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ABSTRACT

Presented in this report are findings related to the discharge 

performance of traffic waiting for a green "go" signal at typical 

signalized intersections in the Tucson metropolitan area. Discharge 

headways were obtained by lane and three efficient measures of 
discharge performance were established from these; starting delay of 

the first vehicle in a platoon of stopped vehicles, queue starting 
delay and leveling-off headway. The discharge headway data were 

collected by tine-lapse photography, duting^ peak hour traffic periods 
at different intersections. The values thus obtained were statis

tically tested to see whether traffic discharge performance vary 
among intersection approaches. Due to the usefulness of the per

formance parameters in the areas of highway capacity and signal 

timing, a range of values which will be applicable to the intersection 

conditions studied in the Tucson area was statistically developed for 

each. The results of the study indicated that the discharge perfor

mance of traffic varies among intersection approaches and even among 

different approaches to the same intersection. While there was no 

significant difference among through lanes of the same approach, the 
protected left turn lanes appear to be different.

viii



CHAPTER 1

INTRODUCTION

Intersection performance has been the subject of study for a 

number of years. Even with the past efforts, there are a number of 

questions about the operation of an intersection that remain unanswer

ed. In some cases, knowledge of performance is based on limited 

studies that were accomplished years ago. While the results of these 
studies have served to guide traffic engineering efforts, there is 

still a need to expand on the knowledge of intersection performance 

through further quantitative measurements and analyses.

A very significant factor in the performance, operation and 

capacity of a signalized intersection is the ability of a queue of 

waiting vehicles to discharge past a stop line after the green "go" 

signal has been displayed. The minimum discharge (departure) headway 

represents the time spacing between the instant that successive 

vehicles, waiting in a single lane, enter the intersection. When a 

continuous line of vehicles is waiting for a signal to turn green, 

there is an initial starting delay or time lag for the first few 

vehicles in the line, followed by approximately equal headways. These 

discharge headways of vehicles entering the intersection once the 

queue start-up has been experienced, together with the starting delay
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and the amount of lost time due to yellow and red intervals, are 

important factors used in assessing the capacity of any lane and 

hence the discharge performance of an intersection.

The number of vehicles that can go through a signalized 

intersection during a given period of time depends mainly on two 

factors: The first is how soon the vehicles begin to move after the

signal indication changes to green. The second is how fast each 

individual vehicle.in the queue reacts to the vehicle immediately 

ahead. This process continues until all vehicles in the queue have 

entered or have progressed through the intersection or until the flow 

is stopped by a red signal indication. The time required to dissipate 
a queue of vehicles after the signal changes to green depends on the 

reaction time and acceleration characteristics of each individual 

driver and vehicle in line. This total time together with the 

constituent discharge headways can vary considerably. Other factors 

that can affect the discharge headways are physical and operating 
conditions such as approach width, parking conditions, metropolitan 

area population and location within the metropolitan area, traffic 

characteristics such as trucks, buses, and control measures such as 
traffic signals.

In the area of signal timing, the importance of adequate knowl

edge of discharge performance cannot be over-emphasized. Provision 

of optimum signal timing plans include appropriate provision of 

clearance intervals. Discharge headways play an important role in the 

determination of the minimum yellow clearance interval for safe and

2



N

efficient operation at signalized intersections. This is due to the 
influence of discharge headways on queue starting delay. Obviously, 

the time for a vehicle to "clear" an intersection adds to the delay 

time. Knowledge of these discharge headways is therefore essential 

for the determination of clearance interval policies to reduce queue 

starting delay and hence increase capacity.

Need for the Study

A detailed 'study of traffic performance at intersections con
ducted by Greenshields and others in 1947 [l] resulted in estimated 

values of discharge headways for vehicles waiting to start on the green 

indication. These values are presently being used for various capacity 

and signal timing computations. Changes in the complexity of the driv

ing task have been taking place due to the varying effects of the 

factors previously mentioned. Consequently, a validation of the dis

charge headways is warranted for individual communities in general and 

for the Tucson area in particular. The need for such a validation 

study is more readily justified by the applications of all the previ

ous studies done in this area as outlined in the "applications of 

previous studies" section of this report. Additionally, in the inter

section capacity portion of the Highway Capacity Manual [2], it was 

stated that a single lane at a traffic signal can accommodate 2,000 

passenger cars per hour of green if all vehicles pass through without 

stopping. Where vehicles are interrupted, an acceptable value is 1,500 

passenger cars per hour of green. There is a need to update such 

information and provide some range of values applicable to a broad
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range of conditions. This requires a wide data gathering and 

analysis effort.

4

Objectives of the Study

The general objective of this study was to determine through- 

passenger car discharge headways by lane, of typical signialized inter

section approaches in Tucson, and to compare these with values 

documented by B. D. Greenshields and others [1].

A study of this type requires statistical treatments to mea

sure the range of values which arise from the variability of the human 

and vehicular factors inherent in the road users and their vehicles.

A full comprehension of intersection operation can be gained only 

through cognizance of this range and variability.

Consequently, specific objectives were:

a. To seek by means of statistical analysis, a highly confident 

range of values for the starting delay and discharge headways 

for the prevailing conditions at the different intersections 

studied.

b. To seek any significant difference in the discharge performance 
from one intersection approach to another.

c. To determine whether discharge rates differ significantly with 

respect to lane type. This involves detecting differences 

between through, left turn, and through plus right turn lanes.

The underlying goal of the study was to make the final results 

applicable to typical intersections in the Tucson area.
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Study Limitations

Invariably, no one study is complete in itself because of the 

scope and inherent constraints. Due to time limitation and both 

financial and manpower resources required for a complete study of this 

subject, physical and traffic conditions at the intersections, which 

are believed to influence discharge headways, were not isolated and 
identified in this study. These factors include

a. volume of traffic,

b. parking conditions,

c. gradient of approach,

d. effect of day of the week— it was assumed that starting delay 

and discharge headways do not differ significantly on weekdays, 
and

e. night time conditions.

Some factors which are believed to influence starting delay for the 

first vehicle in line, but not identified include

a. the extent to which drivers tend to stop behind the stop and 
crosswalk lines, and

b. the extent to which side-street yellow signal is visible to 
the drivers.

