Using the data compiled from the film, the 

validity of using a constant deceleration rate in deriving the change 

interval was analyzed. To complete the analysis, the data were used to 

determine if traffic decelerates at a constant rate, to identify the 

factors that affect deceleration behavior, and to identify the availability 

of alternatives. 

STUDY DESIGN 

Given the objectives of this study, data for the following analyses 

were required: 

A. It was necessary to analyze each variable appearing in the 

three deceleration equations; thus, data associated with the following 

traffic characteristics were obtained: 



45  

1. Approach speed (v) 

2. Deceleration time (t) 

3. Deceleration distance (x) 

B. Data were collected so that deceleration profiles of individual 

vehicles could be developed. As a result, vehicle speed, deceleration 

time, and deceleration distance were extracted from the film 

incrementally during the duration of stopping associated with each 

recorded vehicle used. 

C. Information was acquired regarding the manner in which 

traffic accepts or rejects stopping in response to the change interval. 

For this portion of the study, data pertaining to the following traffic 

characteristics were used: 

1. Approach speed of traffic accepting or rejecting stopping 

in response to the change interval. 

2. The distance of traffic from the intersection at the onset 

of the change interval. These data were collected for traffic 

that both stopped or proceeded through the intersection in 

response to the change interval. 

Data was collected at five intersections located in or around 

Tucson, Arizona. Table 4-1 summarizes the intersection locations and 

characteristics which are listed in greater detail below. 

First Avenue and Roger Road 

Direction studied: Southbound approach 



TABLE 4-1 

STUDY LOCATIONS 

SPEED 
LIMIT 
(MPH) 

CHANGE 
INTERVAL 
(SEC)a 

# OF 
APPROACH 
LANESb 

APPROACH 
VOLUME 
(ADT) 

# OF 
SIGNAL 
PHASES 

GRADE 
m 

# OF 
SAMPLES 

INTERSECTION 

SPEED 
LIMIT 
(MPH) 

CHANGE 
INTERVAL 
(SEC)a 

# OF 
APPROACH 
LANESb 

APPROACH 
VOLUME 
(ADT) 

# OF 
SIGNAL 
PHASES 

GRADE 
m STOP THRU 

First & 
Roger 45 3Y,2AR 1L, 2T 21,000 2 0.8 167 179 

Wilmot & 
Broadway 40 3Y,2AR lL,3T,1R 31,000 8 1.0 256 214 

Swan & 
River 45 5Y,2AR 1L, 2R 13,000 2 2.0 58 84 

Oracle & 
Rive r 50 4.5Y,2AR 1L, 3T 31,000 6 2.0 105 223 

Speedway & 
Park 30 3Y,2AR lL, 2R 29,000 2 0.5 130 98 

° Y=Yellow, AR=A11 Red 

^L=Left, T=Through, R=Right 
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Speed limit: 45 mph 

Change interval: 3 seconds yellow, 2 seconds all-red 

Approach configuration: Two through lanes and an exclusive 
left turn lane 

Approach volume: Estimated 1983 ADT volume of 21,000 vpd 

Signal phasing: Two-phase signal operation, left turns 
permitted on a permissive basis during the through 
movement 

Approach grade: 0.8 percent upgrade 

Filming location: Platform truck 

Surrounding development: Residential/Commercial 

Sample size: 167 stopping, 179 proceeding through 

Wilmot Road and Broadway Boulevard 

Direction studied: Southbound approach 

Speed limit: 40 mph 

Change interval: Three seconds yellow, two seconds all-red 

Approach configuration: Three through lanes with exclusive 
right and left-turn lanes 

Signal phasing: Eight-phase signal operation, exclusive left-
turn phase and permissive left turns during the through 
movement 

Approach volume: Estimated 1983 ADT volume of 31,000 vpd 

Approach grade: 1.0 percent upgrade 

Filming location: Nearby building 

Surrounding development: Commercial 

Sample size: 256 stopping, 214 proceeding through 
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Swan Road and River Road 

Direction studied: Southbound approach 

Speed limit: 45 mph 

Change interval: Five seconds yellow, two seconds all-red 

Approach configuration: Two through lanes plus a left-turn lane 

Signal phasing: Two-phase signal operation, left turns permitted 
on a permissive basis during the through movement 

Approach volume: Estimated 1983 ADT volume of 13,100 vpd 

Approach grade: 2.0 percent downgrade 

Filming location: Nearby hill 

Surrounding development: Rural 

Sample size: 58 stopping, 84 proceeding through 

Oracle Road and River Road 

Direction studied: Southbound approach 

Speed limit: 50 mph 

Change interval: 4.5 seconds yellow, two seconds all-red 

Approach configuration: Three through lanes plus a left-turn 
lane 

Signal Phasing: Six phase signal operation, turns permitted 
during an exclusive turn phase 

Approach volume: Estimated 1983 ADT volume of 31,000 vpd 

Approach grade: 2.0 percent downgrade 

Filming location: Platform truck 

Surrounding development: Commercial 

Sample size: 105 stopping, 223 proceeding through 
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Speedway Boulevard and Park Avenue 

Direction studied: Westbound approach 

Speed limit: 30 mph 

Change interval: Three seconds yellow, two seconds all-red 

Approach configuration: Two through lanes plus a left-turn 
lane. The left-turn lane is used as a reversible lane during 
peak hours when left turns are not permitted. 

Signal phasing: Two-phase signal operation, left turns are 
prohibited during peak hours. During the off-peak periods, 
left turns are permitted on a permissive basis during the 
through movement. 

Approach volume: Estimated 1983 ADT volume of 29,100 vpd 

Approach grade: 0.5 percent downgrade 

Filming location: Nearby building 

Surrounding development: Residential/Commercial/University 

Sample size: 130 stopping, 98 proceeding through 

FIELD STUDIES 

Field data were collected using a timelapse super 8mm camera. 

