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TABLE 2.14. TIME HEADWAYS FOR 15 VEHICLES (IN SECONDS)

Vehicle Cycle Number

Number 1 2 3 4- 5 6 7 8 9 10
1 1 2 2 2 3 3 2 2 2 2
2 2 2 2 3 2 2 3 3 4 2
3 2 3 2 3 3 3 2 2 2 1
4 2 2 3 1 2 3 3 2 2 2
5 2 2 3 2 2 3 2 4 2 2
6 2 3 2 2 2 2 2 3 1 3
7 2 1 3 3 2 2 3 2 2 2
8 2 2 1 3 2 2 2 1 3 2
9 2 3 2 1 2 1 2 2 2 2
10 3 3 2 2 2 2 2 1 2 2
11 3 2 1 2 2 3 2 2 2 1
12 1 1 1 1 2 2 2 2 1 3
13 2 2 3 3 2 - 1 - - 1
14 1 2 1 - - - 1 - - 2
15 2 - 1 - - - 1 - - 2

TABLE 2.15. STATISTICAL ANALYSIS OF DEPARTURE HEADWAYS
AT SIGNALIZED INTERSECTIONS IN FREMONT
Coefficient Standard
Queue Mean Standard of Error of Max. Min.
Position (sec) Deviation Variance Variation Mean (sec) (sec)
1 3.10 0.64 0.41 20.77 0.086 5.00 1.43
2 1.87 0.036 0.0013 1.94 0.0048 - 2.75 0.99
3 2.00 0.41 0.17 20.70 0.058 3.08 1.42
4 2.12 0.60 0.36 28.47 0.10 3.90 1.04
5 2.10 0.52 0.27 24.56 0.098 3.13 1.31
6 1.95 0.34 0.11 17.29 0.084 2.31 1.43
7 1.73 0.38 0.15 22.04 0.16 2.20 1.09
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TABLE 2.16. STATISTICAL ANALYSIS OF DEPARTURE HEADWAYS

AT SIGNALIZED INTERSECTIONS IN BELLEVUE

Queue Standard Coefficient Standard
Position Mean Deviation Variance of Error of Max. Min.
{sec) Variation Mean (sec) {sec)
1 2.04 1.16 1.34 56.74 0.13 5.16 0.61
2 1.91 0.65 0.43 34.15 0.074 3.51 0.88
3 2.04 0.52 0.27 25.63 0.060 3.68 0.93
4 2.00 0.51 0.26 25.28 0.062 417 0.99
5 1.85 0.71 0.51 38.54 0.10 3.18 0.88
6 1.92 0.55 0.31 28.90 0.11 3.35 1.15
7 1.69 0.60 0.36 35.67 0.16 2.97 0.88

TABLE 2.17. STATISTICAL ANALYSIS OF DEPARTURE HEADWAYS

AT SIGNALIZED INTERSECTIONS IN LINCOLN

Queue Standard Coefficient Standard
Position Mean Deviation Variance of Error of Max. Min.
(sec) Variation Mean (sec) (sec)
1 3.74 1.18 1.39 31.49 0.16 5.66 2.03
2 2.12 . 0.66 0.43 30.91 0.088 4.01 1.27
3 2.04 0.64 0.41 31.23 0.091 4.94 1.04
4 2.02 0.47 0.22 23.27 0.11 2.86 1.31
5 1.64 0.25 0.063 15.30 0.11 2.14 1.48
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TABLE 2.18.

STATISTICAL ANALYSIS OF DEPARTURE HEADWAYS
AT SIGNALIZED INTERSECTIONS IN COLUMBIA

Queue Standard Coefficient Standard
Position Mean  Deviation Variance of Error of Max. Min.
{sec) Variation Mean (sec) (sec)
1 3.21 0.84 0.71 26.26 0.14 5.33 1.04
2 2.12 0.78 0.60 36.65 0.13 4.89 0.72
3 2.23 0.58 0.34 26.22 0.10 3.46 1.16
4 2.04 0.44 0.19 21.38 0.1 2.86 1.42
5 1.87 0.59 0.35 31.63 0.17 2.80 0.77
TABLE 2.19. STATISTICAL ANALYSIS OF DEPARTURE HEADWAYS

AT SIGNALIZED INTERSECTIONS IN NORFOLK

Queue Standard Coefficient Standard
Position Mean  Deviation Variance of Error of Max. Min.
(sec) Variation Mean (sec) (sec)
1 2.91 0.90 0.81 30.91 0.15 5.44 1.54
2 1.92 0.81 0.66 42.27 0.14 3.41 0.88
3 2.21 0.44 0.19 19.81 0.076 3.90 1.21
4 2.13 0.60 0.37 28.39 0.13 3.90 1.48
5 1.84 0.37 0.14 20.11 0.13 2.69 1.54
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TABLE 2.20. STATISTICAL ANALYSIS OF DEPARTURE HEADWAYS
AT SIGNALIZED INTERSECTIONS IN OMAHA

Queue Standard Coefficient Standard
Position Mean Deviation Variance of Error of Max. Min.
(sec) Variation Mean (sec) (sec)
1 2.41 0.94 0.88 38.72 0.037 6.65 0.66
2 2.28 0.60 0.36 26.23 0.023 6.53 0.97
3 2.09 0.56 0.31 26.64 0.022 4.80 1.09
4 1.96 0.51 0.26 26.02 0.020 6.77 0.72
5 1.90 0.47 0.22 24.96 0.018 5.80 0.99
6 1.87 0.46 0.21 24.82 0.018 4.47 0.20
7 1.82 0.40 0.16 2252 0.017 4.78 0.98
8 1.79 0.50 0.25 28.36 0.023 5.53 0.99
9 1.72 0.37 0.14 21.50 0.019 3.40 0.93
10 1.67 0.47 0.22 27.80 0.026 6.48 0.93
11 1.66 0.49 0.24 28.80 0.031 5.10 0.98

Testing the Variability of Departure Headways

The Chi-Square test of goodness was used to test the distribution of the measured
departure headways. The results of the test indicated that the departure headways for each
queue position follows the normal distribution.

The results of the independent sample t-test indicated that the mean departure
headways for different queue positions from-different approaches in the same intersection are
significantly different from each other. The results of the t-test also indicated that the mean
departure headways for different queue positions for different cities are also different at 95

percent confidence level.

CONCLUSIONS
The results of this study indicated that there is a high degree of variability among the
departure headways that were measured. The reason could be the differences in traffic and

geometric conditions.
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The departure headway for queue position number one ranges from 2.04 to 3.74

seconds in six Nebraska cities under this study. The departure headway for queue position

number two ranges from 1.87 to 2.44 seconds. The departure headway for queue positions

number three through seven ranges from 2.00 to 2.33 seconds, from 1.96 to 2.36 seconds, from

1.64 to 2.10 seconds, from 1.87 to 1.95 seconds, and from 1.69 to 1.82 seconds, respectively.

The average departure headways that were obtained in this study are 2.90, 2.04, 2.10, 2.04,

1.87, 1.91, and 1.75 seconds for the first through the seventh vehicle in a stopped signalized

intersection queue.

An overall review of the studies described above indicates that there was a high degree of

variability in the observed departure headways. The major reasons for this are probably the

following

a.
b.

c.

different study objectives;

various methods of data collection were used;

different definitions for the reference line, the starting delay, and the vehicle
headways were employed;

different study methods were employed;

the studies were conducted over a long period of time during which driver behavior
and vehicle characteristics changed;

the sample size of the data differed from study to study and sometimes it was not
reliably large; and

different locations in a wide variety of cities were studied.
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CHAPTER 3. DATA COLLECTION

Field data describing stopped queue start-up and inter-vehicle headway times were
collected at locations encompassing a broad range of conditions. The data collection activities are

described in this chapter.

SITE SELECTION

All data collection sites were located in Austin, Texas. Five intersections along Congress
Avenue were selected for study. Congress Avenue is a primary arterial street extending from the
CBD to the suburbs (direction North-South), with a length of about 12 miles and commercial
development along both roadsides. The intersection approaches and their associated
characteristics examined in this study are summarized in Table 3.1.

The sites chosen had straight intersection approaches. The grades of the approaches,
the intersections, and the exit lanes were of reasonably level profile. All intersections but one
(Congress Avenue and Riverside Drive) were right-angle crossings. All intersections were
signalized and controlled by pretimed, multi-phase signal systems. Parking was not permitted and

did not exist for at least 600 feet ahead of any intersection.

FIELD OBSERVATION TECHNIQUE

All data were collected by Stilianos Efstathiadis. Data collection consisted primarily of
measuring time intervals. For all selected intersection approaches, the time of individual vehicle
movements was recorded by using a portable time recording device developed at The University
of Texas at Austin. The observer pressed a button when the signal changed to green and when a
vehicle passed the reference line. It is felt that the presence of the observer had littie or no effect

on the behavior of traffic in the intersections being measured.

Definitions

HeadWay time for the first car in line was defined as the time between onset of the green
phase and the instant the front wheels of the car crossed the reference line. Headway times for
each of the remaining cars in the queue were the intervals between crossings of the reference

line by the front wheels of successive vehicles.
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TABLE 3.1.

INTERSECTION APPROACH CHARACTERISTICS

Intersection Approach  Direction Lane position Speed limit Lane width  District
code (from centerline)  (mph) (feet) area
Congress Av. & Riverside Dr. 1S3  Southbound 3 30 10.5 Business
Congress Av. & Riverside Dr. 1S4  Southbound 4 30 11.5 Business
Congress Av. & Riverside Dr. IN3 Northbound 3 30 10.0 Business
Congress Av. & Riverside Dr. IN4  Northbound 4 30 11.0 Business
Congress Av. & Oltorf St. 6S2  Southbound 2 35 10.0  Intermediate
Congress Av. & Oltorf St. 6S3  Southbound 3 35 10.0  Intermediate
Congress Av. & Oltorf St. 6N 2  Northbound 2 35 9.5 Intermediate
Congress Av. & Oltorf St. 6N 3  Northbound 3 35 9.5 Intermediate
Congress Av. & Ben White Blvd. 9S1  Southbound | 40 12.0 Commercial
Congress Av. & Ben White Blvd. 9S2  Southbound 2 40 18.0 Commercial
Congress Av. & Ben White Blvd. ION1 Northbound 1 40 13.0 Commercial
Congress Av. & Ben White Blvd. 10N 2  Northbound 2 40 17.0 Commercial
Congress Av. & Stassney La. 11S2  Southbound 2 40 12.0 Commercial
Congress Av. & Stassney La. 11N2  Northbound 2 40 16.5 Commercial
Congress Av. & William Cannon Dr.  12S2  Southbound 2 45 18.0 Open
Congress Av. & William Cannon Dr. 12N 2  Northbound 2. 45 18.5 Open




SELECTION OF REFERENCE LINE

For a period of time, each investigated lane was observed in order to establish the area at
which most vehicles were stdpping. The reference line was selected as the location at which,
most of the time, the front bumper of the first car in the queue stopped. This line was the
designated reference line on the assumption that most vehicles, in the first position of any queue,
would stop with their front wheels only a short distance behind this line. Most of the time, the
reference line was the stop line of the investigated lane.

