TECHNICAL REFORT STANDARD TITLE PAGE

1. Report No. 2. Government Accession No. 3. Recipient’s Catalog No.
FHWA/TX-91+1111-1F

4. Title ond Subtitle S. Report Date

AUXILIARY TURNING LANES AT January 1990

URBAN INTERSECTIONS 6. Performing Organization Code

7. Avthorls) 8. Paclorming Organization Report No.

Christopher T. Marcus, Randy B. Machemehl,

and Clyde E. Lee Research Report 1111-1F

9. Performing Orgonization Name and Address 10. Work Unit No.

Center for Transportation Research e P
The University of Texas at Austin | onirach or Bram Ne.
Austin, Texas 78712-1075 Research Study 3-18-87-1111

13. Type of Report and Period Covered

12. Sponsoring Agency Name and Address
Texas State Department of Highways and Public
Transportation; Transportation Planning Division

Final

P. 0, Box 5051 14. Sponsoring Agency Code
Austin, Texas 78763-5051

15. Supplementary Notes

Study conducted in cooperation with the U. S. Department of Transportation, Federal
Highway Administration

Research Study Title: ''Capacity Improvements for Urban Intersections"

16. Abatract

The capacity of an intersection is affected significantly by the relative
proportion of straight-through and turning vehicles in each approaching lane. In
many situations—particularly at signalized intersections—traffic throughput on an
approach can be increased by adding auxiliary lanes to accommodate only turning
vehicles. Techniques for designing left-turn and right-turn lanes at intersections
and evaluating the related traffic performance are needed.

Guidelines for determining the number and length of left-turn lanes needed at
signalized intersections have been developed. The guidelines are implemented
primarily through a microcomputer program called "Left-Turning Movement Analysis
Program' (LTMAP). This program provides the engineer/user with an interactive
means for entering descriptive data concerning intersection turn-lane configura-
tion, traffic volumes, vehicle classes, traffic behavior parameters, and signal
timing. A range of descriptive quantitative information about expected queue
lengths, likely signal-cycle failures, volume-to-capacity statistics, and various
delay estimates is produced immediately by the program. Different intersection
operational situations can be compared quickly and easily in this way.

Equivalence factors for converting right-turn traffic volumes to equivalent
straight-through volumes at stop-sign controlled intersections are presented, and
guides for determining the length of right-turn bays at a signalized intersection
are shown graphically. These tools aid the engineer in designing and analyzing
auxiliary-lane treatments required for various intersection conditions.

17. Key Words 18. Distributian Statement

intersection, capacity, vehicles, left- No restrictions. This document is
turn, right-turn, signalized, auxiliary available to the public through the
lanes, straight~-through, signal timing, National Technical Information Service,
queue lengths, parameters, operational Springfield, Virginia 22161,

19. Security Classif. (of this report} 20. Security Classif, (of this page) 71. No. of Poges | 22. Price
Unclassified Unclassified 108

Form DOT F 1700.7 (a-63)



AUXILIARY TURNING LANES
AT URBAN INTERSECTIONS

by

Christopher T. Marcus
Randy B. Machemehl
Clyde E. Lee

Research Report Number 1111-1F

Research Project 3-18-87-1111

Capacity Improvements for Urban Intersections

conducted for

Texas State Department of Highways
and Public Transportation

in cooperation with the

U.S. Department of Transportation
Federal Highway Administration

by the

CENTER FOR TRANSPORTATION RESEARCH
Bureau of Engineering Research
THE UNIVERSITY OF TEXAS AT AUSTIN

January 1990



The contents of this report reflect the views of the
authors, who are responsible for the facts and the accuracy
of the data presented herein. The contents do not necessarily
represent the official views or policies of the Federal High-
way Administration. This report does not constitute a
standard, specification, or regulation.

There was no invention or discovery conceived or first
actually reduced to practice in the course of or under this
contract, including any art, method, process, machine,
manufacture, design or composition of matter, or any new
and useful improvement thereof, or any variety of plant
which is or may be patentable under the patent laws of the
United Siates of America or any foreign country.

i



PREFACE

Auxiliary turn lanes are frequently used as a means
of enhancing the quantity and quality of intersection traf-
fic flow. Study efforts described in this report are in-
tended to be an aid to the engineer as decisions about

auxiliary lane utilization are made. While the calculation
procedures described yield answers to many questions,
these answers are certainly not intended as a substitute
for experience and sound engineering judgement.

ABSTRACT

The capacity of an intersection is affected signifi-
cantly by the relative proportion of straight-through and
turning vehicles in each approaching lane. In many situa-
tions—particularly at signalized intersections—traffic
throughput on an approach can be increased by adding
auxiliary lanes to accommodate only turning vehicles.
Techniques for designing left-turn and right-turn lanes at
intersections and evaluating the related traffic perfor-
mance are needed.

Guidelines for determining the number and length of
left-turn lanes needed at signalized intersections have
been developed. The guidelines are implemented
primarily through a microcomputer program called “Left-
Turning Movement Analysis Program” (LTMAP). This
program provides the engineer/user with an interactive
mcans for entering descriptive data concerning

iii

intersection turn-lane configuration, traffic volumes,
vehicle classes, traffic behavior parameters, and signal
timing. A range of descriptive quantitative information
about expected queue lengths, likely signal-cycle failures,
volume-to-capacity siatistics, and various delay estimates
is produced immediately by the program. Different
intersection operational situations can be compared
quickly and easily in this way.

Equivalence factors for converting right-turn traffic
volumes to equivalent straight-through volumes at stop-
sign controlled intersections are presented, and guides for
determining the length of right-turn bays at a signalized
intersection are shown graphically. These tools aid the
engineer in designing and analyzing auxiliary-lane treat-
ments required for various intersection conditions.



SUMMARY

Capacity of a street intersection is affected signifi-
cantly by the relative number of turning and straight-
through vehicles which must be accommodated in each
approaching lane. Turning vehicles maneuver more
slowly than straight-through vehicles, and they must wait
for appropriate gaps in conflicting traffic flows before en-
tering the intersection and clearing a shared lane for use
by straight-through vehicles. Left-tuming vehicles re-
quire more time to clear the intersection than right-tum-
ing vehicles. In many situations—particularly at signal-
ized- intersections—the overall performance of the
intersection can be improved by adding auxiliary turning-
traffic lanes adjacent to the through-traffic lanes. These
auxiliary lanes provide a designaled area in which tuming
vehicles can decelerate, stop, and enter the intersection
with minimal interference to through traffic.

Guidelines for determining the number and length of
left-turn lanes needed at signalized intersections have
been developed. In this development, it was found that
the variables which have the greatest impact on left-
turning traffic performance are (1) left-turn volume, (2)
left-turn red time, and (3) signal cycle length. The
relative impact of each of these variables was studied for
single left-turn lanes and for dual left-turn lanes.
Measures of performance selected to evaluate the
cffectiveness of left-turn operations included (1) cycle
failure, (2) demand-capacity ratio, and (3) delay. These

guidelines are implemented primarily through a
microcomputer program called “Left-Turning Movement
Analysis Program” (LTMAP). Through screen prompts,
this program provides the engineer/user with an
interactive means for entering descriptive data concerning
intersection turn-lane configuration, traffic volumes,
vehicle classes, traffic behavior parameters, and signal
timing. A range of descriptive quantitative information
about expected queue lengths, likely signal-cycle failures,
volume-to-capacity statistics, and various delay estimates
is produced immediately by the program. The program
will be distributed on a single floppy disk. The disk also
includes data files from multiple runs of the TEXAS
Model for Intersection Traffic conceming average and
maximum queue lengths, and average queue delay for
both single and dual left-turn lanes. Different
intersection operational situations can be compared
quickly and easily by using LTMAP on an IBM-
compatible microcomputer.

In Chapter 5, equivalence factors which may be used
for converting right-turn traffic volumes to equivalent
straight-through volumes at stop-sign-controlled intersec-
tions are presented, and guides for determining the length
of right-turn bays at a signalized intersection are shown
graphically. These tools aid the engineer in designing
and analyzing auxiliary-lane treatments required for vari-
ous ingersection conditions,

IMPLEMENTATION STATEMENT

The guidelines presented in this report can be put
into immediate use by State Department of Highways and
Public Transportation engincers who are responsible for
intersection design and modification. The microcomputer
software program called “‘Left-Turning Movement Analy-
sis Program” (LTMAP), along with a copy of this report,

iv

should be distributed to these personnel when approved.
Transportation engincers in other governmental jurisdic-
tions in Texas and in other states will find the guidelines
described herein useful for designing and analyzing aux-
iliary turning lanes at intersections.
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CHAPTER 1. INTRODUCTION

The overall capacity of an urban street intersection is
affected significantly by the relative number of turning
vehicles and straight-through vehicles which must be ac-
commodated within each approaching lane. Turning ve-
hicles maneuver more slowly than straight-through ve-
hicles, and they must wait for appropriate gaps in
conflicting traffic flows before entering the intersection
and clearing a shared lane for use by straight-through ve-
hicles. Conceptually, left-turning vehicles require more
time to clear the intersection than right-turning vehicles.
In many situations—particularly at signalized intersec-
tions—the overall performance of the intersection can be
improved by adding auxiliary turning-traffic lanes adja-
cent to the through-traffic lanes. These auxiliary lanes
provide a designated area in which tuming vehicles can
decelerate, stop, and enter the intersection with minimal
interference to through traffic.

The primary objective of the research upon which
this report is based was to develop guidelines for using
auxiliary lanes at urban intersections. Multiple left-turn
lanes at signalized intersections were evaluated exten-
sively in relation to the number of lanes required and to
the storage length of each such lefi-turn lane(s). The as-
sumption was made that a left-turn-only signal phase was
justified to control a dedicated auxiliary lefi-turn lane(s).
The number of required left-turn lanes was analyzed by
using left-turn performance mecasures that indicate

whether there is a cycle-failure, capacity, or delay prob-
lem at the intersection. The left-turn storage-length issue
was addressed by utilizing the resulis of computer simu-
lation with the TEXAS Model for Intersection Traffic
(Ref 11). This model incorporates the influence of ve-
hicles arriving at random times on the approach to the in-
tersection. A user-friendly computer software program
called LTMAP, for Left-Turning Movement Analysis Pro-
gram, was developed for use on an IBM-compatible mi-
crocomputer. This program, described in Chapter 4, pro-
vides the engineer/user with a convenient interactive
design and analysis tool for evaluating single and dual
left-turn lane configurations.

Techniques for determining the need for right-turn
lanes or bays are included in Chapter 5. The TEXAS
Model for Intersection Traffic (Ref 11) was the basis for
developing equivalence factors that can be used to con-
vert observed right-tumn waffic flow rates into equivalent
straight-through traffic flow rates when an intersection is
controlled by stop signs. These traffic flow rates are
helpful in deciding whether traffic signal control is war-
ranted for certain lane configurations at the intersection.
The NETSIM Model (Ref 16) was used to estimate the
length of queues that might develop at a signalized inter-
section and block access to a right-turn bay. Decision
charts are provided to guide the selection of right-turn
bay length.



CHAPTER 2. SINGLE-LANE LEFT-TURN ANALYSIS

This chapter addresses two basic questions: first, does
an urban intersection have sufficient capacity, and sec-
ond, how much storage is needed for the left-turning ve-
hicles? The first question is analyzed by deriving new, or
presenting existing, warrants that identify critical capac-
ity conditions at urban intersections. These warrants are
grouped into three categories: cycle-failure warranis, de-
mand-capacity warrants and delay warrants. The second
question, that of appropriate storage length, is analyzed
by using conceptual formulas coupled with simulation re-
sults. Chapter three examines the question of whether
more than one left-turn lane is needed, and if so, how
long this lane should be.

The basic assumption in this single-lane left-turn
analysis was that a left-turn bay with a protected phase
was required. Additionally, it was assumed that the sig-
nal timing had been optimized or that the left-turn green
time was fixed. Implicit in this assumption was that
when additional capacity is needed for a left-tum move-
ment it is much cheaper and faster to change the signal
timing than it is to alter the intersection’s geometry.
Machemeh!’s and Mechler’s (Refs 1 and 2) publications
provide an analysis of left-turn phase sequencing and
cycle lengths. Their work coupled with Lin’s and
Machemehl!’s study (Ref 2) provide an extensive source
of warrants and procedures relating to left-turns.

VARIABLES AND MEASURES OF
PERFORMANCE

VARIABLES

The variables that were assumed to influence a left-
turning movement most were: (raffic volumes, signal
timing and interscction geometry. The vast number of
combinations of these three variables makes any analysis
of this type complex. In addition to the assumptions
stated above some additional assumptions were made.
First, the cycle length and split were assumed to be ap-
propriate, or optimal, for the given traffic conditions.
Equations such as Webster’s, Pignataro’s, Davidson’s and
the Canadian method provide procedures for cycle-length
and split optimization.  Second, it was assumed that the
signal was pretimed. An actuated controller makes a left-
turn study much more difficult due to the variability of
the cycle split. However, when traffic volumes approach
the intersection’s capacity, the behavior of an actuated
controller is essentially pretimed. Because left-turn
movements become problematic when traffic volumes ap-
proach capacity, the assumption of a pretimed controller
is viewed as being valid.

In order to concentrate on conditions where the left-
turn movement becomes problematic it was assumed that
the left-turn demand volume was approaching its capacity
(V/C greater than 0.5). The last major assumption that
was made was that, unless otherwise noted all vehicles
arc expressed in passenger car equivalent units (pcu’s).

MEASURES OF PERFORMANCE

Lin (Ref 3) identified five performance measures that
are applicable 10 a lefi-turn analysis, They are: average
delay, ninety-percentile delay, percentage of drivers in-
curring excessive delay, average queue length, and de-
gree of saturation. He defined and explained the average
delay as: “the sum of each driver’s delay divided by the
total number of drivers. The average value of delay is
usually used in both practice and theory for evaluating a
queueing system. The average delay represents the delay
for an average driver under an average condition” (Ref 3,
p 119). The ninety-percentile delay is the delay that
ninety percent of the drivers will incur. Implicit in this
definition is the assumption that the delay distribution is
known, which is not always the case. Because of this
limitation the ninety-percentile delay was not chosen as a
performance measure in this study. Lin’s third measure
was the percentage of drivers incurring excessive delay.

-One or more cycle failures will produce excessive delay

and thus an impatient and hazardous driver, This problem
is addressed in the cycle failure warrant section of this
study. Lin’s fourth measure was average queue length.
This subject is addressed in the bay length determination
section of this study. The last pertinent measure was the
degree of lefi-turn saturation. As is shown in the critical
volume-to-capacity ratio section of this report, this is an
important factor and should be included in a left-turn
analysis. In summary, of the five left-turn performance
measures outlined by Lin; average delay, percentage of
drivers incurring excessive delay, average queue length
and degrce of saturation are appropriate for use in this
analysis. Ninety-percentile delay was not chosen becausc
of the difficulty associated with its measurement.

LEFT-TURN WARRANTS

The left-turn warrants analyzed in this section are:
cycle-failure, demand-capacity, and delay warrants.
Each of these is then constrained by several criteria that
must be met in order for that warrant to be activated.
The cycle failure warrant addresses the probable maxi-
mum number of left-turning cycle failures in one hour
and the maximum number that any one vechicle should
experience. The demand-capacity warrant determines a



critical volume-to-capacity ratio at which additional ca-
pacity is needed. The delay warrant defines the amount
of delay allowed before additional capacity is required.

f
CYCLE FAILURE WARRANTS

According to Pignataro (Ref 4): “a cycle failure is
defined in one of two ways: (1) vehicles arriving in the
last cycle time are not cleared in the current green on at
least one leg, and (2) vehicles so arriving are not cleared
on the critical leg.” For the purposes of this study it was
assumed that the left-turn movement was on the critical
leg.

Lin’s Method

Lin (Ref 3) has identified two warrants that relate the
number of cycle failures to insufficient left-turn capacity.
The warrants are:

(1) five percent of left-turners experiencing more than
two cycle failures; and,

(2) four left-turners in one hour experiencing more than
two cycle failures.

The values used in the above warrants were determined
by Lin, and it was assumed the these conditions would
provoke impatient and dangerous behavior from the aver-
age driver. These warrants, while useful, are hard to use
in practice because of the difficulty of determining the
distribution of the vehicles experiencing more than two
cycle failures. It is for this reason that they were not in-
cluded in the implementation package outlined in Chapter
4,

Pignataro’s Method

Pignataro (Ref 4, p 356) states that, “cycle failure is
addressed indirectly by requiring that the peak 15-minute
volume for each leg be accommodated in the green time
available to that leg in the peak 15 minutes.” If it is
assumed that the left-turn volume is the critical lane
volume for the major street then the equation that
Pignataro uses for cycle failures can be used for just the
left-turners. The adapted equation is as follows:

NS 900G
I®HF) - ~C
where
N; = left-turning vehicles in PCU’s per hour;
S; = approximate average headway between
the left-turning vehicles, in seconds;
PHF = peak-hour factor, the ratio of the

number of lefuturning vehicles entering
the intersection during the peak hour to
four times the number of vehicles
entering during the peak 15-minute
period;
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G

If it is assumed that this movement is operating near
capacity, the value of S; becomes essentially constant.
Pignataro uses a value of 2.5 seconds, which is a reason-
able estimate of the straight-through minimum headway
when the traffic volume is approaching capacity. While
this may be adequate for straight-through movements,
simulation results have shown that left-turning vehicles
have average headways (at saturation) of about 3 sec-
onds. It is therefore recommended that, for left-turn
analysis, a value of between 2.5 and 3.0 seconds be used
for the average minimum left-turn headway.

The left side of the above inequality is the required
left-turning green time based on the demand. The right
side of the inequality is the provided left-turn green time
based on the predetermined signal timing. Therefore, the
equation is a comparison of the left-turn green time re-
quired in reladon to the amount allocated. Pignataro’s
use of the peak-hour factor is appropriate because it in-
corporates the variability of the traffic flow during the
peak-hour. A relatively high number of vehicles arriving
during one 15-minute interval of the peak hour would re-
sult in a low PHE. This in turn would require additional
green time, and Pignataro’s equation incorporates this ef-
fect.

Pignataro uses this equation 1o address indirectly the
probability of an insufficient capacity based on a peak
hour with uniform arrivals. However, his equation does
not addresses the probability of experiencing a cycle fail-
ure based on a random, Poisson-distributed arrival pro-
cess. Because of this limitation his method was not in-
cluded in the implementation package. Drew’s method
does address this random arrival process, and therefore
was used to determine the probability of a cycle failure.

cycle length, in seconds; and
left-turn green time, in seconds.

Drew’s Method

Drew’s definition of cycle failure is: “any cycle dur-
ing which approach arrivals exceed the capacity for de-
partures” (Ref 5, p 139). His equation determines the
probability of the capacity being exceeded and includes
(the Poisson-distributed) randomness in the arrival
stream. The equation is as follows:

o

Px+ )=y m*lem
X+ 1 (X+ ].)'
where:
m = 4 (peak 15-minute critical lane

volume)(C/3600),

m = average number of uniform arrivals
during one cycle length in the peak 15-
minufe period,

Ge = effective green,



average minimum headway,
3 seconds (assumed),
Ge/D, and

potential number of vehicles processed
during the effective green.

i
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This equation is good because it assumes that the
peak period would be the period of most interest to the
traffic engincer for design purposes. References 5 (p
140) and 6 (p 504) provide curves which show the prob-
ability of a cycle failure in relation to the average number
of arrivals per cycle and the amount of green time. Drew
suggests a 30 percent chance of cycle failure as being a
practical design value. Drew’s equation is based on
throngh movements with an average minimum headway,
D, of 2 seconds. This value should be increased to ac-
count for the additional time required for a left-tum ma-
neuver. As stated earlier, a D value of between 2.5 and
3.0 seconds is recommended.

DEMAND-CAPACITY WARRANTS

The underlying premise in the demand-capacity war-
ranis was that if the left-turn demand is known then the
amount of capacity needed to accommodate that demand
is also known. By assuming that the signal timing is
fixed, the only other varable which will significantly af-
fect the capacity is intersection geometry. With respect to
left-turning movements, greater capacity implies a longer
storage length, additional left-turn lanes, or both, The
questions that are addressed in this section are: what is
the left-turn capacity for a given geometry and timing,
and is this capacity adequatc to handle the (given) de-
mand? If ii is determined that the capacity is inadequate
for the demand, then additional storage is required. The
required left-turn storage length is addressed in the Bay
Length Determination section.

Capacity

Capacity analysis focuses on two methods: (1) a
method developed using the TEXAS Model (Ref 11)
which utilizes an average left-turn processing rate, and
(2) the method outlined in Chapter Nine of the 1985
Highway Capacity Manual (Ref 7). Each method will be
presented, then a comparative analysis will be made.

TEXAS Maodel Method

Saturation flow rate can be analyzed in terms of the
average left-turmn processing rate, R, in terms of protected
green time per vehicle. This value is the same as the av-
erage minimum departure headway used in Drew’s equa-
tion. I{ was assumed that this processing rate was depen-
dent on the driver’s and vehicle’s characteristics and not
on signal timing and geometry. An intersection with
more ample geometry will have a larger R-value, but for
the purposes of this study intersection geometry was as-
sumed to be constant.

The assumption that signal timing (cycle length and
left-turn green time) did not affect the processing rate
was tested with the TEXAS Model. Figures 2-1a, b, ¢,
and d show the required green time per vehicle for cycle
lengths of 60, 90 and 120 seconds in relation to inad-
equate, appropriate, and excess left-turn green time. Fig-
ure 2-1d shows the value of R for a 60 second cycle
length with the three different green times. Each data
point on these graphs represents the average of four inde-
pendent, 30-minute simulation runs, The appropriate-
green-time case was calculated as a critical-lane-volume
type of cycle split based on a critical lane for each leg.
The volumes on all movements other than the left-turners
were held constant. The inadequate and excess green
times were calculated by respectively subtracting and
adding twenty percent of the green time from and to the
appropriate case. The green time per vehicle was then
calculated as the otal available green time divided by the
number of vehicles processed. From these graphs it
should not be concluded that at lower volumes a left-
turning vehicle required more time to make a left-turn.
Because the headways between vehicles increased as the
volume decreased, so did the value of R, Of greater im-
portance is the processing rate at the higher volumes. At
a left-turn demand of 800 vehicles per hour, all cases
converged o an R value of approximately 3 seconds per
vehicle. This is germane to the determination of a satura-
tion flow value because it implies that when volumes ap-
proach saturation the process rate becomes constant. Lin
(Ref 3) reached the same conclusion with the same value
for R in his permissive left-tarn study. At lower volumes
it is hard to determine an average headway because of the
large varability in vehicle spacing. Because of this, the
equations given below are intended to be used only when
the traffic volume is approaching capacity.

Once the left-tum processing rate is assumed o be
constant, the calculation of saturation flow rate becomes
relatively straightforward. By dividing the R-value of 3
seconds per vehicle into 3600 the resull is a saturation
flow rate (Qg) of 1200 vehicles per hour. This is the
same value that the Australian Road Capacity Guide rec-
ommends (see Ref 2).

The calculation of the left-turn capacity for the
TEXAS Model methed is as follows:

G
Q=3
_ 3600,G
TR C

The TEXAS Model only allows onc left-turning vehicle
1o proceed through a yellow-change interval per cycle.
Field data have indicated that the average number of ve-
hicles processed in this interval is 1.5, It was therefore
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desirable to revise the above equation to account for the
extra 0.5 vehicles per phase. The equation then becomes:

Q= [3600 G] [3600* 05]

=[-‘3+ E]*asoo
RYTC

Left-turn saturation flow rate (veh/hour
green);

left-turn capacity when approaching
saturation conditions (veh/hour);
protected left-turn processing rate (sec/
veh);

effective left-turn green time (sec);
cycle length (sec); and

decimal percentage of cycle for
protected green phase.

The 1985 Highway Capacity Manual Method

The 1985 Highway Capacity Manual’s (85 HCM)
definition of capacity is: “the maximum flow rate (for
the subject approach) which may pass through the inter-
section under prevailing traffic, roadway, and signaliza-
tion conditions” (Ref 7, p 9-3). Another way of stating
this is that capacity is the product of the saturation flow
rate times the percent of the cycle that is effectively green
(Ge/C). The saturation flow rate is then defined as: “the
maximum rate of flow that can pass through a given in-
tersection approach or lane group under prevailing traffic
and roadway conditions, assuming that the approach or
lane group has 100 percent of real time available as effec-
tive green time” (Ref 7, p 9-3). In this study, all satura-
tion flow values are based on one hour of continuous, un-
interrupted left-tum green ime. The 85 HCM provides a
detailed explanation with work sheets for determining the
left-turn capacity of an intersection. To avoid redun-
dancy, this left-turn analysis will only focus on the weak-
nesses of the Highway Capacity Manual approach rather
than a step-by-step explanation of left-tum capacity deter-
mination as outlined in the manual.

The Capacity Manual (p 9-73) states: *“...saturation
flow rates have a high degree of variability.” A study
conducted by JHK & Associates showed that median
saturation flow rates for through and tmm lanes for fair-
to-good geometric and traffic conditions were 1600 and
1500 vphgpl, respectively.

In contrast, the “typical” procedure of using an ideal
saturation flow rate of 1800 and multiplying it by a left-
turn correction factor, provides a left-turn saturation flow
rate of 1710 vphgpl. TEXAS Model simulation runs in-
dicate that this latter value is too high for left-turning
traffic. In fact, based on a left-turn processing rate of 3
seconds, the saturation flow value determined from the
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I

TEXAS Model was 1200 vphgpl. It is therefore recom-
mended that the range of 1500 to 1710 vphgpl be used as
the left-turn saturation flow value in capacity calcula-
tions.

In equation form the 1985 Highway Capacity
Manual method is:

_q,+8
Q=0+<

where:

L
|

= Left-Turn Capacity (veh/hr),
Left-Tum Saturation Flow Rate (veh/hr
green),
or (Thru Saturation Flow Rate) * (0.95),
G = Effective Green (sec), and
C = Cycle Length (sec).