The camera was situated facing the direction of traffic along each 

intersection approach that was studied. The camera was positioned 

so that the signal indication, each approach lane, and traffic within 

approximately 400 feet of each intersection was filmed. Two 

intersections were filmed from the tops of buildings, two 

intersections were filmed from a platform truck elevated to approx

imately 30 feet, and one intersection was filmed from a hillside. The 

offset from the road edge to the camera varied between each location. 
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Traffic was filmed from approximately 10 seconds before the 

onset of each change interval until after each change interval when 

traffic either cleared the intersection or stopped at the intersection. 

For each approach lane, data were collected for the last vehicle 

proceeding through the intersection, as well as the first vehicle to 

stop in response to the change interval. 

Traffic was filmed beginning before the morning peak period 

until typically the mid to late afternoon, and in some cases until after 

the evening peak period. Two or more days of filming were 

conducted at each intersection to ensure that adequate sample sizes 

were obtained. Field data were collected during a 9-month period 

from July 1983 to April 1984. 

The camera speed was set at 18 frames per second and was 

periodically calibrated to account for slight variances in speed. As a 

result of the known camera speed, time could be measured while 

viewing the film. By advancing the film one frame at a time and 

counting the number of frames between occurrences, time may be 

calculated by dividing the number of counted frames by the camera 

speed. 

Both sides of each filmed intersection approach were marked at 

50-foot increments starting from the stop bar and extending back 

from the intersection. As the film was projected on a screen, the 

marks were connected to form a grid which provided a source for 

measuring distance. 



The data collection procedure provided time and distance 

measurements. From these measurements, time, distance, speed and 

deceleration rate information was obtained. 

DECELERATION PROFILE DATA REDUCTION 

During the filming portion of this study, 716 decelerating 

vehicles were recorded. Therefore, a significant amount of data was 

available for a detailed investigation of traffic deceleration rates. 

By advancing the film a few frames at a time, intermittent 

deceleration rates could be obtained for set intervals which represent 

a fraction of the entire deceleration process. An interval of one 

second was chosen for sectioning the overall deceleration process for 

the following reasons: 

1. The least amount of measurement error is associated with time 

compared to speed and distance when the data are recorded on film. 

Therefore, selecting intervals of deceleration could be achieved most 

accurately by using time as a scale. 

2. Increments of one second afforded a suitable number of 

interval deceleration rates to provide a reasonable graph of the 

deceleration profile. 

3. Sectioning time by more than one second does not enhance 

the accuracy of the profile very much, yet the amount of data 

reduction effort increases significantly. 
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A time-speed axis arrangement was used to illustrate the 

deceleration profiles. Using this arrangement provides information 

concerning vehicle speed, deceleration time, and deceleration 

distance corresponding to any point along the profile. 

To develop the deceleration profiles, the film was advanced the 

number of frames representing the first second of deceleration. The 

distance traveled during the first second was recorded. Using this 

distance and the approach speed as the speed when braking was 

initiated, the speed at the one second increment was calculated and 

plotted on the time-speed axis. Proceeding to the next one-second 

increment the process was repeated. This was continued until the 

vehicle came to a complete rest. Connecting the plotted points 

results in the deceleration profile. Figure 4-1 illustrates this process. 

Due to the complexity and time requirements associated with 

providing deceleration profiles, a sample size of five profiles was 

developed. The samples were chosen in accordance with the 

calculation of Q values for the entire sample of 716 decelerating 

vehicles. Two profiles correspond to the group of Q values 

significantly less than 1.0, two profiles correspond to the group of Q 

values equaling 1.0, and one profile corresponds to the group of Q 

values significantly greater than 1.0. Illustrations of the profiles may 

be found in Appendix B of this study. 



53 

FIGURE 4-1 

DEVELOPING DECELERATION PROFILES 

Vo* Vi = 2Xi -Vo 

Q. 

0 

TIME, SEC 

*Vo and Xn obtained from data measurements. 
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DATA REDUCTION OF TRAFFIC FACTORS 

Data measurements corresponding to the traffic factors identified 

in the study design were developed as follows: 

1. Rather than directly measuring speed data using a separate 

source such as a radar gun, approach speeds were calculated using 

time and distance measurements recorded by the camera, so that 

manpower and equipment needs were minimized. Approach speeds 

were measured prior to the onset of the yellow indication so that 

traffic was not slowing or braking in response to the change interval. 

The speeds were established by selecting a distance along the grid 

and counting the number of frames associated with a vehicle 

traversing the selected distance. The following equation yielded 

approach speed: 

V = d (s/n) (4-1) 

Where: v = approach speed, ft/sec 
d = selected distance, ft 

s = camera speed, frames/sec 

n = number of frames counted 

2. Deceleration time was measured as the time between the first 

visible display of brake lights and when the vehicle came to a 

complete rest. 

3. Deceleration distance was measured from the location marked 

when brake lights were first displayed to the location where the 
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vehicle decelerated to a complete stop, generally the stop bar. 

4. Distance from the intersection at the onset of the change 

interval was measured as the vehicle's distance from the stop bar (or 

crosswalk if one existed) at the beginning of the yellow indication. 

5. Time to approach and clear the intersection was measured 

from the onset of the yellow indication to when the vehicle passed 

the cross-street far edge of pavement. 
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CHAPTERS 

ANALYSIS 

The data used in this study were analyzed to determine if traffic 

decelerates at a uniform rate in response to the traffic signal change 

interval. An error analysis as well as an analysis of deceleration 

profiles were used to determine the manner in which traffic stops in 

response to the change interval. 

A subsequent analysis was conducted to provide an assessment of 

traffic deceleration behavior and the characteristics which affect that 

behavior. Characteristics such as approach speed, deceleration 

distance, and deceleration time were analyzed to identify their impact 

on traffic deceleration. 

Based on the results of the above analyses, an additional analysis 

was conducted to identify improved deceleration rate criteria. When 

used in the kinematic equation, the criteria would provide more 

effective change intervals that accurately reflect traffic characteristics. 