This line was selected as the screenline because it was felt that it would give the best and
most consistent results for the departure headways. That is before any additional factors such as
the driver's desired speed and behavior would add more variation to the observed headways.

The same reference line was used for each lane for all the cycles for which data were

collected. This way all measurements were consistent for any one fane.

Eligible Vehicles

Data were collected for each vehicle in the queue and recorded as a function of the
vehicle's position in the queue. When the original queue was destroyed by a lane change (a
vehicle moved into or out of the lane of interest) normal queue departure movement was
disrupted, therefore data collection was discontinued for that cycle.

Headways were measured for only those cars that were effectively stopped either during
the red phase or during the green phase, because the wave of motion (starting wave) had not
traveled back far enough.

Data were recorded for all cars on each cycle that proceeded straight through the
intersection and were not impeded by pedestrians, cross traffic, or opposing left turners. Thus,
the headways are based on lanes with uninterrupted through movements. Measurements were

taken only if free flow of traffic downstream from the intersection was provided.

Vehicle Codes

The characteristics of each vehicle were classified; that is, a coded description of each
vehicle was recorded when appropriate. Vehicle size for this study was classified into two major
categories: (a) passenger cars (which also included mini vans and small trucks); and (b) trucks,
busses, or vehicles with trailers. Because most of the vehicles were in the first category,
passenger cars were established as the default value. The observer noted on the data sheet only

when a vehicle from the other category was measured.
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Observation Problems

A major problem was encountered with using the designated reference line because
vehicles sometimes stopped past that line. In such a situation, the time for that vehicle was
recorded but an interruption code (i.e. 1) was noted on the data sheet. When a vehicle stopped
with its front wheels on the reference line, no interruption code was noted, and the time
measured was its start-up reaction time. Also, more frequently for some intersections than for
others, there were occasions when the first vehicle in the queue willingly delayed its departure
because there was still opposing flow. In these cases, the time for that vehicle was recorded, but

an interruption code (i.e. 2) was added.

Time Recording Device

All times for individual vehicles were obtained with a time recording device. The time -
recording device was in effect a storage stopwatch which had the following characteristics: (1) it
was portable; (2) it used an independent DC power supply (a small motorcycle battery); (3) it
incorporated solid state electronic component reliability; (4) it could store up to 32 time intervals;
and (5) it had selectable time increments of 1.0 second, 0.1 second, and 0.01 second.

The user first placed the time increment switch to the desired basis for timing. The 0.01
second time increment was selected for this study. Next, the user set the record/display switch to
the record function. Timing of the first event was initiated by pressing the zero button. Each time
the event button was depressed thereafter, the duration of the current event was stored in a 32-
position register stack and timing of a new event was begun. The current stack position was
displayed for the user. '

After storing the desired number of timed intervals, the user positioned the record/display
switch to the display function and read the stored data. The device had a digital display which was
easy to read. The entire stack could be examined in sequence by repeatedly depressing the

event button. Displayed information was transferred to a data sheet.

Time of Measurement

The studies were conducted during both the morning and evening periods of peak flow
on éverage weekdays. The morning and evening periods of peak flow were identified after traffic
counts were conducted at each approach under consideration. The morning peak period was
from 7:00 a.m. to 8:30 a.m. and the evening peak period from 4:30 p.m. to 5:45 p.m. The weather

at all times of data collection was dry and sunny or cloudy, i.e. the pavement was dry.
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Period of Data Collection
All data were collected from July 1991 to March 1992. In all, more than 8,000 vehicle

headways were recorded.

ESTIMATION OF SAMPLE SIZE

The required size of the sample that should be collected had to be estimated first. The
size of a sample of data needed to give a mean within some desired range of accuracy is
dependent on the desired confidence level and the standard deviation of the population.
Because no comparable data were available, the standard deviation of the population had to be
assuhed. A ‘pilot' study was conducted and an estimate of the standard deviation of the
population could be obtained from that sample, so it became possible to determine whether the
size of the available sample was sufficiently large. The following equation was used to determine

the required sample size.

K2 * V2
R @3.1)

D?

where n = required sample size
D = error that can be tolerated (as a percentage)
K = number of standard deviations from mean to produce desired confidence
V = coefficient of variation, that is s/m where s is the standard deviation and

m is the mean of the population

The above equation stands true in the case that the population is approximately normally
distributed and the resultant sample size is not very large compared to the total number of cases in
the population.

As it can be seen from Equation 3.1, some variables are unknown before any sample is
collected. For this reason, a small exploratory sample was obtained; the sample standard deviation
and the sample average were used as approximations of population values. After some initial data
were collected, it was found that the average coefficient of variation was approximately 0.28.

For this study the error that could be tolerated, D, was chosen not to exceed 10% or 0.10,

and K was found from a Standard Normal Probability Table to be 1.645.
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After replacing the above values at Equation 3.1, the required sample size was found to
be around 22. It was determined that in order to detect a headway time difference of 10 percent,
with 90 percent confidence, a sample size of at least 22 was required.

interpreting this result, any data sample of size 22 observations or more would have a
mean value within 10 percent from the true population mean in 90 cases out of 100. These
sample sizes are strict minimums, and more observations were obtained where feasible.

The data were transferred from the data sheets to a computer file by entering at a remote
terminal. The format used is shown in Table 3.2. Wherever irregularities in traffic flow were
observed, headway fields were left blank and interpreted as missing. Missing values were

recorded as dots.

TABLE 3.2. DATA RECORD FORMAT

Column Variable name Comments

1-2 ‘ INTERS Intersection number (1-12)

3-4 DIR Direction (North or South)

5-6 LANE Lane position (1-4)

7-8 TIME Time period (A.m. or P.m. peak period)
9-80 P1-P19 Headway time for positions 1-19
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CHAPTER 4. DATA ANALYSIS AND RESULTS

INTRODUCTION

Two parameters of traffic performance can be used to represent several important
characteristics of intersection operation. The two parameters investigated in this study are starting
delay and time spacing between vehicles departing from a stopped position to enter a signalized
intersection. Information on‘ the variability of these parameters at an intersection and among
intersections may have useful applications in studies of intersection capacity and signal timing.

When a traffic signal interrupts the flow of traffic, the vehicles stopped by the signal are
delayed during the time the signal is red plus the time required for the vehicles to get started and
underway again. This latter delay is commonly called starting delay. A generally accepted
definition of starting delay is the time required for the first vehicles in a queue to commence
motion and enter an intersection after the traffic signal displays a green indication. Time spacing is

the average time headway in seconds between successive vehicles in an entering platoon.

ERROR ANALYSIS

The manual input method used for time increment measurements has an element of error
because of the observer's reaction time.

The error at each time headway measured was estimated. In order to accomplish that, the
observer measured his experimental error. The hypothesis was that zero seconds time headway
existed. Thus, the time calculated at two consecutive presses of the event button would give us
an estimate of the error.

This prdcedure was repeated 105 times and an average was calculated. The average
error was found to be 0.155 seconds with standard deviation 0.014 seconds and standard error of .
the mean 0.0014 seconds.

As a result, all times measured in this study may contain an average measurement error of
0.155 seconds. Since this error was very small, the observ;ar reaction time was assumed to be
uniform for all inputs. |

Upon examination of the data, some very low values for vehicle headways were
discovered. Computations were performed, and some values were found to be impossible. In
order to edit the data set, some assumptions were made. First it was assumed that the space
interval (front-axle to front-axle) between vehicles would be at least 20 feet. Second, the

maximum speed that the vehicles of each position in the queue could attain, when they reached
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the reference line, was as follows: 10 mph for the second vehicle in the queue, v15 mph for the
third and fourth, 20 mph for the fifth, 25 mph for the sixth, 27 mph for the seventh, 30 mph for the
eighth, 32 mph for the ninth, 34 mph for the tenth and 35 mph for the positions eleven through
nineteen.

The following editing was done for the extremely small values. Whenever vaIués smaller
than the following were found, they were interpreted as missing for the following analysis. The
minimum acceptable headway for the first vehicle in the queue was 1.00 sec. as the PIJR time
(Perception, Identification, Judgment, and Reaction time) for an average driver in urban area [Ref.
26, 27]. The minimum headway values for positions two through nineteen were 1.37 sec, 0.91
sec, 0.91 sec, 0.68 sec, 0.54 sec, 0.51 sec, 0.45 sec, 0.42 sec, 0.40 sec, and 0.39 sec

thereafter.

EXPLORATORY DATA ANALYSIS

Due to the limited number of trucks, busses and trailers (vehicles of the second category),
the analysis was concentrated only on passenger cars and light trucks (vehicles of the first
category). The headway times of any heavy vehicles were exciuded from the analysis. It was
assumed that these vehicles influence only their headways and not of their following cars. This
was examined and it was found to be valid. The headways of cars following vehicles of the second
category did not have any significant difference from the cars of the same position following
vehicles of the fifst category. Thus, the following analysis is concentrated only on passenger cars
and light trucks and the results are valid only for these vehicles.

Also the time headways for vehicles at the first position in the queue with interruption
codes 1 or 2 (see Chapter 3) were excluded from the subsequent analysis.

The following analysis is the first step to relate the headway values and their variabilities to
physical and traffic conditions.

For reasons discussed earlier, there is a marked tendency for the number of sample
points to decrease as one goes from the front of the waiting line towards the rear. In much of the
statistical analysis that follows, the shape of the density functions is important. From a practical
point of view, by this it is meant that the first two moments be reasonably accurate. For the density
functions that are used in this study, if the sample size is sufficiently large to ensure a given
relative accuracy of the variance then the relative accuracy of the mean will be much greater.

A normality test from the SAS/STAT software [Ref. 28] was used to test the distribution of

the departure headways. Departure headways were in most cases normally distributed.
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Departure from normality, where it existed, was in the form of positive skewing with a long tail of
high values.

A preliminary analytical procedure involved computing selected sample statistics. In the
following Tables 4.1 through 4.16 the number of observations, median, mean, standard
deviation, minimum, maximum, range, standard error of the mean, variance, and coefficient of
variation of the vehicles' headways are given for each specific lane that was investigated. In Table
4.17 the descriptive statistics for all the collected data are summarized. In these tables and
throughout this chapter, the approach codes from Table 3.1 are used for identification instead of
the actual approach names. '

The mean value of headway shown in this tabulation generally decreases from front to
rear of the queue and there is some tendency to approach a constant value at position three or
four, depending on the case.

An overall review of the studies in the literature review suggests that all efforts are
fragmented in terms of study methods, location characteristics, and technical objectives.
Therefore, comparison of these studies is limited to a general observation that their results do not
entirely agree. It is also noticed that by far the most comprehensive study was that reported by
Greenshields et al. conducted 45 years ago. It is questionable whether the results could
represent current traffic characteristics. In addition, the limited depth of the studies does not allow
a clear identification of factors that can affect the headway values.

It is interesting to note that all the entering headways from various studies appear to follow
a similar pattern except for the first two vehicles. It is a fact that studies with the first vehicie having
a low headway value have used a different definition of entering headway than the others. This
study is the only one that defines the reference line as an imaginary line in front of the usual first
vehicles stopping place. So, the departure headway for the first vehicle is closer to its PIJR time.