Qs

Comparative Analysis of Capacity Determination

Methods

To aid in comparing the two methods presented
above, the equation for each method is presented again:

TEXAS Model Method:

N

{4+ %3] 43600
R C

1985 Highway Capacity Manual Method:

Q=52

The relationship between the G/C ratio and the ca-
pacities discussed above are shown in Fig 2-2a. The
cycle length used in this graph is 60 seconds. The graph
shows that as the effective green time increases the
spread between the two capacities also increases. The
HCM 1710 and HCM 1500 lines represent the capacities
as determined by the 85 HCM for left-turn saturation
flow rates of 1710 and 1500 respectively. Similarly, the
TEXAS R=3 and TEXAS R=2.5 lines represent the ca-
pacities that were calculated using a left-turn processing
rate of 3.0 and 2.5 seconds, respectively. As the graph in-
dicates there is a fairly close match between the 85 HCM
1500 Method and the Texas R=2.5 method. (An R of 2.5
seconds is equivalent to an HLM saturation flow of 1440
vph.) Because the danger of overestimating capacity is
more serious than underestimating it, the HCM 1710
Method should be looked at very carefully to determine
whether it is appropriate for capacity calculations. This
graph also has three horizontal lines representing left-turn
demands of 600, 700 and 800 vehicles per hour. These
lines have been included to indicate the points at which



demand equals capacity for each method. For example,
at a demand of 600 ltvph, capacity would be reached at a
G/C of: 0.35 for the 85 HCM 1710 Method, 0.4 for the
85 HCM 1500 Method, and (.42 and 0.5 for the TEXAS
3.0 and 2.5 Methods, respectively.

The left-turn capacities in a Ge/C range of 0.0 to 0.4,
are shown in Fig 2-2b. As this graph indicates, the ca-
pacities converge as the Ge/C approaches zero. When the
85 HCM 1500 method was compared to the Texas 2.5
method at a Ge/C of 0.3, there was only a 18 vph differ-
ence between the calculated capacities.

The minimum left-turn processing rate of 3.0 sec-
onds that was determined in TEXAS Model simulations
should serve as a conservative lower bound in making ca-
pacity calculations. Capacities calculated using an R
value of 2.5 seconds closely matched those of the HCM
1500 method; therefore, the TEXAS 2.5 Method can
serve as an upper bound. The HCM 1710 method is
considered too liberal relative to the other methods. To
reflect local conditions more accurately, a field study
should be conducted to determine the left-tum headways,
and thus the left-tum processing rate, during peak peri-
ods.

The use of a capacity equation that is based on a pro-
cessing rate rather than a saturation flow rate is signifi-
cant because for a given intersection it is easier to collect
headway data than it is to determine a saturation flow
rate. In fact, the 85 HCM suggests field measurements of
headways as a means of estimating saturation flow.

Critical Volume to Capacity Ratio

In Lin’s study of unprotected left-turn operations he
states that there is a “threshold located at M vehicles
lower than the left-turn capacity, and once the left-turm
demand reaches this threshold, the lefi-turn operations
will become critical” (Ref 3, p 172). Unfortunately,
Lin’s study does not provide enough data or analysis to
aid in determining where this threshold is for protected
left-turn movements.

By using some mcasures of effectiveness such as de-
lay, or the ratio of the left-turn vehicles processed to the
left-turn demand, a wraffic engineer may be able (o deter-
mine at what point below capacity the left-turn operation
becomes critical. Simulation models provide a valuable
tool in determining these measures of effectiveness.

The TEXAS Model was used to investigate whether
this critical volume-to-capacity ratio exists. Of the two
measures of effectiveness discussed above, delay was
chosen to be more appropriate. There were three primary
reasons: first, in the TEXAS Model if a left-turn gueue
backs up to-the point where the vehicles log-in (e.g.,
1000 feet), the vehicle is eliminated thus altering the
(input) left-turn demand; second, the left-tum demand is
difficult to determine in the field; and last, delay is a
measurable and commonly-accepted indicator of
intersection performance.
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Fig 2-2a. Comparative capacity graph for a 60-second
cycle length (effective green/cycle length = 0.0 to 1.0).
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Fig 2-2b. Comparative capacity graph for a 60-
second cycle length (effective green/cycle
length = 0.0 to 0.4).

Of all the delay statistics generated by the TEXAS
Model, average left-turn queue delay was deemed to be
the most appropriate for the purposes of this analysis. In
the TEXAS Model a vehicle is experiencing quecue delay
when the distance between it and the preceding vehicle is
less than or equal to 30 feet and the vehicle’s speed is
less than 2 miles per hour.

Figures 2-3a and b show the relationship between the
average left-turn queue delay and the volume to capacity
ratio for 60 and 120 second cycle lengths respectively.
The ratio of the effective green to the cycle length was
held constant at 0.3. Each graph is comprised of the re-
sults from 28 independent TEXAS Model simulation



runs. A fourth-order polynomial was fit to these points to
determine whether an inflection point existed at some
volume-to-capacity ratio of less than one. It should be
stressed that this fourth-order polynomial was not in-
tended to be used in its equation form for prediction pur-
poses, but rather was used as a graphical tool to find any
inflection points.

From the data it can be seen that the average queue
delay remains fairly constant up to a V/c ratio of 0.90,
then increases dramatically above this point. It is impor-
tant (o note that the duration of the cycle length did not
significantly affect the location of the inflection point.

The horizontal line at 35 seconds of average delay
corresponds to the point at which a left-turn operation be-
comes critical. This value was determined by Lin. With
a cycle length of 60 seconds, the 35-second line meets
the curve at a V/c of almost exactly 0.90. This supports
the conclusions made by Lin. For the 120-second cycle
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Fig 2-3a. Fourth-order curve showing relationship
between V/c and delay for C=60 sec. and Ge/C = 0.3.
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Fig 2-3b. Fourth-order curve showing relationship

between V/c and delay for C = 120 sec. and Ge/C = 0.3.

length, most of the TEXAS Model data points fall above
the 35-second line indicating that this cycle length is oo
long with respect to delay. The inflection point at this
cycle length occurs at a V/c of 0.90 as well. It can be
concluded that above a V/c of 0.90 the delay should be
expected to increase dramatically.

A factor that will be addressed in more detail in the
delay warrant section of this study is the determination of
delay at V/c ratios of greater than one. Briefly, above a
V/c of 1.0 the queue is in an unstable state and the delay
value is a function of the duration of the observation pe-
riod. In essence, when the capacity has been exceeded,
the queue grows continuously thus the magnitude of the
delay will depend on how long the observer has been
watching the queue. From the TEXAS Model runs there
is no doubt that delay increases dramatically when capac-
ity is exceeded. The points that are above capacity in the
graphs presented here represent an observation period of
30 minutes. This should be taken into consideration be-
fore any conclusions are drawn from these graphs regard-
ing delay behavior when V/c is greater than one.

DELAY-BASED WARRANT

There are three commonly-used delay measures: total
delay, queue delay, and stopped delay. This delay analy-
sis will use both stopped delay and queue delay as perfor-
mance measures.

Vehicles incur stopped delay when they move at less
than two miles per hour. The average stopped delay is
the ratio of the total stopped delay to the number of ve-
hicles experiencing this delay. The 85 HCM delay for-
mula calculates stopped delay, as does the cycle failure
equation (CF equation) derived in this section.

Lin (Ref 3) defines queue delay as: “the time dura-
tion from when a vehicle joins a queue until it crosses the
stop line, and includes stop time and move-up time while
in the queue.” The warrants presented in this section
were derived by Lin and were based on queue-delay
measures derived from TEXAS Model simulations. It is
for this reason, even though the 85 HCM and CF equa-
tions use stopped delay, that all TEXAS Model delay
data will use queue delay. This discrepancy should not
be problematic because any delay statistics should be
used as “ballpark figures™ and not as concrete, absolute
results.  This disclaimer is due to the difficulty in mea-
suring delay accurately.

Lin’s research involved looking at and evaluating
current critical condition identifiers for an unprotected
left-turn movement. From these and simulation results he
derived four new identifiers which indicate a critical left-
turn movement. One of these can be applied to a pro-
tected left-turn movement. This critical condition is
when a left-turner experiences at least 35 seconds of left-
turn qucue delay. It makes no difference to the motorist
whether he is in a protected or unprotected phase, the fact



that he has experienced 35 seconds or more of delay
would make this an undesirable driving condition. Given
this critical condition, the following analysis of average
left-turn delay focuses on the shortcomings of the 1985
Highway Capacity Manual delay equation, followed by a
derivation of a new equation which is tested with the
TEXAS Model.

1985 HIGHWAY CAPACITY MANUAL DELAY
EQUATION

In Chapter Nine of the 1985 Highway Capacity
Manual an equation is presented for determining the aver-
age stopped delay per vehicle in each lane group. Used
in the level-of-service module, this equation is based on
Webster’s work (Ref 8). The major problem with
Webster’s equation, which was corrected in the 85 HCM
equation is that it becomes unstable as volume to capac-
ity ratios approach one. As stated earlier, a queue result-
ing from demands above capacity is in an unstable state
and thus the magnitude of the delay is a function of the
duration of the observation period. However, a particular
movement may be in an oversaturated state for only a
short (known) duration and it would be desirable to have
an equation that is applicable to this condition. The 85
HCM equation is applicable when volumes are at and
above capacity, thereby eliminating the major weakness
of Webster’s equation. The Capacity Manual’s equation
does have some other weaknesses which will be ad-
dressed in this analysis.

The 85 HCM equation is presented here to highlight
its different components. (Ref 7, pp 9-18):

d=d1+d2

[1-g/C?] ]
+

d=1038C——r—
[ [1-(g/C) (x)]

[1737(2 [x- 1)+ Jx = D%+ (16x/c)]]

where:

d = average stopped delay per vehicle for
the lane group, in sec/veh;

C = cycle length in seconds;

g/C = the effective green time over the cycle

length;

X = the volume to capacity ratio.

¢ = capacity of the lane group

The above delay equation can be broken up into uni-
form arrival d;, and incremental or random arrival d,
components. Figure 2-4a shows the linear relationship
that exists between the d1 term and an increased cycle
length for a volume-to-capacity ratio of 0.5. Figure 2-4b
shows that the random component of delay has a much

greater impact on the total delay (uniform and random)
when the volume approaches capacity.

The underlying assumption in the 85 HCM equation,
and in this study, is that the approaching vehicles arrive
as a random process that is Poisson distributed. It is im-
portant to note that the 85 HCM states “The equation
yields reasonable results for values of X (v/c) between
0.0 and 1.0. Where oversaturation occurs for long peri-
ods (15 min), it is difficult to accurately estimate delay,
because spillbacks may extend to adjacent intersections.
The equation may be used with caution for values of X
up to 1.2, but delay estimates for higher values are not
recommended.” (Ref 7, pp 9-19). It is good that this
statement was included; however, in an oversaturated
condition the effects of spillbacks are of secondary im-
portance when compared to the effect that a long versus a
short period of observation may have on the delay.

The 85 HCM provides for a progression adjustment
factor that incorporates the effects of good or bad pro-
gression into the delay determination. For a left-turn
movement the 85 HCM states “Left-turn movement de-
lays are generally unaffected by progression: protected
left-turn phases are rarely progressed, and permitted left-
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Fig 2-4a. Uniform (d1) component of 8SHCM delay
equation for varying cycle lengths (G/C = 0.5).
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Fig 2-4b. Random (d2) component of 8SHCM delay
equation for varying volume to capacity ratios.
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turn delay is most dependent upon opposing traffic.” (Ref
7, pp 9-19) A progression factor was not included in the
delay calculations made in this study.

Because the random-delay component of the 85
HCM equation is based on a combination of simulation,
observation and adjustment, it is difficult to break the
component down into easily understandable parts. For
this reason the random part of the capacity manual’s
equation has been kept as a whole and has been assumed
to adequately capture the random variability of an arriv-
ing traffic stream. The uniform component was analyzed
as a uniform arrival process and is geometrically derived
in the next section.

When the 85 HCM equation was compared to
TEXAS Model results it became apparent that the 85
HCM equation underestimates the average delay. After
careful study it was determined that the equation underes-
timates the effect that cycle failures have on the average
delay. When the uniform component of the 85 HCM
equation was derived again allowing for the input of
cycle failure data with the random term left unchanged,
the results were much closer Lo those observed with the
TEXAS Model.

An additional problem with the 85 HCM manual
equation is its inability to adjust to different storage bay
lengths. If the left-turn bay is full, some vehicles that
would normally be included in left-turn delay calcula-
tions are excluded. If there is an adequate storage length,
then clearly this is not a problem. However, it is usunally
the case where there is not enough bay length, not vice
versa.

In the following section the derivation of this new
uniform component is presented, and a comparison is
made between the 85 HCM equation, the CF equation,
and the results from TEXAS Model simulations.

THE CYCLE FAILURE EQUATION

A total stopped delay equation that includes the ef-
fect of cycle failures, can be derived from the geometric
relationships shown in Figs 2-5a, b, and ¢. The uniform
component of the delay can be calculated by determining
the area enclosed in the polygons (Fig 2-5a). With re-
spect to this figure, there are four separate cases that may
occur at an intersection, they are given here and dis-
cussed below.*

Q,?
2P

* Casel) N<0,A=0 Di=QR, +

Case 1 (Fig 2-5b) is when there are no vehicles arriv-
ing during the entire cycle. This case is only of interest if
there is an initial queue. With no initial queue there
would be no vehicles in or entering the system and there-
fore no delay. If there is an initial queue, this case calcu-
lates the delay encountered by these vehicles while they
are waiting and being processed. Clearly this condition
would result in low delay values.

More probable cases than Case 1 are Cases 2 and 3
(Figs 2-5b and ¢). In these cases, where arrival rate A is
not equal to-zero, there are vehicles arriving but the pro-
cessing rate is still larger than the arriving rate. This is
analogous to a left-turn movement operating below its ca-
pacity, which would be considered to be in a stable con-
dition. If an initial queue is present the arrival path would
be A. If there was no initial queue this would be path A’.
These two arrival rates are not equal due to fact that the
queue lengths are identical at the start of the effective
green. This was done to simplify the explanation and the
figure. It is very likely that these two rates would not be
equal, thus the queue resulting from the A’ arrival rate
would probably be somewhere between the baseline and
the N=0 line. Given that N is less than zero, the residual
queue will be in either one of two conditions: Case 2, the
entire queue may be processed before or at the end (the
N<0 line) of the green, or Case 3 where the processing
rate may not be high enough to eliminate the queue thus
resulting in a residual queue (between the N=0 and the
N<O lines).

Case 4 (Fig 2-5c) is where the processing rate is less
than the arrival rate. As outlined earlier this is an un-
stable condition and the amount of delay is a function of
the observation period. This case has been included to
allow the traffic engineer to determine what the delay
would be if the observation period were known. An ex-
ample of this would be if the demand exceeded the ca-
pacity for 5 minutes during a peak hour. The limiting
factor in this, and in all cases, is the maximum storage
length of the lefi-turn bay, Qs.

The random component of delay makes this deriva-
tion much more difficult. The problem arises in that it is
difficult to quantify at what point during the cycle ve-
hicles amrive. Since vehicle arrivals are assumed 1o be a
random process, they could, and do, arrive at any time
during the cycle. The 85 HCM’s D2 term attempts Lo

Di=QR, + AR ? + (AR, +Q0)2)

Case2) N<0,A>0,Qr<0

Case3) N<0,A>0,Qp>0

AR? INIG
+

2INI
¢ 4 (Q,+AR,~INIG)G,

Di=QR, + 2‘3

AR 2
Di=QR, + =

Case4) N>0,Qp<Qg >

where: Dt = Total uniform stopped delay (veh-sec)

2
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caplure this randomness.. Because it is beyond the scope
of this study to derive an equation of this form it was
deemed appropriate to use the D2 term. When the full 85
HCM equation was used and compared to TEXAS Model
results, it was found to consistently underestimate the de-
lay. By using the CF equation and the D2 HCM term the
results were an overestimate of the delay when compared
to the TEXAS Model. Afier further study it was found
that the 85 HCM D2 term incorporated some of the ef-
fects that residual queues have on delay. Because the CF
equation incorporates this as well, the result was a double
counting of the residual queve delays. However, it was
found that by inputting the average number of cycle fail-
ures per hour as the Qo term rather than the average re-
sidual queue length, the results were very close to those
obtained from the TEXAS Model. These results are
shown in Figs 2-6a and b. For a cycle length of 60 and
120 seconds and a Ge/C of 0.3, if there were a total of 20
cycle failures during a one hour observation period, the
value of Qo would be 0.33,

Because most traffic engineering delay-based perfor-
mance measures are based on the average delay and not
the total delay, it is necessary to divide the total stopped
delay by the number of vehicles experiencing the delay.
The average uniform stopped delay, Da, is calculated as
follows:

Da (for Cases 2,3,4 ) = DV(VC/3600)
Da (for Case 1, not valid for Qo =0)
= Dt/Qo

By combining the uniform component derived above
with the random component (D2 term) of the 85 HCM
average stopped delay equation (Ref 7, pp 9-18) the re-
sult is:

where:
D =average uniform and random stopped
delay (sec),
x = volume to capacity ratio for the lane
group, and
¢ = capacity of the lane group (pee/hr)

Delay Performance Measure

As was stated in the beginning of this section, Lin
determined that 35 seconds of average lefi-turmn delay was
approximately the point at which drivers become impa-
tient and therefore potentally dangerous. If this value is
used as an upper bound on the left-turn delay we can
identify critical conditions by using the CF equation.
Figures 2-6a and b show the 35-second maximum delay
line. From these figures it can be seen that in terms of
delay a 60-second cycle length is much more desirable
than one that is 120 seconds. The TEXAS Model data

points support this conclusion and indicate that a 120 sec-
ond cycle length is not appropriate at any volume-to-ca-
pacity ratio when 35 seconds of delay is used as a upper
limit.

SUMMARY OF PERFORMANCE-MEASURE

WARRANTS

It would be useful to summarize the warrants that
will be used in the Implementation Package, that is out-
lined in Chapter 4.

The first performance measure that was analyzed
was that of cycle failures. Drew’s equation provides an
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engineer with a useful tool for determining the probabil-
ity of experiencing a cycle failure given the peak 15-
minute volume, the signal timing, and the average mini-
mum headway.

The second measure was the relationship between
demand and capacity. It was shown that at a volume-to-
capacity ratio of 0.90 there is dramatically increased de-
lay.

The last performance measure presented was delay.
Lin (Ref 3) has shown that a queue-delay value of 35
seconds can be used as an approximate upper limit on the
amount of delay a motorist can experience before becom-
ing impatient, and thus potentially dangerous.

BAY-LENGTH DETERMINATION

LEFT-TURN QUEUE LENGTH

Red time and demand volume are the variables that
have the greatest impact on the maximum length of a
left-turning queue. Where an existing intersection has
sufficient storage, a field study should be conducted to
determine the maximum queue length. If it is cither a
proposed intersection or an intersection with insufficient
left-turn storage, other methods such as simulations or
mathematical models are needed to determine the maxi-
mum queue length. By utilizing the TEXAS simulation
model, the average and maximum queue lengths can be
determined for given traffic and signal conditions. Fig-
ures 2-7 a & b provide the maximum queue lengths, in
feet, obtained for varying left-turn volumes and red times
for a cycle length of 60 seconds. These figures also show
the delineation between a left-turn bay and lane at a
queue length of 100 feet. Once the maximum queue
length has been determined, calculating the required bay
length is relatively straightforward.

Assuming that for each vehicle class the average vehicle
length and the percentage of vehicles in that class are
known, the required bay length can be determined. As
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Fig 2-7a. TEXAS Model simulation results showing
the left-turn queue length as a function of red time for
a left-turn volume of 200, 300, and 400 vph (Ref 15).
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shown by Lin (Ref 3) if the maximum queue length is
multiplied by adjustment factors to accommodate ve-
hicles other than PCU’s, the required bay length be-
comes:

Lp1 = WP L+ We (1-P) Ly

where

Ly; = length of the lefi-turn bay based on the
left-turn queue;

feet of bay length occupied by a iruck
or bus;

P; = the percentage of trucks or buses in the
left-turn traffic flow (decimal);

the maximum left-turn queue length
(vehicles);

W, = feet of bay length occupied by a
passenger car.

W[=

Lim =

If the distribution of the maximum left-turn queue
length is known, the traffic engineer may wish to use not
the absolute highest value but perhaps the eightieth or
ninetieth percentile values. The reason for using a design
value (such as 85%j is illustrated in Fig 2-8. This figure
is a hypothetical cumulative distribution of maximum
queue lengths. This curve shows that there is an inflec-
tion point after which the benefit of added storage does
not justify the additional cost. Thus a 15-percent in-
crease in the bay length in the 80th percentile region
would result in far less additional usage than if this added
storage was built in the 50th percenlile region. There-
fore, in this study, the calculated design values for left
turn bays are 85 percent of the maximum queue length
value. The engineer may wish to alter this design per-
centage to suit individual needs and requirements.
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Fig 2-7b. TEXAS Model simulation results showing
the left-turn queue length as a function of red time for
a left-turn volume of 600, 700, and 800 vph (Ref 15).
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THROUGH-TRAFFIC QUEUE LENGTH

Most analyses of lefi-turn bay lengths focus on the
left-turning traffic flow and timing. An important point
that also needs to be considered is the length of the
through traffic queue. If there is an adequate length of
left-turn bay but the through queue is backed up to the
point where it is preventing access to the bay then
clearly this will lead to an undesirable situation.

The procedure for determining the length of the left-
turning bay based on the through-traffic queue length is
essentially the same as that of the left-turn queue length.
The formula is identical to the previous one but the vari-
ables now apply to the through traffic:

L2 = WiPiLim + W (1-P) Loy

where

Ly; = length of the left-turn bay based on the
through queue;
P; = the percentage of trucks and buses in
the through traffic flow (decimal); and

Lyn = the maximum through queue length
(vehicles).

As was the case for Ly the traffic engineer may
wish to use a lower number than the absolute maximum
through-traffic queue length. However, this adjustment
should be fully justified because the effect of a blocked
left-turn lane can be much more detrimental than that of
a left-turn lane that is operating at its capacity.

100 -

The two equations above both assume that the maxi-
mum queue lengths and the vehicle mixes are known. For
an existing intersection this assumption may be satisfied
with field studies, but for one that is proposed, the queue
lengths would have to be derived from other sources such
as computer simulation. These equations could also be
applied to the average queue length instead of the maxi-
mum queue length. Because the maximum is easier to de-
termine in a field study it was assumed to be of more use
as a variable in these equations.

THE TEXAS MODEL METHOD

The limiting factor in applying the above equations is
that they both assume that the maximum left-turn and
through-traffic queue lengths are known, However, this is
not the case in solving many traffic engineering problems.
Determining the maximum queue length is difficult be-
cause of the numerous variables involved. With a random
amival process, it is very difficult to predict how many ve-
hicles will arrive during any given signal cycle. Com-
pounding the solution is the issue of cycle split within the
given cycle.

A simulation model that measures the maximum and
average queue lengths during several signal cycles pro-
vides an excellent tool for evaluating the effects of these
variables. The TEXAS Model was used in this study to
determine the maximum and average queue lengths for a
variety of signal timings, and traffic volumes. Single and
dual left-turn lanes were analyzed as described in Chap-
ters 3 and 4.
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Fig 2-8. Graph showing reasoning behind using a
design storage length that is less than the maximum
queue length.



CHAPTER 3. DUAL-LANE LEFT-TURN ANALYSIS

This chapter analyzes the performance of a dual-lane
left-turn operation in terms of the operational capacity
(and saturation flow) and measures of performance.
Most of the performance measures that were presented in
the previous chapter are applicable to the evaluation of a
dual-lane left-turn operation on a per-lane basis. The sig-
nificant difference is that the saturation-flow value of
dual left-turning lanes is not equal to two times that of a
single left-turn lane. This chapter describes the previous
studies of dual-lane saturation flow, and then verifies
these results with data from a field study and with results
from the TEXAS Model.

Where previous research results are applicable to
single as well as dual left-turn lanes, it will be stated.
This chapter focuses on aspects that are dual left-turn
lane specific, which consist primarily of the saturation-
flow-value determination.

DUAL-LANE LEFT-TURN SATURATION
FLOW DETERMINATION

This section will show, through the use of past publi-
cations, simulation models, and current field studies, that
the capacity of a dual-lane left-turn operation is not equal
to twice that of a single left-turn lane. The pertinent vari-
able in any capacity determination is the saturation-flow
value for a given movement.

This analysis of dual-lane left-turn saturation flow is
divided into three parts: first, a literature review is made
of existing work; second, results from simulations utiliz-
ing the TEXAS Model are presented; and last, findings
from a field study are presented. A summary is then
made of the findings from these three sources of informa-
tion.

LITERATURE REVIEW OF DUAL-LANE-LEFT-
TURN SATURATION FLOW DETERMINATION

There are two excellent references that address the
question of dual left-turn saturation flow rather exten-
sively. The first is a master’s thesis completed by Wil-
liam E. Assmus at Northwestern University in April of
1970 (Ref 9). His work, entitled Operational Perfor-
mance of Exclusive Double Left-Turn Lanes, is a study of
dual-lane left-turns that includes an appendix with a large
amount of field data. The second reference is a Ph.D.
dissertation completed in December of 1984 by Robert
Stokes of Texas A&M University and is entitled Satura-
tion Flows of Exclusive Double Left-Turn Lanes (Ref 10).
This extensive study relies heavily upon field measure-
ments at numerous locations in Texas.

Due to the extent to which both of these studies have
addressed dual-lane left-turn saturation flow, this study
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has attempted to validate their findings rather than exten-
sively re-examine the topic. This validation includes the
use of the TEXAS Model and one field study.

Northwestern University Study

Assmus’ study (Ref 9) was conducted in June and
July of 1969 and utilized time-lapse photography as the
means of data collection. Seven Chicago area intersec-
tions with exclusive dual left-turn lanes were examined.
These intersections were then grouped into three groups
each possessing similar geomeiries. Assmus makes the
assumption that all of these intersections are independent.
He states: “The flow conditions at each site were not af-
fected directly or noticeably by conditions at adjacent in-
tersections” (Ref 9, p 24). Due to the impracticality of
checking this assumption, it is assumed to be valid. This
assumption is important because all validations of this
work were based on the same premise. The chosen inter-
sections were photographed during the peak periods.
One limitation of this study is that there were no dupli-
cate observations of any of the intersections during the
same time period.

Assmus points out that the driver mix is an important
aspect of this study and should be considered. The mix
in this study was assumed to be made up of 90 to 95 per-
cent “commuter” and “sophisticated” drivers. These
drivers know how a dual left-turn operation works, and
generally traverse the same intersection on a regular basis
(Ref 9, p 40).

The vehicle mix is perhaps one of the most important
non-timing aspects of any saturation-flow analysis.
Assmus recognized this and adjusted his vehicle counts
to reflect the differences in vehicle performance. The ad-
justment factor that was used was that one commercial
vehicle was equivalent to three passenger-car units. He
also adjusted the counts to reflect the fact that most of the
commercial vehicles used the outside left-turn lane. No
distinction was made between different classes of non-
commercial vehicles (Ref 9, p 53).