ERROR ANALYSIS 

Before proceeding with a comprehensive effort to analyze traffic 

deceleration behavior, an error analysis concerning deceleration rate 

was conducted. The error analysis serves as a premise for continuing 

with a more detailed and time-consuming analysis. If the error 

analysis demonstrates that the different values a\, a2 and a3 yielded 
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by the deceleration equations can be totally attributed to 

measurement error, then it becomes equivocal to argue that the 

different deceleration values are the result of nonuniform 

deceleration. However, if the values yielded by the deceleration 

equations differ by an amount greater than the calculated 

measurement error, then there is credence to the argument that 

nonuniform deceleration could be contributing to the variation in 

deceleration rates ai, a2 and a.3. In this latter case, further analysis 

would be warranted. 

The calculations associated with the error analysis are listed in 

Appendix C. For the error analysis, logic was applied in the following 

manner: 

1. For each case, or each stopping vehicle, two deceleration 

rates, aj and a.2, were calculated using deceleration equations (3-1) 

and (3-2). These equations were chosen because when nonuniform 

deceleration occurs, the greatest difference always occurs between 

the values obtained for the deceleration rates aj and a.2-

2. An error range was calculated for each of the two deceleration 

rates. Subsequently, the two error ranges were combined to establish 

a total error range. 

3. The absolute value of the difference between the deceleration 

rates ai and a2 was established for each case. 

4. The absolute difference was compared with the total error 
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range. This process may be mathematically represented and is 

summarized below: 

ai = value of deceleration calculated from equation (3-1) 

&2 - value of deceleration calculated from equation (3-2) 

ad = absolute difference between ax and a.2 

ei = largest probable error associated with ax 

e2 = largest probable error associated with a2 

et - largest probable difference between ax and a2 attributed 
to data collection measurement error 

c = comparison coefficient 

The following example illustrates this process: 

Example 5-1: 

Assume that the deceleration rate SL\ - 14 ft/sec2, has a possible 

error range attributed to measurement error, ex = + 2 ft/sec2. 

Assume that the deceleration rate a2 = 9 ft/sec2, has a possible error 

range attributed to measurement error, e2 = ±1 ft/sec2. The 

difference between the deceleration rates a^ = (ai - a2) = (14 ft/sec2 -

9 ft/sec2) = 5 ft/sec2. The largest probable difference between ax and 

ad = ax - a2 

et = ex + e2 

c = ad - et 

(5-1) 

(5-2) 

(5-3) 

where: 
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a2 attributed to measurement error equals the combined error range, 

e^, for a\ and a2- Therefore, et = (ex) + (e2) = (2 ft/sec2) + (1 

ft/sec2) = 3 ft/sec2. Based on these results, the comparison 

coefficient c = a^ - et = 5 ft/sec2 - 3 ft/sec2 = 2 ft/sec2. 

When looking at the results of the comparison coefficient 

equation, if the comparison coefficient c is less than zero, then 

variation between ai and a2 is less than the calculated error range 

and the variation could be attributed completely to measurement 

error. However, if the comparison coefficient c is greater than zero, 

the variation between the values yielded for aj and a2 is greater than 

the calculated error range, and it is probable that a source other than 

measurement error, such as nonuniform deceleration, is contributing 

to the variation. 

It should be emphasized that because of the conservative nature 

of the error analysis, extremely inaccurate field measurements would 

have to occur to produce discrepancies greater than the calculated 

error range. 

A comparison coefficient "c" was derived for a sample population 

of 716 vehicles which were observed to stop. The results identified 

that 69 percent of the samples yielded values of c greater than zero. 

Consequently, a large proportion of the samples may be decelerating 

at nonuniform rates and further analysis is warranted. 
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DECELERATION RATE PROFILES 

Q values were calculated using the relationship described in 

Chapter 3 for each vehicle observed to stop in response to the change 

interval. The resulting values were segregated into three groups. 

The first group was comprised of samples with comparison 

coefficients "c" that were less than or equal to zero. Therefore, this 

group contains vehicles that yielded differences between deceleration 

rates a^ and a2 which were within the expected range of 

measurement error and were likely to be decelerating at nearly 

uniform rates. As a result, the corresponding Q values were 

approximately equal to one. 

The second and third groups were comprised of samples with 

comparison coefficients "c" that were greater than zero. These 

groups yielded large differences between aj and a2 which exceeded 

expected measurement errors. This indicates that these groups 

contained vehicles that were likely to be decelerating at nonuniform 

rates. The corresponding Q values were either substantially less than 

or greater than one. As a result, the second and third groups were 

formed. The second group consisted of samples with Q values less 

than one and the third group consisted of Q values greater than one. 

Deceleration profiles were developed for two samples in the first 

group using the method discussed in Chapter 4, These profiles are 

included in Appendix B. The profile shapes are similar to the profile 
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illustrated in Figure 5-la. In these cases, the vehicles decelerated at 

rates that remained relatively uniform throughout the duration of 

stopping. Chapter 3 identifies these profiles to correspond to the 

relationship ai = a2 = a3 and Q values equal to one. 

Deceleration profiles were developed for two samples in the 

second group. These profiles are included in Appendix B. The 

profile shapes resemble the profile illustrated in Figure 5-lb. These 

profiles represent vehicles which initially decelerate at gradual rates 

and then are subjected to increased rates during the final stages of 

stopping. As identified in Chapter 3, these profiles correspond to the 

relationship a^ < a3< a.2 and Q values equaling less than one. It 

should be noted that these profiles strongly resemble the 

deceleration profile illustrated In Figure 2-1 which resulted from 

research by Akcelik and Biggs (3). 

A deceleration profile was developed for one sample In the third 

group. This profile is included in Appendix B. The profile shape is 

similar to the profile illustrated in Figure 5-lc. These profiles 

represent vehicles that decelerate at higher rates during the onset of 

stopping and at lower rates during the final stages of stopping. 