Further analysis suggests that there are logical reasons for the observation that the
departure headways measured in this study were lower than in almost all other studies. This study
was one of the very few that was conducted in the last 5 years. Cars are smaller than ever before
and have better acceleration characteristics. The results are very similar to the last study in the
literature review, by M. Moussavi and M. Tarawneh [Ref. 25], conducted in 1990, and with the
studies of C.J. Ancker et al. [Ref. 13, 1967], R.M. Bartle et al. [Ref. 4, 1952] and B. Helm [Ref.
6,1957). Surprisingly, there is one study conducted by D.S. Berry and P.K. Gandhi [Ref. 16,
1973], that has reported significantly lower headway values than this one.

It may be presumed that more aggressive driver behavior and the advent of automatic

transmissions have contributed to more rapid response to the green signal by today's drivers.

55



9SG

TABLE 4.1. DESCRIPTIVE STATISTICS OF INTER-VEHICLE QUEUE DEPARTURE TIME HEADWAYS FOR CONGRESS AVENUE AND
RIVERSIDE DRIVE, SOUTHBOUND, LANE NO. 3, P.M. PEAK PERIOD (APPROACH CODE: 183)
[ALL TIME MEASUREMENTS ARE IN SECONDS]

Position _ No. Obs. Median Mean _ Std Dev Min. Max. Range  StdError Variance CV (%)
1 33 1.96 2.01 0.45 1.31 2.86 1.55 0.08 0.20 22.25
2 52 2.42 2.49 0.53 1.39 4.21 2.82 0.07 0.28 21.22
3 54 2.17 217 0.41 1.38 3.25 1.87 0.06 0.17 18.84
4 54 1.85 1.98 0.51 1.23 4.38 3.15 0.07 0.26 25.56
5 50 1.80 1.84 0.48 0.92 3.15 2.23 0.07 0.23 25.88
6 44 1.94 2.02 0.35 1.38 2.77 1.39 0.05 0.12 17.44
7 43 1.80 1.85 0.47 0.84 3.00 2.16 0.07 0.22 25.48
8 40 -1.72 1.72 0.31 0.99 2.37 1.38 0.05 - 0.10 18.22
9 37 1.73 1.75 0.31 1.26 2.95 1.69 0.05 0.10 17.92
10 . 35 1.58 1.66 0.34 1.23 250 = 1.27 0.06 0.1 20.38
i1 32 1.53 1.55 0.26 1.04 2.16 1.12 0.05 0.07 17.03
12 30 1.568 1.60 0.28 1.01 2.09 1.08 ©0.05 0.08 17.41
i3 26 1.59 1.62 | 0.22 1.18 2.14 0.96 0.04 0.05 13.74
14 23 1.55 1.55 0.26 0.91 2.23 1.32 0.05 0.07 16.58
15 12 1.61 1.61 0.10 1.47 1.78 0.31 0.03 0.01 6.17
16 12 1.56 1.55 0.17 1.21 1.83 0.62 0.05 0.03 10.85
17 6 1.72 1.56 0.23 1.32 1.94 0.62 0.09 0.05 14.46
18 4 1.59 1.64 0.24 1.41 1.97 0.56 0.12 0.06 14.68
19 3 1.71 1.70 0.19 1.51 1.89 0.38 0.11 0.04 11.16
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TABLE 4.2. DESCRIPTIVE STATISTICS OF INTER-VEHICLE QUEUE DEPARTURE TIME HEADWAYS FOR CONGRESS AVENUE AND
RIVERSIDE DRIVE, SOUTHBOUND, LANE NO. 4, P.M. PEAK PERIOD (APPROACH CODE: 154)
[ALL TIME MEASUREMENTS ARE IN SECONDS]

Position No. Obs. Median Mean Std Dev Min. Max. Range  Std Error _ Variance  CV (%)
1 30 2.15 2.23 0.66 1.17 3.71 2.54 0.12 0.43 29.48
2 60 2.62 2.69 0.66 1.56 4.31 2.75 0.08 0.43 24.36
3 60 2.22 2.21 0.57 1.23 3.82 2.59 0.07 0.32 25.71

4 60 1.92 2.04 054  1.14 3.81 2.67 0.07 0.29 26.61

5 59 2.04 2.00 0.39 1.32 2.83 1.51 0.05 0.15 19.43
6 58 1.89 1.97 0.68 1.08 5.57 4.49 0.09 0.46 34.24
7 56 1.78 1.89 0.58 1.06 3.64 2.58 0.08 0.34 30.83
8 49 1.79 1.92 0.63 1.15 4.69 3.54 0.09 0.39 32.53
9 47 1.78 1.88 0.54 0.96 4.1 3.15 0.08 0.29 28.86
10 43 1.63 1.71 0.45 0.99 332 233 0.07 0.21 26.53
11 43 1.77 1.72 0.49 0.54 2.78 2.24 0.08 0.24 28.76
12 41 1.77 1.82 0.56 1.03 3.87 2.84 0.09 0.32 30.98
13 40 1.75 1.90 0.62 0.85 3.35 2.50 0.10 0.38 32.58

14 34 1.57 1.65 0.49 0.50 2.62 2.12 0.08 0.24 29.75
15 27 2.06 2.13 0.84 0.87 4.29 3.42 0.16 0.71 39.54
16 20 1.86 1.84 0.63 0.89 3.67 2.78 0.14 0.40 34.38

17 13 1.60 1.60 0.47 1.01 2.52 1.51 0.13 0.22 29.27
18 8 1.95 2.06 0.65 1.17 3.33 2.16 0.23 0.43 31.78

19 5 1.85 1.81 0.35 1.25 2.23 0.98 0.16 0.12 19.55
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TABLE 4.3. DESCRIPTIVE STATISTICS OF INTER-VEHICLE QUEUE DEPARTURE TIME HEADWAYS FOR CONGRESS AVENUE AND
RIVERSIDE DRIVE, NORTHBOUND, LANE NO. 3, AM. PEAK PERIOD (APPROACH CODE: 1N3)
[ALL TIME MEASUREMENTS ARE IN SECONDS]

Position _ No. Obs. Median Mean __ Std Dev Min. Max. Range _ Std Error Variance GV (%)
1 39 2.01 1.99 0.33 1.22 2.69 1.47 0.05 0.11 16.52
2 42 2.37 2.33 0.40 165  3.29 1.64 0.06 0.16 17.32 -
3 42 2.11 2.06 0.44 1.21 2.94 1.73 0.07 0.19 21.22
4 41 1.87 1.91 0.38 1.20 2.87 1.67 0.06 0.14 19.93
5 40 1.94 1.94 0.37 1.21 2.98 1.77 0.06 0.13 18.81
6 37 1.69 1.67 0.32 1.02 2.25 1.23 0.05 0.10 19.18
7 32 1.84 1.81 0.26 1.22 2.34 1.12 0.05 0.07 14.46
8 32 1.92 1.77 0.33 1.00 2.69 1.69 0.06 0.11 18.78
9 30 1.79 1.74 0.30 1.04 2.23 1.19 0.05 0.09 17.06
10 27 1.81 1.83 0.27 1.12 2.43 1.31 0.05 0.08 14.98
11 24 1.80 1.76 0.23 1.21 2.15 0.94 0.05 0.05 12.90
12 19 1.84 1.81 0.27 1.05 2.14 1.09 0.06 0.07 14.94
13 12 1.81 1.66 0.41 0.61 2.02 1.41 0.12 0.17 24.72
14 9 1.92 1.90 0.20 1.51 2.26 0.75 0.07 0.04 10.50
15 6 1.84 1.70 0.32 1.18 1.97 0.79 0.13 0.10 18.57

16 4 1.87 1.76 0.29 1.34 1.96 0.62 0.14 0.08 16.20
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TABLE 4.4. DESCRIPTIVE STATISTICS OF INTER-VEHICLE QUEUE DEPARTURE TIME HEADWAYS FOR CONGRESS AVENUE AND
RIVERSIDE DRIVE, NORTHBOUND, LANE NO. 4, AM. PEAK PERIOD (APPROACH CODE: 1N4)
[ALL TIME MEASUREMENTS ARE IN SECONDS] ‘

Position  No. Obs. Median Mean Std Dev Min. Max. Range  Std Error Variance _ CV (%)
1 45 2.03 2.03 0.41 1.08 3.04 1.96 0.06 0.17 20.10
2 48 2.60 232  0.36 1.55 - 3.02 1.47 0.05 0.13 15.49
3 49 2.04 2.10 0.37 1.32 3.01 1.69 0.05 0.13 17.46
4 46 1.89 1.92 0.39 0.91 2.74 1.83 0.06 0.16 20.48
5 43 1.88 1.87 0.35 1.12 2.66 1.54 0.05 0.12 18.52
6 40 1.91 1.87 0.36 1.09 2.67 1.58 0.06 0.13 19.39
7 40 1.90 1.88 0.27 1.29 2.43 1.14 0.04 0.07 14.43
8 40 1.80 1.77 0.33 .12 2.41 1.29 0.05 0.11 18.53
9 37 187 186 086 117 290 173 006 013  19.33
10 35 1.82 1.80 0.26 112 2.51 1.39 0.04 0.07 14.49
11 28 1.71 1.71 0.18 1.21 2.01 0.80 0.03 0.03 10.35
12 24 1.75 1.73 0.34 1.04 2.90 1.86 0.07 0.11 19.53
13 16 1.72 1.68 0.21 1.11 1.95 0.84 0.05 0.04 12.43
14 7 1.57 1.60 0.37 1.21 2.25 1.04 0.14 0.14 23.03
15 6 1.72 1.82 0.50 1.34 2.60 1.26 0.20 0.25 27.35
16 6 1.42 1.51 0.58 0.99 2.58 1.59 | 0.23 0.33 38.06
17 4 1.34 1.70 0.83 1.18 2.94 1.76 0.42 0.69 48.95
18 4 1.36 1.29 0.34 0.86 1.59 0.73 0.17 0.11 26.02
19 2 1.41 1.41 0.49 1.06 1.76 0.70 0.35 0.25 35.10
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TABLE 4.5. DESCRIPTIVE STATISTICS OF INTER-VEHICLE QUEUE DEPARTURE TIME HEADWAYS FOR CONGRESS AVENUE AND
OLTORF STREET, SOUTHBOUND, LANE NO. 2, P.M. PEAK PERIOD (APPROACH CODE: 6S2)
[ALL TIME MEASUREMENTS ARE IN SECONDS]