By computing the adjusted average headway in sec-
onds per vehicle, Assmus was able to determine the satu-
ration flow in vehicles per hour of green. In addition to
the adjustments outlined above, an adjustment for starting
delay was included. This adjustment was made by start-
ing the timing and counting after the third vehicle had
crossed the stop line, thereby minimizing the effect of
starting time delay. The lost time at the end of the cycle
was addressed by determining the average number of ve-
hicles that were processed through the yellow-change
phase. Once this value was determined, an adjustment
was made to the vehicle counts so as to assign a correct
volume processed during the yellow-change phase.
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The results from this study are summarized as fol-
lows (Lane #1 is the median left-turn lane) (Ref 9, p
103):

Vehicles Per Hour of Green - Loaded Cycles Only

Intersection Lane#1 Lane#2 Both Lanes
Type 1 1260 1810 3070
Types 2&3 1540 1530 3070
All Types 1420 1650 3070

Assmus defines the intersection types as follows:
Type 1 installations are “used primarily to handle moder-
ate turning volumes with very short green phases (ap-
proximately 8 to 10 seconds long). The savings in re-
quired G/C’s using two turning lanes are then available to
increase the capacity of other movements. Type 2 and 3
exclusive double left-turn lanes are used to handle very
large turning volumes, with the left movements being
dominant maneuvers at the intersections” (Ref 9, p 117).

The results of this study are useful in that they point
out that the total saturation flow of both lanes is indepen-
dent of the type of intersection. The distribution of ve-
hicles in each of the two lanes was more evenly distrib-
uted in the Type-2 intersection which handles a much
larger left-turn demand.

Texas A&M Study

A more recent study of dual left-turn saturation flow
rates was completed by Robert Stokes of Texas A&M
University in December of 1984 (Ref 10). This study
provides a detailed literature review combined with a
ficld study utilizing time-lapse photography.

Stokes selected fourteen dual-lane left-turn sites to
study. All the sites were located in Texas with the loca-
tion and number of sites as follows: Austin had two sites,
College Station had six, and the remaining six were lo-
cated in Houston. This study was considered better than
the Northwestern study due to the duplication of most of
the observations. An extensive filming schedule allowed
for 30 independent observation periods.

This study focused on gathering three principal data
sets. The first set was to determine the number and type
of vehicles that entered the intersection during the yel-
low-change and red phases on each: approach, lane, and
phase. The second data set contained the headway and
lane-blockage information for each: approach, lane, and
phase. The last set documented the observed queue
length at the start of each green phase for each: approach,
lane, and phase, and by vehicle type (Ref 10, p 87).

The saturation flow estimates that were determined
in the Texas A&M study are summarized below for a 95
percent confidence interval (Ref 10, p 147):

95% Confidence Intervals for Average Left-Turn

Saturation Flows (vphlg)
Lane Austin College Station Houston
1 1565-1714 1636 - 1800 1714 - 1895
2 1565 - 1714 1565 - 1714 800 - 2000

The Texas A&M study concludes that: “Based on the
results of this study, and a review of the data from a lim-
ited number of related studies, average double left-turn
saturation flow rate on the order of 1600 vphlg would ap-
pear to be a reasonable value for most planning applica-
tions” (Ref 10, p 156).

The study also notes that the intersections in Houston
had saturation flow values of approximately of 1800
vphlg. This higher value was attributed to the urban
driver being more aggressive and accustomed to this type
of operation.

As indicated in the beginning of this section, there
has been a substantial amount of research done in the
area of dual left-turn saturation flow determination, The
remaining part of this section focuses on validating the
findings that have been presented above. This validation
was done by utilizing the TEXAS Model, and with one
field study that was conducted in Austin, Texas, in Au-
gust of 1987.

TEXAS MODEL DUAL-LANE LEFT-TURN

SATURATION FLOW DETERMINATION

The geometry used for the dual left-turn saturation
flow study is shown in Fig 3-1(a,b). This dual-lane left-
turn intersection was the same intersection used to collect
data for the implementation package outlined in Chapter
4. The simulation (SIM) input files are the same files
that were used for the dual-lane left-turn part of the
implementation package outlined in Chapter 4.

Four rmans were made at each cycle length of 60, 80,
100, and 120 seconds. The (G+Y)/(Cycle Length) ratio
was equal to 0.50 for all the cycle lengths. The Y, or
clearance interval, was 3 seconds for all these runs. The
TEXAS Model does not allow for a separation of the vol-
ume processed into individual lanes within each turning
movement; thus the statistics reflect only the total dual
left-turn volume processed per hour. All of the simula-
tions consisted of a 5-minute start-up interval and a 30-
minutc simulation during which statistics were gathered.
As with all TEXAS Model runs done in this study, four
simulations runs were made with the random number
seed being changed on each run. Although additional
runs are always desirable, the results were consistent
enough to satisfy the validation purposes of the runs.

The pertinent flow statistics are shown in Table 3-1.
The TEXAS Model Yellow-Change Factor is a factor that
adjusts the single-lane left-turn volume upward by 0.5
vehicles per cycle. This is done to compensate for the
TEXAS Model’s limit of only one vehicle per yellow-
change phase. Ficld observations have shown that, when
approaching capacity, the average number of vehicles
processed during this phase is 1.5. The effect of this
adjustment factor is more pronounced at a shorter cycle
length. If this factor had not been included, the
difference in dual left-turn saturation flow at 60 and 120
seconds would be 134 vehicles instead of 204 vehicles.



Fig 3-1a. Dual-lane left-turn geometry used for TEXAS Model runs—inbound lanes.
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Fig 3-1b. Dual-lane left-turn geometry used for TEXAS Model runs—
intersection with paths for turning movements.




Although this discrepancy is of concern, it is not large
enough to invalidate the TEXAS Model results. The
final averages of these runs will be presented in summary
form at the end of this chapter (with all other saturation
flow data).

CONGRESS AND RIVERSIDE TRAFFIC
COUNTS

The dual left-turn movements at Congress Avenue
and Riverside Drive in Austin, Texas, were chosen for
this study because of the high-volume left-tuming traffic,
the pretimed signal, and the low number of heavy ve-
hicles. A traffic count was made on Wednesday, August
5th, 1987, during the peak period from 6:58 A.M. to 8:03
AM. Unfortunately, no data were gathered to determine
the distribution of vehicles in the two different left-turn-
ing lanes. In retrospect, this would have been a very
good statistic to obtain; however, previous studies have
addressed this question rather extensively. Consideration
of the distribution is important and will be addressed fur-
ther in the dual left-tum demand-capacity warrant section
of this study. Only one field study was done because, as
outhned earlier, the purpose of this part of the study was
only to validate other researchers’ findings rather than re-
examine the entire dual-lane left-turn saturation flow
question,

The iraffic count data and the signal timing sheet
from the Congress and Riverside field study are pre-
sented in Appendices A and B, respectively. The TEXAS
Model was used to simulate the same
geomeiry and signal timing as observed in the field. The
resulting averages of three TEXAS Model simulations in
relation to the observed data for each turning movement
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The high ratio of hourly traffic volume processed by
the TEXAS Model to the volumes observed in the field
indicates adequate simulation, given the parameters stated
above. Because the Congress and Riverside intersection
operated under signal controller a pretimed intersection,
the amount of effective green time available 1o the dual-
lane left turners could be determined from the signal tim-
ing sheet obtained from the City of Austin, This sheet is
shown in its original form in Appendix B. The dual-lane
left-turning northbound (raftic on Congress Avenue is the
only movement of interest because the volumes on the
southbound leg did not approach the saturation flow. A
summary of the three peak S and 15-minute periods for
this dual-lane left-turning movement is shown below:

5-Minute Peaks 15-Minute Peaks
Total End Total End
Dual Time Dual Time
LT Vehicles (am.) LT Vehicles (a.m.)
31 7:48 81 7:53
27 7:53 78 7:48
24 7:38 75 7:58

From the signal timing sheet, under Plan 2, the
amount of left-tum green time for the movement of inter-
est is 9 seconds. The yellow-change interval under Plan
2 is 4 seconds. If the lost time is assumed to be 3 sec-
onds, then the effective green time becomes the left-turn
green time of 9 seconds plus the yellow interval of 4 sec-
onds minus the lost time of 3 seconds, resulting in 10
seconds of effective green. With a 90-second cycle
length, the resulting peak average headway and saturation
flow values for S-minute and 15-minute intervals are as
follows:

are shown below: Avg Headway Dual LT
) Period Flow of Single Veh Saturation
Length (veh) in Dual Lt (sec) (vphlg)
5 min 31 2.15 3349
15 min 81 247 2914
Congress and Riverside
Observed Versus Simulated Hourly Volumes
Hourly Volumes (vph)
TXMdl TXMd
Direction Leg# Movement Observed (15 min) (40 min)
Northbound 3 Left 204 228 209
Through 795 764 794
Right 93 100 104
Southbound 1 Left 94 80 88
Through 253 264 254
Right 28 32 27
Eastbound 4 Left 42 52 48
Through 420 436 416
Right 94 112 95
Westhound 2 Left 71 56 71
Through 630 648 630
Right 130 100 129
Grand Total 2,854 2,872 2,865
Simulation/Observed (%) 100.6 1004
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TABLE 3-1. STATISTICS FROM DUAL-LANE LEFT-TURN SATURATION FLOW DETERMINATION

USING THE TEXAS MODEL
Total Dual  Total Dual Single TX Model Avg Single LT Total Dual
Cycle Effective LT Vol LT Vol LT Vol Amber Single LT  Saturation LT Saturation
Length Green Processed Per Cycle Per Cycle Factor Headway Flow Flow
(sec) (sec) Run (vph) (veh) (veh) (veh) (sec) (vphlg) (vphig)
60 27 Run 1 1102 18.37 9.18 0.50 2.79 1,291 2,582
Run 2 1092 18.20 9.10 0.50 2.81 1,280 2,560
Run 3 1098 18.30 9.15 0.50 2.80 1,287 2,573
Run 4 1090 18.17 9.08 0.50 2.82 1,278 2,556
© Average 1095.5 18.26 9.13 0.50 2.80 1,284 2,568
80 37 Run 1 1080 24.00 12.00 0.50 2.96 1,216 2,432
Run 2 1084 24.09 12.04 0.50 295 1,221 2,441
Run 3 1088 24.18 12.09 0.50 294 1,225 2,450
Run 4 1086 24.13 12.07 0.50 2.94 1,223 2,445
Average 1084.50 24.10 12.05 0.50 2.95 1,221 2,442
100 47 Run 1 1096 3044 15.22 0.50 299 1,204 2,409
Run 2 1090 30.28 15.14 0.50 3.01 1,198 2,396
Run 3 1094 30.39 15.19 0.50 299 1,202 2,404
Run 4 1094 3039 15.19 0.50 2.99 1,202 2,404
Average 1093.50 30.38 15.19 0.50 3.00 1,202 2,403
120 57 Run 1 1096 36.53 18.27 0.50 3.04 1,185 2,371
" Run2 1092 36.40 18.20 0.50 3.05 1,181 2,362
Run 3 1096 36.53 18.27 0.50 3.4 1,185 2,371
Run 4 1088 36.27 18.13 0.50 3.06 1,177 2,354
Average 1093.00 36.43 18.22 0.50 3.05 1,182 2,364

TABLE 3-2. A SUMMARY OF DUAL-LANE LEFT-TURN SATURATION FLOW
RESEARCH RESULTS (ADAPTED FORM STOKES—REF 10)

Efficiency Efficiency
Factor Factor
Dual Left-Turn Ratioof  Relatlve to Relative to
Saturation Flow Inside to Single LT Through
Inside  Outside Outside Flow* Flow*
Source and Conditions Lane Lane Average Lane sat = 1710**  sat = 1800**
Capelle & Pinnell (1961)
Permissive Dual Left-Tum 1,500 1,636 1,568 092 092 0.87
Ray (1965)
Permissive Dual Left-Turn 1,240 1,230 1,235 1.01 0.72 0.69
Exclusive Dual Left-Tum 1,375 1,315 1,345 1.05 0.79 0.75
Assumus (1970)
Exclusive Dual Left-Tum 1,420 1,650 1,535 0.86 0.90 0385
Kunzman (1978)
Queue <= 4 veh/lanc - - 1,439 0.84 0.80
Queue >= 5 veh/lane - - 1,581 0.92 0.88
All Queue Lengths - - 1,523 0.89 0.85
Texas A & M (1984)
Exclusive Dual Left-Turn
Austin 1,639.5 1,639.5 1,640 1.00 0.96 091
College Station 1,718 1,639.5 1,679 1.05 0.98 0.93
Houston 1,804.5 1,900 1,853 0.95 1.08 1.03
Congress & Riverside (1987)
Exclusive Dual Left-Tum - - 1,675 098 093
Texas Model (1988)
Exclusive Dual Left-Turn - - 1,222 0.71 (.68
Overall Averages 1,524 0.98 0.89 0.85
* Ratio of Average Dual Saturation Flow (single lane) to given movement
** Saturation flow values for these movements as per 85 HCM




These results are consistent with the results obtained
in the studies that were reviewed in the beginning of this
chapter. The following section reviews the saturation
flow data that has been presented thus far and makes rec-
ommendations based on this data.

SUMMARY OF DUAL-LANE LEFT-TURN

SATURATION FLOW DATA

Stokes (Ref 10) provides an important table that lists
the results of many of the dual-lane left-turn saturation
flow studies that have been conducted over the past 27
years. His table has been adapted and updated and is
shown as Table 3-2. Thc overall averages that are shown
in this table are not intended to be used as design values,
but rather to provide a general indication of the mean
values. Of more concern for design values are the overall
statistics that arc presented in Table 3-3. This table is
comprised of the data that was deemed to be the most
realistic and accurate. The overall saturation flow
average of 1615 is very close to Stokes’s recommended
value of 1600. It should also be noted that the average of
the dual-to-through-lane saturation flow values suggests
that for a given intersection, the dual-lane lefi-turn
saturation flow value may be estimated by multiplying
the through-lane value by 0.90. The difference in the
ratios of inside to outside dual lefi-turn lanes is not
sufficient to make any conclusions regarding the vehicle
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distributions between these lanes. This supports the fact
that when drivers see a shorter queue in the other left-
turn lane, they will change lanes so as to perform the
turning maneuver in a shorter amount of time. Therefore,
this study concurs with Stokes’s recommendation of
using 1600 as a per-lane saturation flow value for a dual-
lane left-tum operation, Additonally, the dual-lane left-
turn saturation flow may be estimated by adjusting the
through saturation flow value downwards by 10 percent.

DUAL-LANE LEFT-TURN
PERFORMANCE MEASURES AND
BAY-LENGTH DETERMINATION

CYCLE-FAILURE WARRANTS

For the purposes of this warrant, the distribution of
vehicles between the two left-turn lanes and the process-
ing ume in each of these lanes, is assumed to be equal.
With these assumptions, the determination of the prob-
ability of a cycle failure is essentially the same as that for
a single-lane left-turn movement. For this reason, the
same equation and recommendations that were outlined
in the single-lane left-turn analysis will be utilized for
this analysis. The input volume will be the dual-lane left-
turning volume on a per lane basis. This dual-lane left-
turn performance measure has been included in the
implementation package outline in Chapter 4,

TABLE 3-3. DUAL-LANE LEFT-TURN SATURATION FLOW RESULTS—
DESIGN VALUES
Efficiency Efficiency
Factor Factor
Dual Left-Tarn Ratio of Relative to Relative to
Saturation Flow Inside to Single LT Through
Inside  Qutside Qutside Flow* Flow*
Source and Conditions Lane Lane Average Lane sat = 1710**  gat = 1800*+*
Assumus (1970)
Exclusive Dual Left-Tum 1,420 1,650 1,535 0.86 0.90 0.85
Kunzman (1978)
Queue <= 4 veh/lane - - 1,439 0.84 0.80
Queue >= § veh/lane - - 1,581 0.92 0.88
All Queve Lengths - - 1,523 0.89 0.85
Texas A & M (1984)
Exclusive Dual Left-Turn
Ausiin 1,639.5 1,6395 1,640 1.00 096 0.91
College Station 1,718 1,6395 1,679 1.05 098 0.93
Housion 1,804.5 1,900 1,853 095 1.08 1.03
Congress & Riverside (1987)
Exclusive Dual Left-Tum - - 1,675 098 093
Overall Averages 1,615 0.96 0.94 090
* Ratio of Average Dual Satration Flow (single lane) to given movement
** Saturation flow values for these movements as per 85 HCM
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DEMAND-CAPACITY WARRANT

This warrant differs from the single-lane left-turn
warrant in that the saturation flow values are not the
same. As outlined above, a recommended design value
for a dual-lane left-turn movement is 1600 vehicles per
lane, or 90 percent of the straight-through value. This
warrant will use 1600 vehicles per lane per hour for satu-
ration flow when determining the capacity of a dual-lane
left-turn movement.

All other assumtions made for the single-lane left-
turn movement are assumed to be valid for the dual left-
turners as well. Therefore, the determination of the dual-
lane left-turn capacity also remains the same as that of a
single-lane left-turn with the exception of the new satura-
tion flow value indicated above.

The demand-to-capacity ratio of 0.90 will also be
used to identify the point at which a left-turn operation
reaches a critical level. This was not investigated in fur-
ther detail because the primary focus of this study has
been on queue length determination and not on determin-
ing exact performance measures. This 0.90 figure is in-
tended to be a general indicator of critical performance
and not an exact, rigid limit. This should be kept in mind
when using the implementation package.

DELAY WARRANT

As with cycle failure and demand-capacity warrants,
the assumption has been made that the behavior of either
lane in a dual left-turn operation is similar to that of
single left-turn operation in terms of the respective
performance measures. With respect to delay, because
the distribution of the vehicles between the two lanes has
been assumed to be approximately equal, and the signal
timing is the same, then the delay experienced in either of
the two lanes should not be drastically different from that
experienced by a vehicle in a single-lane left-turn
operation. The above assumptions are supported by the
conclusion made in the saturation-flow section of this
chapter which indicated that there is not enough evidence
to show that more vehicles are processed in either the
inside or in the outside lane in a dual-lane left-turn
operation. Therefore, as with the above warrants, the
delay performance measures outlined in the single-left-
turn analysis are assumed (o be appropriate for measuring

the performance of a dual-lane left-turn operation. This
warrant has been included in the implementation package
and will be addressed in more detail in Chapter 4.

BAY-LENGTH DETERMINATION

The key assumption in this study’s determination of
dual left-turn bay length is that, as stated above, the
performance of either of the lanes in a dual operation is
essentially the same as that of a single left-turn lane. For
this reason the equations that were applicable in the
single left-tum analysis ar¢ also applicable in the dual
left-turn analysis. Instead of re-stating all the equations,
if interested, the reader should consult the bay-length-
determination section of Chapter 2.

SUMMARY

The TEXAS Model provides an excellent tool for de-
termining the average and the maximum bay length
needed for a dual-lane left-turn operation. The data for
these values that were obtained from TEXAS Model runs
with many different left-turn volumes and signal timings,
are shown in Appendix C. The next chapter, outlining
the implementation package, explains in detail the param-
eters used in these simulation runs.

The above warrants and bay-length determinations
rely heavily upon the material presented in the single-
lane left-turn analysis chapter of this study. The assump-
tions made regarding the similarity between the perfor-
mance of either lane in a dual-lane left-turn operation and
a single-lane left-turn operation do not imply that there
are no differences. However, the assumptions do imply
that these differences do not alter the results enough to
warrant further time and effort in their investigation.
Given the multivariate natare of turning-movement
analysis, the major effort of this study has been to focus
on the variables that influence a left-turn operation the
most, and not to include every possible variable. The fol-
lowing chapter outlines the relationship between three of
these important variables and their effect on delay, aver-
age queue length, and maximum queue length. The three
variables are (1) the time during which left-turns are pro-
hibited or left-tum red time, (2) cycle length, and (3) left-
tarn volume.



CHAPTER 4. IMPLEMENTATION PACKAGE

The Left-Turning Movement Analysis Program
(LTMAP) is an IBM-compatible Turbo Pascal program
that has been developed to aid engineers in analyzing ex-
isting or proposed left-turning movements at urban inter-
sections. The LTMAP relies heavily upon the informa-
tion thal has been presented in the previous two chapters.
The program also acts as a database program in that it ac-
cesses TEXAS Model simulation results that are based on
user-specified inputs.

This chapter first presents the pertinent equations and
concepts that were used in the implementation program.
This part of the chapter is essentially a review of the per-
tinent equations and concepts that were presented in
Chapters 2 and 3. Next, a description of all TEXAS
Model simulation runs is made, including a discussion of
the pertinent variables and parameters that were used in
the LTMAP. The last section of this chapter presents the
LTMAP and includes a description of the required hard-
ware, input values, and cautions for users.

LTMAP: PERTINENT EQUATIONS AND
CONCEPTS

The program allows for the determination of cycle
failures, volume to capacity relationships, average delays,
and queue lengths for single and dual left-turn lanes.
This summary of the pertinent equations and concepts
that have been used in the LTMAP will focus on these
four areas. The summary is brief because the derivation
and justification of the equations and concepts has been
addressed in the previous two chapters.

CYCLE FAILURES

The cycle failures output table in the LTMAP is di-
vided into five parts:

(1) the average number of uniform arrivals per lane
during one signal cycle length in the peak period;

(2) the average minimum departure headway;

(3) the number of vehicles processed per lane during
the effective green phase;

(4) the probability of having more vehicles arriving
than being processed (during the effective green pe-
riod); and

(5) the ratio of the arrival rate to the processing rate, or
percent arrival rate to processing rate.

The average number of uniform arrivals per lane dur-
ing one cycle in the peak period is expressed in equation
form as follows:

# UNIFORM. ARR. = 4 (Peak 15-Minute
Volume)*(Cycle
Length / 3600)
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The average minimum departure headway is a user-
defined input, and is used in the next performance mea-
sure.

The number of vehicles processed per lane during
the effective green phase is equal to the effective green
divided by the average minimum departure headway.

The probability of having more vehicles arriving
than are being processed during the effective green period
is based on Drew’s work (Ref 5) with Poisson arrival dis-
tributions given thal the arrival and processing param-
eters are known (derived above). As noted by Drew, the
suggested upper limit for this probability is 30 percent.
The function is as follows:

P(x+1)=) W tlem
xxl&x+1D!
where

m = 4 (peak 15-minute critical lane
volume)(C/3600);

m = average number of uniform arrivals
during one cycle length in the peak 15-
minute period;

Ge = effective green;

D = average minimum headway;

D = 3 seconds (assumed); and

x = Ge/D

number of vehicles processed during
the effective green.

The percent of the arrival rate to the processing rate
is simply the ratio of m to x.

VOLUME-TO-CAPACITY RELATIONSHIPS

There are two different capacities that were derived
in this performance measure. The first was the TEXAS
Model method, which utilizes a left-turn processing rate
that was derived from TEXAS Model simulation runs.
The TEXAS Model capacity equation is as follows:

Q,=|36%0. G|, (3690, o5

R C C
=[3 + @] %3600
R C
where:

Qg = Left-turn saturation flow rate (veh/hour
green);

Q) = left-turn capacity when approaching

saturation conditions (veh/hour);
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= protected left-turn processing rate (sec/
veh);

= effective left-turn green time (sec);

= cycle length (sec); and

= decimal percentage of cycle for
protected green phase.

T W
]

The 1985 Highway Capacity Manual equation for capac-
ity is as follows:

Q=S*2
where:
Qy = left-turn capacity (veh/hr);
Q; = left-turn saturation flow rate (veh/hr
green);
= (thru saturation flow rate) * (0.95); and
G = Effective Green (sec).

The key to the BSHCM equation is the left-turm saturation
flow ratc. Because of the importance of this value and its
variability, it has been included as a user-specified input.
The defanlt value for single left-turns is 1,710 vphlg, as
recommended by the 85HCM (assumes a through satu-
ration flow value of 1,800). The LTMAP uses a default
of 1,600 vphlg per dual left-turn lane. This saturation
flow value was determined in Chapter 3.

Two capacity measures have been included so that
the engineer may have a resulting volume to capacity ra-
tio that is in a range, rather that one specific answer.

The suggested upper limit for the volume to capacity
ratio for either method is 90 percent. The justification for
using this value was addressed in Chapter 2.

AVERAGE DELAYS
The average delay output table in the LTMAP is
comprised of three different methods for determining de-
lay:
(1) average queue delay from TEXAS Model simula-
tions;
(2) the cycle failure delay equaltion;

The input parameters, variables, and description of these
runs is given in the next section of this chapter (TEXAS
Moadel Simulations).

The cycle failure delay equation is broken up into
four cases*

where:

= total uniform stopped delay (veh/sec);

= cycle length (sec);

= red phase length (sec);

= green phase length;

= clearance interval (sec);

= effective green (sec);

effective red (sec);

= left-turn arrival rate (pcefsec);

= left-tumn processing rate {pce/sec);

= net left-turn processing rate (pce/sec);

= maximum left-turn storage capacity  (pce);

= initial queue length (pce);

= average number of cycle failures per cycle,

based on the peak hourly volume, or 4 X peak
15-minute (pce); and

Qr = residual queue length (pce).

PRLzu»fOwomal
11

Da (for cases 2,3,4) = D(VC/3600)
Da (for case 1, not valid for Qo=0) = DtAQo
The 85HCM delay equation is:
d= [() 18 C_&:,,%/Eﬂ,_] +
- (O ()]

[173x2[(x S+ -2+ (16x;c)]]

where:
d = average stopped delay per vehicle for the
lane group, in scc/veh;
C = cycle length, in seconds;
g/C = the effective green time over the cycle

(3) the 85HCM delay equation. length:
The average queue delay results from the TEXAS x = the volume to capacity ratio; and

Model simulations were obtained from the same set of ¢ = capacity of the lane group.
runs that were used for determining the queue lengths.
* _ _ Q02

Case1l) N<0,A=0 Di=Q.R, + T

2
Case?) N<0,A>0,Qr<0 Di=QuR,+ Aze . (AREI;?O%
AR? INIG,
Case3) N<0,A>0,Qr>0 Di=QpR,+ —= + ——5—- + (Q + AR~ INIG,)G,

Cased) N>0,Qg< AR,?
ased) N>0,Qr<Qg Di=QR.+ —

NG
+ (Q, +AR,) G,) + —-:';e—

2



The suggested upper limit as defined by Lin (Ref 3)
is 35 seconds of average left-turn queue delay. There is
not a problem with the fact that the CF and 85HCM
equations determine the average stopped delay and the
TEXAS Model and the upper limit are defined in terms
of the average queue delay. Because of the inherent vari-
ability of any delay measurement, any suggested upper
limit should only be used as a “rule of thumb” and not as
a definite and inflexible upper bound. As was the case
with the volume to capacity performance measures, more
than one delay measure has been included in this pro-
gram to give the engineer a range of values to use when
evaluating tarning movement performance.

QUEUE LENGTHS

The average, maximum, and design queue lengths
were derived solely from the results of TEXAS Model
simulation results. Due to the multitude of variables in-
volved and the randomness of any vehicle arrival process,
it was difficult to derive any reliable equation that would
determine the queue lengths of an arriving traffic stream.
For this reason the TEXAS Model provided an ideal solu-
tion 1o solving the multivariate and random nature of this
problem.