Chapter 3 identifies these profiles to correspond to the relationship 

a2 < a3 < al and 9 values greater than one. 
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FIGURE 5-1 
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FACTORS AFFECTING VEHICLE DECELERATION 

The S-shaped deceleration profiles represent nonuniform 

deceleration and the inability to obtain agreeing results from the 

three deceleration equations. Also, the variation in the profile shapes 

conveys that a variation in deceleration behavior exists in response to 

traffic signal change intervals. Consequently, an examination of 

various traffic characteristics was conducted to better assess the 

implications of using deceleration rate as one factor in determining 

the change interval. 

Approach Speed 

Approach speed is the velocity of traffic just prior to the onset of 

the yellow interval. If nonuniform deceleration occurs, the effect 

approach speed has on deceleration rate cannot be determined due to 

the different results yielded by the three deceleration equations. To 

clarify this point, deceleration rates were calculated using each 

deceleration equation for every stopping vehicle sampled. 

Subsequently, the relationships between approach speed and the 

results of each deceleration equation were developed by plotting the 

average for each rate a.2 and a3 that corresponds to each 5 mph 

increment of approach speed. These plots are illustrated in Figure 

5-2, which identifies three distinctly different speed-deceleration 

relationships resulted from one set of data. This anomaly necessitates 
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the development of an alternative method for relating approach speed 

and deceleration rate. 

The derivation of Q values denotes the manner in which traffic 

decelerates by quantifying deceleration profiles. Using Q values, the 

relationship between approach speed and deceleration can be 

assessed. 

A non-linear regression analysis was conducted using a 

programmable calculator with statistical functions to test the 

relationship between approach speed and Q values. The following 

equation with a regression coefficient r2 - 0.80 resulted. 

Q = 0.3 + 0.04 (V/15)2-5 (5-4) 

Where: V = speed, mph 

The regression analysis identifies that a strong relationship exists 

between approach speed and Q values. This relationship is illustrated 

in Figure 5-3. The regression curve reveals that an approach speed of 

approximately 48 mph will produce a Q value equal to one. This 

implies that traffic approaching at 48 mph will decelerate at a 

relatively uniform rate in response to the change interval. 

Approach speeds less than 48 mph correspond to Q values less 

than one. This implies that traffic approaching at less than 48 mph 

will decelerate in a nonuniform manner indicative of the S-shaped 

profile in figure 5-lb. As approach speed becomes less, the profile 

curvature becomes more pronounced. As approach speed increases 
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toward the 48 mph mark, the profile flattens out to a straight line, as 

illustrated in Figure 5-la. 

Approach speeds greater than 48 mph correspond to Q values 

greater than one. This implies that traffic approaching at more than 

48 mph will decelerate in a nonuniform manner represented by the 

S-shaped profile in Figure 5-lc. As approach speed increases beyond 

48 mph, the deceleration profile transitions from a straight line to 

the S-shaped curve. 

Deceleration Distance 

Deceleration distance is measured from the point where braking 

is initiated to the point where the vehicle comes to a complete stop. 

Deceleration distance was compared with approach speed to 

determine if a relationship existed. The results reveal that each value 

of approach speed corresponds to a range of deceleration distances. 

As approach speed increases, the lower limit of the corresponding 

deceleration range increases. The upper limit of each range was 

infinite because traffic will always stop from all large distances in 

response to the change interval. The relationship between approach 

speed and deceleration distance is listed in Table 5-1. 

The minimum distance from which traffic will attempt to stop 

while traveling at a given approach speed is illustrated in Figure 5-4. 

The curve in Figure 5-4 was developed by connecting the points 

marking the minimum stopping distances related to each 5 mph 



TABLE 5-1 

RELATIONSHIP BETWEEN APPROACH SPEED 
AND DECELERATION DISTANCE 

APPROACH 
SPEED (MPH) 

DECELARATION 
DISTANCE (FT) 

25 50 - oo 

30 6 5 - oo 

35 8 5 - o o  

40 10 5 - oo 

45 125 - oo 

50 150 - oo 
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increment of approach speed. Note that the area above the curve 

represents speed-distance combinations for which traffic may accept 

stopping in response to the change interval. The area below the 

curve represents speed-distance combinations for which traffic will 

reject stopping. 

Comparing approach speed to the corresponding minimum 

deceleration distance yielded a correlation of r2 = 0.81. This shows a 

strong relationship between approach speed and deceleration 

distance, which suggests that given an approach speed, traffic will 

choose to stop in response to the change interval based on their 

distance from the intersection. 

Deceleration distances were compared with Q values to 

determine if a relationship existed. To discount the significant 

influence of approach speed on Q values, deceleration distance was 

subcategorized into groups which corresponded to successive 5 mph 

increments of speed. For example, all deceleration distances 

resulting from sampled traffic approaching at 40 mph were included 

in one group. Subsequently, that group of deceleration distances was 

compared with the corresponding Q values. Figure 5-5 illustrates the 

relationship between deceleration distance and Q values for 30, 40 

and 50 mph speed categories. The relationships were developed by 

plotting the average Q value related to each 25 foot increment of 

deceleration distance. 



1.2 -

FIGURE 5-5 

EFFECT OF APPROACH SPEED AND 
DECELERATION DISTANCE ON Q-VALUES 

<n Ul z> 
_] 
< 
> 

1.1 -

1.0 -

0.9 _ 

0.8 -

0.7 _ 

0.6 

« 50 MPH, r =+0.20 

40 MPH, r =-0.67 

30 MPH, r =-0.73 

-1-

50 
—P-
100 

-I— 
150 200 

—I— 
250 

—I— 
300 325 

DECELERATION DISTANCE (FT) 



7 2  

The correlation analysis for deceleration distance and Q values 

resulted in correlation coefficients for each speed category. The 

coefficients ranged near r2 = -0.49. This reveals that a strong 

correlation does not exist between deceleration distance and Q values. 