The method of data collection posed limitations on the selec

tion of intersections for study. Because photographic methods of data 

collection were to be utilized, the intersections had to have an 
adequate vantage point for filming.



For this study, intersections were selected in the Tucson 

area. The results, therefore, are limited to conditions in this 
specific area of Arizona.



CHAPTER 2

REVIEW OF LITERATURE

An extensive review of works relating to the objectives of 

this study was made. Although the subject on intersection performance 

and delay has been under investigation as far back as 1947, no one 
single report addressed all of the objectives in this study.

The single closest report related -to this study was by 

Greenshields and others [1] in 1947. Approach headways in seconds 

between successive vehicles in closely spaced platoons as they entered 

the intersection from a stopped position were reported on a per lane 

basis for two intersections in Connecticut. The collection of data was 

facilitated by virtue of the expertise of Greenshields on the photo

graphic method of studying traffic behavior [3]. The median headway 

time values of all vehicles observed were computed. It was discovered 

that the headway between successive vehicles decreased at a lessening 

rate, leveling out at around two seconds after the fifth-in-line 
vehicle. The data were adjusted to show passenger cars alone by elim

inating the effect of heavy vehicles and turning movements. This 

resulted in passenger car headways as follows:
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Car-in-line number 

1 

2
3

4

5

6 and above

Green time consumed in seconds 

t = 3.8 

C2 = 3.1 

tg = 2.7

t4 “  2.4
t5 - 2.2
t = 2.1 n

From this information, a starting delay of 3.7, i.e. [14.2 - (5 x 2.1)] 

is inferred for the line of stopped vehicles where the value 14.2 is 
the sum of the green times consumed by the first five vehicles. Green- 

shields then redefined the problem of capacity per lane of any green 

period as one of determining signalized intersection capacity as fol

lows :

G = 1.3N + t. + t, + . . . t (1)i z n
where G = total green time available in seconds. 1.3N * green time

consumed by left-turning movements in seconds. N = total number of

left turns in both directions and 1.5t to be substituted for t ifx x
the x vehicle in line is a truck or bus, where 'x' may be any veh

icle in line. However, no method was suggested of adjusting the 

starting delay and headways derived from the single values by Green- 

shields to conditions at other intersections.
This pioneer work, nevertheless, provided a major breakthrough 

for researchers who realized the usefulness of starting delay and time
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headways for traffic streams starting from a stopped position, in the 

area of signal timing and capacity computations.
Using the time headways of departure measured by Greenshields 

and others [1], Matson, Smith, and Hurd [4] in 1955 developed a theor

etical equation for total delay T̂, in seconds, to a queue of vehicles 

stopped by a red signal:

T = nR - + i rlnCn + 1) + 3.7% _ q (2)

where n is number of vehicles stopped in R seconds of red signal time;
A is average headway of vehicles on arrival in seconds, and (£ has 

values depending on ri as follows:

when n = Q =

1 2.0 secs
2 3.0 secs
3 3.4 secs

4 3.5 secs
and 5. is always 3.5 seconds for n ^  4. The basic underlying assumption 

in developing equation 2, was an average uniform rate of vehicles. It 

was noted, however, that the empirical values varied due to passenger 

car performance, composition of flow, turning vehicles, pedestrian 

influence, and other factors.

Bartle, Skoro, and Gerlough [5] measured starting delays and 

approach headways for loaded portions of cycles for many intersections



10

in Los Angeles in 1956. A foraula for computing the approach capacity 
of a fixed time signal was proposed:

n = g -fr a - d 
h (3)

where

n = number of vehicles entering the intersection per cycle, 

g = length of green in seconds, 

a * length of yellow in seconds,
d = average starting delay for the first vehicle in peak hours, 

h = average time spacing for loaded cycles in seconds.

Unlike Greenshields [2], Bartie and others [5] considered the entire 

intersection approach for capacity measurements. Starting delay was 

recorded as the time from the first display of green to the entrance 

of the first vehicle into the intersection from any lane. A vehicle 

was considered to have entered when its rear wheels crossed the stop 

line. The time for platoon movement was recorded as the time from 

entrance of the first vehicle into the intersection until the entrance 

of the last vehicle in the platoon. The number of vehicles entering 

during this time was also noted. Average approach headway for a given 

cycle was determined by dividing the time for platoon movement by one 

less the number of vehicles entering during that time. Starting delay 

and average headways were obtained for intersection conditions such as 

parking conditions, width of approach, and type of signal controller. 

The following conditions were ascertained.
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a. Starting delay is independent of street width and type of 

signal installation at the intersection.

b. There is a significant difference in starting delay among 

different approaches to the same intersection.

c. In general, starting delays do not differ significantly from

weekday to weekday.
#

d. Starting delays are in most cases normally distributed.

e. Average approach headway is significantly different for 
different intersections, but the mean value obtained for 
one weekday will not usually differ significantly from that 

for other weekdays.

Values ranging from 2.91 seconds to 4.40 seconds for the first 

vehicle in line to enter, with succeeding headways averaging from 0.95 

seconds to 1.63 seconds were obtained. The study also yielded a mean 

starting delay of 2.5 seconds, but unlike Greenshields1s study, headway 

distributions were not obtained for individual vehicles in a platoon.

Capelle and Pinnell [6] in 1961, presented a report on a study 

designed to obtain traffic performance data which would have useful 

applications in evaluating the capacity of signalized diamond inter
changes. The field data were collected through the use of time-motion 

pictures which furnished a complete and simultaneous record of the 

traffic operation occurring in the intersections that were studied.