The average and maximum queue lengths in vehicles
were obtained directly from the results of the TEXAS
Model runs that are outlined in the next section of this
chapter. By prompting the user for information about the
percentages and lengths of vehicles in each class, the
queuc length in feet was determined. To the length of
each vehicle was added the user- specified average clear
space between stopped vehicles in the stopped queuc.
This allowed the user to define the “packing” of the
queue, which has a direct effect on the length of the
queue. The total queue length in feet was obtained by
weighting each vehicle class by its percentage, then sum-
ming the weighted lengths (which included the addition
of the clear space between stopped vehicles to each ve-
hicle). The design queue length is 85 percent of the
maximum queue length (in vehicles and feet).

TEXAS MODEL SIMULATIONS

The three primary inpul variables that were analyzed
were: left-turn red time, cycle length, and the left-tum
volume for single and dual left-turn movements. Because
of the large number of combinations of these three pri-
mary variables it became apparent that the TEXAS
Model runs should be limited to a specified range of
these combinations. The cycle lengths of 60, 80 ,100,
and 120 seconds were chosen as_appropriate cycle
lengths because they represent short, medium, and long
cycle lengths. Because the typical left-turn movement
operates in a G+Y/C range of 0.2 to 0.6, the lefi-turn red
time was limited to increments of 10 seconds within
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these G+Y/C bounds. The left-turn volume was diffi-
cult to limit because of the variable nature of the traf-
fic stream. Therefore, left-turn volumes of 200, 300,
400, 500, 600, 700, and 800 vehicles per hour were
chosen for each timing configuration that fell within
the stated bounds. Table 4-1 shows the relationship
between the cycle length, left-turn red time, left-turn
green + yellow, and the G+Y/C ratio. OQutlined cells
fell within the specified range of the input variables,
and simulations were done with these signal timing
configurations. Each of these signal timing schemes
had the above mentioned volumes simulated. With
each combination of red time, cycle length and vol-
ume, four independent simulation runs were per-
formed for both single and dual left-turn operations.
An independent simulation is one in which the random
numbers used are different from those used in other
runs, The averages of each of the four runs is shown
in Table 4-2, The results from all of the simulation
runs are shown in Appendix C.

The geometry and input files that were used for
the dual left-turn runs were presented in Chapter 3 in
the dual left-turn saturation flow section. Figures 4.1a
and b show the geomelry that was used for the single
left-turn simulation runs. Appendix D shows ex-
amples of the TEXAS Model geometry and driver-ve-
hicle (GDV) and simulation (SIM) input files that
were used in the single and dual left-turn analysis.

LEFT-TURNING MOVEMENT
ANALYSIS PROGRAM

The Left-Turning Movement Analysis Program
(program listing in Appendix E) provides engineers
with an interactive intersection design and evaluation
tool. The IBM-compatible program requires that the
host machine have a math coprocessor and a color
graphics adapter.

LTMAP prompts the user for input and then al-
lows movement within the program by selecting the
next-desired action. The input and desired-action
screen prompts are shown in Figs 4.2a, b, and c.
LTMAP is relatively user-friendly, and all input values
are checked to determine whether they are within the
specified ranges. A review of these ranges is pre-
sented here:

Input Variable Range or Correct Response
Cycle Length 60, 80, 100, or 120 (seconds)
Left-Turn Red Time 30, 40, 50, 60, 70, 80, or 90 (seconds)

02 <= (G+Y/C) «<=0.6

Single or Dual Left-Tumns s, d

Left-Turn Volume 200, 300, 400, 500, 600,

700, or 800 (It vph, per 1t lane)
Peak 15 Minute Volume 0to 300 lt vph
Number of Vehicle Classes  Integer >=1

% In Each Vehicle Class Integer Percentage

(sum must = 100)
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Some of the input prompts have been excluded from
checking because either there is no required range (satu-
ration flow) or the range is not viewed as being a poten-
tial problem (length of vehicles). All the prompts specify
in what form the response should be.

After the data have been input, the desired-action
screen appears. This screen is self-explanatory, but all in-
puts must be in lower case letters. This lower case re-
quirement is true for all yes or no responses as well.

Also included on the floppy disk with the program
are six data files. These files (labeled *.DAT) are read by
the program in the format specified in the program’s read
section.
tion results and include the data for the average queue
lengths, the maximum queue lengths, and the average
queue delay for both single and dual left-turn lanes. The
data contained in these files are the same as those pre-
sented in Table 4-2.

All files labelled *.BGI are the appropriate drivers
{or device-specific files) that are required for most graph-

f

These files contain the TEXAS Model simula-

ics adapter packages. As stated above, the program re-
quires a color graphics adapter. The drivers that are
present are for AT&T, CGA, EGA, VGA, Hercules, and
PC3270 color graphics cards.

Because of the large number of floating point calcu-
lations that this program performs, a math coprocessor
chip (Intel 8087) is also required for the program to run
correctly.

The LTMAP program was written on an IBM-com-
patible machine and was intended to be used on similar
machines. One limitation with all IBM-compatible pro-
grams is that it is difficult to encompass all possible hard-
ware configurations; thus problems may arise if the hard-
ware differs substantially from the machine it was written
on (COMPAQ 386). It is recommended that the program
be used on a IBM XT or AT compatible, or PS2, with a
Variable Graphics Adapter or Enhanced Graphics
Adapter,

g

/

Fig 4-1a. Single left-
turn geometry used for
TEXAS Model runs -
inbound lanes.
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Fig 4-1b. Single left-turn geometry used for TEXAS
Model runs - intersection with turning movements.
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THIZ SECTIONM IS FOR DEFINING SIGNAL TIMING CHARACTERISTICS.
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nter the desired cyele length {(50,30,100 or 120 s=conds),

En =

100

Entar the laft turp red phase lenath (30,40,50,60,70,80, or
The G+Y/CL ratio must be between 0.2 & 0.6.

a0

PREES RETURN TO ENTER VEHICLE CHARACTERISTICS

Fig 4-2a. LTMAP, signal timing input prompts.
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THIS SECTION IS FCR DEFINING THE VEHICLE CHARACTERISTICSE.
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Do you want to analyze a single or dual laft-turn opzration (5 or d)?
d

Enter the dual left-turn volume

on & psr lane basis (200,300,400,500,600,700 or 800 vph).

345

THE PER LANE LEFT TURN VOLUME MUST BE 200,300,400,500,600,700, QR 800
FLEAZE REENTER THE THE PER LANE LEFT TURN VOLUME.

500

Enter the peak 15 minute dual l1=ft-turn volume
on a per lane basis (must bs less than or =2qual to 300 v=hicles).
200 :

Do you want to uss 1600 vph p=r lanz as the saturation flow
valus for a dual ls=ft-turn aoperation (y or n)?
Y

Do you want to use 2.
n

szconds as the average minimum
dezparture hecadway 1 1

5
the Jeft-turning gqueue {(y or n)?

Co you want to use 6 feszt w3 the averags
headway in the stopped gqusus (y or n)?
Y

How many different classes of vehicles are there?
o (

Input the percentage of vshicles in class 1
{integer percentage, i.2. 52).

50

Input the length of vehicles in class 1t
(integer feet, i.2. 24).

34

Input the percentage of vehicles in class 2
(integer percentage, i.e. 52).

50

Input the length of vehicles in class 2
{integer feet, i.2. 24}.

24

PRESZS RETURN TO CONTINUE

Fig 4-2b. LTMAP, vehicle characteristics input prompts.

VEH,
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ENTER THE FOLLOWING LETTERSE TO CONTINUE:

-2,
i

review of the INPUT va1ue§

average, maximum, and design QUEUE lsngths table

q =
¢ = CYCLE failure statistics table
v = VOLUME to capacity statistics table
d = DELAY statistics tabls
n = starts NEW data entry s=ction again
2 = EXITS program
Fig 4-2c. LTMAP, desired action input prompts.
TABLE 4-1. G-OVER-C RATIOS FOR DIFFERENT SIGNAL TIMING
COMBINATIONS
Left-Turn Left-Turn Red Time (sec)
_G+Y 10 20 30 40 50 60 70 80 9 100 110
10 050 033 025 020 017 014 013 011 010 009 008
20 067 050 o040 [033] 0.29 0.22 0.18 017 0.5
30 075 060 [030] 043 033 [030] 0.27 023 021
40 080 067 057 0.44 0.36 031 029 027
50 083 071 063 056 045 038 036 033 031
60 086 075 067 055 [050] 046 043 040 038 035
70 088 078 070 0.64 054 050 047 044 041 039
80 089 080 073 [0.67] 062 057 053 050 047 044 042
90 090 082 073 069 064 060 056 053 050 047 045
100 091 083 077 071 067 063 059 05 053 050 048
110 092 085 079 073 069 065 061 058 055 052 050

[ - Texas Mode! runs = cells that fall within the range of:

1) Cycle length = 60, 80, 100, or 120 seconds
2) (0.2 <= ({green + yellow)/cycle length) <= 0.6)
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TABLE 4-2. AVERAGES OF TEXAS MODEL RUNS FOR SPECIFIED
SIGNAL TIMINGS AND LEFT-TURN VOLUMES

Single Left-Tarn

Average Left-Turn Queue Delay (sec)
Left-Turn Volume (vph per lane)

Cycle Length LT Red Time 200 300 400 500 600 700 800
60 30 1875 18.88 20.60 27.55 7123 10590 118.63
40 2628 3545 15405 207.65 26033 28235 288.00
Average Left-Turn Queue Length (veh)
Left-Turn Volume (vph per lane)
Cycle Length LT Red Time 200 ) 400 500 600 700 800
60 30 0.60 0.95 1.48 3.05 11.40 17.28 19.40
’ 40 1.23 2.80 16.80 23.05 29.10 30.78 32.05
Maximum Left-Turn Queue Length (veh)
Left-Turn Volume (vph per lane)
Cycle Length LT Red Time 200 300 400 500 600 700 800
60 30 450 5.50 6.75 10.50 2250 27.25 27.50
40 6.50 9.50 2750 31.00 36.25 36.50 36.75
Single Left-Turn
Average Left-Turn Queue Delay (sec)
Left-Turn Volume (vph per lane)
Cycle Length LT Red Time 200 300 400 500 600 700 800
80 40 22.85 24.85 26.68 3288 . 71.08 106.13 121.93
50 28.15 32.78 63.63 13138 192,68 214.65 226.73
60 39.85 14548 348.18 376.93 421.68 444.78  450.05
Average Left-Turn Queue Length (veh)
Left-Turn Volume (vph per lane)
Cycle Length LT Red Time 200 300 400 500 600 700 800
80 40 0.70 1.13 195 3.58 11.50 17.35 19.98
50 1.10 2.20 7.03 16.38 24.25 26.53 27.60
60 195 12.88 30.75 33.08 37.10 38.38 37.75
Maximum Left-Turn Queue Length (veh)
) Left-Turn Volume (vph per lane)
Cycle Length LT Red Time 200 300 400 500 - 600 700 800
80 40 5.00 6.25 9.00 12.75 2325 2725 29.50
50 6.00 8.75 17.50 25.00 3250 33.50 3425
60 7.75 25.50 40.00 41.25 43.75 43.50 42.50




TABLE 4-2 (CONTINUED). AVERAGES OF TEXAS MODEL RUNS FOR SPECIFIED

SIGNAL TIMINGS AND LEFT-TURN YOLUMES

Single Left-Turn

Average Left-Turn Queue Delay (sec)
Left-Turn Volume (vph per lane)

Cycle Length LT Red Time 200 300 400 500 600 700 800
100 40 23.05 2545 25.03 26.15 32.70 46.25 65.75
50 27.93 29.95 31.53 35.33 7025 107.78 121.53
60 32.68 36.68 5275 9793 16590 18275 191.23
70 38.73 57.08 20580 25155 308.20 319.35 328.80
80 66.60 325.70 47663 49793 53828 557.00 56290
Average Left-Turn Queue Length (veh)
Left-Turn Volume (vph per lane)
Cycle Length LT Red Time 200 300 400 500 600 700 800
100 40 0.65 1.25 1.77 1.75 3.65 8.18 12.68
50 0.90 143 2.35 3.60 1148 17.70 19.85
60 1.23 2.20 533 12.95 22.53 24.60 2545
70 1.73 4.53 21.68 26.48 32.15 3298 33.50
80 3.63 2553 36.48 37.80 40.08 40.58 40.33
Maximum Left-Turn Queue Length (veh)
Left-Turn Volume (vph per lane)
Cycle Length LT Red Time 200 300 400 500 600 700 800
100 40 4.75 6.75 7.25 8.25 12.50 20.75 24.50
50 5.50 7.00 10.25 12.50 23.50 28.75 30.25
60 6.50 8.50 15.00 2325 32.00 33.00 33.00
70 775 1275 33.00 36.50 39.50 40.00 39.50
80 1025 40.25 43.50 44.50 45.50 45.50 44.75
Single Left-Turn
Average Left-Turn Queue Delay (sec)
Left-Turn Volume (vph per lane)
Cycle Length LT Red Time 200 300 400 500 600 700 800
120 50 29.58 29.70 31.63 31.83 38.28 56.58 7595
60 34.88 36.25 37.38 41.55 7533 11268 125.53
70 39.58 4298 50.63 9835 15485 17470 18493
80 45.90 5058 137.10 19875 253.85 26788 27735
90 54.68 146.25  331.28 37480 40553 43220 43828
Average Left-Turn Queue Length (veh)
Left-Turn Volume (vph per lane)
Cycle Length LT Red Time 200 300 400 500 600 700 800
120 50 0.75 1.23 1.80 2.28 4.75 10.00 14.13
60 1.05 1.85 2.73 4.20 11.85 18.38 20.40
70 1.38 2.55 4.85 13.08 21.53 24.03 25.20
80 1.85 3.68 15.00 22.40 28.63 30.03 30.73
90 2.55 12.63 29.75 32.73 36.00 37.33 37.60
Maximum Left-Turn Queue Length (veh)
Left-Turn Volume (vph per lane)
Cycle Length LT Red Time 200 300 400 500 600 700 800
120 50 5.50 7.00 8.75 10.00 15.50 22.75 28.00
60 6.75 8.25 10.25 13.50 24.50 30.00 3125
70 7.25 10.00 14.00 24.50 32.50 33.50 33.25
30 8.25 11.75 26.50 33.00 38.00 37.75 37.50
90 9.00 25.25 40.25 41.25 43.50 43.25 43.00
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TABLE 4-2 (CONTINUED). AVERAGES OF TEXAS MODEL RUNS FOR
SPECIFIED SIGNAL TIMINGS AND LEFT-TURN VOLUMES

Dual Left-Torn
Average Left-Turn Queue Delay (sec)
Left-Turn Volume (vph per lane)
Cycle Lel_lgth LT Red Time 200 300 400 500 600 700 800
60 30 1730 18.13 1943 22.73 9245 130.08 144.18
40 2378 27.80 170.83 272.88 30248 31925 323.00

Average Left-Turn Queue Length (veh)
Left-Turn Voluime (vph per lane)
Cycle Length LT Red Time 200 300 400 500 600 700 800

60 30 0.58 0.88 1.40 2.53 15.00 20.73 22.65
40 1.05 2.08 19.48 30.38 3298 34.45 34.85

Maximum Left-Turn Queue Length (veh)
Left-Turn Volume (vph per lane)

Cycle Length LT Red Tlme 200 300 400 500 600 700 800

60 30 3.75 4.25 5.75 7.25 26.75 28.00 28.00
40 5.00 6.25 35.75 38.00 38.75 38.75 39.25
Dual Left-Turns

Average Left-Turn Queue Delay (sec)
Left-Turn Volume (vph per lane)

Cycle Length LT Red Time 200 300 400 500 600 700 800
80 40 2340 2403 25.18 27.80 9203 13245 145.13
50 29.53 30.75 5290 193.88 23350 24560 25395
60 37.65 18120 38143  441.75 45725 47203 479.00

Average Left-Turn Queue Length (veh)
Left-Turn Volume (vph per lane)

Cycle Length LT Red Time 200 300 400 500 600 700 800
80 40 0.75 1.18 1.75 2.80 14.90 21.10 23.00
50 1.18 2.00 6.03 24.30 28.78 30.33 31.13
60 1.85 15.55 33.80 37.75 38.95 39.75 39.78

Maximum Left-Turn Queue Length (veh)
Left-Turn Volume (vph per lane)
Cycle Length LT Red Time 200 300 400 500 600 700 300
80 40 425 525 6.25 8.75 27.00 29.00 29.00
50 5.25 6.50 12.75 34.25 35.00 35.50 36.25
60 6.25 25.00 43.25 43.75 44.50 44.00 44.00




TABLE 4-2 (CONTINUED). AVERAGES OF TEXAS MODEL RUNS FOR SPECIFIED

SIGNAL TIMINGS AND LEFT-TURN VOLUMES

Dual Left-Turns

Average Left-Turn Queue Delay (sec)
Left-Turn Volume (vph per lane)

Cycle Length LT Red Time 200 300 400 500 600 700 800
100 40 23.20 23.38 24.78 25.38 27.90 59.05 72.15
50 28.93 29.50 30.88 33.25 98.40 13328 145.25
60 34.23 35.08 40.55 15020 203.08 218.68  226.03
70 40.20 4935 22923  316.68 34348 352.63 358.53
80 70.18 397.60 506.58 554.13 576.78 58893 601.13
Average Left-Turn Queue Length (veh)
Left-Turn Volume (vph per lane)
Cycle Length LT Red Time 200 300 400 500 600 700 300
100 40 0.58 0.90 133 1.82 2.65 11.83 14.63
50 0.85 1.40 2.15 3.25 16.03 21.55 23.33
60 1.23 2.03 3.88 20.50 26.95 28.63 29.30
70 1.73 3.85 25.03 3333 35.58 36.20 36.10
80 383 31.08 37.80 40.45 41.13 41.73 41.48
Maximum Left-Turn Queue Length (veh)
Left-Turn Volume (vph per Line)
Cycle Length LT Red Time 200 300 400 500 600 700 800
100 40 4.25 5.25 6.25 7.25 9.25 21.00 25.00
50 5.25 6.00 8.00 9.50 28.50 29.50 30.50
60 6.00 7.25 10.50 33.25 34.00 34.25 35.00
70 700  10.25 39.25 40.75 41.25 42.00 41.75
80 950 44.00 45,75 45.75 45.25 46,25 45.50
Dual Left-Turns
Average Left-Turn Queue Delay (sec)
Left-Turn Volume (vph per lane)
Cycle Length LT Red Time 200 300 400 500 600 700 800
120 50 27.70 29.68 30.60 31.63 34.45 78.43 95.35
60 33.60 35.10 36.98 3953 109.68 140.68 148.58
70 39.40 41.08 4403 15295 19270 21033 21335
80 44.50 4870 16080 26745 29220 307.00 311.60
30 51.83 158.70 363.07 427.00 449.43 455,65 471.30
Average Left-Turn Queue Length (veh)
Left-Turn Volume (vph per lane)
Cycle Length LT Red Time 200 300 400 500 600 700 800
120 50 0.75 1.15 1.73 2.35 3.68 1453 17.53
60 1.00 1.63 2.58 395 17.50 22.15 23.66
70 1.38 2.35 3.88 20.75 25.75 28.10 28.58
80 1.83 3.23 17.90 29.75 3235 34.03 3420
90 248 13.40 3245 37.33 38.38 3895 39.10
Maximum Left-Turn Queue Length (veh)
Left-Turn Volume (vph per lane)
Cycle Length LT Red Time 200 300 400 500 600 700 800
120 50 4.75 6.25 7.50 8.25 11.50 24.25 28.75
60 5.25 750 9.00 11.50 29.50 30,75 - 31.25
70 6.25 8.75 11.25 33.50 34.00 35.00 35.00
80 7.50 9.50 33.00 38.75 39.00 40.25 40.00
90 8.50 24,00 42.50 44,25 44.50 4475 44.25




CHAPTER S§. RIGHT-TURN TREATMENTS

Currently, the Manual on Uniform Traffic Control
Devices (MUTCD) does not provide a means for distin-
guishing between the operational effects of turning traffic
and straight-through traffic when applying the volume
warrants for signalization given in Section 4c (Texas
MUTCD). Turming and straight traffic volumes are nor-
mally summed to produce the total approach volumes
which are referenced within the warrants. However, it is
intuitively obvious that maximum flow rates are not the
same for turning and for straight movements. The times
needed for making a turning and for making a straight
movement are different. Therefore, the evaluation of an
approach volume in terms of its need for signalization
should include some means of accounting for the effects
of turning movements. The relative effect of right-turn-
ing traffic on intersection capacity is of particular inter-
est.

DEVELOPMENT OF AN EQUIVALENCE
RELATIONSHIP

The maximum flow rate from a lane into an intersec-
tion is affected by the proportion of turning vehicles and
straight-through vehicles in the lane. In order to evaluate
the effects of various ratios of right-turning to straight-
through vehicles on maximum flow rate, a series of ex-
periments was designed to develop an equivalency rela-
tionship. A variety of geometric and traffic-control
conditions were included.

If the equivalence relationship was to be used in war-
rant studies, it was reasoned that the traffic control condi-
tions which should be studied were those that would most
likely be in effect prior to signalization. This consider-
ation led to the inclusion of 2-way and all-way stop as
the most likely traffic control features. Street geometry
should likely also affect the relative performance of
straight and right-turn maneuvers. Therefore, intersec-
tions with 4 X 4 and 4 X 2 lane geometries were in-
cluded. The TEXAS Model for Intersection Traffic (Ref
17}, which is a microscopic traffic simulation model, was
configured with these basic geomeltric and traffic control
features. For each test condition, essentially infinite
queues of traffic were generated for the stop-controlled
approaches while traffic volumes on the cross street were
varied from zero to as much as 2,300 vehicles per hour
{expressed as the sum of both cross-street approach vol-
umes). Specifications utilized in the simulation included
600-foot intersection approach lengths and 20-foot curb
return radii.

Results of the 2-way and all-way stop experiments
for 4 X 4 and 4 X 2 lane geometries are presented in
Tables 5-1 and 5-2. Each of the maximum flow rates
presented in the tables represents the arithmetic mean of

four replicate observations of 30 minutes of simulated
observation time. Graphical presentation of the data for
the 4 X 4 lane geometry type under 2-way stop control is
shown in Fig 5-1. The figure indicates that the stop-con-
trolled straight movement has a slightly higher flow rate
until the total volume of traffic being crossed reaches ap-
proximately 800 vehicles per hour. As the uncontrolled
crossing traffic volume increases above 800 vehicles per
hour, the maximum right-turn flow rate exceeds the
straight flow rate by an increasing margin.

A similar graphical comparison of maximum flow
rates for stop-controlled straight and right maneuvers
with 4 X 2 lane geometrics is presented in Fig 5-2. In
this case, the maximum flows are not discernibly

TABLE 5-1. MAXIMUM STOP SIGN FLOW
RATES PER LANE FOR TWO-WAY STOP

CONTROL
Maximum Per Lane Stop Sign Flow
Total Uncontrolled (vph/lane)
Crossing Traffic Tntersection Geometry/Movement
(Total Both 4x4/  4x4/  4x2  4xY
Approaches (vph))  Straight  Right Straight  Right
] 380 361 382 392
100 392 364 376 386
300 366 353 348 348
500 327 331
700 333 321 304 302
900 286 285
1100 288 306 262 268
1300 248 247
1500 245 292 210 216
1700 176 196
1900 198 274
2300 144 253

TABLE 5-2. MAXIMUM STOP SIGN FLOW
RATES PER LANE FOR ALL-WAY STOP

CONTROL :
Maximum Per Lane Stop Sign Flow
Total Uncontrolled {vph/lane)
Crossing Traffic Intersection Geometry/Movement
(Total Both 4x4f  4x4  4x2/  4xY
Approaches (vph))  Straight  Right  Straight  Right
100 389 377 377 380
200 369 375
400 365 367 360 366
600 357 360
700 358 360
800 346 347
1200 340 339
1350 339 335
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Fig 5-1. Maximum flow rate per lane, 4 X 4
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Fig 5-2, Maximum flow rate per lane, 4 X 2
geometry, 2-way stop control.

different until the “to be crossed” flows exceed
approximately 1,500 vehicles per hour. This is probably
true because the crossing traffic is confined to one lane in
each direction. This means that the straight and right-
turn flows on the four-lane street must utilize the same
gaps in the crossing street traffic for executing their
maneuvers. The right-turn flows do not have an
opportunity to turn into a curb lane which may serve as a
“free” right-turn lane in the 4 X 4 case.

The graphical comparisons are further extended to
the all-way stop case through Figs 5-3 and 5-4. The
trends indicated in the two figures are structurally similar
to the cases for 2-way stop control. However, differences
in maximum flow rates are generally less significant, due
to the very orderly sharing of right-of-way which nor-
mally occurs at all-way stop intersections,

As noted previously, one means of equating right and
straight movements is in terms of their equivalent maxi-
mum flow rates. The dala of the previous sections have
been utilized to form such equivalence factors, which are
presented in Figs 5-5 and 5-6. The factors presented here
consist of the maximum straight flow rate divided by the
corresponding maximum right-turn flow rate. Therefore,
the factors should be multiplied by right-turn flow rates

37

500 H Straight

[ Right

z

k=

o

S 400

3

S S a0

=t

E=

=

g

=

= 100 ' ' L '
0 100 300 700 1,100

Crossing Street Volume Total Both Approaches (vph)
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Fig 5-4. Maximum flow rate per lane, 4 X 2
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to yield equivalent straight flows. As evidenced by the
figures, the magnitudes of the faclors are significantly
different from 1.0 for 2-way stop control but approxi-
mately 1.0 for the all-way stop control cases.

Equivalence factors graphically described in Figs 5-5
and 5-6 provide the capability of equating right-tumn and
straight movements in terms of their relative maximum
flow rates. As presented in these figures, the factors
should be multiplied by measured right-turn flow rates in
order to convert them to equivalent straight flows, Use
of these factors, when evaluating an intersection for pos-
sible signal installation, can, in certain volume and con-
trol conditions, have a rather significant impact.

RIGHT-TURN BAYS VERSUS RIGHT-
TURN LANES

If a right-turn lane is considered to be a turn bay
with a speed-change area, the basic issue becomes the
distance from the intersection to the entrance of the turn
bay. The length of traffic queue that would typically be
created on the intersection approach needs to be
estimated, because this queue can block entry by right-
turn traffic to the turn bay.
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Fig 5-6. Equivalence factor, all-way stop control,
4 X 4 and 4 X 2 intersection geometry.