In short, for a specific approach speed, motorists will decelerate from 

a corresponding range of distances. However, throughout the range 

of distances, the deceleration profiles remain similar. 

Deceleration Time 

Deceleration time is the period from when braking is initiated 

until the vehicle comes to a complete stop. 

Deceleration time was compared with Q values to determine if a 

relationship existed. To discount the significant influence of 

approach speed on Q values, deceleration time was subcategorized 

into groups according to successive 5 mph increments of speed. The 

analysis resulted in correlations ranging near r2 = -0.09 for each 

subcategory. This demonstrates that a weak relationship exists 

between deceleration time and Q values. 

Deceleration time was also compared with approach speed and 

deceleration distance to determine if relationships existed. The 

comparison with approach speed yielded a correlation r2= -0.24 

which demonstrates that a strong relationship does not exist. The 

comparison of deceleration time with deceleration distance yielded a 

correlation r2 = 0.92 which demonstrates a very strong relationship. 
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These results suggest that deceleration time is a consequence of 

a vehicle's speed and distance from the intersection at the onset of 

deceleration. This implies that the driver only interprets the need to 

stop and does not invoke a conscious effort to control the duration of 

stopping. 

SURROGATE DECELERATION RATES 

Given the inability to calculate agreeing deceleration rates using 

the three deceleration equations, the influence of approach speed on 

deceleration behavior, and the occurrence of deceleration from a 

range of distances, policies relying on a criterion deceleration rate in 

determining change intervals become difficult to defend. Therefore, 

surrogate deceleration rate information was developed to provide 

better input for the kinematic model, thus yielding more effective 

results. 

The previous analysis in this study demonstrates that approach 

speed and deceleration distance have the greatest impact on 

deceleration behavior. Given this information, surrogate deceleration 

rates were developed using the following steps: 

1. The data were subdivided into speed categories 

corresponding to successive 5 mph increments of approach speed 

ranging from 25 mph to 50 mph. For example, all vehicles with 

approach speeds of 22.5 mph to 27.4 mph were included in the 25 

mph category. It was assumed that the data within a particular speed 
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category represented traffic traveling at nearly the same speed. 

2. Each speed category included a set of vehicles which 

decelerated over deceleration distances which varied substantially. 

For each category, a cumulative frequency distribution was developed 

which ranged from the shortest to the longest measured deceleration 

distances. These distributions are included in Appendix D. The 

distributions are similar to the one illustrated in Figure 5-6. 

3. Each speed category included a set of vehicles which 

proceeded through the intersection in response to the change 

interval. For each category these vehicles were located at various 

distances from the intersection at the onset of the change interval. 

Though these vehicles did not stop, the distances which they had 

available for stopping can be estimated using the following equation: 

x = d - 1.47VT (5-5) 

Where: x = deceleration distance (ft) 

d = distance from intersection at the onset of the change 
interval (ft) 

V = approach speed (mph) 

T = reaction time (assumed equal to 1.0 sec) 

For example, if a vehicle was traveling at a speed of 45 mph and 

was located 266 feet from the intersection at the onset of the change 

interval, the vehicle would have had approximately 200 ft = 266 ft -

1.47(45 mph)(1.0 sec) to decelerate had the motorist elected to stop. 
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The literature review revealed that most research addressing 

change intervals agrees that an average reaction time of 1.0 seconds is 

demonstrated by motorists responding to the change interval. 

Therefore, an assumed reaction time of 1.0 seconds was used for 

estimating the deceleration distances that where available to 

motorists proceeding through the intersection in response to the 

change interval. 

4. For each speed category, a cumulative frequency distribution 

was developed which ranged from the shortest to the longest 

distances which motorists had available for decelerating, but 

proceeded through the intersection instead. These distributions are 

included in Appendix D and resemble the distribution in Figure 5-7. 

Note that the distribution in Figure 5-7 is drawn in a reversed 

manner so that the curve descends while moving to the right along 

the x-axis. The rationale for this is discussed below in Step 5. 

5. For each speed category, the cumulative frequency 

distribution for deceleration distances associated with stopping 

vehicles, and the cumulative frequency distribution of estimated 

deceleration distances for vehicles proceeding through the 

intersection were drawn on the same distance - cumulative frequency 

axis. The figures for each speed category are contained in Appendix 

D, and resemble the relationship illustrated in Figure 5-8. 

The distribution discussed in Step 4 was drawn in a reversed 

manner to help identify the range of deceleration distances where 
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some motorists were observed to stop and others were observed to 

proceed through the intersection in response to the change interval. 

In Figure 5-8, the lower end of Distribution B identifies the minimum 

distance over which motorists will decelerate from a given speed in 

response to the change interval. The lower end of Distribution A 

identifies the maximum deceleration distance motorists will reject by 

proceeding through the intersection. The distances between the 

lower ends of each distribution represent the range of deceleration 

distances that are accepted by some motorists and rejected by others. 

This range represents a zone of indecision commonly referred to as 

the dilemma zone. 

Another distribution may be calculated for each speed category. 

These calculated distributions represent the probability that 

motorists traveling at a given speed will accept stopping in response 

to the change interval given a particular deceleration distance. The 

distributions were developed using the following equation: 

Pi — Sj (5-3) 
S, +T, 

Where: 

p = probability of a driver stopping given a deceleration 
distance(i). 

S = cumulative percent of stopping vehicles at deceleration 
distance(i). 

T = cumulative percent of vehicles not stopping at deceleration 
distance (i). 
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Figure 5-9 illustrates the development of a probability 

distribution which resembles the distributions developed for each 

speed category in Appendix D. Note that the probability distribution 

extends from the shortest to the longest deceleration distances 

defining the limits of the dilemma zone. This is true because there is 

zero percent probability that stopping will occur when motorists are 

confronted with very short deceleration distances that are less than 

the lower limit of the dilemma zone. Conversely, when motorists are 

afforded large deceleration distances that are greater than the upper 

limit of the dilemma zone, there is 100 percent probability that 

stopping will occur. It is only when motorists are confronted with 

deceleration distances within the dilemma zone that varying 

probabilities of stopping occurs. 