The operational characteristics of over 4,000 vehicles were recorded on 

16 cm. films at two conventional-type diamond interchanges in Texas.
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These data were collected during the peak periods on approaches that * 

were fully loaded. Data on vehicle starting delays and time headways 

at both interchanges were measured to develop a basic approach to the 

determination of lane capacity. A starting delay of 5.8 seconds 

measured for the first two vehicles followed by an average time head

way of 2.1 seconds was determined. This yielded a starting delay of 

the queue of 1.6 seconds, i.e. [5.8 - (2 x 2.1)]. According to Capelle 

and Pinnell [6], in terms of starting delay I), and average time headway 
H, the number of vehicles per lane N£, that can be expected to clear 

the intersection from an approach during the green phase G is:

k  * 2 w

To determine the number of vehicles that can clear per hour per 

lane, equation (4) can be multiplied by the number of cycles per hour 

(3,600/C), where is cycle length in seconds, to give:

Nl = + 2) (3,600/C) (5)

Wildermuth [7] in 1962, selected sites in Zurich to analyze 

average vehicle headways at signalized intersections under different 

conditions. Stopwatches were used to measure cycle lengths and head

ways. The extent of the influence which the length of the green 

interval had on average headways was determined for through traffic.
It was found that:

a. The length of the green phase does have an effect on average 

headways.
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b. The average headway was 2.35 seconds for short phases of up to 
10 seconds.

c. As the length of the green interval increased, the average 
headway will decrease and

d. The average headway was just below 2.00 seconds for phases 

between 35 seconds and 45 seconds in length. If the length 

of phase increased further, the average headway got slightly 

larger again up to 2.05 seconds for the 60 seconds phase.

Webster [8] defined intersection performance in terms of sat

uration flow S_, which is the maximum rate of discharge of the queue 

during the green period. In 1958, the saturation flow of the approach 

(in vehicles per hour of effective green) was used as the basic measure 

of capacity. Saturation flow was measured by recording the number of 

vehicles that cross the stop line in saturated phases during successive 

2-second intervals after the start of the green. The degree of satura

tion x, is the ratio of actual flow to the maximum flow XS_, which 

can pass through the intersection from the particular approach (X is 

the proportion of the cycle which is effectively green for the phase, 

or the g/c ratio). According to Webster [8], when the flow ̂  is 

expressed in vehicles per hour, the average delay per vehicle ci, can be 
computed from:

= 0.45c (l-).)2 162Ox2
1 - Xx *h q(l - x) (6)
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The first term represents delay for traffic arriving at a uniform 

rate, while the second term represents the added delay becuase of the 

random nature of arrivals.

Like Webster [8], Miller [9] in 1968, used the concepts of 
saturation flow, lost time and effective green, but made capacity com

putations by lane of approach. Because intersection conditions in Aus

tralia were being studied, saturation flow was defined according to 

the Australian Road Capacity Guide [10] as the reciprocal of the aver

age time headway. The average headway for the loaded portions of a 

cycle was measured from the start of the green and 1 second was sub

tracted because of starting time delay. Lost time was taken as the 
longer of intergreen (yellow) time minus 1/2 second or the travel time 

through the intersection plus 2 1/2 seconds. Effective green was 

defined such that the number of vehicles that cross the stop line in a 

fully saturated phase is equal to the product of the saturation flow 

and the proportion of effective green time.

Berry and Gandhi [11] in 1973 based their study on the theory 

that "the capacity of an approach to a signalized intersection is a 

function of approach headways of vehicles as the queue of waiting ve

hicles is discharged into the intersection and of lost time due to 

starting delay and to utilization of only part of the yellow inter

val." The method used in this study differs from the Australian 

method of Miller and the British method of Webster primarily in the 

procedures used for determining saturation flow and lost time. Effec

tive green was determined from measurement of starting delay.
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utilization of the yellow, and length of the green as in the numerator 

in equation 7. This equation also accounted for the fact that the 

number of vehicles entering a loaded cycle is one more than the number 

of headways. Average values for headways, starting delays and utiliza

tion of the yellow were used in equation 8 to compute the lane capac

ity or approach capacity in vehicle/hour:

n = % + Xy - D + 1 
h

(7)

Cap s 3600(g + Ay - D + h) 
Ch (8)

where

n * number of vehicles discharged from one approach during one 

loaded cycle.

Cap = capacity of the signalized approach in vehicles per hour.

D = starting time delay in seconds elapsing from the beginning 

of green to the instant the rear wheels of the first vehicle 

cross the stop line.

h = average headway time in seconds for all vehicles in a compact 

platoon that cross the reference line.

X = proportion of length of yellow light for loaded cycles which 

is utilized up to the time the last vehicle in a compact 

platoon cross the stop line.

C = signal cycle length in seconds.

g = green cycle length in seconds.

y = yellow cycle length in seconds.
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Data were collected at one approach to a three-phased signalized 

intersection to evaluate the proposed method and to study its applica

tion in evaluating effects of weather and visibility on capacity. 

Starting delays were measured with a stopwatch and another stopwatch 

was started as the rear wheels of the first vehicle crossed the stop 

line and was stopped when the last vehicle in the platoon crossed 

the line with its rear wheels. The elapsed time T?, shown on the second 

stopwatch was then "divided by the number of vehicles less one, to det

ermine average headway h, for the compact platoon. For a loaded cycle, 

the utilization of the yellow was given by:
Ay = D + T - g (9)

Data for 14 peak periods segregated according to weather and visibility 

conditions revealed the following values:
/

weather condition D (seconds) h (seconds)

dry day 2.483 1.085

dry night 2.482 1.175
wet night 2.716 1.287
snow day 2.698 1.269
snow night 2.638 1.283

In January 1980, Transportation Research Circular No. 212 [12] 

was published. That document contained a compilation of current pro

cedures that are intended to supplement the Highway Capacity Manual.

In this Circular, the "Critical Movement Analysis" methodology for 

determination of intersection capacity and level of service was
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documented. The ability of a line of vehicles to discharge past a 

point was the key principle involved. It was determined that rarely 

can a discharge rate of 2000 passenger cars per hour of green be sur

passed due to time lost in queue start up and signal change intervals. 

The maximum discharge of a single lane at signalized intersections was 

discovered to vary typically from 1500 to 1800 passenger cars per hour 
of green.

Applications of Previous Work

The objectives of all the previously cited works had been for 

better understanding and a stronger basis for the computations of in

tersection capacity and signal timing.