An experimental testing program was designed using
the NETSIM (Ref 16) model to estimate average queue
lengths. Traffic volumes of 200 to 800 vehicles per hour
per lane were selected as encompassing the usual range of
demands. Red signal phases ranging from 10 to 80 scc-
onds were utilized along with a pre-timed signal control
scheme.

Optimal cycle lengths were not used for the various
demand levels in order to get average queue lengths for
long red phases and to allow queues o completely clear
before the beginning of cach red phase. Twenty samples
were taken at each volume level over the length of the red
phase and then averaged to producc a relatively stable sta-
tistic. At least 10 minutes of initialization time were
specified for each simulation run to attain the network
equilibrium state before collecting data.

Average maximum queue lengths as measured from
the modeling are presented in Figs 5-7 and 5-8. Graphi-
cal results have been presented in two charts in order to
enhance the resolution for the lower-volume conditions.
In all cases the queue lengths tend to increase almost lin-
early with red time.
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Fig 5-7. Queue lengths versus red signal time
(low demand).
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Fig 5-8. Queue lengths versus red signal time
(high demand).

Another view of the simulation results is presented in
Figs 5-9 and 5-10 in which the average maximum queue
lengths of Figs 5-7 and 5-8 are presented in units of feet
instead of vehicles. This conversion utilized an assumed
vehicle length plus a clear space of 19 feet. The ordi-
nates of Figs 5-9 and 5-10 might be interpreted as the
minimum distances from the intersection approach
stopline at which the opening to a right wrn bay or lane
must occur if the opening is to not be blocked by through
iraffic queues.

Figures 5-9 and 5-10 have been termed decision
charts since they can assist in making two decisions.
First, as noted in the previous paragraph, they can be
used to estimate the required distance from the intersec-
tion stopline to the entrance to a right-turn bay or lane.
Second, they may be used in deciding whether the treat-
ment should be a turn bay or lane. The answer to the bay
versus lane question is really dependent upon how one
defines each of these treatments. For purposes of the pre-
sentation in these figures, a bay has been considered 1o be
a geometric treatment having an entrance less than 100
feet from the intersection stopline. This definition means
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that a treatment consisting of a short (less than 100 feet)
deceleration and storage lane in the vicinity of the inter-
section would be termed a bay. Although the bay versus
lane terminology may not be significant, as a practical
matter, if the nose of the right-turn feature must be more
than approximately 100 feet from the intersection
stopline, it must include a significant length of parallel
lane. The 100-foot distance has been used in Figs 5-9
and 5-10 as a more or less arbitrary definition of the dif-
ference between a right-tum bay and a lane,

SUMMARY

Analyses presented in this chapter have approached
two rather different problems which are both related (o
right-turn operations through at-grade intersections.

(1) Equivalence relationships have been developed for
converting magnitudes of measured right-turn flows
into equivalent straight-through flows. The rela-
tionships are based on the relative maximum flow
rates of straight and right-turn movements through
stop controlled approaches under 2-way and all-way
traffic control and 4 X 2 and 4 X 4 intersection lane
configurations. The relationships are intended for
use in pre-signalization warrant analyses, although
they may be used in a variety of other ways.

(2) Design guidelines have been provided for determin-
ing the required lengths of right-tarn bays or lanes.
These guidelines have been developed for use at
signalized intersections where per lane through traf-
fic volumes range from 200 to 800 vehicles per
hour.



CHAPTER 6. SUMMARY AND CONCLUSION

In the study of left-turn lanes, the starting assump-
tion was that a dedicated left-turn phase and lane are war-
ranted. Based on this assumption, the primary objective
was to determine the number and length of left-turn lanes
required at urban intersections.

It was found that the variables which have the great-
est impact on the performance of a left-turn operation
are: traffic volume, signal timing, and intersection geom-
etry. Because one of the goals was to determine the opti-
mum storage length, intersection geometry was held con-
stant. The signal timing encompassed two variables that
significantly affected left-turn performance; they were
cycle length and left-turn red time. The left-turning vol-
ume obviously has a direct influence on a left-turn opera-
tion, but in some instances it was found that the through-
traffic volume also affected the left-turning movement.
Cross-street traffic. was excluded from the left-turn analy-
sis due to its minor impact on this movement. The three
variables which have the greatest impact on a left-turn
operation are: left-turn volume, left-turn red time, and
cycle length. These are the primary input variables that
are used in the Left-Turning Movement Analysis Program
(LTMAP) outlined in Chapter 4.

The impact of the above-mentioned variables on
single left-turn movements is discussed in Chapter 2.
Pertinent performance measures and corresponding war-
rants are identified. A method for using results from se-
lected TEXAS Model simulation runs to determine maxi-
mum and average queue lengths is described.

Chapter 3 addresses dual left-turn lane geometry. Of
the three primary performance measures presented in
Chapter 2 (cycle-failure, demand-capacily, and delay-
based warrants), only the demand-capacity warrant
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needed to be revised in order to be used for dual left-turn
evaluation. The primary reason for this revision was that
the dual-lane left-turn saturation flow, on a per-lane basis,
was found to be 90 percent of the through-traffic satura-
tion flow, while the single-lane left-turn value is 95 per-
cent of the through-traffic saturation flow.

The microcomputer program called LTMAP that is
presented in. Chapter 4 is intended to aid engineers in de-
signing and evaluating left-turning movements at urban
intersections. This program incorporates many of the
analysis considerations described in Chapters 2 and 3.
The warrants, or “suggested upper limits,” that are pre-
sented in LTMAP allow the engineer/user to develop a
feeling for how close the defined intersection left-turn
operation is to reaching a critical level. These warrants
are intended to be used as general guidelines and not as
rigid, inflexible upper bounds.

The appendices at the end of this report include all
the data that were obtained from the TEXAS Model
simulation runs as well as a hard-copy listing of the com-
puter code for the Left-Turning Movement Analysis Pro-
gram (LTMAP).

Chapter 5 addresses two issues related to right-turn
auxiliary lanes. Equivalence factors which may be used
for converting observed right-turn flows into equivalent
straight-through flows when interpreting warrants for
traffic signalization are presented in a graphical form.
Also, guidelines for determining the required length of a
right-turn bay or lane at a signalized intersection are pre-
sented, These tools provide the engineer with means for
evalvating the effectiveness of existing or proposed right-
turn bays under various traffic and traffic-control condi-
tions.
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APPENDIX A. CONGRESS AVENUE AND RIVERSIDE
DRIVE, AUSTIN, TEXAS, WEDNESDAY, AUGUST 5, 1987

TRAFFIC COUNT DATA
Location: Congress Ave and Riverside Drive Counted by: Chris Marcus and Allen Hoffman
Start Time: T 6:58 am Interval Length: 5 min
Northbound Southbound Eastbound Westbound
w# Tme Lf Thu Rign LR Thu Rigt Lek Thu Rign Lok Thu Right
1 7:03 9 31 4 8 15 0 3 10 4 4 28 3
2 7:08 1 41 7 7 24 2 1 p<} 2 1 28 3
3 7:13 7 47 4 3 14 2 1 23 6 3 29 8
4 7:18 6 45 8 7 12 2 3 34 6 10 39 10
5 7:23 14 61 8 5 9 1 5 40 3 9 38 8
6 7:28 16 56 6 10 24 1 2 31 10 5 49 9
7 7:33 15 58 7 10 18 0 2 49 8 6 66 17
8 7:38 24 91 8 7 n 4 4 27 3 4 52 9
9 7:43 23 96 7 10 29 1 4 30 6 3 65 20
10 7:48 31 67 14 9 21 3 5 38 6 7 76 9
11 7:53 27 89 11 4 27 9 8 41 9 8 61 14
12 7:58 17 78 1 10 37 1 3 44 23 7 55 12
13 8:03 13 66 2 12 27 2 4 40 12 8 72 11
Hourly Totals
12 7:58 200 760 95 90 241 26 41 390 86 67 586 122
13 8:03 204 795 93 94 253 28 42 420 94 71 630 130
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TRAFFIC COUNT DATA (CONTINUED)

Hourly Traffic Volumes
% Traffic from Specified Leg
Total Hourly Yolume by Leg NB Leg to SB Leg to EB Leg to WB Leg to
In Tme “NB~ SB EB WB SB EB WB N EB WB NB EB WB N EB WB
12 7:58 1055 357 517 775 72 19 9 68 7 25 17 8 75 9 16 76
13 8:03 1092 375 556 831 73 19 9 67 7 25 17 8 76 9 16 76
15 Minute Trafflc Volumes
% Trafflic from Specified Leg
Total Hourly Volume by Leg NB Leg to SB Leg to EB Leg to WB Leg to
Int Time N8B SB EB WB S8 EB WH N8 EB WB N8B EB WB NB EB WB
3 7:13 161 75 73 107 74 17 9 71 5 24 16 7 77 7 13 79
4 7:18 176 73 99 131 76 14 11 68 8 23 14 5 81 11 16 73
5 7:23 200 55 121 154 77 14 10 64 9 27 12 7 80 14 17 69
6 7:28 220 71 134 17T 74 16 10 63 6 31 14 7 78 14 15 71
7 7:33 241 78 150 207 73 19 9 65 3 32 14 6 80 10 16 74
8 7:38 281 8 136 217 n 20 7 62 6 32 15 6 79 7 16 77
9 7:43 329 90 133 242 74 19 7 64 6 30 13 8 80 5 19 76
10 7:48 361 95 123 245 70 22 8 64 8 27 12 11 77 6 16 79
11 7:53 365 113 147 263 69 22 9 68 12 20 14 12 74 7 16 7
12 7:58 345 121 1717 249 68 22 10 70 11 19 21 9 69 9 14 77
13 8:03 314 129 184 248 74 18 8 71 9 20 24 8 68 9 15 76
TRAFFIC COUNT DATA (CONTINUED)
15 min Totals
Northbound Southbound Eastbound Westbound
w4 Tme LDef Thu Rig Lek Thu Righ Lok Thu Righ LeR Thm Right
3 7:13 27 119 15 18 53 4 5 56 12 8 85 14
4 7:18 24 133 19 17 50 6 5 80 14 14 96 21
5 7:23 27 153 20 15 35 5 9 97 15 22 106 26
6 7:28 36 162 22 22 45 4 10 105 19 24 126 27
7 7:33 45 175 21 25 51 2 9 120 21 20 153 34
8 7:38 55 205 21 27 53 5 8 107 21 15 167 35
9 7:43 62 245 22 27 58 5 10 106 17 13 183 46
10 7:48 78 254 29 26 61 8 13 95 15 14 193 38
11 7:53 81 252 32 23 77 13 17 109 21 18 202 43
12 7:58 75 234 36 23 85 13 16 123 38 22 192 35
13 8:03 57 233 24 26 91 12 15 125 44 23 188 37
Total Volume (15 min intervals) Total Hourly Volume
3 416 12 2,704
4 479 13 2,854
5 530
6 602
7 676
8 719
9 794
10 824
11 888
12 892
13 875
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APPENDIX C. TEXAS MODEL SIMULATION RESULTS
FOR SINGLE AND DUAL LEFT-TURN LANES

Single Left-Turn
Cycle Length 60 sec
LT Red 30 sec LT Red 40 sec
AvgQueue  AvgQueue Max Queue AvgQuewe AvgQueue  Max Queue
LT Volume (vph) Del (sec) (veh) (veh) Del (sec) (veh) (veh)
200 i Run1 21.2 0.7 5 28.3 13 7
Run 2 18.7 0.6 5 253 12 6
Run 3 174 0.6 4 243 1.1 6
Run 4 17.7 0.5 4 272 13 7
Average 18.75 0.60 450 26.28 1.23 6.50
300 Run 1 17.3 08 5 279 19 7
Run 2 18.7 0.9 4 328 2.7 10
Run 3 204 1.2 8 41.1 34 11
Run 4 19.1 09 5 40 32 10
Average 18.88 0.95 5.50 3545 2.80 9.50
400 Run 1 21.8 1.7 8 196.1 20.2 30
Run 2 20.4 15 6 147.7 16.7 28
Run 3 20 14 7 1034 12 25
Run 4 20.2 13 [ 169 18.3 27
Average 20.60 148 6.75 154.05 16.80 27.50
500 Run 1 234 2.5 9 2108 235 30
Run 2 28 31 12 2111 238 30
Run3 379 49 14 2372 25.6 33
Run 4 209 1.7 7 1715 193 31
Average 21.55 3.05 10.50 207.65 23.05 31.00
600 Run1 777 12.1 22 249.9 28.1 36
Run 2 451 72 21 2527 289 38
Run 3 64.6 10.7 21 260.3 28.8 34
Run 4 97.5 15.6 26 278.4 30.6 37
Average 71.23 11.40 22.50 260.33 29.10 36.25
700 Run 1 1123 183 27 286.6 309 36
Run 2 99.1 16.5 27 289.7 31.6 37
Run 3 107.5 17.5 29 276.8 303 37
Run 4 104.7 16.8 26 2763 303 36
Average 105.90 17.28 27.25 282.35 30.78 36.50
800 Run 1 116.2 19.2 27 289 313 36
Run 2 118.9 19.8 29 275 303 35
Run 3 1255 20 27 292 321 37
Run 4 1139 18.6 27 296 345 39
Average 118.63 19.40 2750 288.00 32.05 36.75
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Single Left-Turn
Cycle Length 80 sec
LT Red 40 sec LT Red 50 sec
Avg Queue  Avg Quene Max Queune Avg Queme Avg Queue  Max Quene

LT Volume {vph) Del (sec) (veh) (veh) Del (sec) (veh) (veh)
200 Run 1 219 08 5 263 1.1 6
Run 2 20.8 0.6 4 26.8 1 6
Run 3 24 0.7 6 29.1 1.1 6
Run 4 24.7 0.7 5 304 12 6

Average 22.85 0.70 5.00 28.15 1.10 6.00
300 Run1 26 12 6 31 18 8
Run 2 25.2 1.3 7 331 23 9

Run 3 23.7 12 7 345 25 10

Run 4 245 08 5 325 2.2 8

Average 24.85 1.13 6.25 32,78 2.20 8.75
400 Run 1 275 21 10 96.6 113 22
Run 2 26.2 2 10 61.3 6.8 17
Run 3 26.2 1.8 8 458 49 14
Run 4 26.8 19 8 50.8 5.1 17

Average 26.68 1.95 9.00 63.63 7.03 17.50
500 Run 1 28.5 2.7 10 1413 17.7 26
Run 2 345 4.1 15 153 19.1 28
Run 3 428 54 17 155.1 19 27
Run 4 25.7 2.1 9 76.1 9.7 19

' Average 32.88 3.58 1275 131.38 16.38 25.00
600 Run 1 679 10.7 25 181.2 22.7 31
Run 2 54.2 83 21 196.2 24.5 33
Run 3 64.3 10.8 22 192 24.1 31
Run 4 979 16.2 25 2013 257 35

Average 71.08 11.50 23.25 192.68 24.25 32.50
700 Run 1 1193 19.2 28 219.3 27 32
Run 2 94.7 159 26 206.9 26.1 34
Run3 98 16.2 28 2125 26.2 34
Run 4 1125 18.1 27 219.9 26.8 34

Average 106.13 17.35 27.25 214.65 26.53 33.50
800 Run 1 1214 199 29 2223 27.1 34
Run 2 120.6 19.7 29 220.6 27.6 35
Run 3 124.6 20 29 2294 27.6 34
Run 4 121.1 203 31 234.6 28.1 34

Average 121.93 19.98 29.50 226.73 27.60 34.25
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Single Left-Turn
Cycle Length 80 sec
LT Red 60 sec
AvgQueue  Avg Queue  Max Queue
LT Volume (vph) Del (sec) (veh) (veh)
2000  Runl 34.1 18 7
Run 2 378 1.8 7
Run3 39 1.8 8
Run4 485 24 9
Average 39.85 195 7.75
300 Runl 755 6 16
Run 2 159.1 142 25
Run3 152.9 14.7 30
Run4 1944 16.6 31
Average 14548 12.88 2550
400 Run1l 369 322 41
Run 2 3236 293 40
Run3 334.1 295 41
Run4 366 32 38
Average 348.18 30.75 40.00
500 Runl 3893 34.1 42
Run 2 390.5 339 42
Run 3 3944 342 41
Run 4 3335 30.1 40
Average 376.93 33.08 41.25
600 Run 1 408 36.1 43
Run 2 417.1 371 43
Run3 433 376 45
Run 4 428.6 376 4
Average 421.68 37.10 43.75
700 Run 1 4522 38.8 4
Run 2 442.7 384 43
Run3 441.1 37.8 43
Run 4 443.1 385 44
Average 444.78 3838 43.50
800 Run1 4449 377 43
Run 2 a44.7 377 42
Run 3 466.1 38 43
Run 4 444.5 37.6 42
Average 450.05 37.75 4250




Single Left-Turn
Cycle Length 100 sec
LT Red 40 sec LT Red 50 sec
Avg Queue  Avg Queue Max Queue  Avg Queue  Avg Queue  Max Queune

LT Volume (vph) Del (sec) (veh) (veh) Del (sec) (veh) (veh)
200 Run 1 251 09 6 29.5 09 6
Run2 22.7 0.6 5 28.2 1 6
Run3 234 05 3 29.8 09 4
Run 4 21 0.6 5 242 0.8 6

Average 23.05 0.65 4.75 2793 0.90 550
300 Run 1 24.7 1 6 29.9 1.2 6
Run2 263 1.7 8 313 15 7
Run 3 25.7 12 7 28.7 1.6 8
Run 4 25.1 1.1 6 29.9 14 7

Average 25.45 1.25 6.75 29.95 1.43 7.00
400 Run1 234 14 8 316 2.6 10
Run 2 25.8 2.8 7 315 25 12
Run3 264 1.1 7 319 22 10
Run 4 45 1.8 7 311 2.1 9

Average 25.03 1.77 1.25 3153 2.35 10.25
500 Run1l 25.8 1.6 8 349 34 13
Run2 254 1.8 8 342 3.7 1
Run3 272 19 8 394 45 16
Run4 26.2 1.7 9 328 28 10

Average 26.15 1.75 8.25 3533 3.60 12.50
600 Run1 30 34 12 71.6 11.1 22
Run 2 26.6 25 10 56.7 9 23
Run3 26.9 23 10 56.5 9.7 22
Run 4 4713 64 18 96.2 16.1 27

Average 32.70 3.65 12.50 70.25 11.48 23.50
700 Run1 522 9.9 22 116.8 18.9 30
Run 2 325 5 18 1012 171 28
' Run3 405 6.7 19 1043 172 29
Run 4 59.8 11.1 24 108.8 17.6 28

Average 46.25 8.18 20.75 107.78 17.70 28.75
800 Run 1 78.2 14.9 27 121.6 19.8 30
Run 2 588 113 22 1263 20.2 31
Run3 62.2 12.1 24 119 19.5 29
Run4 63.8 124 25 119.2 19.9 31

Average 65.75 12.68 24.50 12153 19.85 30.25
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Single Left-Tarn
Cycle Length 100 sec
LT Red 60 sec LT Red 70 sec
Avg Queue  Avg Queue Max Queue AvgQueue AvgQueue  Max Queue

LT Volume (vph) Del (sec) (veh) (veh) Del (sec) (veh) (veh)
200 Run 1 33.1 13 6 402 2 8
Run 2 318 13 7 374 17 8
Run 3 358 12 6 40.8 1.6 7
Run 4 30 1.1 7 365 1.6 8

: Average 32.68 1.23 6.50 38.73 1.73 7.75
300 Run1 36.5 1.8 8 478 33 9
Run2 38.8 25 9 533 44 11
Run3 349 24 8 66.6 5.7 15
Run 4 36.5 2.1 9 60.6 47 16

Average 36.68 2.20 8.50 57.08 4.53 12.75
400 Run 1 85.8 9.6 20 2103 217 32
Run2 44 45 15 188.8 204 33
Run3 392 34 10 190.1 204 35
Run 4 42 38 15 234 242 32

Average 52.75 533 15.00 205.80 21.68 33.00
500 Run1 105.8 141 27 255.3 27 34
Run 2 108.7 14.9 27 243.5 26.2 38
Run 3 127 16.7 25 269.2 2717 38
Run 4 50.2 6.1 14 238.2 25 36

Average 97.93 12.95 2325 251.55 26.48 36.50
600 Run 1 157.1 21.5 33 307.8 319 39
Run 2 163.2 223 31 298.6 314 40
Run 3 165.7 223 31 3147 324 39
Run 4 177.6 24 33 3117 329 40

Average 165.90 22.53 32.00 308.20 32.15 39.50
700 Run1 193 25.6 33 320 32.8 40
Run 2 174.2 242 32 324 335 40
Run 3 178.5 239 33 309.9 323 39
Run 4 1853 24.7 34 3235 333 41

Average 182.75 24.60 33.00 319.35 32.98 40.00
800 Run1 193.5 25.6 34 3312 336 40
Run 2 185.6 25.1 32 3329 339 40
Run3 187.9 251 33 317.8 33 39
Run 4 1979 26 33 3333 335 39

Average 191.23 2545 33.00 328.80 33.50 39.50




Slngle Left-Turn

Cycle Length 180 sec

LT Red 80 sec

Avg Queve  Avg Queue  Max Queue

LT Volume (vph) Del (sec) (veh) (veh)
200 Run 1 64.9 38 10
Run 2 571.7 32 9
Run3 67.9 35 9
Run4 759 4 13
Average 66.60 3.63 10.25
300 Run 1 192.7 15.8 37
Run 2 3776 29.6 41
Run 3 3353 212 42
Run 4 397.2 295 41
Average 325.70 2553 40.25
400 Run 1 461.8 363 43
Run 2 435.8 35.1 44
Run 3 4894 36.6 4
Run4 519.5 379 43
Average 476.63 36.48 43.50
500 Run 1 495.8 38.1 43
Run2 5253 38.8 45
Run3 5125 385 45
Run 4 458.1 35.8 45
Average 49793 37.80 44,50
600 Run 1 544.1 39.8 44
Run 2 5184 395 46
Run3 555.7 40.6 45
Run4 5349 404 47
Average 538.28 40.08 45.50
700 Runl 561 404 46
Run2 545.3 40.3 44
Run 3 555.2 40.5 46
Run 4 566.5 411 46
Average 557.00 40.58 45.50
800 Runl 582.7 40.6 44
Run2 559.9 408 47
Run3 555.8 399 44
Rund 5532 40 44
Average 562.90 4033 4475
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Single Left-Turn
Cycle Length 120 sec
LT Red 50 sec LT Red 60 sec
AvgQueue  Avg Queme Max Quene  Avg Queve  Avg Queue  Max Queue
LT Volume (vph) Del (sec) (veh) (veh) Del (sec) (veh) (veh)
200 Run 1 298 08 6 335 1 6
Run 2 303 08 6 .38.2 13 8
Run3 278 0.7 5 329 09 6
Run 4 304 07 5 349 1 7
Average 29.58 0.75 5.50 34.88 1.05 6.75
300 Run1 28.7 1.1 7 325 1.5 8
Run 2 312 12 7 384 1.9 9
Run3 293 13 7 37 2 8
Run 4 29.6 13 7 371 2 8
Average 29.70 1.23 7.00 36.25 185 825
400 Run 1 323 19 10 38 29 11
Run 2 303 1.8 9 364 28 11
Run3 31.6 1.8 8 37 26 9
Run 4 323 1.7 8 38.1 2.6 10
Average 31.63 1.80 8.75 3738 273 10.25
500 Run 1 318 22 10 39.2 38 14
Run 2 313 23 10 40.7 4 15
Run3 335 2.8 11 49.6 6.2 16
Run 4 30.7 1.8 9 36.7 2.8 9
Average 3183 2.28 10.00 41.55 4.20 13.50
600 Run 1 37.8 44 14 85 13.1 25
Run 2 336 39 13 55.8 8.1 22
Run 3 332 3.1 12 61.2 10.1 23
Run 4 48.5 7.6 23 993 16.1 28
Average 38.28 4.5 15.50 75.33 11.85 24.50
700 Run 1 672 12.6 24 1249 204 32
Run 2 42.8 6.6 22 104.6 17.2 28
Run3 52.8 9.3 21 106.3 17.3 30
Run 4 63.5 11.5 24 1149 18.6 30
Average 56.58 10.00 22.75 112.68 18.38 30.00
800 Run 1 754 13.9 28 1249 20.1 30
Run 2 71.6 134 27 133 214 32
Run 3 793 14.7 28 1235 20.1 32
Run 4 715 14.5 29 120.7 20 31
Average 7595 14.13 28.00 125.53 20.40 31.25




Single Left-Turn
Cycle Length 120 sec
LT Red 70 sec LT Red 80 sec
Avg Queue  AvgQueue MaxQueue AvgQueue Avg Queue  Max Queue
LT Volume (vph) Del (sec) (veh) (veh) Del (sec) (veh) (veh)
200 Run 1 372 12 6 45.1 1.7 7
Run 2 41 1.5 9 45.8 2 10
Run 3 39.1 14 6 46.3 19 7
Run 4 41 14 8 464 1.8 9
Average 39.58 138 7.25 45.90 1.85 8.25
300 Run1 428 24 9 47 3.1 10
Run2 438 2.5 11 53.5 4 13
Run3 434 2.7 10 53.1 4.1 12
Run 4 419 26 10 48.7 3.5 12
Average 4298 2.55 10.00 5058 3.68 11.75
400 Run1l 68 7.6 18 184.6 19.8 2
Run 2 43.6 4 13 127.1 14.2 24
Run 3 449 39 13 88.6 9.8 24
Run 4 46 3.9 12 148.1 16.2 26
Average 50.63 4.85 14.00 137.10 15.00 26.50
500 Run 1 99.6 133 26 214.9 24.1 33
Run 2 102.9 14.1 24 203.6 23 33
Run 3 115.7 15.6 27 2203 244 35
Run 4 752 93 21 1562 18.1 31
Average 98.35 13.08 24.50 198.75 22.40 33.00
600 Run 1 150.4 20.8 32 252.6 282 38
Run 2 151 21.1 35 247.9 28.5 39
Run 3 151.8 212 29 251 28.3 37
Run 4 1662 23 34 263.9 29.5 38
Average 154.85 21.53 32.50 253.85 28.63 38.00
700 Run 1 181.8 24.6 34 272 30.1 38
Run 2 166.6 23.5 33 261 29.8 37
Run 3 1739 23.9 33 2622 29.4 37
Run 4 176.5 24.1 34 276.3 30.8 39
Average 174.70 24.03 33.50 267.88 30.03 37.75
800 Run 1 187.2 254 35 261.5 30.1 37
Run2 180.8 248 33 2784 30.9 37
Run 3 190.2 258 33 291.4 312 37
Run 4 1815 24.8 32 272.1 30.7 39
Average 184.93 25.20 33.25 277.35 30.73 37.50
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Single Left-Turn
Cycle Length 120 sec
LT Red 90 sec
AvgQuene  AvgQueue Max Queue
LT Volume (vph) Del (sec) (veh) (veh)
200 Runl 554 2.6 9
Run 2 543 26 10
Run 3 51.9 2.3 7
Run4 57.1 2.7 10
Average 54.68 2.55 9.00
300 Runl 679 5.2 16
Run 2 1758 154 25
Run 3 164.6 15 31
Run4 176.7 14.9 29
Average 146.25 12.63 25.25
400 Run 1 3332 29.9 40
Run 2 295.7 28 41
Run3 340.6 29.7 41
Run 4 355.6 314 39
Average 331.28 29.75 40.25
500 Run 1 3789 33.2 41
Run 2 3784 33.1 4?2
Run 3 385.8 333 42
Run4 356.1 313 40
Average 374.80 32.13 41.25
600 Run 1 400 353 43
Run 2 396 36 45
Run3 413.8 36.3 43
Run 4 4123 364 43
Average 40553 36.00 43.50
700 Runl 4215 37 43
Run2 4269 3715 43
Run 3 437.6 37.1 43
Run 4 436.8 317 44
Average 432.20 3733 4325
800 Run 1 4317 37 43
Run 2 440.7 374 42
Run3 4372 379 43
Run 4 4435 38.1 44
Average 438.28 37.60 43.00