Figure 5-10 illustrates the probability of stopping for each speed 

category. Note that as the speed categories increase in value, the 

distributions shift to include longer deceleration distances. This is 

consistent with the earlier discussion in this chapter which identifies 

that motorists decelerate over longer distances as their approach 

speed increases. 

Surrogate deceleration values may be obtained by expanding on 

the information regarding the probability of stopping. Each approach 

speed corresponds to a range of deceleration distances which are 

defined by the probability distribution curve. Using the deceleration 

equation v2/2X, the approach speeds and deceleration distances may 
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serve as input to calculate surrogate deceleration rates as follows: 

1. For a given speed category, deceleration distances 

corresponding to each 5 percent increment of the probability 

distribution can be determined. For example: In the 25 mph speed 

category, a deceleration distance of 50 feet corresponds to a zero 

percent chance of stopping, 60 feet corresponds to a 5 percent 

chance of stopping, 70 feet corresponds to a 10 percent chance of 

stopping, and this can be continued for each 5 percent increment 

until 150 feet is reached which corresponds to a 100 percent chance 

of stopping. 

2. Using a given approach speed category and corresponding 

deceleration distance data, surrogate deceleration rates can be 

calculated. Table 5-2 uses the 25 mph speed category data to 

illustrate the development of surrogate deceleration rates. 

3. The resulting surrogate deceleration rates are plotted on a 

deceleration rate - probability axis. The plotted points are connected 

to create a probability curve which indicates the likelihood that traffic 

will stop in response to a change interval that was derived using a 

given deceleration rate. Figure 5-11 illustrates a probability curve 

using the data developed for the 25 mph speed category. Probability 

curves were developed using this methodology for each speed 

category. These curves appear in Appendix E. The curves for each 

speed category are illustrated together in Figure 5-12. 

Once a criterion approach speed has been established for a 



TABLE 5-2 

DEVELOPMENT OF SURROGATE DECELERATION RATES 
FOR 25 MPH APPROACH SPEED CATEGORY 

CORRESPONDING SURROGATE 
APPROACH PROBABILITY DECELERATION DECELERATION 
SPEED OF STOPPING DISTANCE (FT) RATE 
(MPH) < % )  FROM FIGURE 5-10 (FT/SEC2) 

25 o 50 13.5 
5 60 11.3 

" 10 70 9.7 
" 15 75 9.0 

" 20 78 8.7 
" 25 81 8.3 
•I 30 83 8.1 
II 35 85 7.9 
II 40 87 7.7 
II 45 89 7.6 
II 50 91 7.5 
II 55 92 7.4 
II 60 94 7.2 
II 65 96 7 . 0 
1* 70 98 6.9 

' If 75 100 6.8 
1 " 80 104 6 . 6 

85 108 6.3 
11 90 115 5.9 
II 95 130 5.2 
II 100 150 4.5 

SURROGATE APPROACH SPEED 2 
DECELERATION = 

RATE 2 X DECELERATION DISTANCE 
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particular signalized intersection, Figure 5-12 may be consulted to 

determine an appropriate surrogate deceleration rate to act as input 

for the change interval equation. If the limiting values at the lower 

end of the curves are utilized, total compliance with the change 

interval should be observed. If values along the curves which 

correspond to a particular percent of cumulative frequency are 

utilized, probabilistically the same percent of traffic will violate the 

resulting change interval. 

Due to the nonconforming behavior of a small percentage of 

motorists, it may be unrealistic or infeasible to establish a change 

interval which accommodates the entire traffic population. 

Developing a change interval which caters to 100 percent of society 

may yield inefficient signal operation. Using engineering discretion, 

an agency may select a surrogate value of deceleration based on a 

criterion cumulative percentage which produces a change interval 

expected to serve motorists demonstrating reasonable judgment. 

This approach is exemplified by the use of the 85th percentile speed 

of a speed study in determining speed limits. It is not the intention 

of this thesis to condone or discourage the use of such a policy, 

merely to provide information for situations which warrant its use. As 

a result, Figure 5-13 was developed by revising the information 

contained in Figure 5-12 into an abbreviated format. 
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Table 5-3 lists the surrogate deceleration rates which are 

recommended as a result of this study for use in current change 

interval policies. Note that for different approach speeds, surrogate 

deceleration rates will differ significantly. Therefore, if traffic is 

approaching at different speeds from one intersection to the next, 

different values of surrogate deceleration must be used to achieve 

accurate and safe change intervals using the change interval equation. 

A deceleration rate of 10 ft/sec2 is the value of deceleration 

which most change interval policies have adopted. From the 

information presented in this study, it becomes evident that a rate of 

10 ft/sec2 is applicable to only a small percentage of traffic. 

Consequently, a single criterion rate of deceleration can not be 

expected to represent the entire traffic population. In view of the 

information which is now available, using one value of deceleration for 

all intersections should not be considered an acceptable practice. 



TABLE 5-3 

RECOMMENDED SURROGATE DECELERATION RATES 
TO BE USED IN THE KINEMATIC EQUATION 

APPROACH 
SPEED 
(MPH) 

RECOMMENDED 
SURROGATE 

DECELERATION 
RATE (FT/SEC 2) 

25 6.2 

30 7.4 

35 8.6 

40 9.8 

45 11.0 

50 12.3 

55 13.5 
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CHAPTER 6 

CONCLUSIONS 

It is essential that traffic signal change intervals are developed 

properly to provide safe as well as efficient traffic operations. The 

intent of this study was to evaluate the validity of practices for 

determining change intervals. This study addressed the effectiveness 

of current practices by focusing on the effect traffic deceleration 

characteristics have on the results generated by the kinematic model. 