Position _ No. Obs.  Median Mean __ Std Dev Min. Max. Range  Std Error Variance  CV (%)
1 21 1.95 2.27 1.01 1.29 6.05 4.76 0.22 1.02 44,57
2 44 2.49 2.49 0.69 1.21 4.68 3.47 0.10 0.48 27.90
3 44 217 2.24 0.58 1.18 4.92 3.74 0.09 0.34 - 26.08
4 44 2.10 2.17 '0.50 1.22 3.35 2.13 0.08 0.25 23.08
| 5 43 1.88 1.96 0.46 1.11 - 3.31 2.20 0.07 0.21 23.64
6 42 2.00 2.03 0.47 1.21 3.09 1.88 0.07 0.22 23.17
7 40 1.92 2.03 0.71 0.93 3.95 3.02 0.11 0.50 34.83
8 39 1.81 1.82 0.44 1.04 2.97 1.93 0.07 0.20 24.30
9 36 1.82 1.81 0.51 0.65 3.23 2.58 0.08 0.26 27.98
10 37 1.85 1.90 0.60 0.81 3.26 2.44 0.10 0.36 31.72
11 36 1.74 1.78 0.41 0.98 3.01 2.03 0.07 0.17 22.97
12 36 1.69 1.81 0.68 0.91 3.86 2.95 0.11 0.46 37.52
13 29 1.67 1.81 0.68 0.72 3.53 2.81 0.13 0.46 37.59
14 22 1.58 1.60 0.59 0.72 2.79 2.07 0.13 0.34 36.68
15 12 1.67 1.51 0.40 1.02 2.57 1.55 0.11 0.16 26.20
16 2 1.76 1.76 1.00 1.056 2.46 1.41 0.71 0.99 56.81
17 2 1.06 1.06 0.08 1.00 1.11 0.11 0.05 0.01 7.37
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TABLE 4.6. DESCRIPTIVE STATISTICS OF INTER-VEHICLE QUEUE DEPARTURE TIME HEADWAYS FOR CONGRESS AVENUE AND
OLTORF STREET, SOUTHBOUND, LANE NO. 3, P.M. PEAK PERIOD (APPROACH CODE: 6S3)
[ALL TIME MEASUREMENTS ARE IN SECONDS]

Position No. Obs. Median Mean Std Dev Min. Max. Range Std Error Variance  CV (%)
1 33 1.86 1.89 0.29 1.37 2.64 1.27 0.05 0.09 15.49
2 39 2.1 2.32 0.71 1.47 4.06 2.59 0.11 0.50 30.39
3 41 1.86 1.88 0.49 0.96 3.11 2.15 0.08 0.24 26.08
4 43 1.89 1.98 0.57 0.91 3.43 2.52 0.09 0.32 28.70
5 43 1.89 2.04 0.61 0.81 3.61 2.80 0.09 0.37 30.01

6 44 1.87 1.94 0.60 0.82 3.84 3.02 0.09 0.36 30.91

7 44 1.92 1.92 0.41 1.01 3.01 2.00 . 0.06 0.16 21.15
8 42 1.97 1.93 0.49 0.48 2.84 2.36 0.08 0.24 25.39
9 43 1.90 1.84 0.38 1.00 2.66 1.66 0.06 0.14 20.52
10 42 2.00 2.02 0.51 0.88 3.10 2.22 0.08 0.26 25.23
11 37 2.02 1.89 0.50 0.42 2.74 2.32 0.08 0.25 26.21

12 21 1.93 2.01 0.49 1.54 3.83 2.29 0.11 0.24 24.22
13 11 1.89 " 1.90 0.32 1.38 2.54 1.16 0.10 0.10 16.85
14 7 1.56 1.67 0.33 1.21 2.11 0.90 0.13 0.11 19.94
15 4 1.51 1.56 0.37 1.17 2.06 0.89 0.19 0.14 23.86
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TABLE 4.7. DESCRIPTIVE STATISTICS OF INTER-VEHICLE QUEUE DEPARTURE TIME HEADWAYS FOR CONGRESS AVENUE AND
OLTORF STREET, NORTHBOUND, LANE NO. 2, A.M. PEAK PERIOD (APPROACH CODE: 6N2)
[ALL TIME MEASUREMENTS ARE IN SECONDS]

Position __No. Obs. Median Mean _ Std Dev Min. Max. Range  Std Error Variance GV (%)
1 43 2.00 1.98 0.28 1.29 2.56 1.27 0.04 0.08 14.20
2 43 2:42 2.4 0.37 1.72 3.27 1.55 0.06 0.14 15.35
3 40 2.16 2.15 0.33 1.34 2.75 1.41 0.05 0.1 15.16
4 37 2.02 2.03 0.36 1.28 2.66 1.38 0.06 0.13 17.62
5 36 1.93 1.91 0.28 1.38 2.62 1.24 0.05 0.08 14.78
6 35 1.84 1.86 0.26 1.21 2.51 1.30 0.04 0.07 13.93
7 31 1.79 1.72 . 0.32 1.00 2.21 1.21 0.06 0.10 18.79
8 30 1.84 1.83 0.24 1.14 2.29 1.15 0.04 0.06 13.06
9 27 1.85 1.82 0.17 1.28 2.13 0.85 0.03 0.03 9.10
10 24 1.79 1.79 0.16 1.34 2.1 0.77 0.03 0.03 8.96
11 20 1.78 1.68 0.34 0.78 2.08 1.30 0.08 0.1 19.92
12 11 1.78 1.68 0.21 1.34 1.91 0.57 0.06 0.04 12.563
13 8 1.76 1.66 0.26 1.20 1.92 0.72 0.09 0.07 15.94
14 3 1.78 1.80 0.05 1.77 1.86 0.09 0.03 0.00 2.74
15 1 1.78 1.78 - 1.78 1.78 0.00 - - -

16 1 1.77 1.77 - 1.77 1.77 0.00 - - -
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TABLE 4.8. DESCRIPTIVE STATISTICS OF INTER-VEHICLE QUEUE DEPARTURE TIME HEADWAYS FOR CONGRESS AVERAGE
AND OLTORF STREET, NORTHBOUND, LANE NO. 3, AM. PEAK PERIOD (APPROACH CODE: 6N3)
[ALL TIME MEASUREMENTS ARE IN SECONDS]

Position No. Obs. Median Mean Std Dev Min. Max. Range  Std Error Variance  CV (%)
1 36 1.99 1.95 0.44 1.01 3.00 1.99 | 0.07 0.20 22.68
2 39 2.51 2.48 0.39 1.64 3.51 1.87 0.06 0.15 15.71
3 38 2.12 2.13 0.32 1.37 2.81 1.44 0.05 0.10 14.83
4 34 1.97 1.95 0.36 1.31 2.74 1.43 0.06 0.13 18.30
5 33 1.93 1.94 0.36 1.1 3.12 2.01 0.06 0.13 18.46
6 32 1.84 1.87 0.33 1.41 2.86 1.45 0.06 0.11 17.55
7 31 1.83 1.82 0.26 1.19 2.38 1.19 0.05 0.07 14.40
8 29 1.82 1.85 0.26 1.37 2.7 1.34 0.05 0.07 13.98
9 27 1.82 1.82 0.35 1.09 3.19 2.10 0.07 0.12 19.15
10 18 1.82 1.83 0.23 1.41 2.34 0.93 0.05 0.05 12.50
11 11 1.89 1.90 0.28 1.34 2.31 0.97 0.08 0.08 14.54
12 7 1.72 1.74 0.17 1.49 2.01 0.52 0.06 0.03 9.63
13 5 1.92 1.89 0.12 1.71 2.03 0.32 0.05 0.01 - 6.16
14 4 1.87 1.89 0.26 1.66 2.16 0.50 0.13 0.07 13.52
15 1 1.78 1.78 - 1.78 1.78 0.00 - - -

16 1 1.39 1.39 - 1.39 1.39 0.00 - - -
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TABLE 4.9. DESCRIPTIVE STATISTICS OF INTER-VEHICLE QUEUE DEPARTURE TIME HEADWAYS FOR CONGRESS AVENUE AND
BEN WHITE BOULEVARD, SOUTHBOUND, LANE NO. 1, P.M. PEAK PERIOD (APPROACH CODE: 951)
[ALL TIME MEASUREMENTS ARE IN SECONDS]

Position No. Obs. Median Mean Std Dev Min. Max. Range Std Error Variance GV (%)
1 36 2.02 2.07 0.52 1.32 4.60 3.28 0.09 0.27 25.21
2 38 2.28 2.3 0.34 1.69 3.23 1.54 0.06 0.12 14.89
3 38 2.07 2.04 0.30 1.31 2.67 1.36 0.05 0.09 14.57
4 38 1.95 1.94 0.30 1.28 2.67 1.39 0.05 0.09 15.35
5 38 1.87 1.89 0.24 1.43 2.48 1.05 0.04 0.06 12.49
6 38 1.92 1.97 0.34 1.43 3.31 1.88 0.05 0.11 17.03
7 26 1.88 1.88 0.25 1.31 2.39 1.08 0.05 0.06 13.04
8 19 1.86 1.80 0.28 1.20 2.18 0.98 0.06 0.08 15.42
9 16 1.89 1.86 0.24 1.21 2.32 1.11 0.06 0.06 12.69
10 12 1.96 1.82 0.30 1.23 2.29 1.06 0.09 0.09 16_.37
11 8 1.83 1.84 0.09 1.74 1.96 0.22 0.03 0.01 5.06
12 3 1.81 1.85 0.10 1.78 1.97 0.19 0.06 0.01 5.51

13 1 1.85 1.85 - 1.85 1.85 0.00 - - -
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TABLE 4.10. DESCRIPTIVE STATISTICS OF INTER-VEHICLE QUEUE DEPARTURE TIME HEADWAYS FOR CONGRESS AVENUE
AND BEN WHITE BOULEVARD, SOUTHBOUND, LANE NO. 2, P.M. PEAK PERIOD (APPROACH CODE: 952)
[ALL TIME MEASUREMENTS ARE IN SECONDS]

Position No. Obs. Median Mean Std Dev Min. Max. Range  Std Error Variance  CV (%)
1 40 2.23 0.43 1.35 3.10 1.75 0.07 0.18 19.30
2 42 2.47 0.54 1.54 3.78 2.24 0.08 0.29 21.78
3 43 2.06 0.32 1.23 2.76 1.53 0.05 0.10 15.68
4 43 2.04 0.33 1.25 2.73 1.48 0.05 0.11 16.30
5 43 1.88 0.40 0.70 2.71 2.01 0.06 0.16  21.21
6 42 1.95 0.29 1.42 2.71 1.29 0.05 0.09 14.93
7 40 1.77 0.26 1.23 2.29 1.06 0.04 0.07 14.55
8 38 1.75 0.25 0.99 2.37 1.38 0.04 0.06 14.01
9 28 ©1.90 0.31 1.36 2.95 1.59 0.06 0.10 16.23
10 17 1.81 0.24 1.37 225  0.88 0.06 0.06 13.46
11 10 1.78 0.21 1.37 2.03 0.66 0.07 0.04 11.60
12 6 1.77 0.12 1.56 1.89 0.33 0.05 0.01 6.61
13 3 1.53 0.42 1.25 201 - 0.76 0.24 0.18 27.51
14 3 1.79 0.51 1.29 2.30 1.01 0.29 0.26 28.22
15 2 1.45 0.42 1.16 1.75 0.59 0.30 0.17 28.67
16 1 1.37 - 1.37 1.37 0.00 - - -
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TABLE 4.11. DESCRIPTIVE STATISTICS OF INTER-VEHICLE QUEUE DEPARTURE TIME HEADWAYS FOR CONGRESS AVENUE
AND BEN WHITE BOULEVARD, NORTHBOUND, LANE NO. 1, AM. PEAK PERIOD (APPROACH CODE: 10N1)
) [ALL TIME MEASUREMENTS ARE IN SECONDS]