Single Left-Turn

Cycle Length 60 sec
LT Red 30 sec LT Red 40 sec
Avg Queue Avg Queue Max Queue  Avg Queue  Avg Queue Max Queue

LT Volume (vph) Del (sec) (veh) (veh) Del (sec) (veh) (veh)
200 Run1 16.6 0.5 3 23.7 1 5
Run 2 18.5 0.7 4 . 258 1.3 6
Run3 16.1 05 4 209 08 4
Run 4 18 0.6 4 24.7 1.1 5

Average 17.30 0.58 3.75 23.78 1.05 5.00
300 Run 1 179 0.8 4 253 1.6 6
Run2 18.1 09 4 272 19 6
Run 3 18.5 1 5 31 2.7 7
Run 4 18 0.8 4 217 2.1 6

Average 18.13 0.88 425 27.80 2.08 6.25
400 Run 1 19.7 14 7 190 216 35
Run2 189 14 5 201.7 227 38
Run3 20.2 1.5 6 154 18 35
Run 4 18.9 1.3 5 137.6 15.6 35

Average 1943 140 5.75 170.83 19.48 35.75
500 Run 1 21.6 2.1 6 256.5 28.6 38
Run 2 22,7 24 8 282.6 314 39
Run 3 224 25 7 2744 30.6 37
Run4 242 3.1 8 278 309 38

Average 22,73 253 7.25 272.88 30.38 38.00
600 Run 1 85.7 14.2 28 308.8 336 39
Run 2 1053 16.6 27 308.6 328 39
Run3 879 145 25 306.2 33.6 38
Run 4 90.9 14.7 27 286.3 319 39

Average 92.45 15.00 26.75 302.48 3298 38.75
700 Run 1 1344 21.1 28 3237 34.7 39
| Run 2 128 20.9 28 3125 34.5 39
Run3 130 20.8 28 319.9 34.1 38
Run4 1279 20.1 28 3209 345 39

Average 130.08 20.73 28.00 319.25 3445 38.75
800 Run 1 1494 2.7 28 321.9 35.5 39
Run 2 1434 224 28 3237 34.6 39
Run3 1409 22.1 28 3241 344 40
Run 4 143 224 28 3223 349 39

Average 144.18 22.65 28.00 323.00 34.85 39.25
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Dual Left-Turn
Cycle Length 80 sec
LT Red 40 sec LT Red 50 sec
Avg Queue Avg Queue Max Quene  AvgQueue  Avg Queue Max Queue
LT Volume (vph) Det (sec) (veh) (veh) Del (sec) {veh) (veh)
200 Run 1 23.9 0.7 4 304 1.2 5
Run 2 244 09 5 .29.8 13 6
Run 3 24 0.6 4 29 1 5
Run 4 229 08 4 28.9 12 5
Average 23.40 0.75 425 29.53 1.18 5.25
300 Run1 23.6 1 5 30 1.7 5
Run 2 23.7 1.1 5 308 2 7
Run 3 25.1 14 6 318 2.4 7
Run 4 237 1.2 5 304 1.9 7
Average 24.03 1.18 525 30.75 2.00 6.50
400 Run 1 24.6 1.7 6 45.8 54 12
Run 2 255 1.8 6 60.2 73 15
Run 3 259 18 7 61.2 6.8 13
Run 4 24.7 1.7 6 444 4.6 11
Average 25.18 1.75 6.25 5290 6.03 12.75
500 Run1 26.6 2.4 8 1743 21.7 34
Run 2 279 2.6 8 198.7 25 34
Run 3 273 3 8 1994 251 35
Run 4 294 3.2 11 203.1 254 34
Average 27.80 2.80 8.75 193.88 24.30 34,25
600 Run1 81.1 13.3 27 2299 287 35
Run 2 104 165 28 237.5 28.7 35
Run 3 894 14.7 27 2375 29.1 35
Run 4 93.6 15.1 26 229.1 28.6 35
Average 92.03 14.90 27.00 233.50 28.78 35.00
700 Run1 133.7 213 29 244.5 30.2 36
Run 2 135.6 214 30 243.6 30.2 35
Run3 131.3 212 28 2438 304 35
Run 4 129.2 20.5 29 250.5 305 36
Average 132.45 21.10 29.00 245.60 30.33 35.50
800 Run1l 148.3 23.6 29 255.5 31 36
Run 2 148.7 234 29 249.7 30.8 36
Run 3 138.1 22 29 2542 309 36
Run 4 145.4 23 29 256.4 318 37
Average 145.13 23.00 29.00 25395 31.13 36.25




Dual Left-Turn
Cycle Length 80 sec
LT Red 60 sec
Avg Quene  Avp Quene  Max Quene
LT Volume {(vph) Del {sec) {veh) (veh)
200 Runl 385 1.9 6
Run2 39.6 22 8
Run3 376 1.6 6
Run 4 34.9 1.7 5
Average 37.65 1.85 6.25
300 Runl 108.6 85 14
Run 2 183.2 15.2 25
Run3 2284 21.6 34
Run 4 204.6 16.9 27
Average 181.20 15.55 25.00
400 Run 1 394.9 354 43
Run 2 407.8 354 44
Run 3 3805 335 43
Run4 3425 09 43
Average 38143 33.80 4325
500 Run1l 419.3 36.2 4
Run 2 4509 g2 44
Run3 449.6 g2 43
Run4 4472 384 44
Average 441.75 37175 4375
600 Runl 4527 39.1 45
Run2 464.1 39 44
Run3 4568 38.9 45
Rund 4554 38.8 44
Average 457.25 38.95 44.50
700 Runl 471.7 399 4
Run 2 469.2 402 45
Run 3 476.9 39.7 44
Run 4 4703 39.2 43
Average 472.03 39.75 44.00
800 Run1l 4904 40 44
Run2 4753 40.1 44
Run3 463.7 39.6 44
Run 4 486.6 394 44
Average 479.00 39.78 44.00
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Dual Left-Turn
Cycle Length 100 sec
LT Red 40 sec LT Red 50 sec
Avg Queue  Avg Queue Max Queue  Avg Queue  Avg Queue Max Queue
LT Volume (vph) Del (sec) (veh) (veh) Del (sec) (veh) (veh)
200 Run1l 23 0.6 4 294 09 6
Run 2 233 06 5 293 1 5
Run 3 226 05 4 275 0.7 5
Run 4 23.9 0.6 4 295 0.8 5
Average 2320 0.58 425 2893 0.85 5.25
300 Run 1 22.3 0.8 5 28.8 12 6
Run2 226 09 5 289 14 6
Run 3 248 1 6 303 1.6 7
Run 4 23.8 09 5 30 14 5
Average 23.38 0.90 525 29.50 140 6.00
400 Run 1 24.6 13 6 30.7 22 8
Run 2 24.6 14 6 303 22 8
Run 3 244 1.3 6 313 21 8
Run4 255 13 7 312 21 8
Average 24.78 133 6.25 30.88 215 8.00
500 Run 1 25.6 1.9 7 326 3 8
Run 2 25 1.7 7 328 31 10
Run 3 25 1.8 7 334 3.2 10
Run 4 259 1.9 8 342 3.7 10
Average 25.38 1.82 7.25 33.25 3.25 9.50
600 Run 1 283 2.8 10 94.3 15.7 29
‘Run 2 28 2.6 9 108 17.2 29
Run3 27.6 2.6 9 98.5 159 28
Run 4 277 2.6 9 92.8 153 28
Average 27.90 2.65 9.25 98.40 16.03 28.50
700 Run 1 622 12 22 129.8 20.7 29
Run 2 58.7 11.7 20 132 21.9 30
Run 3 564 11.3 21 137 22.2 30
Run 4 58.9 123 21 1343 214 29
Average 59.05 11.83 21.00 133.28 21.55 29.50
800 Run 1 77 151 25 149 23.8 31
Run 2 684 14.3 26 144.9 234 31
Run 3 70.5 145 24 142 23.1 30
Run 4 72.7 14.6 25 1451 23 30
Average 72.15 14.63 25.00 145.25 2333 30.50




Dual Left-Turn
Cycle Length 100 sec
LT Red 60 sec LT Red 70 sec
Avg Queue  AvgQueue Max Queue Avg Queue  Avg Queue  Max Queue
LT Volume (vph) Del (sec) (veh) (veh) Del (sec) (veh) (veh)
200 Run 1 345 12 6 41.5 1.8 7
Run 2 355 1.5 6 413 2 8
Run3 328 1 6 37.6 14 6
Run 4 341 12 6 40.4 17 7
Average 3423 1.23 6.00 40.20 1.73 7.00
300 Run1 34 18 6 40.7 26 8
Run 2 33.1 19 7 49.8 38 10
Run 3 36.8 24 9 60.6 5.6 12
Run 4 364 2 7 46.3 34 11
Average 35.08 2.03 7.25 4935 3.85 10.25
400 Run1 405 3.8 11 260.5 279 40
Run 2 41.3 42 11 2523 27.1 40
Run 3 409 4 10 230.7 254 39
Run 4 395 35 10 173.4 19.7 38
Average 40.55 3.88 10.50 229.23 25.03 39.25
500 Run1l 1169 162 31 306 325 40
Run 2 154.7 211 34 323 33.8 42
Run 3 156.8 21.5 34 315.5 332 40
Run 4 172.4 232 34 3222 338 41
Average 150.20 20.50 33.25 316.68 33.33 40.75
600 Run1 205.8 274 36 335.7 35.7 40
Run 2 208.6 273 34 358 36 42
Run3 200.8 26.8 32 340 354 41
Run 4 197.1 26.3 34 340.2 352 42
Average 203.08 26.95 34.00 343.48 35.58 41.25
700 Run 1 21.1 29.2 34 356.3 36.5 43
Run2 218.5 28.5 35 343 356 42
Run3 219.2 28.7 34 351 36.1 41
Run 4 215.9 28.1 34 360.2 36.6 42
Average 218.68 28.63 34.25 352.63 36.20 42.00
800 Run1 225.2 29.1 35 357.6 36.4 42
Run 2 224.2 29.2 35 359.7 35.6 41
Run 3 226.9 294 35 355.2 36.1 42
Run 4 227.8 29.5 35 361.6 363 42
Average 226.03 2930 35.00 358.53 36.10 41.75
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Single Left-Turn

Cycle Length 100 sec
LT Red 80 sec
Avg Queue  Avg Queue Max Queue

LT Volume (vph) Del (sec) (veh) (veh)
200  Runl 54.1 29 7
Run 2 110 6.7 13
Run 3 61.1 2.7 10
Run 4 555 3 8

Average 70.18 383 9.50
300 Run 1 3564 278 43
Run2 407.7 31.6 44
Run 3 419.7 333 45
Run 4 406.6 31.6 4

Average 397.60 31.08 44,00
400 Run 1 526.2 38.8 47
Run 2 519.7 388 45
Run3 5023 371 45
Run 4 4781 36.5 46

Average 506.58 37.80 45.75
500 Run 1 561.9 40.5 46
Run 2 549.6 40.6 46
Run3 5503 405 46
Run 4 5547 40.2 45

Average 55413 40.45 45,75
600 Runl 5809 414 45
Run 2 5823 41.2 46
Run 3 5793 408 45
Run 4 564.6 1.1 45

Average 576.78 41.13 4525
700 Run 1 585.1 114 46
Run 2 574.5 13 45
Run 3 590.8 42 47
Run 4 605.3 422 47

Average 588.93 41.73 46.25
800 Run1 597.9 1.1 46
Run2 598.6 41.7 46
Run3 600 113 45
Run4 608 41.8 45

© Average 601.13 4148 45.50




Dual Left-Turn

Cycle Length 120 sec
LT Red 50 sec LT Red 60 sec
AvgQuene  AvgQuene Max Quene  Avg Queue AvgQuene = Max Queue

LT Volume (vph) Del (sec) (veh) (veh) Del (sec) (veh) (veh)
200 Run 1 294 08 4 338 1 5
Run2 27.6 0.8 5 337 1.1 5
Run3 24.5 0.6 5 33 09 6
Run 4 293 0.8 5 339 1 5

Average 27.70 0.75 4.75 33.60 1.00 5.25
300 Runl 29.7 1 6 35 14 8
Run 2 30.8 12 6 359 1.7 7
Run3 29.1 13 7 35.1 19 8
Run4 29.1 1.1 6 344 15 7

Average 29.68 1.15 6.25 35.10 1.63 7.50
400 Run1l 30.9 1.8 8 37 2.7 9
Run2 313 19 8 36.7 2.7 9
Run3 30.9 1.7 7 36.8 2.5 9
Run4 293 15 7 36.7 24 9

Average 30.60 1.73 7.50 36.98 2.58 9.00
500 Run 1 314 22 8 382 317 10
Run 2 319 22 8 395 37 10
Run 3 31.8 24 8 38.8 35 12
Run4 314 2.6 9 41.6 49 14

Average 31.63 2.35 8.25 39.53 3.95 11.50
600 Run 1 346 38 12 1054 16.9 30
Run 2 36.5 42 12 119.7 18.9 30
Run3 335 33 11 105.4 16.8 29
Run 4 332 34 11 108.2 174 29

Average 34.45 3.68 11.50 109.68 17.50 29.50
700 Runl 71.9 14.6 23 143 225 31
Run 2 793 14.6 24 138.1 21.7 31
Run 3 82.6 15.6 25 1394 219 30
Run 4 73.9 133 25 142.2 22.5 31

Average 78.43 14.53 24.25 140.68 22.15 30.75
800 Run1 95.2 175 29 149.2 239 31
Run 2 96.2 18 28 149.6 23.7 31
Run3 924 16.6 28 147.7 23.32 32
Run4 97.6 18 30 147.8 23.7 31

Average 9535 17.53 28.75 148.58 23.66 31.25
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Dual Left-Turn
Cycle Length 120 sec
LT Red 70 sec LT Red 80 sec
Avg Queve  AvgQueue Max Quene Avg Queue  Avg Quene  Max Queue
LT Volume (vph) Del (sec) (veh) (veh) Del (sec) (veh) (veh)
200 Run 1 39.7 14 5 43 1.7 7
Run 2 39.6 14 7 .46.8 2 9
Run 3 374 12 6 41.7 1.5 7
Run 4 409 1.5 7 46.5 2.1 7
Average 39.40 1.38 6.25 44.50 1.83 7.50
300 Run 1 40.7 2.1 9 48 3 9
Run 2 41.6 24 8 497 32 10
Run3 414 28 10 49.1 37 10
Run 4 40.6 2.1 8 48 3 9
Average 41.08 235 8.75 48.70 323 9.50
400 Run 1 437 39 12 170.3 19.4 35
Run 2 445 4.1 12 193.6 21.6 36
Run 3 43.8 37 11 142.6 16.1 32
Run 4 44.1 38 10 136.7 14.5 29
Average 44.03 3.88 11.25 160.80 17.90 33.00
500 Run 1 148 20 33 256.3 28.8 40
Run 2 157.9 21.5 34 272.2 30 38
Run3 148 20 33 270.2 29.8 39
Run 4 157.9 21.5 34 271.1 304 38
Average 152.95 20.75 33,50 267.45 29.75 38.75
600 Run 1 193 25.7 34 2914 324 40
Run 2 194.5 259 34 293.2 322 39
Run 3 193.7 26 34 299.3 328 39
Run 4 189.6 254 34 284.9 32 38
Average 192.70 25.75 34.00 292.20 3235 39.00
700 Run 1 210.5 28.1 35 304.2 34 41
Run 2 2109 28.3 35 309.4 345 40
Run 3 207.8 28 35 308.9 338 40
Run 4 212.1 28 35 305.5 338 40
Average 210.33 28.10 35.00 307.00 34.03 40.25
800 Run1 214.1 28.6 35 3129 344 40
Run 2 2163 29 35 307.8 34 40
Run 3 210.2 28.1 35 309.7 336 40
Run 4 212.8 28.6 35 316 348 40
Average 213.35 28.58 35.00 311.60 34.20 40.00




Single Left-Turn
Cycle Length 120 sec
LT Red 90 sec
Avg Queue  Avg Quene  Max Queue
LT Volume (vph) Del (sec) (veh) (veh)
200 Run 1 50 23 8
Run 2 552 29 10
Run 3 47 1.9 8
Run 4 55.1 2.8 8
Average 51.83 248 8.50
300 Runl 849 6.5 13
Run 2 161.3 13.1 21
Run3 233.6 212 42
Run 4 155 12.8 20
Average 158.70 13.40 24.00
400 Run 1 379.5 342 44
Run 2 3823 33.8 43
Run3 3564 319 42
Run 4 334.1 29.9 41
Average 363.07 32.45 42.50
500 Run 1 419 369 45
Run2 435.8 375 44
Run3 415.6 373 44
Run 4 437.6 37.6 44
Average 427.00 37.33 4425
600 Run 1 443.6 38.1 44
Run 2 450.2 385 44
Run 3 455.1 38.8 45
Run4 448.8 38.1 45
Average 449.43 38.38 44.50
700 Run1l 452 38.8 45
Run 2 462.3 39.3 45
Run3 459.2 38.6 44
Run 4 449.1 39.1 45
Average 455.65 3895 44.75
800 Run1 4774 389 45
Run 2 466.1 39.8 44
Run3 469.1 386 44
Run 4 472.6 39.1 44
Average 471.30 39.10 44.25
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APPENDIX D. EXAMPLES OF TEXAS MODEL
GEOMETRY, DRIVER-VEHICLE, AND SIMULATION
INPUT FILES USED IN SINGLE AND DUAL
LEFT-TURN LANE ANALYSES

{ g 3 b 3 4 7
12345478901 2343478901234547390123456789012345678901234 547890123454 7870183456787
5X& INTERSECTION, SINGLE LEFT, 2 THRU LANES 6O1L. 300 REPOI

IS TITLE TEXT OK ?
Y

PARAMETER-CPTION DATA:

F(1) - TOTAL NUMBER OF LEES. (3 TD &> [4]

F(2) - SIMULATION TIME IN WINUTES. [207

FL3) - WINIMUM HEADWAY IN SECONDS. <1.8 T0 3.0 [1.0]

Fi4} - NUMBER OF VEHICLE CLASSES. <12» [12]

F{3) - NUMBER OF DRIVER CLASSES., (3> i3]

Fib) - PERCENY OF LEFT TURNING VEHICLES 7D ENTER IN REDIAR LANE.{50 TD 100>180]
F(7) - PERCENT OF RIGHT TURNING VEHICLES TO ENTER IN CURB LANE. (50 TD 1003[80]
EDIT EXAMPLE: "Fi2)=15" CHANGES FIELD 2 TD *13*, OTHER FIELDS REMAIN UNCHANGED
KEYIN "HELP" FOR ADDITIONAL ASSTSTANCE

DATA FIELDS: b 3/ 1.0 12 3 80 8O
FIELD NUNBERS: V.17 V.27 N3/ Vo NGB/ N8/ WYY

I5 PARAMETER-OFTION DATA 0K ?

Y

CURB RETURN RADII:

EACH FIELD - CURB RETURN RADIUS BETWEEN OUTERMOST INMBOUND LANE AND THE ADJACENT
{COUNTERCLOCKWISE) LEG. <INTEGER, O TO 200> [2Q]

DATA FIELDS: g0 20 20 20
FIELD NUMBERS: \.1/ V.27 V37 A4/

ARE CURB RETURN RADII OK ?

Fig D-1. TEXAS model example geometry and driver vehicle input file used for single left-turn analysis.

&4
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LEG 1 BEOMETRY DATA:

Fi1} - LEG NUMBER, WILL BE RESET TG THE MUMBER OF THE LEG BEING PROCESSEL.

F(2) - LEG ANBLE. FPDSITIVE I5 CLOCKWISE FROM NORTH = 0 {(ZERD) DESREES.
{0 TO 359, IN INCREASING ORDER> [EGUAL ANBLES]

F(3) - LENGTH OF INBOUND LANES. <400 TD 1400 [8001

F(4} - LENGTH OF OUTBOUND LANES. ([2501 {(SUBGEST 230 FOR LOW TRAFFIC VOLUME,
400 FOR HIGH VOLUME. FDR EMISSIONS, MUST BE SAME RS INBOUND LANE LENGTH)

F{5) - NUMBER OF INBGUND LANES. <0 T0 & [2]

F{a) - NUMBER OF OUTBOUND LANES. <0 T0 & [2]

F{7} - SPEED LIRIT ON INBOUND LANES IN #PH, <10 TO BO> [30]

F{B) - SPEED LINIT ON OUTEOUND LANES IN MFH., <10 70 80 [30]

F19) - LEG CENTERLINE OFFSET FROM INTERSECTION CENTER. POSITIYE IS5 TO THE RIGHT
WHEN FACING IN DIRECTION OF INBOUND TRAFFIC. <-200 70 200> ([0]

F{10) - HEDIAN WIDTH, WILL BE CENTERED ON LEG CENTERLINE. <0 TO 100> [0]

FI11)Y - LINITING ANGLE FOR STRAIGHT HOVEMENT. <0 TO 45 DEGREES: [29]

Fi12) - LIHITING ANGLE FOR U-TURW. <0 TO 45 DEGREES: [10]

DATA FIELDS: 1 0Hoey 250 2 1 30 30 -2 0 20 10
FIELD NUMBERS: .1/ .2/ V37 W0/ NS/ N8/ N7 VLB VL9410 MR

IS LEG | GEOMETRY DATA OK ?

F(18) - LINITING ANGLE FOR U-TURN. <@ TO 45 DEGREES: [1¢]

DATA FIELDS: 1 01000 250 2 1 30 30 -2 0 20 10
FIELD NUMBERS:  \.1/ V.27 V.37 \.8/ V.57 \.b/ \J74 NGB/ N9/ A107 ML MR

IS LEG | BEOMETRY DATA DK 7
¥

Fil} - HIDTH OF LANE. <8 7D 1> [12]
F{Z) - MOVEMENT CODE. ANY OF"U*(U-TURN),"L"{LEFT},"5"{STRAIGHT) AND "R*{RIGHT].
F(3) - LENGTH OF USABLE LANE FROM LAME TERMINAL. [0, FOR OPEM LANE]
F{4) - LENGTH OF USABLE LANE FROM OUTER END. [0, FOR OPEN LANE]
Fi5) - OFFSET OF LANE TERWINAL. PDS. IS TOWARD INTERSECTION. <-350 TO 100> {01
F(b) - PERCENT OF INBOUND TRAFFIC TO ENTER IN THIS LANE.

<0 TO 100, SUN FOR LEG = 190, 0 FOR LANE NOT LSABLE AT OUTER END>
EDIT EXAMPLE: "LAME(3,1)=B" CHANGES FIELD 1 OF LANE 3 TD "B", OTHERS UNCHANGED
KEYIN "HELP* FOR ADDITIONAL INFORMATION
LANE DATA FOR LEE t:

1 {INBOUND 1) 2L 0 0 0 30
2 (INBOUKD 2) 12 L 0 4 0 30
3 {DUTBOUND 1) 2 LR 6 0 0

(WS EARVE-F ARV ARV VAR - TAR . 1
15 LANE DATA FOR LE6 1 DK 7



F(1) - NAME FOR INBOUND TRAFFIC HEADWAY FREQUENCY DISTRIBUTION:
"CONSTAN®, "ERLANG®, "GAMMA", "LOGMRML", "NEGEXP®,”SNEBEXP® OR “UNIFORM*
NAY BE ABBREVIATED TO THE FIRST CHARACTER.
F(2} - TOTAL HOWRLY VOLUME OMN LEG, VPH. <0 TD 4000 [200 PER INBDUND LANE]
F(3) - PARAMETER FOR HEADWAY FREBUENCY DISTRIBUTION:
CONSTANT - NOAE.
ERLANE - INTEGER VALUE (ROUNDED) FDR MEAH##2/VARIANCE. (GREATER THAN 1
GANMA - MEAN®##2/VARIANCE. {GREATER THAN 1}
LOGNORMAL - STANDARD DEVIATIDN,
NEGATIVE EXPONENTIAL - NONE.
SHIFTED WEGATIVE EXPOMENTIAL - MINIMUM HEADWAY IN SECDNDS. <LESS THAN
fik EQUAL MEAN HEADWAY>
UNIFORM - STANDARD DEVIATION
Fl4),F(5)- MEAN,BS PERCENTILE SPEED OF ENTERING VEHICLES, MPH.{10 TO B03[29,31]
Fib) - TRAFFIC WIX DATA TO FOLLDW ? <°YES® OR °ND"> [*ND"1
Fi7) ~ SEED FOR RANDOM NUMBERS (0 FOR AWTD. SELECTIDN), <O TO 59999 [0]
EDIT EXAMPLE: "F(4)=29,32" CHANGES FIELD 4 TD "29* AND FIELD 5 TO *32°
KEYIN "HELP* FOR ADDITIDNAL ASSISTANCE

DATA FIELDS:  SNEBEXP 316 1.30 29.0 31.0 YES 0
FIELD NUMBERS: \..1../ V2.7 Vo3 Vb VGG NG VTG

IS INBOUND TRAFFIC HEADWAY FREGUENCY DISTRIBUTION DATA FOR LES 1 0K 7

f

MIX (PERCENTAGES) OF VEHICLE CLASSES IN INBOUND TRAFFIC FOR LEG 1:

EACH FIELD - PERCENT DF INBOUND VEHICLES IN THE SPECIFIED (BY FIELD HUMBER)
VEHICLE CLASS. <G TO 100 AND SUM = 100>

EDIT EXAMPLE: °F{2)=3#20" CHANGES FIELDS 2 THRU &4 TO "20", DTHERS UNCHANGED

KEYIN *HELP® FOR ADDITIONAL ASSISTANCE

DATA FIELDS: ¢ 0100 0 0 0 0 B 0 O 0 O
FIELD NUMBERS: A1/ \2/ A3/ N4/ \B/ b/ \T/ B/ A8/ \1Q AT M2

15 MIX (PERCENTAGES) OF VEHICLE CLASSES IN INBOUND TRAFFIC FOR LEG 1 0K ?
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1 g 3 4 T3 8 7
12345678901234556789012345478901234 547890123436 789¢123456789012345678901 23456789
o%b INTERSECTION, SINGLE LEFT, 2 THRU LANES SIM40. 40

IS TITLE TEXT 0K ?