The results of this study reveal that deceleration behavior changes 

with varying approach speed and traffic stops in response to the 

change interval from a range of distances. As a result, the commonly 

accepted criterion deceleration rate of 10 ft/sec2 hardly accounts for a 

majority of the motoring public. This study provides an alternative set 

of deceleration rates that may be used in the kinematic equation to 

yield safer and more effective results. 

EFFECT OF DECELERATION 

In Chapter 3 it was identified that if traffic decelerates at a 

nonuniform rate, a deceleration rate criterion for the kinematic 

model cannot be substantiated. This is true because the three 

equations available for calculating deceleration rate produce three 

unique results. The three decelerating rate values apply to one 

decelerating vehicle, so an ambiguity is created. 



Recognizing the importance of identifying the manner in which 

traffic decelerates, an analysis was conducted to provide this 

information. Initially, an error analysis was conducted to dismiss the 

probability that traffic would appear to be decelerating at a 

nonuniform rate due to measurement error. The results revealed that 

69 percent of the data set represented traffic that was decelerating at 

a nonuniform rate beyond what could be reasonably attributed to 

measurement error. 

A subsequent analysis involved the development of deceleration 

profiles which revealed the changes in deceleration characteristics 

throughout the duration of deceleration for each stopping vehicle. 

The profiles revealed that clearly traffic was not decelerating at a 

uniform rate in response to traffic signal change intervals. 

FACTORS AFFECTING DECELERATION 

Following the determination of traffic decelerating at nonuniform 

rates, further analysis was conducted to identify factors which affect 

the manner in which deceleration occurs. 

Approach speed 

The results of this study identify that the speed at which a 

motorist is traveling at the onset of the change interval will influence 

the decision whether to stop or continue through the intersection in 

response to the change interval. 
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The manner in which stopping occurs is also influenced by 

approach speed. At slower speeds, motorists typically initiate 

stopping gradually and apply the brakes harder towards the end of the 

stopping maneuver. At higher speeds, motorists typically apply the 

brakes the hardest at the beginning of the stopping maneuver and 

ease into a more gradual deceleration towards the end of the 

maneuver. The study results revealed that at approach speeds 

ranging near 48 mph, motorists typically decelerated at relatively 

uniform rates. 

Deceleration Distance 

The results of this study reveal that the distances over which 

traffic will attempt to decelerate in response to the change interval is 

strongly correlated to the approach speed of the vehicle. At slower 

speeds, motorists will stop within shorter distances from the 

intersection. At faster speeds, motorists will continue through the 

intersection from greater distances. 

Motorists are influenced whether or not to stop by their distance 

from the intersection at the onset of the yellow. However, the 

distance over which traffic decelerates apparently does not have 

much of an influence on the manner in which stopping occurs. The 

way motorists apply their brakes is mostly in response to their 

approach speed. 
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Deceleration Time 

The results of this study demonstrate that deceleration time is 

mostly a consequence of a motorists speed and distance from the 

intersection at the onset of the change interval. Motorists only 

decide to stop and then complete the maneuver. They do not invoke 

a conscious effort to control the duration of stopping. 

SURROGATE DECELERATION RATES 

Recognizing that a criterion deceleration rate cannot be derived 

for use in the kinematic equation, a set of surrogate rates was 

developed to provide input for the equation so that safer and more 

effective results would be yielded. 

Surrogate deceleration rates were developed using speed and 

deceleration distance data. This data was used because in Chapter 5 

it was demonstrated that speed and deceleration distance has the 

greatest influence on deceleration behavior. 

The data was disaggregated into subsets corresponding to 

successive 5 mph increments of approach speed. Within each subset, 

a distribution identifying probability of stopping was developed based 

on deceleration distances. Using this information, distributions of 

surrogate deceleration rates were developed which identify the 

probability traffic will stop in response to the change interval based 

on the approach speed and deceleration rate used as input for the 

kinematic equation. Table 5-3 lists the recommended surrogate 
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deceleration rates which should be used in the kinematic equation. 

FURTHER RESEARCH NEEDS 

The scope of this study did not attempt to address all of the 

issues related to the design of traffic signal change intervals. This 

study focused on the effects deceleration behavior has on the accuracy 

of the kinematic model. Further research addressing other aspects of 

the change interval could provide useful information. 

Other Factors Affecting The Kinematic Equation 

Deceleration behavior has a distinct impact on the effectiveness 

of the kinematic equation results. Other factors which were not 

included in the focus of this study could also impact the reliability of 

the kinematic equation. However, the literature review in Chapter 2 

identifies that a substantial amount of research has been conducted 

which investigates the other factors contained in the kinematic 

equation. Further research would be best applied by analyzing the 

assumptions related to the other factors rather than duplicating the 

efforts put forth in past research. 

Application to Actuated Signals 

The change interval kinematic model has been designed 

assuming traffic is approaching the intersection at random locations 

at the onset of the change interval. When traffic approaches 
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signalized intersections where advance detection is provided, 

motorists are afforded an extended period to enter and clear the 

intersection. This aspect of signal design could be explored to 

determine the impact it may have on the development of change 

intervals. 

Alternative Methods 

Most change interval policies rely on the kinematic equation. 