Based on these works a method of calculating signalized inter

section capacity by analysis of the entire unit was developed. This 

procedure called "critical movement analysis" allowed overall inter

section level of service and the effects on level of service of design 

and operational changes to be determined. The analysis accounts for 
the effects of geometry, and traffic signal operation, and results in 
a level of service determination for the intersection as a whole opera

ting unit. The principal assumption in the technique is that there is 

a combination of lane volumes which must be accommodated in one hour 

through the middle of the intersection. The sum of these volumes was 

termed "critical volume" by Capelle and Pinnell [6], and it was found 

that it could not exceed the saturation flow characteristics of the 

intersection. As a result, 1800 pchg was determined as the maximum
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value under ideal conditions for the critical volume, with 1500 vph 
being an average value for typical conditions. The 1800 pchg which 
replaces the conventional 2000 pchg accounted for the time headway 

between successive vehicles, the starting delay for a queue of vehic

les, and the lost time due to signal change intervals.

In order to introduce analytical techniques to determine opti

mum timing, phasing and operational programs for safe and efficient 

intersection traffic signal control and traffic signal systems, the 
work done by Greenshields and others [1] on departure headways was the 

starting point. The major objectives of a signal timing plan are the 

minimization of delay and congestion at intersections, and also the in

crease in safety for road users. Consequently, timing signals required 

consideration of several aspects, one of which is the time spacing of 

vehicles entering a signalized intersection. The results of the de

tailed study of departure headways as reported by Greenshields et al. 

[1] is still in use to compute the minimum assured green time required 

by a queue of waiting vehicles at a signalized intersection. This 

accounted for the starting delay and the average departure headway of 

the queue. Considering an average headway of 2.1 seconds, a starting 

delay of 3.7 seconds was determined. These values were used by Pigna- 

taro [13] to calculate the necessary green time to discharge a platoon 

as:

t = 3.7 + 2.1 n (10)

where n_ is number of vehicles in the waiting queue. This holds true 

for both pretimed and actuated control equipments.
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In the "Traffic Signals" section of the Northwestern University 

Highway Safety and Traffic Study course notes [14], approximate start

ing points for the selection of cycle lengths are suggested. These 

are based on critical lane volumes and discharge headways determined by 

Greenshields et al. [1].



CHAPTER 3

DATA COLLECTION AND REDUCTION

A review of the literature revealed some ambiguities with . 

respect to definitions of terms used. Some of the works failed to pre

sent a concise definition of the terms as they relate to the specific 

study. The following discussion, therefore, precisely defines the 

most significant set of terms as they are applied to this study. For 
clarity, a discussion of the relationship to other analogous definitions 
used in previous studies and their significance is presented.

a. Starting delay— the time lapse from the first display of green 

to the entrance of the first vehicle into the intersection from • 

any lane with a stopped platoon of vehicles. A vehicle was 

considered to have entered the intersection when its rear 
wheels crossed the stop line (reference line).

Berry’s discussion of a paper by King and others [15] revealed that 

starting delay varies depending on location of the reference line. It 

was shown that when the entry line (outermost cross-walk line) to the 

intersection is used as the reference line (Case 2), the measured 

starting delay for the first vehicle is higher than when the stop line 

is used as the reference line (Case 1). The 1947 study of Greenshields 

et al. [1] did not specify a particular definition of reference line; 
however, the data corresponds quite well with the Case 2 data taken in

20
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the 1975 study of King and others [15]. In the Capelle and Pinnell 

study [6], starting delay was defined as "the time required for the 

first vehicle in a queue to commence motion and enter an intersection 
after the traffic signal displays a green indication." The Case 2 

definition of reference line is thus implied but not specified. Berry 

and Gandhi [11] and also Bartle and others [5] used a specific defini
tion similar to the one used in this report— stop line used for re
ference line.

b. Queue starting delay— the difference between the total green 

time used up by a platoon of vehicles discharging with their 

respective headways and the time which will be used if all 
vehicles in the platoon were discharging with the leveling-off 

headway.
c. Leveling-off headway— the discharge headway attained by a 

platoon of vehicles after a reasonable degree of momentum 

has been achieved. Ideally, this would be obtained under 

saturation flow conditions. Saturation flow could only be 

actually attained if there is a continuous queue of vehicles 

and they are given 100 percent green time.

d. Stopped time delay— that portion of the total delay which 

occurs when a vehicle is stopped on the intersection approach 
by a red signal indication.

e. Discharge headway— the interval in time between individual 

vehicles in a platoon, entering from a stopped position meas
ured from rear wheels to rear wheels as they cross the stop line.



22

The definition of discharge headway was adopted to conform with the 
definition of starting delay. In some reports other terminologies have 

been used. "Time spacing" was used by Bartle and others [5]. "Ap
proach headway" was used by Berry and Gandhi [11]. Greenshields et al. 

[1], and Capelie and Pinnell [6] used "time headway." In all these re

ports, these terms have been used in compliance with the definition of 
headway in the Highway Capacity Manual [2]. That is, "The interval in 

time between individual vehicles measured from head to head as they pass 

a given point." When considering starting delay and headways of each 

vehicle in a platoon, an obvious discrepancy results except if the 

headway between the first and second vehicle in line is disregarded.
In the study by King and others [15] the term "discharge headway" was 

used, but the implied reference line was the entry line to the inter

section.

Study Methodology

The study was conducted on warm days in the fall of 1980 at 

intersections in the Tucson area. Data collection was restricted as 
much as possible to morning and afternoon rush hour in order to obtain 

as many loaded cycles as possible, and also to through and protected 

left turn passenger vehicles at intersection approaches. The data were 

collected on typical weekdays because of the differing traffic charac
teristics during weekends.

The traffic operational data were obtained by means of time- 

lapse photography. Traffic operations at each of the study intersec

tions was filmed with a Super 8 movie camera, with intervaloneter
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running at a speed of two frames per second. This designated speed was 

checked by calibrating the camera with a stop watch. This was accom
plished by running part of a film at the specified speed, with the 

camera focused on a stop watch which has already been started. The 

processed film was viewed on a screen and the number of frames advanced 

for a given period of time was noted. This resulted in a correction 

factor which was applied during the extraction of data. Kodachrome 40 

color movie film type A (KMA 464) in 50-foot reels was used. Filming 

was performed from a vantage point provided by nearby tall buildings 

and in one case a truck with a hydraulic lift bucket was used. In 

either case, the location of the camera was chosen so as to furnish a 
clear view of the approach under study. To ensure this, the set-up was 
restricted to a maximum distance of 1/4 mile from the intersection.