Position No. Obs. Median Mean Std Dev Min. Max. Range  Std Eiror Variance  CV (%)
1 35 2.13 2.09 0.43 1.17 3.01 1.84 0.07 0.19 20.62
2 36 2.44 2.50 0.41 1.91 3.46 1.55 0.07 0.17 16.59
3 36 2.11 2.10 0.41 1.27 3.10 1.83 0.07 0.17 19.55
4 36 1.94 2.03 0.48 1.10 3.19 2.09 0.08 0.23 23.67
5 36 1.82 1.89 0.33 1.31 2.87 1.56 0.06 0.11 " 17.63
6 34 1.83  1.90 0.45 1.05 3.19 2.14 0.08 0.21 23.95
7 35. 1.84 1.88 0.43 ~ 0.90 3.31 2.41 0.07 0.18 22.62
8 34 1.78 . 179 0.33 1.11 2.82 1.71 0.06 0.1 18.27
9 33 1.81 1.73 0.27 1.00 2.21 1.21 0.05 0.08 15.89
10 32 1.75 1.70 0.29 1.07 2.37 1.30 0.05 0.08 16.94
11 30 1.82 1.76 0.22 1.18 2.21 1.03 0.04 0.05 12.53
12 29 1.78 1.72 0.22 1.29 2.09 0.80 0.04 0.05 12.55
13 26 1.77 1.76 0.25 1.26 2.46 1.20 0.05 0.06 13.97
14 22 1.77 1.69 0.27 1.04 1.95 0.91 0.06 0.07 15.80
15 15 1.78 1.75 0.27 1.28 “2.25 0.97 0.07 0.07 15.38
16 10 1.81 1.75 0.30 1.05 2.03 0.98 0.09 0.09 16.97
17 4 1.81 1.79 0.43 1.23 2.29 1.06 0.22 0.19 24.33

1 1.74 1.74 - 1.74 1.74 0.00 - - -

-
=
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TABLE 4.12. DESCRIPTIVE STATISTICS OF INTER-VEHICLE QUEUE DEPARTURE TIME HEADWAYS FOR CONGRESS AVENUE
AND BEN WHITE BOULEVARD, NORTHBOUND, LANE NO. 2, A.M. PEAK PERIOD (APPROACH CODE: 10N2)
[ALL TIME MEASUREMENTS ARE IN SECONDS]

Position No. Obs. _ Median Mean Std Dev Min. Max. Range _ Std Error Variance __CV (%)
1 38 2.13 2.12 0.35 1.40 3.08 1.68 0.06 0.12 16.65
2 40 2.55 2.59 0.51 1.83 4.27 2.44 0.08 0.26 19.68
3 40 2.13 2.17 0.38 1.49 3.02 1.53 0.06 0.14 17.52
4 40 2.02 2.04 . 0.33 1.46 3.03 1.57 0.05 0.11 16.39
5 40 1.88 1.88 0.41 1.08 3.66 2.58 0.06 0.17 21.79
6 37 1.84 1.83 0.35 1.22 3.10 1.88 0.06 0.12 19.10
7 38 1.80 1.78 0.32 1.08 2.59 1.51 0.05 0.11 18.21
8 36 1.79 1.78 0.32 1.28 256  1.28 0.05 0.10 17.96
9 35 1.85 1.76 0.28 1.05 2.13 1.08 0.05 0.08 15.60
10 32 1.84 1.84 0.22 1.18 2.25 1.07 0.04 0.05  11.74
11 26 1.86 1.76 0.22 1.27 203 - 076 0.04 0.05 12.54
12 19 1.83 1.79 0.39 1.04 2.97 1.93 0.09 0.15 21.61
13 15 1.79 1.77 0.15 153 2.03 0.50 0.04 0.02 8.29
14 1.73 1.66 0.32 0.95 2.02 1.07 0.11 0.10 19.46
15 8 1.81 1.83 0.13 1.64 2.01 0.37 0.05 0.02 7.00
16 5 1.81 1.81 0.06 1.73 1.88 0.15 0.03 0.00 3.10
17 4 1.61 1.75 0.22 1.42 1.91 0.49 0.11 0.05 12.82
18 2 1.93 1.93 0.11 1.86 2.01 0.15 0.07 0.01 5.48
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TABLE 4.13. DESCRIPTIVE STATISTICS OF INTER-VEHICLE QUEUE DEPARTURE TIME HEADWAYS FOR CONGRESS AVENUE
AND STASSNEY LANE, SOUTHBOUND, LANE NO. 2, P.M. PEAK PERIOD (APPROACH CODE: 1182)
[ALL TIME MEASUREMENTS ARE IN SECONDS]

Position No. Obs. Median Mean Std Dev Min. Max. Range  Std Error Variance CV (%)
1 56 2.07 2.07 0.47 1.11 3.23 2.12 0.06 0.22 22.53
2 67 229 2.41 0.51 1.59 3.64 2.05 0.06 0.26 21.23
3 71 2.10 2.19 0.48 1.42 3.50 2.08 0.06 0.23 21.66
4 71 1.95 2.05 0.48 1.14 4.00 2.86 0.06 0.23 23.19
5 70 1.96 2.00 0.51 0.89 3.52 2.63 0.06 0.26 25.70
6 69 1.83 1.91 0.53 1.16 3.29 2.13 0.06 0.28 27.82
7 64 1.85 1.91 0.43 1.09 3.37 2.28 0.05 0.19, 22.70
8 50 1.81 1.87 0.56 1.00 412 3.12 0.08 0.32 29.97
9 41 1.62 1.69 0.44 0.90 3.02 2.12 0.07 0.19 25.95
10 28 1.67 1.68 0.36 0.95 2.72 1.77 0.07 0.13 21.66
11 18 1.65 1.75 0.50 1.15 2.95 1.80 0.12 0.25 28.57
12 10 1.75 1.83 0.47 1.02 2.55 1.53 0.15 0.22 25.44
13 4 179 1.73 0.30 1.33 2.01 0.68 0.15 0.09 17.08
14 3 1.55 1.40 0.30 1.06 1.60 0.54 0.17 0.09 21.26
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TABLE 4.14. DESCRIPTIVE STATISTICS OF INTER-VEHICLE QUEUE DEPARTURE TIME HEADWAYS FOR CONGRESS AVENUE
AND STASSNEY LANE, NORTHBOUND, LANE NO. 2, A.M. PEAK PERIOD (APPROACH CODE: 11N2)
[ALL TIME MEASUREMENTS ARE IN SECONDS]

Position No. Obs. Median Mean Std Dev Min. Max. Range  Std Error _ Variance _ CV (%)
1 57 1.89 0.49 1.20 3.17 1.97 0.06 0.24 25.84
2 60 2.51 0.42 1.58 3.43 1.85 0.05 0.17 16.63
3 59 2.05 0.42 1.22 3.02 1.80 0.06 0.18 20.69
4 56 1.99 0.45 1.21 3.01 1.80 0.06 0.20 22.50
5 52 1.87 0.45 1.03 3.04 2.01 0.06 0.20 23.86
6 48 1.79 0.34 097 - 288 1.91 0.05 0.12 19.16
7 42 1.83 0.35 1.08 2.83 1.75 0.05 0.12 18.92
8 35 1.75 0.32 1.19 2.60 1.41 0.05 0.10 18.26
9 29 1.67 0.40 0.95 2.86 1.91 0.07 0.16 23.90 .
10 20 1.64 0.37 0.97 2.21 1.24 0.08 0.14 22,52
11 16 1.71 0.40 1.12 2.63 1.51 0.10 0.16 23.50
12 11 1.64 0.39 0.95 2.04 1.09 0.12 0.15 23.53
13 1.42 0.35 0.85 2.01 1.16 0.12 0.12 24.48
14 1.27 0.30 0.93 1.65 0.72 0.15 0.09 23.39
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TABLE 4.15. DESCRIPTIVE STATISTICS OF INTER-VEHICLE QUEUE DEPARTURE TIME HEADWAYS FOR CONGRESS AVENUE
AND WILLIAM CANNON, SOUTHBOUND, LANE NO. 2, P.M. PEAK PERIOD (APPROACH CODE: 1252)
[ALL TIME MEASUREMENTS ARE IN SECONDS])

Position No. Obs. Median Mean Std Dev Min. Max. Range  Std Error Variance  CV (%)
1 37 1.86 1.84 0.36 1.17 2.81 1.64 0.06 0.13 19.51
2 40 2.18 2.38 0.50 1.63 3.9 2.28 0.08 0.25 21.11
3 38 1.97 2.02 0.34 1.36 3.32 1.96 0.05 0.11 16.75 .
4 35 1.91 1.98 0.40 1.22 3.28 2.06 0.07 0.16 20.20
5 33 1.92 1.97 0.30 1.37 2.70 1.33 0.05 0.09 15.07
6 25 1.86 1.95 0.45 1.20 3.43 2.23 0.09 0.20 22.82
7 16 1.78 1.78 0.27 1.35 2.35 1.00 0.07 0.07 15.13
8 12 1.71 1.82 0.30 1.47 2.25 0.78 0.09 0.09 16.76
9 5 1.69 1.67 0.39 1.10 2.04 0.94 0.17 0.15 23.17
10 3 1.70 1.63 0.39 1.21 1.97 - 0.76 0.22 0.15 23.68
11 1 1.65 1.65 1.65 1.65 0.00
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TABLE 4.16. DESCRIPTIVE STATISTICS OF INTER-VEHICLE QUEUE DEPARTURE TIME HEADWAYS FOR CONGRESS AVENUE
AND WILLIAM CANNON, NORTHBOUND, LANE NO. 2, AM. PEAK PERIOD (APPROACH CODE: 12N2)
[ALL TIME MEASUREMENTS ARE IN SECONDS]

Position __ No. Obs. Median Mean Std Dev Min. Max. Range  Std Error Variance  CV (%)
1 47 1.84 1.79 0.41 1.00 2.57 1.57 0.06 0.17 23.10
2 47 2.53 2.4 0.39 1.57 3.12 1.55 0.06 0.15 16.33
3 47 2.10 2.10 0.30 1.22 2.79 1.57 0.04 0.09 14.20
4 45 1.95 1.93 0.35 1.20 3.00 1.80 0.05 0.12 18.16
5 41 1.87 1.89 0.38 1.13 2.61 1.48 0.06 0.15 20.27
6 37 1.77 1.85 0.46 1.00 3.28 2.28 0.08 0.21 24.96
7 31 1.67 1.64 0.41 1.00 2.61 1.61 0.07 0.17 - 24.78
8 23 1.73 1.76 0.27 1.31 2.56 1.25 0.06 0.08 15.61
9 23 1.81 1.72 0.35 1.05 2.28 1.18 0.07 0.12 20.43
10 21 1.84 1.71 0.36 0.99 2.16 1.17 0.08 0.13 20.77
11 20 1.70 1.76 0.41 1.15 2.41 1.26 0.09 0.16 23.09
12 14 1.74 1.78 0.61 1.08 3.47 2.39 0.16 0.37 34.12
13 11 1.66 1.58 0.28 1.18 1.97 0.79 0.08 0.08 17.60
14 1.70 1.74 0.29 1.24 2.1 0.87 0.10 0.08 16.37
15 1.66 1.64 0.23 1.25 2.01 0.76 0.08 0.05 14.19
16 1.43 1.40 0.37 1.02 1.75 0.73 0.21 0.13 26.14
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TABLE 4.17. DESCRIPTIVE STATISTICS OF INTER-VEHICLE QUEUE DEPARTURE TIME HEADWAYS FOR ALL COLLECTED DATA
' [ALL TIME MEASUREMENTS ARE IN SECONDS]