Further research could be applied to investigate alternative methods 

for determining the change interval. Through additional research a 

simplified approach may be devised which would not have to depend 

on the accuracy and availability of data, which is an onerous 

requirement when using the kinematic equation. 
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APPENDIX A 

DERIVATION OF INEQUALITY EQUATIONS 



DERIVATION OF INEQUALITY EQUATIONS 

GIVEN: a, = V2/2x, a2 = 2x/t2, a3 = V/t 

ASSUME: a} < a2 ASSUME: a, > a2 

THEN: V2/2x < 2x/t2 

V2 < 4x2/t2 

V < 2x/t 

V/t < 2x/t2 

a3 < a2 

THEN: V2/2x > 2x/t2 

V2 > 4x2/t2 

V > 2x/t 

V/t> 2x/t2 

a3 > a2 

AND: V2/2x < 2x/t2 

V2/4x2 < 1/t2 

V«/4x2 < V2/t2 

V2/2x< v/t 

a, <a3 

AND: V2/2x > 2x/t2 

V2/4x2 > 1/t2 

V4/4x2 > V2/t2 

V2/2x> v/t 

a1 > a3 

THEREFORE: a, < a3 < a2 THEREFORE: a, > a3 > a2 
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DECELERATION PROFILES 



DECELERATION PROFILE WITH Q-0.58 

60 

40 -

Time 
Distance To 
Intersection 

Speed 
ft/sec 

0.0 105 ft 50.0 

1.0 56 ft 48.0 

2.0 18 ft 28.0 

3.0 3 ft 2.0 

3.2 2 ft 0.0 

TIME, SEC 



DECELERATION PROFILE WITH Q = 0.55 

Time 
Distance To 

Intersection 
Speed 
ft/sec 

0.0 215 ft 51.3 

1.0 164ft 50.7 

2.0 115 ft 47.3 

3.0 75 ft 32.7 

4.0 45 ft 27.3 

5.0 20 ft 22.7 

6.2 5 ft 0.0 

TIME, SEC 



DECELERATION PROFILE WITH Q = 0.92 

V\ X 

0 12 3 4 5 

TIME, SEC 

nr 
6 

t*-
7 

Time 
Distance To 

Intersection 
Speed 
ft/sec 

0.0 245 ft 64.3 

1.0 184 ft 57.7 

2.0 132 ft 46.3 

3.0 91 ft 35.7 

4.0 60 ft 26.3 

5.0 37 ft 19.7 

6.0 20 ft 14.3 

7.3 1 1 ft 0.0 

8 



DECELERATION PROFILE WITH Q = 0.94 

60 

r 
2 

-r 
4 

r 
5 

T 
6 

1-
7 

Time 
Distance To 

Intersection 
Speed 
ft/sec 

0.0 290 ft 62.5 

1.0 230 ft 57.5 

2.0 178 ft 46.5 

3.0 135 ft 39.5 

4.0 96 ft 34.5 

5.0 65 ft 27.5 

6.0 40 ft 22.5 

7.0 20 ft 17.5 

8.0 7 ft 8.5 

8.9 3 ft 0.0 

TIME, SEC 



DECELERATION PROFILE WITH Q = 1.29 

Distance To 
Intersection 

Speed 
ft/sec Time 

70 64.4 

55.6 

44.4 

0.0 240 ft 

180 ft 

130 ft 
60 

2.0 

3.0 50 29.6 u 111 
to 4.0 22.4 67 ft 

40 
5.0 47 ft 

30 ft 

15 ft 

17.6 

16.4 

13.6 
cT 30 

UJ 
LU 
0- 20 
to 

6.0 

7.0 

6 ft 4.4 8.0 

8.5 0.0 2 ft 

ijL 
2 3 4 5 6 7 9 

TIME, SEC 
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APPENDIX C 

DERIVATION OF ERROR ANALYSIS 



RANGE OF ERROR FOR DECELERATION RATE al 

GIVEN: al = 2x/t2 

where: x = deceleration distance, ft 
t = deceleration time, sec 

ex = measurement error for deceleration distance 
= +5 ft 

et = measurement error for deceleration time 
= +0.056 sec 

FIND: eal = [ ( (dal/dx )ex )2 + ( (dal/dt)et )2 ] 1/2 

SOLUTION: 

dal/dx = 2/t2, dal/dt = -4x/t^ 

eal = [ ( {2/t2 )2 ( 5 )2 + (-4x/t3 ) 2 ( 0 . 056 )2 ] 1/2 

= I ( 4/t2*) 25 + (16x2/t6)0 . 003] I/2 

= [lOO/t^ + 0.05x2/t6] 1/2 

RANGE OF ERROR: 

al ± [ 1 0 0 / t k  + 0.05x2/t6]1/2 



RANGE OF ERROR FOR DECELERATION RATE a3 

GIVEN: a3 = V2/2x, V = Y/T, a3 = Y2/T22x 

where: V = approach speed, ft/sec 
x = deceleration distance, ft 
Y = distance traveled at speed V, ft 
T = time required to travel distance Y, se 

ex = measurement error for deceleration distance 
= ±5 ft 

eY = measurement error for Y 
= +5 ft 

eT = measurement error for T 
= +0.056 sec 

FIND: ea3 = [({da3/dx)ex)2 + ((da3/dY)eY)2 + 
( (da3/dT)eT)2 ]I/2 

SOLUTION: 

da3/dx = -Y2/T22x2, da3/dY = 2Y/T22x, 

da3/dT = -2y 2 / t3 2x  

ea3 = [ (-Y2/T22x2)2 ( 5)2 + ( 2Y/T22x )2 ( 5 )2 + 
(  -2 y 2 / t 3  2x)2{ 0.056)2 ]1/2 

= [ (Y^/T^4x^ )25 + (.4Y2/T^4x2)25 + 
(4YVT64x2 ) 0 . 003 ]1' 2 

= [ 25Yif/4Tifxi} + 25Y2/T^x2 + 0 . 003y V t6x 2 ]  1 / 2  

RANGE OF ERROR: 

a3 ± [25Y^/4T^x^ + 25Y2/T^x2 + 0.003Y^/T6x2] 1/2 
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APPENDIX E 

SARROGATE DECELERATION RATE PROBABILITY DISTRIBUTIONS 
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PROBABILITY TRAFFIC TRAVELING 45 MPH WILL STOP 
IN RESPONSE TO THE CHANGE INTERVAL BASED ON 
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PROBABILITY TRAFFIC TRAVELING 50 MPH WILL STOP 
IN RESPONSE TO THE CHANGE INTERVAL BASED ON 
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