In addition, it was ensured that the stop line was clearly visible.

A typical layout is shown in Figure 1.

For the purpose of this study, a platoon of discharging vehicles 

was considered to consist of the first six vehicles in the queue. This 

was to ensure that vehicles were actually traveling in platoons, and 

to exclude vehicles whose free flow speed were only reduced but not ac

tually stopped, by the conditions at the intersection. However, in 

cases when there was a definite back-up of more than six vehicles, data 
was recorded for all of them.

The filming procedure was organized to make the most efficient 

use of films— getting the most useful data with minimum amount of films. 

To achieve this end, the signal cycle and the length of the different
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phases were sampled with a stop watch. Knowing the length of the red 

and green phases, filming for every loaded cycle was commenced just 

before the clearance (all red) phase or about two seconds before the 

beginning of the green and extended into the green phase for a variable 

portion of green depending on the number of vehicles waiting to enter 

the intersection. The smaller the number of waiting vehicles, the ear

lier the cut-off filming period for that cycle. This procedure is 

diagrammatically depicted in Figure 2.

Site Location and Characteristics 

Three intersections representing differing physical and oper
ational characteristics were selected for study around the Tucson metro

politan area. In certain ideal cases, more than one approach was 

studied at a single intersection.
All the intersections studied were at-grade with 90-degree 

crossings of signal controlled streets. Each had 4-legs, two way traf

fic, with curb parking prohibited on all approaches. The approaches 
studied carried at least two lanes of traffic.

A major factor which.strongly affected the choice of intersec

tions was the presence of a nearby elevated spot such as a hilltop or • 

a tall building where the camera could be suitably mounted without at

tracting the attention of motorists; as a result, the choice of sites 

to reflect a good combination of traffic and geometric conditions was 

restricted. The sites selected, with their basic characteristics are 
given in Table 1.
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Table 1. Study Sites

Intersection

Study 
Approach 

Traffic From
Type of

Signal Control

Number of 
Moving Lanes 
On Approach

Number of 
Exclusive 
Left Turn 

Lanes

Exclusive 
Left Turn 

Phase
"All-Red"
Phase

Granada and 
Congress East Fully-Actuated 4 1 Yes Yes

Speedway and
Park East Semi-Actuated 2 0 No Yes

Tanque Verde 
and Grant South Volume-Density 5 1 No Yes

Tanque Verde 
and Grant East Volume-Density 5 1 Yes Yes

a
Duriii)* morning afternoon peak, no left turns on Speedway.

M
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Time Lapse Data Reduction
Data from the time-lapse photographs were extracted by the 

use of a Super 8 analyzer projector. A control which was attached to 
the projector permitted the film to be advanced or reversed in single

frame increments.

As an aid to the determination of the discharge headways from 

the motion pictures, reference lines coinciding with the stop line 

were superimposed on the screen at the intersection approach under 

study. The purpose of these were twofold: a) to regulate and fix

the region where approaching vehicles would stop when waiting for a 

green indication; and b) to aid in determining when each vehicle 
entered the intersection area.

Traffic data were obtained on an individual lane basis in

cluding left turn lanes with left turn signals and consisted of the 

operational characteristics:

a. Starting delays after the signal change to green by composition 

and direction of movement and
b. Time (discharge) headways between successive vehicles entering 

the intersection area by counting the number of movie film 

frames between specific events. By using the constant camera 

speed and applying the necessary correction factor obtained, 

during calibration, elapsed time between events could be 
determined.

Starting delay was recorded as the time from the first display
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of green =o the tine the rear wheels of the first vehicle crossed the 

stop line. To the values of starting delay was added a correction 

factor of 0.25 seconds. This‘was due to the fact that at two frames 

per second, i.e. 1 frame/ 0.5 second, it was possible for the green 

signal to have started between frames. The exact starting point could 

only be obtained by extrapolation. The factor of 0.25 which is half 

of 0.5 is the optimum estimate that could be made for the green 

starting time between frames, and represents the average error.

Data Summaries

The discharge data for each intersection studied were used 

to calculate the mean discharge headways for each vehicle in line on 

a lane by lane basis, including the left turns with left turn signal.

In cases where supplementary flining was done on a different weekday 

from the first for the same intersection, the data are separated for 

clarity.

For the purpose of summarizing the data, the following coded 

designations are used:

T = Through traffic lane 

LTL = Left turn lane (with left turn phase)

TFT = Through and right turn lane

The summarized data are given in Tables 2 through 7. In these tables, 

the number of observations obtained for each category is shown in 

parentheses.
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Table 2. Speedway and Park (Film no. 1, Wednesday, 9/17/80): Mean
Discharge Headways for Intersection

Vehicle No. Headways Between Vehicles Entering (Seconds)
in Line Lane 1 (TRT) Lane 2 (T)

1 3.42* (17) 3.53 (30)
2 2.94 (H) 2.70 (26)
3 2.60 (10) 2.59 (21)
4 2.26 (8) 2.07 (15)
5 1.82 (7) 1.86 (10)
6 1.66 (6)

aTime required for first vehicle to enter after signal change

Table 3. Speedway and Park (Jilin no. 2, Friday, 10/3/80): Mean
Discharge Headways for Intersection

Vehicle No. Headways Between Vehicles Entering (Seconds)
in Line Lane 1 (TRT) Lane 2 (T)

1 3.54 (23) 3.50 (35)
2 2.72 (24) 2.87 (34)
3 2.42 (19) 2.30 (31)
4 2.22 (13) 2.06 (28)
5 2.15 (7) 2.00 (25)
6 1.87 (3) 1.98 (12)
7 1.98 (8)
8 1.91 (6)
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Table 4. Granada and Congress (Film no. 1, Monday, 
Discharge Headways for Intersection

9/15/80) : Mean

Vehicle No. Headways Between Vehicles Entering (Seconds)
in Line Lane 2 (T) Lane 3 (T)

1 3.41 (ID 2.95 (12)
2 2.53 (ID 2.42 (10)
3 2.25 (11) 2.22 (10)
4 1.77 (10) 1.95 (7)
5 1.77 (6) 2.02 (5)
6 1.64 (4) 1.52 (2)
7 1.52 (1)