SIKULATION PARAMETER-OPTION DATA:
F{l} - START-UP TINE IN NINUTES. {STATISTICS WOT GATHERED) 2.0 TO 53.¢> [5.01
Ft2) - SIMULATION TINE IN MINUTES. <10.0 Y0 40.0> IFRON GED-V REF. FILE]
F(3) — TIME INCREMENT FOR SIMULATION, "DT". {SUBGEST 1.0 FOR SIGNAL,

0.5 FOR NON-SIGNAL} <06.50 TD 1.00> [0.50]
Fi4) - TYPE OF INTERSECTION CONTROL: <{"u*, "¥", "ST", "A", "P*, "SE" DR "F">

“U" - UNCONTROLLED.

"Y* - YIELD.

*5T* - STOP, LESS THAN ALL WAY,

"A" - ALL-WAY 5TOP,

"P* - PRETIMED SIGNAL.

"SE® - SENI-ACTUATED SIBNAL.

"F" - FULL-ACTUATED SIGNAL.
F(3) - STATISTICAL SUMMARY BY TURNING MOVEMENT 7 <("YES" DR *NO") [*YES®]
F(&) - STATISTICAL SUMMARY BY IMNBOUND APPROACH ? ("YES" OR °"NO") ["YES"]
F{7} - COMPRESSED OUTPUT OF STATISTICS 7 <"YES" OR °NO") [*ND"1
F(8) - VEHICLE POSITION (POLLUTION/DISPLAY) DATA 7 <("YES" OR "NO®> ["NO"]
KEYIN "HELP" FOR ADDITIONAL ASSISTANCE.

DATA: 3.00 30.00 1.00 PRETINED YES YES NO ND
S RS VAR W R T T A W SO Y TARY-TAR YV ARY 1]

IS SINULATION PARAMETER-OPTION DATA OK ?
Y

SIMULATION PARAMETER-OPTION DATA 2:

F(1) - SPEED BELOW WHICH A SPECIAL DELAY STATISTIC IS COLLECTED. <0 TD 40> £10]
Fi2) - MAXINUM CLEAR DISTANCE FOR BEING TN A BUEUE. <4 TO 40> [30]

F13) - CAR FOLLONING EQUATION PARAMETER LAMBDA. <2.300 TO 4.000% [2.800]

F(d) - CAR FOLLONING PARAMETER MU. <0.400 TO 1.000% 10,8001

F(5) - CAR FOLLOWING PARANETER ALPHA. <0 TO 1000¢> [ 40001

Fit) - TIME FOR LEAD ZOME USED IN CONFLICT CHECKING. <0.30 TO 3.00» [1.30]
F17) - TIME FOR LAG ZONE USED IN COMFLICT CHECKING. <0.30 TD 3.00 1.30]

KEYIN "HELP® FOR ADDITIONAL ASSISTANCE.

DATA: 10 30 2.800 0.800 4000 i
f N

.30 0,30
FLD: MLANR/S N3G Vobad VB VLGN

2

IS5 SIMULATION PARAMETER-OPTION DATA 2 OK ?

Fig D-2. TEXAS model example simulation input file used for single left-turn analysis.
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LANE CONTROL DATA:
EACH FIELD -~ TYPE OF CONTROL FOR THE INDICATED INBOUND LANE:
"BL" - BLOCKED LANE. LANE ENDS BEFORE THE INTERSECTION.
"UN® - UNCONTROLLED. <ONLY IF INTER. CONTROL = "NONE®, °"YIELD" DR °5TOP"}
"YI* - YIELD SIBN. <NOT IF INTERSECTION CONTROL = *NONE®)
"§7* - STOP SIGN. <(ONLY IF INTERSECTiON CONTROL = °STGP" OR “ALL-WAY®"}
°S1° - SIGNAL NITHOUT LEFT OR RIGHT TURN ON RED. <SIGNALIZED INTER. ONLY}
"LT* - SIGNAL WITH LEFT TURN ON RED. <SIGNALIZED INTERSECTION ONLY>
"RT® - SIGNAL ¥ITH RIGHT TURN ON RED. <SIGNALIZED INTERSECTION ONLY:
KEYIN "HELF® FOR ADDITIONAL ASSISTANCE.

LEG: /===1=-\ f==-@-=\ [===3==\ j---h=-\
LANE: | 231231823123
DATA: 51 SI SI §1 SI §1 SI 81 51 81 §I §1
FLD: V1 A2 A3 \6 \5 & \7 \B\® 10 11 12

IS LANE CONTROL DATA OK ?

Y
SIGNAL CONTROLLER 1S PRETIMED. THERE ARE 3 CONTROLLER PHASES.

PRETIMED SIGNAL TIKING DATA:

F{t) -~ GREEN INTERVAL. <1.0 7D 99.0, SECONDS» [30.0]

Fi2) - YELLOW-CHANGE INTERVAL. 1.0 7D 9.0, SECONDSY [3.0]

F(3) - ALL RED-CLEARANCE INTERVAL. <0.0 TO 9.0, SECONDS) [0.0]

k44 EACH TINE INTERVAL IS AUTOMATICALLY ROUNDED TD THE NEAREST *DT.

CYCLE LENGTH IS 40.0 SECONDS.
PeAY: 17.0 3.0 0.0

{B): 22.0 3.0 0.0

{C): 12,0 3.0 0.0

FLD: .t/ \e/ Y/

IS PRETINED SIGNAL TINING DATA OK ?
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GREEN INTERVAL SEQUEWCE DATA:

EACH FIELD -BREEN SIGNAL INDICATION FOR THE CONTROLLER PHASE AND LAME:

*C* - CIRCULAR GREEN. ALL FERMITTED WOVEMENTS MAY MGVE.

"L* - LEFT BREEN ARROW, PROTECTED LEFT TURN.

"5" - STRAIGHT GREEN ARROW. "R" - RIGHT GREEN ARROW.

ke ANY THD OF THE ABOVE MAY BE USED TOSETHER, EXCEFT "LS" OR "LR".

"lIN* - UNSIGNALIZED, SIEN CUNTROL OR BLOUCKED LANE, PER LANE CONTROL DATA,

BLANK - TMPLIED RED.

##4 " [" 15 LANE CONTROL DATA.  “MC" IS MOVEMENT CODE FROM GEOMETRY REF. DATA.

LER: /=~=1--\ /—=-2-=\ [===3--\ [-=-f--\
LANE: 1 2 3 1 2 3 1t 2 31 ¢2 3
H:L 58585 8L 5§ S
LC: ST 81 SI 81 S1 SI SI SI 81 §
F{Ad: L L
B: CC £ C
{C}s g cc¢c CCC
FLD: W A2 \3 V4§ A5 VS \7\B \9 10 11 12

55
I 81 §1

IS SREEN INTERVAL SEGUENCE DATA DK ?



70

! 2 3 4 5 5 7
1234567870 123454 7890123455 78901 2345478901 2345578901 P345467590 12345479901 22454789
DUAL LEFT-TURNS 300 LT VEHS FER HR PER LANE REP1

IS TITLE TEXT OK 7
¥

FARAMETER-OPTION DATA:

F(1) - TOTAL WUMBER OF LEGS, <3 TO &3 T8l

F{2) - SIMULATION TIME IN MIRUTES., (201

F{3) - HINIMUM HEADWAY IN SECONDS. (1.0 70 3.0r [1.0]

F{4) - WUMEER OF VEHICLE CLASSES. (i2» [12]

F{3} - NUMBER OF DRIVER CLASSES. (33 [3]

Fit) - PERCENT OF LEFT TURNIKG VEHICLES TO ENTER IN MEDIAR LANE.(30 TO 100X[8¢]
F{7) - PERCENT OF RIGHT TURNIRG VEHICLES TO ENTER IN CURE LANE. <50 TO 100>[80]
EDIT EAAMPLE: "F{E)=15" CHANGES FIELD 2 TO "{3", OTHER FIELDS RERAIN UNCHANGED
KEYIN "HELP® FOR ADDITIONAL ASSISTANCE

DATA FIELDS: 4 35 1.¢ 12 3 40 8O
FIELD NUMBERS: \.1/ V.27 \,3/ \.4/ V.57 N6 \T

I5 PRARAMETER-OFTION DATA OK 7

Y

CURE RETURN RRDII:

EACH FIELD - CURE RETURN RADIUS BETWEEN OUTERMOST INBOUND LAME AND THE ADJACENT
{COUNTERCLOCKWISE) LEG. (INTEBER, 0 TD 200> [RO]

DATA FIELDS: 20 26 20 20
FIELD NUMBERS: V.17 \.2/ V.3 4

ARE CURB RETURN RADIT OK ?

Fig D-3. TEXAS Model example geometry and driver-vehicle input file used for dual left-turn analysis.
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LEG 1 GEOMETRY DATA:

F(1) - LEG NUMBER. WILL HE RESET TO THE NUMBER OF THE LEE BEING PROCESSED.

Fi2) - LEG ANSLE. POSITIVE IS CLDCKWISE FROM NORTH = ¢ {ZERD) DEGREES.
0 TD 35%, IM INCREASING ORDER> (EGUAL AMGLES)

F{3) - LENGTH OF INBOUND LANES. <b00 TO 1000> [800]

Fis) - LENGTH OF DUTHDUND LANES. [2301 ({SUGBEST 250 FOR LOW TRAFFIC VOLUKE,
400 FOR HIGH VOLUME. FOR EMISSIDNS, MUST BE SAME AS INBDUND LANE LENSTH)

F(5) ~ NUMBER OF INBOUND LAMES. <0 TD & [2]

Fis) - MUNBER OF OUTBOUND LANES. <0 10 & [2)

Ft7) - SPEED LINIT ON INBOUND LANES I¥ WPH., (10 70 80> [30]

Fi8) - SPEED LINIT ON OUTBOUND LANES IN WPH. <10 TO 80> {301

F(9) - LEG CENTERLINE DFFSET FROM INTERSECTION CENTER. POSITIVE IS T THE RIBHT
WHEN FACING IN DIRECTION OF INBOUND TRAFFIC. <(-209 7O 200> [{1

Fi10) - MEDIAN WIDTH, WILL PBE CENTERED OK LEG CENTERLIRE. <0 TD 1003 [@]

Fil1) - LIMITING ANGLE FOR STRAIGHT NDVEMENT. <{0 TO 45 DEBREES> [20]

Fti2) - LIMITING ANGLE FOR U-TURN. <0 10 45 BEGREESY [10]

DATA FIELDS: 1 01000 30 3 2 3¢ 30 3 4 2
FIELD HUMBERS:  \.f/ V27 W37 V87 B/ W67 N7/ B W97 M7 ML AR

15 LEG | BEOMETRY DATA OK 7
¥

Fil) - WIDTH OF LANE, <B TD 15} [12]
F{2] - MOVEMENT CODE. ANY DF"U®(U-TURN),*L®{LEFT},"S*(STRAIGHT) AND *R"(RIGHT),
Fi3) - LENGTH OF USABLE LANE FRON LANE TERNINAL. [0, FOR OPEN LANE]
Fi4) - LENGTH OF USABLE LANE FROM OUTER END. [0, FOR OPEN LANE]
F{3) - OFFSET OF LANE TERMINAL. POS. IS TOMARD INTERSECTION. <-350 TD 100} [0]
F{b) - PERCENT OF INBOUND TRAFFIC TO ENTER IN THIS LANE,

0 TO 100, SUM FOR LEB = 100, 0 FOR LANE NOT USABLE AT OUTER END?
EDIT EXANPLE: "LANE(3,1)=8" CHANGES FIELD 1 OF LANE 3 TO *8", OTHERS UNCHANSED
KEYIN "HELP" FOR ADDITIONAL INFORMATION
LANE DATA FOR LEG 1:

{ (IKBOUND 1) 121 6 ¢ 0 7
2 {INBOUND 2) 125 60 0 20
3 (INBOUND 3) (2§ 6 0 0 10
4 (OUTBOUND 1) 12 LS ¢ 0 0
3 (CUTBOUND 2) 128 6 0 0

AP VARYE-T AR VR T ARV VAR WS- AR -}

15 LANE DATA FOR LEG 1 0K ?
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F{1) - NANE FOR INBOUND TRAFFIC HEADWAY FREQUENCY DISTRIBUTION:
“CONSTAN', "ERLANG", "GANMA™, "LOGNRML", "NEGEXP®,"SHEGEXF® OR °UMIFGRHM®
MAY BE ABBREVIATED 7O THE FIRST CHARACTER.
F{2) - TOTAL HOURLY VOLUME OGN LEG, VPH. <0 TO 4000 [200 PER INBOUND LANE]
Fi3) - PARANETER FOR HEADNAY FREQUENCY DISTRIBUTIDN:
CONGTANT - MONE.
ERLANE - INTEGER VALUE (ROUNDED) FOR MEAN®#2/VARIANCE.(GREATER THAN L}
GAMNA - MEAN##2/VARIANCE. <EREATER THAW 1>
LOGHDRMAL - STANDARD DEVIATION.
NEGATIVE EXPONENTIAL - WONE.
SHIFTED NEBATIVE EXPDNENTIAL - MINIMUM HEADMAY IN SECONDS. (LESS THAN
OR EGUAL MEAN HEADWAY>
UNTFORN - STANDARD DEVIATION
Fi4),F{5}- MEAN,B83 PERCENTILE SPEED OF ENTERING VEHICLES, WPH.<10 TO 80:[2%,31]
F(4) - TRAFFIC MIX DATA TO FOLLOW ? ("YES® OR °ND': (["ND"]
F{7) - SEED FOR RAWDOM NUMBERS {0 FOR AUTH. SELECTION). <0 TO 999993 [G]
EDIT EYAMPLE: *F{4}=29,32" CHANGES FIELD 4 T0 "29° AND FIELD 3 TO *32"
REYIN *HELP* FOR ADDITIONAL ASSISTANCE

DATA FIELDS: SMEGEXP 400 1.B0 29.0 31.0 YES 0
FIELD RUWBERS:  N..1../ V.27 Vo300 VA WS N6 T

IS INBOUND TRAFFIC HEADWAY FREQUENCY BISTRIBUTION DATA FOR LEG ! OK ?

NIX (PERCENTAGES) OF VEHICLE CLASSES IN INBOUND TRAFFIC FOR LEG 1:

EACH FIELD - PERCENT OF INBOUND VEHICLES IN THE SPECIFIED (BY FIELD NUMBER)
VEWICLE CLASS. <0 TO 100 AKD SUM = 100>

EDIT EYAMPLE: °F(2)=3#20" CHANGES FIELDS 2 THRU 4 TO *20", OTHERS LNCHANGED

KEYIN “HELP® FOR ADDITIDNAL ASSISTANCE

DATA FIELDS: ¢ 0100 © 0 0 9 0 0 O 0 9
FIELD NUMBERS:  \1/ \2/ V3/ \&/ \5/ \&/ \7/ \B/ \97 \10 \{1 il

IS M1¥ (PERCENTABES) OF VEWICLE CLASSES IN INBOUND TRAFFIC FOR LEE 1 OK ?



SIHULATION PARAMETER-OPTION DATA:
F(l} - START-UP TIME IN MINUTES. (STATISTICG NOT GATHERED) <2,0 TG 5.9 [5.0]
F¢2) - GIMULATION TIME IN HINUTES. <10.0 TO 60,0 [FROM ERD-V REF, FILE]
F(3} - TIME IMCREMENT FOR SIMULATION, “DT". (SUBBEST (.0 FOR SIERAL,

0.5 FOR NON-SIEMAL) {8.3¢ TO 1,00 [6.50]
F(4) - TYPE OF INTERSECTIOM CONTROL: <°0%, "¥", "ST", "A", "P", "SE®" OR "F")

“U" - UNCONTROLLED.

¥ - YIELD.

"§T" - STOF, LESS THAN ALL HAY,

"A' - ALL-WAY 5TOP,

"P" - PRETIMED S1GHAL.

"SE® - SEMI-ACTUATED SIGNAL.

"F® - FULL-ACTUATED SIGNAL.
FiZ) - STATISTICAL SUMHARY BY TURNING MOVEMENT 7 <*YES" OR *NO"> ["YES"]
Fis) - STATISTICAL SUMMARY EY INRDUND APFROACH ? (*YES" OR "NO"* ["YES®™]
Ft7) - COMPREGSED GUTPUT OF STATISTIES 7 <{°YES" OR "RD"> ["NO°]
FiB) - VEHICLE POSITION (POLLUTION/DISPLAY) DATA 7 <(*YES® OR "NKO*» ["NO"]
KEYIN "HELP* FOR ADDITIONAL ASSISTANEE.

DATA: 5,00 30.0¢ 1.00 PRETIMED YES VES RO ND
FLD: V.17 N2 N34 N8/ NS/ NG NTT NBY

IS5 SIMULATION PARAMETER-OPTION DATA OK ?

Y

STHULATION PARAMETER-OPTION DATA 2:

F{1) - SPEED BELON WHICH A SPECIAL DELAY STATISTIC IS COLLECTED, <0 TO 40} [101
F{2) - WAXIHUM CLEAR DISTANCE FOR BEING IN A BUEUE. <4 TO 49) (301

F(3) - CAR FOLLOWING EGUATION PARANETER LAMBOA. <2300 T 4.000> [2,8001

F{4) - CAR FOLLOWING PARAMETER MU. (0.500 TD 1.000) [0.B0O0]

F{3) - CAR FOLLOWING PARAMETER ALPHA. <0 TD 10000} [ 40001

F(&) - TINE FOR LEAD ZONE USED IN COMFLICT CHECKING. <9.50 TO 3.90) £1.30]
F(7} - TINE FOR LAG ZONE USED IN CONFLICT CHECKING, ¢0.50 T8 3.00) [.501

KEYIN "HELF* FOR ADDITIONAL ASSISTANCE.

DATA: 10 30 2,800 0.800 4000 1,30 0.50
FLD: M A2/ \.3.7 Voba/ WS40 \L60\LTY

IS SIMULATION PARAMETER-OPTION DATA 2 OK ?

Fig D-4. TEXAS Model example simulation input file used for dual left-turn analysis.
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DATA: 10 30 2,800 0,800 4000 1,30 0.50
FLD: VAR N30/ VoA VS AL NTY

15 SIHULATION FARAMETER-GPTION DATA 2 OX ?
¢

LANE CONTROL DATA:
EACH FIELD - TYPE GF CONTROL FDR THE INDICATED INBOUND LANE:
*BL® - BLOCKED LANE. LANE ENDS BEFORE THE INTERSECTION.
*UN* - UNCONTROLLED, <ONLY IF INTER. CONTROL = "NOME®, "YIELD® OR "STOP":
"Y' - VIELD SIGN. <NOT IF INTERSECTION CONTROL = "NONE®}
"ST® - BTOP SiBN. <ONLY IF INTERSECTION CONTROL = °STOF® OR “ALL-WAY®)
*S17 - SIBNAL WITHOUT LEFT OR RIGHT TURN ON RED. <SIGNALIZED INTER. ONLY:
"LT® ~ SIGNAL ®ITH LEFT TURN ON RED. (SIGNALIZED INTERSECTIDN ONLY)
*RT" - SIGNAL WITH RIBHT TUKN ON RED. <SIGNALIZED INTERSECTION ONLY}
¥EYIN "HELP" FOR ADDITIONAL ASSISTAMCE.

LEG: /-t-\ /2 /-3-\ /4
LARE: | 2 1 1 2 |
DATA: SI SI 581 51 SI 31

FLD: M1 VB A3 VA AT AR

I5 LANE CONTROL DATA OK 7

SIGNAL CONTROLLER IS PRETINED. THERE ARE 2 CONTROLLER PHAGES.

PRETINED SIGNAL TINING DATA:

F{1) - GREEW INTERVAL, <1.0 TD 99.0, SECONDS» [30.0]

Fi2) - YELLOW-CHANGE INTERVAL. <1.0 7O 9.0, SECONDS: [3.0]

Fi3) - ALL RED-CLEARANCE INTERVAL. <¢0.0 TO 9.0, SECONDS» [0.0]

#8# EACH TIME INTERVAL IS AUTOMATICALLY ROUNDED TO THE NEAREST °DT°.

CYCLE LENGTH 1S 50.0 SECONDS.
FiA}: 17.0 2.0 0.0

{F)3 37.0 3.0 0.0

FLB: \ 8/ \B/ \3f

IS PRETIMED SI1GNAL TIMING DATA OK 7



BREEN INTERVAL SEQUENCE DATA:

EACH FIELD -GREEN SIGHAL INDICATION FOR THE CONTROLLER PHASE AMD LANE:
°C* - CIRCULAR GREEN. ALL PERMITTED MOVEMENTS RAY NOVE,

*L" - LEFT GREEN ARROW, PRGTECTED LEFT TURN.

"§" - STRAIGHT GREEN ARROM.  “R® - RIGHT BREEM ARROW.

#68 ANY TND OF THE ABOVE MAY BE USED TOGETHER, ENCEPT "L5" DR "LR".

"N - DHSISNALIZED, SI1GM CONTROL OR BLOCKED LANE, PER LAKE CONTROL DATA.

BLANK - INPLIED RED,
¥#% *LC" I5 LANE CONTROL DATA.  "MC® IS MOVEMENT CODE FROM GEGHETRY REF

LEG; /-1-\ /2 /-3-\ /4
LAKE: 1 2 1 1 2 1
f:L L 5L LS
LEC: 5T 5% 81 51 51 61
PiA): L L Lt
(B L £
FLb: M A2 \3 W AG A

I5 GREEN INTERVAL SEGUENCE DATA OK 7

. UATA,
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APPENDIX E. LEFT-TURNING MOVEMENT ANALYSIS
PROGRAM—(LTMAP)
HARDCOPY LISTING OF COMPUTER CODE

($R-1  [Range chacking off}

{§8+)}  {Boolaan complete zvaluation on}
745l [stack checking on}

[$1+1  [1/0 checking on)

S4N+]  iv¥es numeric copracessor)

74N 65500,16384,6553607 [Turbo 3 default stack and heap]

prograa project;

uses
jraph;
label
StartAgain, Refnter;
type

RedType = 3,.9;
GaCType = 2..7;
VolType = 2..8;
IntegerTypeArray: array [RedType,GacType,VolType] of integar;

Red: RedType;
aal: Gallype;
Vol: VolType;

Aavad, AmaxQ, AQDelay,
DualAavg, DualAmax, Duallel: IntsgerTypehrray;
InputCycle, InputRed, InputGaC,Inputvol, NumvehClasses,
i,TotalAvgQFt, TotalNaxQFt,TotaiDesqFt, Avg,
Max, Das, IntPercent, Length, CarBodylength, &d, 4n,
AvgQueHeadway, Num, count, PercentTotal,
TableX¥, Delay, LTSatFlow, Cse ! Integer;

TempChk, NumVehAvgClass, NumvehNaxClass, NumVehDesClass,
TempTotalAvgQFt, TempTotaiNaxQFt, TempTotalDesqFt,

AvgQFt, NaxQFt, DesQFt, AvgWinQSecs, CycFailN,

Base, ProbCF, CumProbCF, Basehcm, Expon,

GoChem, VChom, VCtexas, Qhem, Qtexas, GOC, CycFailX, TempInputGraen,
0thcm, D2hcm, HCHTotDel, InitQue, Ge, Re, A, P, N, Qr, DY,

Da, Qo, DelayCFTot, Numvehs, TempInputvol,

TempInputRed, TempInputCycle, PeakiSHinVol : real;

QLenlnit : texty

AvgQstr, NaxqStr, DesQStr, TotalAvgQFtStr,TotalMaxqFtstr, TotalDesqFtstr,
InputCyclestr, InputGacstr InputRedStr,Inputvolstr,
CycFailNstr, AvgNinQSecsStr,TablexStr, CumProbCFstr,
RatioArrToProcStr, DelayStr, Dihcmstr, D2hcmstr, HCMTotDelStr,
Dastr, DelayCFTot$tr, PeakiSWinVolStr, AvgQueHeadwaystr,
Qostr, LtsatFlowStr: string[6];
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OpType 1 string [208])
Percentagestr, Lengthstr, CarBodylengthStr @ array [1..8] of string[s];
Percsntage 1 array[!..5] of integer;

ansyer ¢ Char;

Frocedurs InputTable; FORWARD:
Procedure QuelznTable; FORWARD;
Procadure CycleFailureTable; FORWARD;
Frocedurs VolTolapTable; FORWARD;
Frocedure DelayTable; FORWARD;

{(lt!lt!lltllli!t!tl!tll!t!!ttlt!lll!!l!t!i!ll!!tilil!!!ll!!}

{This procadurs opzns the AavyQ input file. ]
U T R R T T T L TR AT T AR 1]

procedurs Open AavgQ Input File (var qlenlnititext);
bagin -
assign {Qlenlnit, 'AaveQ.Dat');
resat {Qlenbnit);
2nd;

{tllIl!t!t!ltll!t!t!lttlll!!lllt!tll!!lllllttt!ttl!!ltllilll}

{This procedure opens the AmaxQ input file,
R T T T P L P S ST I TR IR 1)

procedurs Open AmaxQ Input File (var QLenlnit:text);
begin
assign {(Qlennit, 'Amaxq.Dat'):
reset {QlenUnit);

and;

{!!!!ll!!llllltl!t!lltt!tlt!it!!tt!!llllt!!!33!!!3!!!‘!!3!!!}

{This procedure opens the AQhelay input file, ]
ERRRURSERSRERUSERERIERRUnSSRRRRtRseRtaseerassasnatssssneseny)

procedure Open_AQDelay Input File {var QLealnit:text);
begin
assign (Qlendnit, 'AQDelay.Dat');
reset {QLendnit)y

2nd;
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I M MR IR AR AR AR AR AR R AR AR R0

iThis orocedurs opans the Dualhavgq input fila,
L T T T R D T T T T T TR TR L S LR TR R Y

procedurs Qpen DuaiAavg Input File (var QlenUnititaxt);
b2gin - -7
assign {Qlenlnit, 'DualAavg.Dat');
resst (QLanlait);
2nd;