Position No. Obs. Median Mean Std Dev Min. Max. Range  Std Error Variance  CV (%)
1 663 2.01 2.04 0.51 1.00 6.05 5.05 0.02 0.26 24.82
2 778 2.41 2.46 0.51 1.39 4.68 3.29 0.02 0.26 20.86
3 777 2.09 212 0.43 0.96 4,92 3.96 0.02 0.18 20.19
4 750 1.95 2.00 0.44 0.91 4.38 3.47 0.02 0.19 21.96
5 718 1.89 1.93 0.42 0.70 3.66 2.96 0.02 0.17 21.66
6 674 1.86 1.90 1.44 0.82 5.57 4.75 0.02 0.20 23.36
7 - 621 1.83 1.85 0.42 " 0.84 3.95 3.1 0.02 0.18 22.69
8 560 1.81 1.82 1.40 0.48 4.69 4.21 0.02 0.16 21.92
9 505 1.82 1.79 0.37 0.65 411 3.46 0.02 0.14 20.94
10 436 1.79 1.79 0.38 0.81 3.32 2.51 0.02 0.14 21.28
11 370 1.79 1.75 0.38 0.42 3.01 2.59 0.02 0.14 21.39
12 288 1.78 1.77 0.45 0.79 3.87 3.08 0.03 0.20 25.31
13 221 1.75 1.75 0.43 061  3.53 - 2.92 0.03 0.19 24.90
 14 163 1.66 1.65 0.39 0.50 2.79 2.29 0.03 0.16 23.84
15 104 1.72 1.80 0.54 0.87 4.29 3.42 0.05 0.29 29.78
16 66 1.72 1.70 0.45 0.89 3.67 2.78 0.06 0.21 26.68
17 33 1.57 1.61 0.45 1.00 2.94 1.94 0.08 0.20 28.05
18 19 1.74 1.78 0.54 0.86 3.33 2.47 0.12 0.29 30.25
19 10 1.78 1.70 0.34 1.06 2.23 1.17 0.11 0.12 20.06




THE PAIRWISE INDEPENDENCE OF SUCCESSIVE HEADWAYS

One of the objectives of the study was to determine tyhe position in the queue after which
the headways approach a constant value. Tests for independence between the interarrival time
samples for the vehicles in positions one through nineteen were performed. The significance
probability, i.e., P[ Itest statistic! 2 lobserved value of the statisticl ], will be reported throughout.
" The significance probability tells at what significance levels the hypothesis would be rejected.
The 0.05 level was set as the significance level.

As explained earlier, data points are occasionally missing in the raw data. All of the tests to
be discussed below are pairwise comparisons for independence, i.e., positions 1 with 2, 2 with 3,
and so on. Whenever a gap occurs in the data, there are of course two missing pairs [e.g., if the
nth data point is missing, the pairs (n -1, n) and (n, n +1) do not exist]. This gap poses no practical
difficulties, but simply reduces the sample size for analysis.

As shown in Table 3.1, the data were collected from sixteen different lanes. Atfirst it was
decided that each lane would be considered as an independent individual case and for a better
understanding of the data set a separate analysis for all the data together would be made.

The SAS/STAT software [Ref. 28] was used for the analyses. A procedure was used that
was considered to be the most appropriate for unbalanced situations; that is, models where there
are unequal numbers of observations for the different combinations of the treatment variables.
The first step was to perform analysis of variance (ANOVA) for unbalanced data design. The
hypothesis tested was that all mean headways for each queue position were equal, considering
each lane a different situation. The analysis for each lane separately and all lanes together is
presented in Table 4.18. The hypothesis of equal means can be rejected at the 0.001 level of
significance, and the effect of position within the queue on mean headways between pairs of
vehicles is thus found to be significant.

The next step was to determine which position pairs were significantly different. In order
to accomplish this the least significant difference test (LSD) was conducted. The comparisons
were made at the 0.05 significance level. The results are shown in Tables 4.19 through 4.23.

The general observation is that the start-up lost time of a line of stopped vehicles can best
be attributed to the reaction time and starting performance of the first 2 or 3 vehicles in line,

depending on the case. This result is within the range of values reported in the literature.
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TABLE 4.18. ANALYSIS OF VARIANCE BETWEEN POSITIONS IN THE QUEUE

Lane Source DF SS Mean Square F value Pr>F
Model 18 42.441659 2.357870 15.26 0.0001
183  Error 571 88.205968 0.154476
Corrected Total 589 130.647626
Model 18 50.882200 2.826789 8.41 0.0001
1S4  Error 734 246.743881 0.336163
Corrected Total 752 297.626080
Model 15 14.429288 0.961953 8.28 0.0001
1N3.  Error 420 48.789956 0.116167
Corrected Total 435 63.219244
Model 18 18.653643 1.036314 8.44 0.0001
1N4  Error 501 61.519352 0.122793
Corrected Total 519 80.172995
Model 16 32.154110 2.009632 5.80 0.0001
6S2  Error 511 176.999097 0.346378
Corrected Total 527 209.153206
. Model 14 8.190242 0.585017 2.24 0.0061
6S3  Error 479 125.321800 0.261632
Corrected Total 493 133.512042
Model 15 17.349593 1.156640 13.48 0.0001
6N2  Error 374 32.087099 0.085794
Corrected Total 389 49.436692
Model 15 14.615447 0.974363 8.66 0.0001
6N3  Error 330 37.145386 0.112562
Corrected Total 345 51.760833
Model 12 6.556041 0.546337 5.18 0.0001
9S1 Error 298 31.457892 0.105563
Corrected Total 310 38.013932
Model 15 20.031293 1.335420 10.70 0.0001
952 Error 385 48.039079 0.124777
Corrected Total 400 68.070373
Model 17 22.295954 1.311527 10.22 0.0001
10N1  Error 466 59.799079 0.128324
Corrected Total 483 82.095034
Model 17 27.140782 1.596517 13.57 0.0001
10N2 Error 445 52.371411 0.117689
Corrected Total 462 79.512193
Model 13 25.840802 1.987754 8.42 0.0001
1182 Error 608 143.582096 0.236155
Corrected Total 621 169.422899
Model 13 33.707210 2.592862 15.43 0.0001
11N2 Error 484 81.357353 0.168094
Corrected Total - 497 115.064562
Model 10 9.177496 0.917750 6.18 0.0001
12S2 Error 234 34.734835 0.148440
Corrected Total 244 43.912331
Model 15 22.013781 1.467585 10.07 0.0001
12N2 Error 411 59.887464 0.145712
Corrected Total 426 81.901245
Model 18 333.916769 18.550932 96.77 0.0001
ALL  Error 7737 1483.194744 0.191702
Corrected Total 7755 1817.111513

" The minimum value that the statistical software used can give is 0.0001
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PAIRWISE TESTS FOR 'CONGRESS AVENUE AND

TABLE 4.19.
RIVERSIDE. DRIVE INTERSECTION
183 184 1N3 1N4
Pairs Prob>F signif. Prob>F signif. Prob>F signif. Prob>F signif.
(1,2) .0001 0.02% .0004  0.05% .0001 0.02% .0001 0.02%
(2,3) .0001 0.02% .0001 0.02% .0003  0.04% .0020 0.3%
(3,4) .0128 1.3% .1036 N.S. 0460  4.7%  .0147 1.5%
(4,5) 0711 NS~ 7434 NS. 6397 NS. 4649 NS.
(5,6) .0335 3.4% .7898 N.S. .0004  0.05% .9736 N.S.
(6,7) 0492 5% 4214 N.S .0911 N.S. .8558 N.S
(7.8) .1251 N.S. 7380 N.S. .6601 N.S. 1428  N.S.
(8,9) .7708 N.S. .6844 N.S. .7505 N.S .2280 N.S.
(9,10)  .3717  N.S. 1833 N.S .3237 N.S. .4588  N.S.
(10,11) .2329  N.S. 9540  N.S. 4487  N.S. .2840  N.S.
(11,12) 6251  N.S. 4131 N.S. 6678  N.S. .8356  N.S.
(12,13) .8166  N.S. 5551 N.S .2521 N.S. .7086 N.S
(13,14) 5372 N.S. .0618  N.S. 1070 NS .6017  N.S.
(14,15) .6751 N.S. .0011 0.2% .2519 N.S. .2591 N.S.
(15,16) .7319 N.S. .0873 N.S. 7794 N.S. .1261 N.S.
(16,17) .9594 N.S. 2417 N.S. .4055 N.S
(17,18) .7676  N.S. .0779 NS 1028  N.S.
(18,19) .8330  N.S. 4461 N.S. 7049  N.S.

* N.S. = Non-Significant
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TABLE 4.20. PAIRWISE TESTS FOR CONGRESS AVENUE AND
OLTORF STREET INTERSECTION
682 - 6S3 BN2 6N3
Pairs Prob>F signif. Prob>F signif. Prob>F signif. Prob>F signif.
(1,2) .1098 N.S." .0004 0.05% .0001 0.02% .0001 0.02%
(2,3) .0268 2.7% .0001 0.02% .0001 0.02% .0001 0.02%
(3,4) .5884 N.S. .3980 N.S. .0860 N.S. .0210 2.2%
(4,5) .0896 N.S. .5882 N.S. .0777 N.S. .9061 N.S.
(5,6) 56900 N.S. 3724 N.S. 4934 NS. 4096 N.S.
(6,7) 9774 N.S. .8350 N.S .0505 N.S. .5250 N.S
(7,8) .1079 N.S. 9165 N.S. .1648 N.S. .7364 N.S.
(8,9) .9523 N.S. .4250 N.S. .9468 N.S .7808 N.S.
(9,10) 5128 N.S. .1125 N.S .6869 N.S. 9163 N.S.
(10,11) .3723 N.S. .2781 N.S. .2447 N.S.. 6188 N.S.
(11,12) .7901 N.S. .3901 N.S. .9572 N.S. .3200 N.S.
(12,13) .9729 N.S. 5617 NS 8740 N.S. 4210 NS
(13,14) .2056 N.S. .3520 N.S. .4625 N.S 9770 N.S.
(14,15) .6820 N.S. .7342 N.S. .9450 N.S. .7746 N.S.
(15,16) .5898  N.S. 9808 N.S. 4117 NS.
(16,17) .2348 N.S.
(17,18)
(18,19)

* N.S. = Non-Significant
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TABLE 4.21. PAIRWISE TESTS FOR CONGRESS AVENUE AND
BEN WHITE BOULEVARD INTERSECTION

951 9S82 10N1 10N2
Pairs Prob>F signif. Prob>F signif. Prob>F signif. Prob>F signif.
(1,2) .0012 0.2% .0026 0.27% .0001 0.02% .0001 0.02%
(2,3) .0003 0.04% .0001 0.02% .0001 0.02% .0001 0.02%
(3,4) .1985 N.S."  .800t1 N.S. .4340 N.S. .1025 N.S.