Table 5. Granada and Congress (FiLa no. 2, Thursday, 10/9/80): Mean
Discharge Headways for Intersection

Vehicle No. Headways Between Vehicles Entering (Seconds)
Line Lane 2 (T) Lane 3 (T) Lane 4 (LTL)

1 3.18 (35) 3.06 (28) 3.21 (15)
2 2.47 (30) * 2.61 (23) 2.72 (3)
3 2.43 (19) 2.28 (18) 2.04 (2)
4 2.08 (14) 2.04 (6)
5 2.38 (3) 1.87 (3)
6
7
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Table 6. Tanque Verde and Grant, South Approach (Filn no. 1, 
Wednesday, 9/30/80): Mean Discharge Headways for
Intersection

Vehicle No. Headways Between Vehicles Entering (Seconds)
in Line Lane 2 (T) Lane 3 (T) Lane 4 (T)

1 Insignif 3.12 (22) 2.94 (16)
2 icant 

Number of 2.46 (23) 2.39 (17)
3 Obser 2.31 (23) 2.26 (15)
4 vations 2.02 (20) 2.13 (14)
5 1.83 (17) 1.76 (10)
6 1.79 (9) 1.70 (6)
7 1.68 (5) 1.70 (3)
8 1.79 (2)
9 1.66 (2)

Table 7. Tanque Verde and Grant, East Approach (Film no. 1, Wednesday, 
9/30/80): Mean Discharge Headways for Intersection

Vehicle No. Headways. Between Vehicles Entering (Seconds)
Line Lane 2 (T) Lane 3 (T) Lane 4 (T) Lane 5 (LTD

1 Insignif 3.23 (18) 2.98 (17) 3.01 (17)
2 icant 

Number of 2.28 (15) 2.33 (17) 2.59 (12)
3 Obser 1.91 (10) 2.06 (16) 2.20 (8)
4 vations 1.97 (7) 2.03 (17) 2.04 (3)
5 1.87 (6) 1.94 (13) 2.04 (2)
6 1.59 (4) 1.86 (7)
7 1.70 (3) 1.57 (6)
8 1.79 (3)
9 1.70 (3)



CHAPTER 4

ANALYSIS OF DATA

For the purpose of analysis, the following basic criteria were

used:

a. A quick run-down of the data summarized earlier illustrated 

that the discharge headway values decrease rapidly for the 

first two vehicles in line with a lesser decrease for each 

succeeding vehicle. This indicates that the queue starting 
delay can best be attributed to the reaction and starting per
formance of the first few vehicles in line. Indeed, Green- 

shields et al. [1] reported values which showed that a reason

able degree of momentum was achieved after the fifth vehicle 

in line. The stipulated leveling-off headway was 2.1 seconds 

for n _> 5.

In this report, the leveling-off point will be taken as 

n >_ 5. The value of the leveling-off headway will be reported 

as the mean of the sixth and subsequent vehicles down the line

b . The two parameters used to represent intersection discharge 

performance in this report are, starting delay and queue start 

ing delay. This is justified from the fact that they reflect 

the departure headways of stopped vehicles at an intersection. 

All inferences and tests were therefore performed using these 
two parameters, for the purpose of easy understanding.

33
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c. A small percentage of trucks and buses in the traffic stream 

in Tucson was evident during the data collection phase. Con

sequently, any effect of trucks and buses on the results was 

assumed to be insignificant. Therefore, the values obtained 

are valid for passenger car vehicle operations.

Philosophy of Analysis

Values of starting delay and discharge headways were not tested 

for normality of their distribution. Nonparametric statistical pro
cedures, therefore, were used to make inferences about parameters re
flecting these values. This is because according to Hollander and 

Wolfe [16]:

a. Nonparametric methods require few assumptions about the under

lying populations from which the data are obtained, and in 

particular forego the traditional assumption that the under

lying populations are normal.

b . At first glance, most nonparametric procedures seem to sacri

fice too much of the basic information in the samples. Theor

etical investigations have shown that, more often than not, 

these procedures are only slightly less efficient than their 

normal theory competitors when the underlying populations are 

normal. Also they can be more efficient than these competitors 

when the underlying populations are not normal.

c. Nonparametric procedures are often quite easy to understand
since many of the procedures do not require the actual magni
tudes of the observations, but rather, their ranks.
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Analyses Performed

From the reduced discharge headway data, the following basic 

measurements resulted:
a. starting Delay d,

b. queue Starting Delay D, and

c. leveling-off Headway h.
Three general types of analyses were performed on the data.

a. Interval estimation for the mean values of starting delay and 

queue starting delay were obtained at the 95 percent confidence 

level using the t-statistic.
b. Hypotheses tests were performed to investigate the presence of 

a treatment effect that results in a shift of location for all 

samples from each population at the different intersection 

approaches. The samples used from each population were the 

discharge performance parameters; starting delay d_, queue 

starting delay I), and leveling-off headway h. The basic hypo

thesis was that of no treatment differences; that is, the 
samples can be thought of as a single (combined) sample from 

one population. The alternatives of major interest relate to 

differences in location.

c. Regression analyses were performed to find best fitting curves 
for the various discharge headways at the different intersec-

* tion approaches. The aptness of the model was tested by cal

culating r, the coefficient of correlation. This was done for
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every lane studied in the approach including in some cases left turn 

lanes.
A brief theory of the nonparametric hypothesis testing proce

dures used is given in the Appendix, together with sample computation 

using obtained results.



CHAPTER 5

, RESULTS AND APPLICATIONS

In order to furnish a better feel for the variability of the 

individual discharge headways, the range of the observed .values indi
cated by their standard deviations are given in Table 8; in cases where 

supplementary data were obtained on different weekdays for the same in

tersection, these summarized results are for the combined data. This 
was based on one of the constraint assumptions that discharge headways 

do not differ significantly on weekdays.