(4,5) 4676 NS  .0340 35% .0915 NS  .0358 3.6%
(5.6) 2920 N.S. .3210 NS. 9210 N.S. 5209 N.S.
(6.7) 3030 NS  .0170 1.8% .8431 N.S. 5547 N.S
(7.8) 4141 NS. 8321 NS. .3201 NS. .9822 NS.
(8.9) 5765 N.S. .0827 NS  .4395 NS. .8227 NS,
(9,10) 7499 N.S. 3925 NS. .7860 N.S. .3883 NS.
(10,11) .8950 N.S. .8447 NS. 5229 N.S.  .4281 N.S.
(11,12) 9653 NS. .9360 NS. 6659 NS  .8294 NS.
(12,13) 9929 NS  .3339 N.S. 6497 NS. 8719 NS

(13,14) 3618 NS. 4595 N.S. 4677 N.S.
(14,15) 2995 N.S 5835 N.S. .3047 NS.
(15,16) 8443 N.S. 9782 NS. 9034 NS.
(16,17) 8596 N.S. .7861 N.S
(17,18) 9056 NS 5283 N.S.
(18,19)

* N.S. = Non-Significant

77



TABLE 4.22. PAIRWISE TESTS FOR CONGRESS AVENUE AND STASSNEY
LANE, WILLIAM CANNON DRIVE INTERSECTIONS

1S2 11N2 1252 12N2

Pairs Prob>F signif. Prob>F signif. Prob>F signif. Prob>F signif.
(1,2) .0001 0.02% .0001 0.02% .0001 0.02% .0001 0.02%
(2,3) .0092 0.95% .0001 0.02% .0001 0.02% .0001 0.02%
(3,4) 0891 NS" 4219 NS. 6833 NS. 0353  3.6%
(4,5) .4892 N.S. 1226 N.S. .9302 N.S. .6591 N.S.
(5.6)  .3023 NS. 3763 NS. .8702 NS. .6448 N.S.
(6,7) 9652 N.S. .6354 N.S. .1491 N.S. .0233 2.4%
(7.8) 6915 NS. 3498 NS. 7751 NS. 2675 N.S.
(8,9) .0770 N.S. .4466 N.S. 4762 N.S. .7370 N.S.

(0.10) .9091 N.S. .8203 N.S. .8721 N.S. 9377 N.S.
(10,11) .6153 N.S. .6167 N.S. .9582 N.S 7119 N.S.

(11,12) 6867 N.S. .6783 N.S. | 8582  N.S.

(12,13) .7307 N.S. .2368 N.S. 2062 NS

(13,14) 3791 NS 5244 NS 3586  N.S.

(14,15) 5819  N.S.

(15,16) 3536 N.S.
(16,17) |
(17,18)

(18,19)

* N.S. = Non-Significant
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TABLE 4.23. PAIRWISE TESTS FOR ALL THE DATA TOGETHER

Pairs Probability >F significance level
(1.2) 0.0001 0.02%
@3 0.0001 0.02%
(34) 0.0001 0.02%
(45) 0.0011 0.2%
5,6) 0.3117 N.S."
6.7) 0.0238 3%
7.8 0.2009 N.S.
89) 0.3244 N.S.
(9,10) 0.9990 N.S.
(10,11) 0.2526 N.S.
(11,12 0.6542 N.S.
(12,13) 0.5579 N.S.
(13,14 0.0378 4%
(14,15) 0.0078 0.8%
(15,16) 0.1585 N.S.
(16,17) 0.3440 N.S.
(17.18) ~0.1849 N.S.
(18,19) 0.6253 N.S.

* N.S. = Non-Significant

The number of vehicles after which the headway values approach a constant value, differs
from study to study. Helm [Ref. 6,1958] and Capelle [Ref. 7, 1961] reported that vehicles after
the 2nd depart at steady rates; Agent et al. [Ref. 20, 1982] vehicles after the 3rd; Leong [Ref. 10,
1‘964], Carstens [Ref. 15, 1971], and King et al. [Ref. 17, 1976] vehicles after the 4th;
Greenshields et al. [Ref. 2, 1946] vehicles after the 5th; Ancker et al [Ref. 13, 1967] vehicles after
the 7th; and Steuart et al. [Ref. 19, 1978] vehicles after the 9th approach a constant departure

headway value.
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EQUATION DEVELOPMENT
It was intended to develop an equation which would relate the time required for a number
of stopped vehicles at a signalized intersection to pass the reference line with the start-up lost

time, L, and the time headway, H, between vehicles. The equation can have the following form.

G=L+H*n for n>a (4.1)

where G = time needed for the front of n vehicles in a single-line stopped queue to cross a
designated reference line at a signalized intersection after the signal indication
changes to green

L= start-up lost time
H= average time headway between successive vehicles
n = number of vehicles that cross the reference line

a = the number of vehicles that contribute to the start-up lost time

From Tables 4.19 through 4.23 the variable a could be determined. On the assumption
that vehicle headways remain constant after the front of the a th vehicle had crossed the
reference line, the start-up lost time was measured, and the results are shown in Table 4.24. In
order to estimate the variable H, the mean values for the positions from a to the end of the queue
were calculated. The variable L was the difference of the means of the a positions and the
average time headway for the remaining vehicles, H. The equations that were developed are
shown in Table 4.25.

The start-up lost time varied from 0.35 to 1.39 seconds. The constant value of headway
that was approached by vehicles, after the ones that contributed to the start-up lost time, ranged
from 1.76 to 1.94 seconds. When all data were analyzed together, the overall average start-up
lost time of 1.34 seconds can be attributed to the first four vehicles and the average headway, H,
after the fourth vehicle was 1.82 seconds. ‘

The start-up lost times observed in this study are considerably smaller than the ones
reported in the literature. Differences can be expected in start-up lost times when different
screen line definitions are used. In this study, the elapsed time from the beginning of the green

interval includes reaction (PIJR) time, but no acceleration time.
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TABLE 2.24. START-UP LOST TIME OF PASSENGER CARS AT SIGNALIZED
' INTERSECTIONS

Approach Average headway for  Average headway after  Start-up lost time

code a the first a vehicles the a th vehicle (H) L)
(sec) (sec) (sec)

183 3 2.22 1.76 1.39
154 2 2.46 1.92 1.08
1N3 3 2.13 1.81 0.95
1N4 3 2.15 1.81 ' 1.02
6S2 2 2.38 1.92 0.92
6S3 2 2.11 1.93 0.35
6N2 2 2.20 1.87 0.65
6N3 3 2.19 1.87 0.95
9S1 2 2.19 1.92 0.54
9S82 2 2.35 1.89 0.92
10N1 2 2.30 1.84 0.91
10N2 2 2.36 1.86 0.99
1182 2 2.24 1.94 0.60
11N2 2 2.20 1.83 0.74
1252 2 2.1 1.93 0.36
__éSS 3 __2.10 1.78 0.96
ALL 4 2.16 1.82 1.34
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TABLE 4.25. EQUATION (4.1), FOR EACH LANE SEPARATELY
AND ALL LANES TOGETHER

Approach code Time, G, (sec) required for n istopped vehicles

to cross the reference line

183 1.39+176*n when n23
184 ’ 1.08+1.92*n n=2
1N3 095+1.81*n n>3
1N4 1.02+1.81*n n>3
6S2 092+192*n nx2
6S3 035+1.93*n nz2
6N2 065+1.87*n n=2
6N3 095+1.87*n nz3
981 054+1.92*n n>2
952 092+1.89*n nz2
10N1 091+184*n n=2
10N2 099+1.86*n n=2
1182 060+1.94*n n>2
11N2 074+183*n n=2
1282 036+1.93*n n=2
1283 096+1.78*n n>3
ALL 1.34+1.82*n n>4

In 1973, Kittelson [Ref. 17] investigated the effect of two screen lines on queue
discharge headways. Time-lapse photography was used at 5 frames/sec at a single-lane approach
adjacent to the Evanston campus of Northwestern University. His films have data for analyzing
effects of five screen-line definitions on starting delay for the first vehicle and on headways for
subsequent vehicles. The choice of a screen-line definition affects headways for both queue
position 1 (starting delay) and queue position 2.

Other location factors, noted by Kittelson, that affect the length of the start-up time for the
first queued vehicle for different screen-line definitions include:

1. the distances between the stop line, the crosswalk lines, and the point of intersection

entry;
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2. the extent to which drivers tend to stop behind the stop and crosswalk lines when
stopping;
the extent to which the side-street yellow signal is visible to the drivers; and
whether a yellow signal is displayed after the red and just prior to the green, as in
some European countries.

Schwarz [Ref. 17] studied starting delays in 1961 at seven intersections in Chicago
before and after elimination of a "get ready to go" yellow varying from 1.7 to 2.6 seconds. Using
the screen-line as the crosswalk or downstream line and measuring headways when the rear
wheels of the vehicle crossed that line, he found that starting delays with the advance yellow
averaged 1.20 sec. lower (2.97 versus 4.17) than with the red-green sequence. The differences
were significantly different. Distances from stop lines to his crosswalk screen lines varied from 5.6
to 11.5 m (18.4 to 37.8 fi).

Agent and Crabtree [Ref. 21] reported that results showed no apparent relationship
between lost time, at the beginning of the phaée, and distance from stop bar to intersection.

As it can be seen From Table 4.25, the difference in the time required for n vehicles to

cross the reference line between the different locations increases as n becomes larger.

FACTORS AFFECTING THE HEADWAYS

The need for reliable and readily obtainable estimates of vehicle headways has generated
a considerable amount of research devoted to the determination of the factors affecting vehicle
headways. Table 4.26 summarizes the various elements typically considered within each of the
factors [Ref. 20, 29].

In this study, the first step was to test the hypothesis that all mean start-up lost times and
headways for each lane were equal. The results are shown in Table 4.27. The hypothesis can be
rejected at the 0.001 significance level, which means that all mean start-up lost times and
headways in each lane are not equal. Note that the minimum value that the statistical software
used could report was 0.0001.

Bartle et al. [Ref. 4, 1952] found that the effect of location was significant for both the
starting delay and the average time spacing. On the other hand, Carstens [Ref. 15, 1971]
reported that the differences among the results for various lanes, approaches and intersections

were insignificant.
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TABLE 4.26.

HEADWAYS AT SIGNALIZED INTERSECTIONS

SUMMARY OF PRINCIPAL FACTORS AFFECTING

Factors

Elements affecting vehicle headways

Geometrics

Operating conditions

Traffic characteristics

Environmental and other factors

Width of approach
Width of lanes
Number of lanes
Grade

Radius of turns
Length of turn bay

Signal timing and phasing arrangements

Peaking characteristics
Parking activities

Bus stop operations
Traffic composition
Turning movements
Pedestrian activity
Weather

Driver behavior

Area population
Roadway surface conditions
Adjacent land uses

TABLE 4.27. ANALYSIS OF VARIANCE

Source DF 'SS Mean Square F value Pr>F
Start-up Model 15 20.871632 1.391442 5.40 0.0001
lost time Ermor 1576  406.241520 0.257767

Corrected Total 1591  427.113152

Model 1 19.409348 1.293957 6.96 0.0001
Headway Error 5914 1096.744632 0.185889

Corrected Total 5915 1116.153980

* The minimum value that the statistical software used can give is 0.0001
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The second part of the conducted analysis, in the study reported herein, focused on
finding out whether selected factors were influencing start-up lost times and vehicle headways.
Because the variety of existing conditions was limited at the intersections observed, the factors
that could be examined included only lane width, lane position, time of day and posted speed
limit. Because most of these factors could not be expressed in continuous terms, factor analysis
or regression analysis could not be applied. Therefore, a simple comparative approach was
engaged.

in this approach, the factors were analyzed one at a time. Analysis was performed by
limiting values of all but one important variable, allowing that variable to vary, and observing the
effect of that variable on the start-up lost time and the headways.

For the investigation of the lane width factor, it was necessary to group the studied lanes
into three groups, in order to have a more dependable number of observations within each group.
The groups are the following:

1. Lane width less than 10.5 ft

2. Lane width between 10.5 ft and 13.0 ft

3. Lane width more than 13 ft

The analysis for the lane position effect, consisted from four different groups. The lane
position was measured from the centerline of the investigated approach (i.e. lane position 1
indicates that is the lane closest to the centerline, usually called inside lane). The four groups
were for lane positions 1, 2, 3, or 4.

The effect of the time of the day was examined through comparisons for A.M. peak period
and P.M. peak period.

The data were collected at areas with posted speed limit of 30 mph, 35 mph, 40 mph, and
45 mph. The effect of the speed limit was investigated for the four distinct groups.

Again, analysis of variance (ANOVA) was performed for unbalanced data sets. The
hypothesis tested was that all mean start-up lost times and headways were equal for each group.
The results are presented on Tables 4.28 through 4.31.

The hypothesis of equal means, for the lane width and the lane position factors can not

be rejected at the 0.01 level of significance, and the effects of these factors are thus found to be
insignificant for both the start-up lost times and the vehicle headways.

For the analysis of the time of day and speed limit factors, the hypothesis of equal means
can be rejected at the 0.01 level of significance and the effects of these factors are thus found to

be significant for the start-up lost times and the vehicle headways.
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TABLE 4.28. ANOVA FOR THE LANE WIDTH EFFECT

Source DF SS Mean Square F value Pr>F
Start-up  Model 2 1.312778 0.656389 2.45 0.0867
losttime  Error 1589  425.800373 0.267968

Corrected Total 1591  427.113152 ‘

Model 2 1.188875 0.594438 3.15 0.0428
Headway Error 5913 1114.965105 0.188562

Corrected Total 5915 1116.153980

TABLE 4.29. ANOVA FOR THE LANE POSITION EFFECT

Source DF SS Mean Square F value Pr>F
Start-up Model .3 2.229422 0.743141 2.78 0.0400
lost time Error 1588 424.883730 0.267559

Corrected Total 1591  427.113152

Model 3 1.819848 0.606616 3.22 0.0218
Headway Error 5912 1114.334132 0.188487

Corrected Total 5915 1116.153980

TABLE 4.30. ANOVA FOR THE TIME OF DAY EFFECT

Source DF SS Mean Square F value Pr>F
Start-up Model 1 3.524928 3.524928 13.23 0.0003
losttime  Error 1590 423.588224 0.266408

Corrected Total 1591  427.113152

Model 1 6.294217 6.294217 33.54 0.0001
Headway Error 5914 1109.859763 0.187667

Corrected Total 5915 1116.153980
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TABLE 4.31. ANOVA FOR THE SPEED LIMIT EFFECT

Source DF SS Mean Square F value Pr>F
Start-up  Model 3 4.440086 1.480029 5.56 0.0009
losttime  Error 1588 422.673066 0.266167 '

Corrected Total 1591  427.113152

Model 3 4.687441 1.562480 8.31  0.0001
Headway Error 5915 1111.466539 0.188002

Corrected Total 5915 1116.153980

As it can be seen from Table 4.30, the time of day (A.M. and P.M. peak period) is a
significant factor for both the start-up lost time and the headways. Because of the limited variation
of the data, there are no observations for Southbound during the moming peak period and for the
Northbound during the afternoon peak period. So effects due to time of day and the direction are
confounded, that is, one cannot determine which factor influnces the start-up lost time and the
headways. Therefore, the outcome of this analysis suggests that the combination of time of day
and direction (Northbound A.M. peak period and Southbound P.M. peak period) have a
significant effect on start-up lost time and vehicle headways. ‘

The next step was to determine which groups of the speed limit factor were significantly
different. In order to accomplish this the least significant difference test (LSD) was conducted for
the start-up lost times and the vehicle headways. The comparisons were made at the 0.01
significance level. The results are shown in Table 4.32.

The last analysis conducted was the effect of speed limit on start-up lost times and
departing headways. Due to the strong relationship between the speed limit and the area where
the intersection was (see Table 3.1), these two factors were combined for analysis. Thus this
result can not be conclusive. The start-up lost times are equal for the first three groups and differ
for the fourth, which is an open area with a 45 mph posted speed limit. As far the headways are
concerned, they are affected by the area factor only for group 1. The outcome of this analysis is
that the start-up lost times are not significantly different for business area with 30 mph speed limit,

intermediate area with 35 mph speed limit, and commercial area with 40 mph speed limit; and the
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vehicle headways are not significantly different for intermediate area with 35 mph speed limit,

commercial area with 40 mph speed limit, and open area with 45 mph speed limit.

TABLE 4.32. COMPARISON FOR THE SPEED LIMIT FACTOR

Area groups DF F Value Prob> F
Start-up lost time 30 mph vs 35 mph 1 0.25 0.6145
35 mph vs 40 mph 1 1.62 0.2028
40 mph vs 45 mph 1 16.18 0.0001
Headway 30 mph vs 35 mph 1 21.55 ~0.0001
35 mph vs 40 mph 1 3.48 0.0621
40 mph vs 45 mph 1 3.12 0.0775

Before an overall interprentation of the results was made, the information presented in
Table 3.1 was examined. It became obvious that because of the limited variety of intersections
examined, it would be difficult to draw definite conclusions about the effects of start-up lost times
and departing headways on the factors investigated in this study. For example, the locations are
scattered along Congress Avenue and have different characteristics such as adjacent land uses
and distance from the CBD (Central Business District). Because of these conditions and perhaps
a combination of them, the values measured differ considerably between them. However,
because the limited variety of sites studied, the individual impacts of the factors could not be
isolated by using statistical methods. Therefore, results would be exaggerated if a particular group
contained a large amount of collected data.

In a study by Shawaly et al. [Ref. 30], the results showed a considerable variation in the
departure patterns of vehicles crossing the stop line during the peak hours not only during a

particular peak period, but also on different dates.
SUMMARY

The mean value of headway generally decreased from front to rear of the queue. This
was observed through the Tables 4.1 - 4.17.
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The hypothesis of equal means was rejected at the 0.001 level of significance, and the
effect of position within the queue on mean headways between pairs of vehicles is thus found to
be significant. The general observation is that the start-up lost time of a line of stopped vehicles
can best be attributed to the reaction time and starting performance of the first 2 or 3 vehicles in
line, depending on the case. This result is within the range of values reported in the literature.

The start-up lost times ranged from 0.35 to 1.39 seconds and were attributed to the first
two or three vehicles. The vehicle headways which varied from 1.76 to 1.94 seconds,
approached a constant value after these first vehicles.

When all data were analyzed together, the overall average start-up lost time of 1.34
seconds can be attributed to the first four vehicles and the average headway after the fourth
vehicle was 1.82 seconds.

The hypothesis that all mean start-up lost times were equal was tested. The hypothesis
was rejected at the 0.001 significance level. The hypothesis that all mean vehicle headways were
equal was rejected at the 0.001 level of significance.

The factors that affect the start-up lost times and the vehicle headways were investigated.
It was found that the lane width (which varied from 9.5 to 18.0 ft) and the lane position (for lane

_positions 1 through 4) did not have a significant effect on either the start-up lost time or the
vehicle headways. On the other hand, the combined effect of time of day and direction had a
significant effect on both the start-up lost time and the vehicle headways. The combined effect of
posted speed limit and area had a significant effect for start-up lost time when the speed limit was
45 mph in an open area and for vehicle headways when the speed limit was 30 mph in a business

area.
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CHAPTER 5. CONCLUSIONS

As the problems of efficiently transporting people and goods in modern urbanized
society persist and intensify, there is accentuated concern for provision and improved operation
of systems of both individual and mass transportation facilities. Emphasis has concentrated on
freeways and mass transit. Nevertheless, surface arterial streets and highways are paramount, as
they continue to bear the brunt of enormous traffic demands. Literally hundreds of billions of
vehicle-miles are traveled annually on city streets.

In street and highway systems incorporating signalized intersections, the intersection has
always been the cardinal element. To improve the operational effectiveness of the system, it is
necessary to develop traffic signalization to its highest possible level of efficiency.

The number of waiting vehicles that can cross a signalized street intersection in a given
time depends in the simple case on how soon they move after the signal changes to the green
indication, and on how fast they accelerate. The driver of the first vehicle reacts to the signal
change or the clearance of the intersection and then each driver in turn reacts until the ripple of
motion has traveled to the tail car of the queue, with the progress of the wave of motion
depending on individual reaction times. It is the total time required to pass a given number of
vehicles through the intersection that is of primary interest to the traffic engineer. In analytical
categories, this time depends on the integration of individual patterns of reaction times,
acceleration, speed and spacing.

The overall review of the studies found in the literature review indicated that there is a
high degree of variability among the start-up lost times and departure headways at signalized
intersections. Most studies were based on limited data points and they date back 10 to 30 years
ago. Since the traffic and vehicle characteristics have changed over time, the validity of the results
of these studies, that do not reflect the current traffic and vehicle characteristics, is questionable.
Therefore, there is a need to reexamine the departure headways at signalized intersections. The
new departure headways could also be tested for their applicability and transferability to other
locations.

Field data were obtained primarily to get more extensive knowledge of behavior at
intersections than is now available, but they were not intended to be conclusive.

Two parameters of traffic performance can be used to represent several important
characteristics of intersection operation. The two parameters, investigated in this study, are start-

up lost time and time spacing of vehicles departing from a signalized intersection. Information on
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the variability of these parameters at an intersection and among intersections may have useful
applications in studies of intersection capacity and signal timing.

The mean value of headway generally decreased from front to rear of the queue. The
hypothesis of equal means was rejected at the 0.001 level of sighificance, and the effect of
position within the queue on mean headways between pairs of vehicles is thus found to be
significant. The general observation is that the start-up lost time of a line of stopped vehicles can
best be attributed to the reaction time and starting performance of the first 2 or 3 vehicles in line,
depending on the case. This result is within the range of values reported in the literature. The
start-up lost times ranged from 0.35 to 1.39 seconds and were attributed to the first two or three
vehicles; the vehicle headways which varied from 1.76 to 1.94 seconds, approached a constant
value after these first vehicles.

It was also found that the lane width and the lane position (for the range that they were
studied) did not have a significant effect on the start-up lost times and the vehicle headways. The
combined effect of time of day and direction had also a significant effect on the start-up lost time
and the vehicle headways. The combined effect of posted speed limit and the area within the city
had a significant effect for the start-up lost time when the speed limit was 45 mph in an open area
and for the vehicle headways when the speed limit was 30 mph in a business area.

The results of this study suggest that the overall average start-up lost time of 1.34
seconds can be attributed to the first four vehicles and the average headway after the fourth

vehicle was 1.82 seconds.
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