Figures 3 through 12 indicate the variation of discharge head

ways to the vehicle number in the queue.
For the purpose of summarizing the results, the same coded 

designations used for data summaries apply; for ease of reference, 

these are:

T = Through traffic lane 

LTL = Left turn lane (with left turn phase)

TRT = Through and right turn lane;

Some additional codes used are: 
d = Starting delay 
D = Queue starting delay 

h = Leveling-off headway 

t = Subscript for through lane parameters 

1 = Subscript for left turn lane parameters
37
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Hq = Null hypothesis

= Alternative hypothesis
a = Smallest significance level for rejecting Hq 

r = Coefficient of correlation

The results obtained show that at the four intersection ap

proaches and total of ten lanes studied, the starting delay of the 

first vehicle in line ranged from 2.94 seconds on Tanque Verde (south 

approach) to 3.51 seconds on Speedway (east approach) for the through 

lanes. For the left turn lanes, the value ranged from 3.01 seconds on 

Tanque Verde (east approach) to 3.21 seconds on Granada (east approach). 

At this point it's worth noting that the Tanque Verde east approach 

had the fastest through and left turn lane with respect to the start

ing delay of the first vehicle in the queue. Two possible explanations 

for this observation are:

a. The extent to which drivers tend to stop behind the stop line—  

in this case the front wheels of many of the first vehicles 

were either right on the stop line or had crossed it.

b . The extent to which the side street yellow signal is visible 

to the drivers.

In general, the results indicated that the standard deviation 

of the discharge headways for the vehicles decreased as the vehicle 

position in the queue increased, with the first vehicle in line having 

the highest variation. There were three instances where this trend 
was violated and even then it was not grossly violated. At the Granada
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east approach (Lane 3) standard deviation of starting delay for the 

first vehicles was 0.62 seconds compared to 0.69 seconds for the third 

vehicles in line. At the Tanque Verde east approach (Lane 4), the re

spective values were 0.48 seconds for the first, 0.55 seconds for the 

third and 0.59 seconds for the sixth vehicles in the queue. At the 

same approach (Lane 5) the values were 0.72 seconds for the first and 

0.73 seconds for the second vehicle.

It was observed that at the Tanque Verde south approach (Lane 
3), there was no variation for the eighth vehicles in line, with zero 
standard deviation (see Table 8). This is probably dufe to the small 
sample size for vehicles so far back in the queue.

Reference to Tables 9 and 10, which give the resultant dis

charge headways and performance parameters respectively, indicate the 

following significant results for the various approaches:

a. Speedway and Park approach (east)— while there was no signif
icant difference between the starting delay (of the first 

vehicles) for both the through and the adjacent through plus 
right turn lane (3.51 and 3.49 seconds respectively), the 

through lane was faster than its adjacent outside counterpart 

in terms of queue starting delay (3.20 compared with 3.64 sec

onds) . This was due to the fact that about 5 percent of the 
approach traffic were right turns, using the outside lane.

The discharge headways of the turning vehicles were obviously 

higher than the through vehicles. Only through vehicles were 

considered for the starting delay in the outside lane.



Table 9. Resultant: Discharge Headways

Headways between vehicles entering (seconds)

Intersection
Speedway & Park 

(East)
Granada & Congress 

(East)
Tanque Verde & 
Grant (South)

Tanque Verde & 
Grant (East)

I>anc number 
(designation) l(TRT) 2(T) 2(T) 3(T) 4(LTL) 3 (T) 4(T) 3 (T) 4 (T) 5(LTL)

1 3.49 3.51 3.24 3.03 3.21 3.12 2.94 3.23 2.98 3.01
2 2.79 2.80 2.49 2.55 2.72 2.46 2.39 2.28 2.33 2.59
3 2.48 2.42 2.36 2.26 2.04 2.31 2.26 1.91 2.06 2.20
4 2.24 .2.06 1.95 1.99 2.02 2.13 1.97 2.03 2.04
5 1.99 1.96 1.97 1.96 1.83 1.76 1.87 1.94 2.04
6 1.87 1.91 1.64 1.52 1.75 1.70 1.64 1.73
7 1.91 1.52 1.75 1.70 1.64 1.73
8 1.91 1.75 1.73

9 1.75 1.73

UiH



Table 10. Intersection Performance Parameters

Speedway & Park Granada & Congress Tanque Verde & Tanque Verde &
Intersection (East) (East) Grant (South) Grant (East)
Lane number
(designation) l(TRT) 2 (T) 2(T) 3(T) 4(LTL) 3(T) 4(T) 3(T) 4(T) 5(LTL)

d (secs) 3.49 3.51 3.24 3.03 3.21 3.12 2.94 3.23 2.98 3.01
D (secs) 3.64 3.20 3.81 4.19 * 2.99 2.98 1.42 2.69 *

h (secs) 1.87 1.91 1.64 1.52 * 1.75 1.70 1.64 1.73 *

Grand mean value of nd M for all through lanesa = 3.19 secs. 
Grand mean value of "dg" for left turn lanes = 3.11 secs.

95% confidence Interval of "d " = 2.65 < d < 3.73t —  t —
95% confidence Interval of "d^" = 1.33 <. d^ £  4.89

Grand mean value of "D " for all through lanes = 3.12 secs.
Grand mean value of "D^" for left turn lanes = *

95% confidence Interval of "D " = 1.12 < D <5.12t —  t —
95% confidence interval of "D^" = *

Grand mean value of "h " for all through lanes = 1.72 secs.
Grand mean value of "h^" for left turn lanes = *



Table 10.— -Cuntinned

95% conf idence interval of "h, " = 1.41 < li < 2.03t —  t —
95% confidence Interval of "h^" = *

*0buerved c|iieueu not long enough for determining these parameters. 
‘‘Through Junes include through lanes also used for right turns (TUT).
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b . Granada and Congress approach (east)— the mean starting delay 

of the left turn lane was smaller than that for the next but 

one lane, at 3.21 seconds compared with 3.24 seconds. The 

starting delay d_value for the first vehicles of the adjacent 

lane was however 3.03 seconds. The relative quickness of the 
protected left turn leading vehicles could best be attributed 

to the alertness and anticipatory characteristics of these 

drivers, due to the short length of the left turn phase. Due 

to inadequate length of queue for the left turn vehicles, no 

strong statements could be made concerning their queue starting 

delay. The queue of the lane adjacent to the left turn lane 

was slower than for the lane away from the left turn lane with 

a queue starting delay I) value of 4.19 seconds compared with 

3.81 seconds. This indicated that left turn vehicles tend to 

diversely affect the discharge performance of the adjacent 
traffic.

c. Tanque Verde and Grant approach (east)— a similar trend as for 

the Granada approach was observed with respect to the protected 

left turn traffic. The mean starting delay of the left turn 

leading vehicles was 3.01 seconds compared with 3.23 seconds 
for the next but one lane. The lane adjacent to the left turn 

lane had a mean starting delay d_ value of 2.98 seconds. The 

mean queue starting delay I) of the lane adjacent to the left 

turn lane was 2.69 seconds compared to 1.42 seconds for the
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ocher lane. The effect of the left turn traffic on the 

adjacent lane is again evident.

d. Tanque Verde and Grant approach (south)— there was no signifi

cant difference between the starting delay _d, for the through 

lanes studied (2.94 and 3.12 seconds). The queue starting de

lay 2* were also found to be similar for these lanes (2.98 and 

2.99 seconds). This was expected since both these lanes were 

the two center through lanes.

These discussions of the results indicate clearly that starting delay, 

queue starting delay are functions of conditions at individual inter
sections. The various factors which influenced these parameters were 
not actually isolated and identified in this study. The variability 

among different intersection approaches, however, could be attributed 

to one or more of the following factors:
a. lane width,

b. parking conditions,

c. approach gradient,

d. traffic characteristics,

e. the extent to which drivers tend to stop behind the stop line 

when stopping, and

f. the extent.to which the side-street yellow signal is visible 
to drivers.

The tests and results of the hypothesis testing for significant

differences in the traffic population performance at the various ap
proaches is summarized in Table 11. In this table, the significance
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Table 11. Statistical Test Summary

Parameter Used Hypothesis Test

V  dl = d2 = d3 = d4

Hr  dl  ̂d2  ̂d3  ̂d4 0.135

D
H°: D1 ■ D2 = D3 = D4

Hr D1 * D2 * D3 0.085

h Ho: hl " h2 “ h3 = h4

Hi : hl * h2 * h3 ^ 4 0.082
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level a is the probability at which the null hypothesis Hq is rejected. 

A value of a = 0.10 is normally a maximum acceptable.

Applications and Comparisons with other Studies

The results of this study, like most of its previously cited 

and related predecessors can be classified into two main categories 

with respect to application:

a. capacity computations, and

b. signal timing computations.
With regards to capacity computations, comparison with other 

studies can best be made through the results of the various performance 

parameters obtained. This is justified by the fact that these are the 

parameters used in the various capacity formulae cited under the "Lit

erature Review" section in Chapter 2. As was indicated, some of these 

parameters were measured differently compared with the study methods 

in this report; in some cases they were omitted since they were not the 

primary objectives of the studies. Table 12 summarizes and compares 

the values obtained in this report. The results quoted are the grand 

mean values of the parameters for all through lanes, with passenger 

car operation.

For signal time computations, the comparison is basically with 
the equation developed by Pignataro, L. J. [13] to estimate the re

quired green time t_ for a queue of n̂  waiting vehicles. Using Green- 

shields et al. [1] results of starting delay and queue starting delay.
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Table 12. Comparison of Performance Parameters

Reference Parameter
Values
Obtained
(Seconds)

Result of 
This Study 
(Seconds)

Greenshields, B. D., 
et al. [1] Starting Delay = 3.80 3.19

Queue Starting 
delay = 3.70 3.12

" Levelling-off 
headway = 2.10 1.72

Bartle, R. M., 
et al. [4] Starting Delay = 2.50 3.19

Capelle, D. G., and 
C. Pinnell [5] Queue Starting 

Delay = 1.60 3.12

Berry, D. S., and 
P. K. Gandhi [10] Starting Delay 

(dry day) = 2.483 3.19
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this was given as: 

t =  3.7 + 2 . I n

Applying the results obtained in this study, the equation reduces to: 

t » 3.12+ 1.7 n

/



CHAPTER 6

CONCLUSIONS

Several general conclusions with respect to discharge headways 

and performance parameters can be drawn from examination of the data 

presented here.

Reference to Figures 3 through 12 indicates that the discharge 

headway between vehicles as they start from a stopped position one 

behind the other decreases progressively until they reach an average 
minimum indicated by the leveling-off headway ti. These leveling-off 

headways do not vary greatly among intersection approaches as evidenced 

by the small range for leveling-off headways for through vehicles h^ in 

Table 5. This is due to the fact that once any queue has attained 

momentum, the discharge headways of vehicles down the line remains vir

tually constant. This is the saturation flow level. Significant vari

ation, however, occurs with respect to starting delay for through lanes 

dt and queue starting delay of through vehicles D^. This variation is 

a function of one or more of the factors indicated in the "Discussion 

of Results" section of this report.

The discharge performance of traffic varies from one intersec

tion approach to another and among different approaches to the same 

intersection. This conclusion is justified by reference to Table 11 

where the significance level a of the hypothesis tests signifies a

60
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difference in population parameters for all approaches. It is also 

evident from this table that queue starting delay and leveling-off 
headway are stronger parameters to draw inferences about the traffic 

population than the starting delay (of the first vehicle), since they 

have the least a-levels (significance levels).

The discharge headways for protected left turn vehicles seem 

to be more dispersed than those for through vehicles as evidenced by 

their standard deviations from the mean. Additionally, it is observed 

from the results that approaches with protected left turns invariably 
have a tendency to increase the queue starting delay J), of the adjac
ent through lane compared to through lanes away from the left turn 

lane. Conversely, however, the starting delay d_, of these adjacent 

lanes are less than for the other through lanes and even less than 

for the left turn lanes themselves. This might be attributed to dif

ferences in the lane widths.

Finally, the discharge headways obtained in this study were 

less than the values obtained in the 1947 study by Greenshields, et al 

[1]. These differences might be the result of improvements in the 

acceleration characteristics of the vehicles, in addition to one or 

more of the factors outlined in the "Result Discussion" section.

It is to be noted that the data indicated values of starting 

delay d_ and queue starting delay I) vary considerably from cycle to 

cycle. This variability must therefore be considered in applying 

these parameters to traffic problems; this factor was the motivation 

for the interval estimation of the performance parameters in Table 10.
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