[EREARRRERARRRERRRRRRENRRRERRERAERUBRRRNSBRSRIBNIBARINNILRLY)

iThis procedure opens the DualAmax input fils,
T R T P T T R T T AT R T R AT

procadure Qpen DualAmax Input File (var QlenUnititext);
begin '
assign (QlenUnit, 'DualAmax.Dat');
resat {QLenlnit);

and;

{llllllllllllllllllfllllllllllllllllllllll!llllllll!lllllllll}

[This procedure opens the DualDel input fils,
LT LT P T T D T T T T TR TT AT AR AR A

procedure Opzn Duallel Input File (var QlenUnit:text);
begin
assign (Qlenbnit, 'DualDel.Dat');
raset (Qlenlnit);

end;

{lllllllllllllllllllllllll1lllllllllllllll!lllllllllllllllll]

{This procedure is used for reading avg que input file.
U T T T R S T T T T T AR A

procedure Read AavaQ Line (var qlenUnit :text);
begin
readln (QlenUnit, AavgQ[Red,§ac,?],
AavqQ[Red,GaC,], AavgQ[Red,Gal,h],
AavgQ[Red,5al,5], AavgQ[Red,Gal,g],
AavgQ[Red,GaC,?], Aava4[Red,5al,q]);
end;

}

1
}



illllltlllllllltlllllllllllllltlll!llll!llllllllllllltllllll]

iThis procedurs i5 used for reading max que input file, ;
SO TR TN ST I R T R TRTR AR R R AR TNATE)

proczqurz R=ad Amaxq Line (var Qlenlnititext);
begin -7
readln (QLenUnit, AmaxQ[Red,Gal,?],
Amaxq[Red,GaC,3], AmaxQ[ked,GaC,4],
Amaxq[Rad,GaC,5], AmaxQ[Red,daC,8],
pmaxQ[ked,dal, 7], Amaxg[Red,6aC,8]);

and;

{tllllllllttllllltllltlttltllltlltllllttllltllttllllttllltll}

{This procedure is used for reading the avg, queve delay input file.}
L T T T T T TR T T AR TR T LT LA LA EA

procadure Read AQDelay_Line {var QLenlnit:text);
bagin
readln (QLenlnit, AQDalay[Rad,&aC,2},
AQDelay[Red,GaC,3], AQDelay[Red,GaC, 4],
AqDelay[fed,Gat,5), AQDelay(Red,qaC,8],
#Q0elay[Red,GaC,?], AqDalay[Red,&al,8]);

and;

{llllllllll!lllllllllllllllllllllllllllllllllllll!llllllllll}

iThis procedure 15 used for reading dual avg que input file,
{ll!!lllllllllltllllltllllltllltllllltlllllllllllllltlllllll}

procedurs Read DualAavg Line {var QLenUnit ‘text);
bagin - - .
readin (QLlenUnit, DualAavg[Red,GaC,2],
DualAava[Red,6aC,3], DualAavg|Red,8a€,4],
DualAavg[Red,6aC,5], DualAavg[Red,Gal,b],
Dualaavg[Red,4aC, 1], GualAavg(Red,GaC,8]);
end;

AR SRS AR AR AR IRERRRRRRRRSARRRRRERERE LIRS ANLN]

{This procedurs is used for reading Dual max que input file.
L T A T T T T T T T AT T AT TR LR R AT}

procedurs Read DualAmax Line (var QLznUnit:text);
begin
rzadin (QLenlnit, DualAmax[Red,5aC,Z],
DualAmax[Red,GaC,3], DualAmax|Red,GaC 4],
DualAmax[Rzd,§aC,5], DualAmax[Rad,Gac,b],
JualAmax[Red,GaC,?], DualAmax[Red,GaC,8]};
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RALIAMAS AR RIS AL AR R AR LRt i ai Rt e AR AR RIN X

{
1
{This procedure is used for the Gual avg. quzue dalay input fils.}
L T TR L I R T T R A T T T YT AT AT

procedure Read DualDel Line (var QlenUnititext);
begin
readin [Glenlnit, DualDel[Red,6al,2],
Dualdel]fed 8al,3], Dualdz1{Red,5aC, 4],
bualiDe!{Red,5al,5], OualDel[Red,daC,8],
DualDel[Red,Gal, 1], Dualbel[Red,qal,8]};

and;

*lttllt!lllttltllllllllllltlllll!l!‘!!itttl!t!ttiltlt!!!‘l!l

;Thls arocedure clears the serzen.
FERRURSRULRRREURN RN RRRUIRESTUEBRRRRRBtRRRRERaRssErnnsssssty

i St

procedyre (laars;

var 5d,6m: integer;

begin
gd i Detact;
Init6raph{ad,im, ' ');
if SraphResylt <> grok then
Halt{ihy
{learviewfort;
{loseqraph;

znd:

{ltltlllllll!llllllllIIIliitltt!ttttt!tllttll!llllIlll‘llllllllllttlil}

{This procedure is for the user to input what the naxt step should be.)
T T T T R T R T S AT T ST DI R A SR T A A

procedure NextStep;

begin
Clears;
repeat
begin
sriteln;
yriteln;
writeln (' ENTER THE FOLLOWING LETTERS TO CONTINUE:');
writeln;
writeln;
writeln (' i = review of the INPUT values');
writeln;

writeln {' q = average, maximum, and design QUEVE lengths table

¥riteln;
writeln {' ¢

CYCLE failure statistics table!);

B H



writeln;

writeln {' v = VOLUME to capacity statistics table');
writzln;

writeln (' 4 = DELAY statistics table');
writeln,
writeln {' n = starts NEW data entry section again'):
writeln;

writela (' & = EXITS program');
writeln;

readln {answer);

if {answer = '1') then

begin
InputTable;
eng
glse if (answer = 'q'} then
hegin
QuetenTable;
&nd
glse if {answer = '¢'Ithen
' begin
CyclzFailyreTable;
end
21ge if {answer = 'y')then
begin
YolTolapTable;
end
else if {answer = 'd'}then
begin
DelayTable;
end
glse if {answer = 'n') or (answer = 'e') then
begin
2nd
258
begin

end;
end; '
until {[answer = "1') or {answer = ‘c') or (answer = 'v') or {answer = ')
or (answer = 'n') or {answer = 'e'} or {answer = '1'}};
end;

Hl"ltll!llllll!"l“"u""l"llltlll"l"llﬂ"lﬂtlt"“l“""}

{This pracedyre prasents the starting screen, 1
I I T T T L R S T TR T LR DT DTSR LT T )]

procedure StartScreen:

writeln (VANSWER NUST BE EITHER i, 1, ¢, v, d, n, or & PLEASE REENTER.');
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begin
§d = Datect;
InitGraph(ad,am, ' '};
if GraphResult < gridk then
Halt{1);

Line{25,15,8058,15);
Line{505,15,608,120);
Line{25,120,25,15);
Line(25,120,605,120); ’
JutText{V( 145,30, 'TURNING NOVEMENT ANALYSIS PACKAGE {THAP}'):
OutTextXV{ (45,45, ' The University of Texas at Austin');
QutTaetXY( 145,140, - press return to contipye -');
rzading
Clearviewort;
{losetraph;

2nd}

{ll!!"l“ll”lll!lllllllllll!lll"ttﬂﬂ"!”llllt"lllllllﬂ"ll"}

{This procedure presents the input values, J
R L TR A LR R T R R TR e R LA PR IR A R SRR R A AIT AN

procedure InputTable;

var
Gd, am, Space : Integer;
Qtexasstring, Qhcastring, InputVolString,
Vtexasstring, VChemstring & String[15];

begin
44 1= Detect;
Initgraph{6d,ca, ' ');
if GraphResult <> grik then
Ralt(1);

TThis section draws the input summary and qusue length tables.)

Line{25,15,808,15);

Line(§05,15,605,185);

Line{80%,185,25,185);

Line{25,185,25,15);

Ling{25,185,605,185);

Line{25,25,505,25);

OutTextXY{28,7,"INPUT SUNNARY fress return to continue'):
QutTextxy{28,17,0pType};

QutTextX¥{26,32,'CYCLE LENGTH (80,980,100 OR 120 seconds) ' )
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DutTextly{455,32, InputCyclastr);

OutTextXV{28,47,'LEFT TURN RED TINE {s=c.) DE
QutTextXy(k59,47, InputRedstr);

QuiTextA¥{28,62, LEFT TURN VOLUNE PER LEFT-TURN LANE {vph) K
GutTaxtXv{455,82, InputVolstr);

SutTextX¥{28,77,"PEAK 15 WINUTE VOLUME PER LEFT-TURN LANE (vph}'};
Striround(PeakSMinvol), PeakiSMinVoldtr);
AutTaxtyy(e85,77,Peaktshinvolstr);

GutTexta¥(28, 92 ,'SATURATION FLOW PER LEFT-TURN LANE {vphlta}');
§tr(LtSatFlow,LtSatFlowstr);

DutTextav{h5s, 92 ,LtSatFlowstr);

QutTaxtiy(28,107, 'YERICLE ¥IX <');

DutTextA¥(28,122, TAVERAGE WININUN DEPARTURE HEADWAY {sec.}');
GutTexthy{450,122,AvgNingSecsstr);

QutTextX¥{26,137, AVERAGE HEADWAY IN STOPPED QUEUE (ft‘}')t
StriAvqGueHeadway, AvgQuedeadwayitr);

sutTextX¥{455,127 AvgQueHeadwayitr);

QutTextyv(28,152, AVERAGE NUNBER OF CYCLE FAILURES PER CYCLE');
§tr{Qo,Jostr);

QutTextX¥(450,152,Q05tr);

tpace :=38;
For i :=1 to Numveh(lasses do

Bagin
Space :=Space+!i0;
OutTextXY(Space,107, Percentagestr{i]);
QuiTextiv{Space+28, 107, 'S @'}
OQutTextX¥(Space+ss, 107, CarBodylengthstr]i]):
QutTexta¥(Space+15, 107, 'ft');
gnd;
readlng
{losasraph;
NextStep;
2nd:

{lllltllll!llltlt””""!l"”l"ll"l"ttl!ﬂt”""ﬂ"""tl!l"}

{This procedure presents the queue lengths table.
L T T P R T T LA LY

procedurs QuelenTable;

const
Tablel: array[1..13] of PointType =
(£x:25; y388), (x5 yii130),(x2805; yi130),(x:605; y:58), {x:25; yi58),
{x: 25; ye68), (x:805; y:88),
{x: 2187 y:68), (x:218; y:130) (x:218; y:68),
(3h 11y yi68), (xihity y3130), (x:bi0y yi68))s

var
Gd, Gx, $pace : Integer;



Gtexasstring, Qheastring, InputVolString,
VCtexasstring, VChcastring @ String(15];

begin
ad 1= Detect;
Initéraph{sd,dn, ' ');
if GraphResult <> grdk then

Halt(1);
DrawPoly(5ize0f(Table2) div Sizedf(PointType), { & )
Table);
QutTaxtXY (29,60,0pType);
QutTextXY (140,35, ' LEFT TURN QUEUE LENGTHS');

QutTextXy(140,45,' (obtainsd from TEXAS MODEL simulation runs)');
CutTextXY(s3,85,'AVG. LT QUEVE LENGTH KAX. LT QUEVE LENGTH  DESIGN LT QUEUE LENGTH');

QutTextX¥(ai,100,' Faet Feet Feet');
dutTaxtX¥(112,100, TotalAvgQFtstr);
QutTextXY(41,115," Vzhicles Vahicles Vehicles ');

QutTextX¥ (112,115, AvgQStr};
QutTextX¥(295,100, TotalNaxqFtstr);
QutTaxtXy(295,115, MaxqQstr);
QutTextX¥(490,100, TotalDesQFtStr);
OutTextX¥{490,115, DesqStr);
QutTextXY(30,150, 'Note: the maximum queue possible with the TEXAS MODEL is approximately');
DutTaxtX¥(30,160," b5 vehicles.');
OutTaxtX¥{90,187,'Prass return to continue.');
readin

{learViswPort;

CloseGraph;

NaxtStep;

end;

[lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll}

{This procedure presents the cycle failure table. i
{"t“lllllllllllllllll‘llllllllllllllllllllllllllllllllllllllllllll}

procedure (ycleFailuraTable;

begin
&d := Detect;
InitGraph{6d,cm, ' ');
if draphResult <> gr0k then
Halt(1};

begin;
Line(25,15,805,15);
Line(605,15,605,120);
Line(05,120,25,120);
Line{25,120,25,15);



Line{25,120,805,120);

Line{2§,25,805,25);

OutTextiy(222,5, ' CYCLE FATLURES'};
OutTextXy{28,11 dpType);

QutTaxtXy{33,21, 'Average nusber of uniform arrivals per lane during')y

GutTextx¥{33,35,'one cycle length in the peak paried. ');
QutTextiy(520,32,CycFailnstr);

Line{ 25,445,805 48);

DutTextXY{33,47, 'Average minimum departure hzadway {sec.).');
DutTextXY{510,47,AvginQ5ecsstr);

Line{?5,58,608,58); :
DutText¥¥{33,62, Number of vehicles processed per lane durlng B
QutTextX¥{13, 71, effactive green phase.');

JutTextiy{520, 55 TableXstry;

Line{ZS,BU‘SOS,&Gi;

SutTextX¥(33,83,Probability of having more vehicles');
QutTextX¥{33,82,"arriving than being processed.b');
QutTextXv{520,87,CumProblFitr);

QutTextuy{346,87,'%'};

Line{25,102,505,103);

wutTﬂxtXY(33 109, 'Percent of arrival rate to processing rate.');
ButTextX¥{520,108,RatioArrTobrocstr);

OutTextXY{Stﬁ,ius,‘i‘);

QutTextXV{300,135,'s SUGGESTED UPPER LINIT');
QutTextXY(380,145,308 '),

OutTextk¥(90,187,'Press return to continee.');

readin;
LlearViewPort;
Closedraph;
NextStep:
2nd;
end;
LR LE LR PHP AR TI TR T DR SRR AT E LR AR IR S PRSI AR AR AR SR RS AR

!This procedure presents the volume to capacity table.
(BIETERRINSIRIRSRESITRNSANBABARIREREBENSARRNSINALEINRNIRNRREIIENIILG)

procedure ¥olToCapTable;

var
§d, 6m, Space ! Integer;
Gtzxasstring, Qheastring, InputVolString,
yCtexasstring, VChcastring : String[15];
begin
begin
Gd 1= Detsct;
InitGraph{Gd,om, ' '};
if GraphResult > grok then
Halt(1);

—t
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and;

Line{25,15,605,!5);
Lina(505,15,805,120
Lina(505,128,25,120);
Line{25,120,25,18);
Lin2{25,120,605,120);
Line(ZS 25,6038 25);
JutTexty¥{222,5, VOLUKE:CAPACITY');
QutTaxty¥{28,17,0pType);
40}

Line{25,40, (round(Qtaxas'ﬂ h }),40);

Line{{round(Qtexas®0.4}}),40,{round(qtexas®0.4)},50);
§,50);

)

§,(

i

{

Line{{round{Qtaxas30.4}), SB 25,50

Line(25,86,(round{TeapInputvol 'ﬂ §)),68);
Line{(round{TeapInputVol®0.4}),66,(round(TeapInputVol®0.4)},78);
Ling{(round(TempInputvol®d.4}),15,25,76);
Line(25,83, (round{Qhcas0.4)),93);
Line{(round(Ghca®0.4)),83,(round(Qhcadf.4}}, 103);
Lina{ (round(QhCI'G.k)},103,25.103};
DutTextX¥{29,31, 'Capacity-Texas Nodel Kethod (vph}f);
QutTextXv(28,87, teft-Turn Volume (vph)'};
QutTextxv{28,84, 'Capacity-85 KON Wethod {vph)');
Str(round(Qtexas), Qtexasstring);
Striround{Qhcm), thnstr1ng)
Striround(TemplnputVol),InputVolstring);
Str{round{100%¥Ctexas), Vitexasstring);
Striround (100%YChea) VChemstring)y
JutTexty¥(29,62,Qtexasstring);
QutTextyy(29,68, Inputvelstring);
GutTaxtX¥{24,95,Ghcastring);
GutTaxty¥(k15,82,'¢/C taxask!);
QutTexty¥{585,54 V(texasstring);

. DutTextyy(521,54,'¢' )
DutTextA¥{&15,77,'V/C heat');
JutTextiy{595,89,VCheastring);
DutTextyy(521,89,'v');
OutText¥y{300,135,'S SUGGESTED UPPER LINIT');
QutText¥y{300,148," V/C ¢ 0% B
OutTaxtyy(90,187,'Press raturn to continue,'}:
readin;

{learviewPort;
Closedraph;
NextStep;

znd;

{Itt“tt!lt!tttttt!""tt""t"“t“"t"tttt!t”t”ﬂ""""""l}

{This procadute presents the delay table.
[SRREISEEREAREREEERRIRNINIRIABRIRNIRINLUNIREITRERLIRENEAIELABIREILLS)



procedure DelayTable;

hegin
&d = Datect;
Initéraph(ad,om, ' ');
it GraphResult O grok then
Halt{1);

Line(2§,15,605,18);

Lina{605,15,805,120);

Line{608,120,25,120);

Line{25,120,25,15);

Line(25,120,605,120};

Ling{25,25,605,258):

QutTextXy{222,5, ' AVERAGE DELAY' };

QutTaxtXv{28,17,5pType)y

QutTaxt¥¥{28.30, 'Average queue delay? from Texas Wodel simulations.’);
QutTextXv(520,30,Delaystr);

QutTaytXy (543,30, secs.');

Line{25,40,608,40);

DutTextXv(28,45, 'Cycle Failura Delay Equation:');

JutTextX¥{33,55, 'Uniforn component of (F delay equation.');
str{round{Da),Dastr);
OutTextXv(520,95,Dastr);
DutTaxtXv {555,558, secs. ')y
DutTexty¥(33,65, 'Randon component {= D2 component of 3SHCN delay 2quation).');
DutTextx¥({528,65 Dzhcnstr)

QutTaxty¥(555,65, 's6cs5.1)

striround{De] achTot} DelayiFTotstr);

QutTexttv(33,15,'Total CF equation delay 2quation value.'};
QutTextXY({520,75,belaylFTotStr);

GutTertX¥{555,75, sec5.' )y

Line{25,85,605,85);

DutTaxtXy{28,90, 'Uniform (D1} component of $SHCK delay equation,’);
DutTestXv(520,90,Dthemstr);

DutTextX¥ (555,90, s2e8.%);

QutTextX¥{29, 100, 'Random (D2} component of GSHCH delay equation.');
JutTextXy(520,100,D2hcmstr);

Dyt TaytX¥{555, 100, 'secs.');

OutTesxtX¥(29,110, 'Total $5KCN delay equation value.');

SutText V(528,110 HCNTotBeIStr),

DutTextXY (558,110, secs.')y

QutTextyy(300,125,'% SUGGESTED UPPER LINET')y

DutTextlY(3Bﬁ,136,‘ 35 saconds average delay ');

DutTexty¥{50, 150, 'Note; When operating above capacity, the delay becomes a');
QuiTaxtyy(50, 160, function of the langth of time the queue is observed, therefore');
Gut TagtX¥{50,179," the above statistics should be used with caution in this range.');
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SutTextXY{200,!85, Press return to continuz,');
rsadln;
ClearViewbort;
losearaph;
Nextotep;
nd;

{lllllllllllltll“!lll“l!!“"““"“l“““““““"t!ll |

)
IThis procedure is for inputting single 1t specific data. I
[ABIBRIRSRANRRABTARNINBERIRBRRRIRRRRRRINANLINIRBRINNINIIRINY)

procedura SLtInput;

bzgin
yriteln;
writeln ('Enter the single Taft-turn volume (200,300,400,500,500,700 or 800 vph).');

readin (TempInputVol);
while not ((TzmpInputVol = 700) OR
{TempInputVol = 300) OR
(TagpInputvol = 400) R
(TempInputvol = 500) OR
{TempInputvol = 600) OR
(TzmpInputvol = 700) OR
{TempInputVol = §00)) 0
begin
writeln ('THE LEFT TURN VOLUME MUST BE 200,300,400,500,600,700, OR 800 VPH,');
writaln ('PLEASE REENTER THE THE LEFT TURN VOLUKE.'):
raadln (TempInputvol);
writeln;
end;

Inputvol :=round(Tzepinputvol / 100);
TempInputéreen:= (TeapInputCycle-TempInputRed-3.0);

writelng
yriteln ('Enter tha peak 15 minute single left-turn critical lane volume');
writeln {'(must be Tess than or equal to 300 vehicles).');
readln (PeakiSNinvol);
while ((Peaki5HinVol < 0) OR {PeakiSMiavol > 300)) do

begin

writein ('PEAK 15 WINUTE VOLUME IS NOT WITHIN SPECIFIED RANGE, PLEASE REENTER.'),
readin {Peaki5Hinvol);
end;

writeln:
repeat

writaln {'Do you want to use 1710 vph as the saturation flow');
writeln('value for a single left-turn lane (y or a)?7);
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r=adln {answer);

begin
if (answer-z 'y'} then
bagin
LTSatFlow :=1710;
znd
slge if (answer = 'n')then

bzgin
writzln ('Input the single laft-turn saturation flow value (integer).');
readin (LTSatFlow);
znd
2lsa
begin
writaln ('ANSWER WUST BE EITHER y or n, PLEASE REENTER.');
end:
and;

until {{answer = 'y'} or {answer = 'n'));

Avg i= AgvgQ [InputRed,InputdaC,Inputvel];

Wax := AmaxQ [InputRed,Inputdal,InputVol];

CBes iz round{ Nax ¥ 0.85);

Dalay := AQDelay [InputRed,InputGaC,Inputvol];

2nd;

RALIA LI ER LSRR AR RIS AR AR AR ARER AR ER TR ARRARINS Y}

{This procedura is for inputting dual 1t spacific data, ]
R T R T T TR RIS AR AT P TSI A IR E 240 00 41

procedure GLtInput;

bagin
writeln;
writeln ('Enter the dual laft-turn volume');
writetn('on a per lane basis (200,300,400,500,600,700 or 800 vph).');
readin (TzmpInput¥ol);
while not ((TempInputVol = 200) OR
(TempInputvol = 300) OR

(TempInputVol = 400) OR

(TempInputVol = 500) OR

(TempInputvol = 600) OR

(TempInputvol = 700) OR

{TempInputVol = 800)) DO
begin

writeln ('THE PER LANE LEFT TURN VOLUNE WUST BE-200,300,400,500,600,700, OR 800 VPH,');
writeln ('PLEASE REENTER THE THE PER LANE LEFT TURN VOLUME.');
readln (TempInputVol);
writeln (' ');
and;

InputVol :=round{TempInputVol / 100);
TempInputGreen:= (TempInputCycle-TempInputRed-3.0);
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writeln;

writeln (TEnter the peak 15 minute dual Teft-turn voluse'):

writeln {'on a per lans basis (must be lsss than or 2qual to 300 vebiclzs).')
readln (PeakiSHinVol);

whila ((PeakISMinYol < 0} QR (PeakiSMinvel > 300)) do
bagin
eritaln ('PEAK 15 MINUTE VOLUME IS NOT WITHIN SPECIFIED RANGE, PLEASE REENTER.');
readln (PeakiSNinVol};
2nd;

writeln;

repaat
writeln ('Do you want to use 16060 vph per lane as the saturation flow'};
writaln('value for a dual Teft-turn operation {y or n}?');
raadin (answer);
begin
if (answer = 'y') then
begin
LTsatflow ;=1600;
end
else if (answer = 'n')then
begin ‘
writeln('Input the dual left-turn saturation flow per lane (integer).');
readin (LTSatFlow);
znd
alse
begin _
writeln {'ANSWER MUST BE EITHER y or n, PLEASE REENTER.');
end;
end;
until ({answar = 'y'} or (answer = 'n'});
Avg := DyalAavg [InputRed,InputGaC,Inputvol];
Nax := DualAmax [InputRed,Input&aC,Inputvol];
Des := round( Max % 0.85);
Delay := DualDel [InputRed,InputGaC,Inputvol];
and;

RIS AR EE IS R IR AR RS RS iRty g dntly

{This function calculates factorials,
{RRERBEBRBRASLAREINSRABNIRASNANENTIEIRINANABAILINALANIRANILLY)

function Factorial (num : extended): Extended;

yar
r o extended;



fyintnum ; integer;

begin
intnum iz round{num);
ros
for { 122 To intnue Do
Poazr ¥
factorial = ¢}
and;

{333‘8!3338!38!8!!88!!!8!8¥8lt!llltll!littlll!tlll!tltltl!!t}

{This function calculates powsrs, }
UL T T T S S I IR D TR EE A

function Power {Base:2xtended; Exponiextsnded): extendad;

- begin
Powsr := sxp{Expon¥in(Base)};
end;

{!!t!lt8!!!!t!tl!t!tt!l!!t!tt!l!tt!!ttttt!t!!!!t!!t!ttttit!t}

{This function converts integer types to strings.
[UBESESLRLENATLINISRAREIRAINABASNANSINRIRILRASLARALLINLLALAS)

function IntToStr(j :longint):string;

var
i string(6];
begin
Str{i,s);
IntTodtr := §;
end;

{lﬂl!!ll!l!llllllli!lll!!ltll!l!!!l!!l!!!!l!tl!!ttlll!lttil}

{Nain Program
FERESRIRNBRRBEIRRERRRNEIREERRRRTRRRRATENSTRENRIROERINEENNG)

begin
[FIRST READ OF OATA IS FOR Average Queue Langth 3]
{READING DATA FOR CYCLE LENGTH = 60 SEC. i

Open_AavgQ Input File(QLenUnit);
For Redi= 7704 D0
begin
gal := (f-Red):

91



92

Read AavqQ Lina (Qlenlnit);
znd; -7
{READING DATA FOR CYCLE LENGTH = 80 SEC
For Rad:izk TO 6 00
begin
§aC 1= (8-Red);
Read AavaQ Line (QLenlnit);
and; -7
{READING DATA FOR CYCLE LENGTH =100 SEC.
For Reds= & 10 8 DO
bagin
§aC 1= (10-Rad);
Read Aavgq Line (qLenUnit)
end;
{READING DATA FOR CYCLE LENGTH =120 SEC
For Red:= § 70 9 DG
bagin
§aC := (12-Red);
Read Aavgq Line (QLenlnit);
and;

{SECOND READ OF DATA IS FOR Maximua Queue Length

Open Anaxq_Input File(QLentnit);

{READING DATA FOR CYCLE LENGTH = §0 SEC,
For Red:= 3 T0 4 DO
begin
gaC = (6-Red);
Read Aeaxq_Line (QLenUnit);
2nd;
READING DATA FOR CYCLE LENGTH = 80 SEC
For Red:i=& TO 6 DO
begin
6aC := (8-Red);
Read_AeaxQ_Line (QLenUnit);
2nd;
{READING DATA FOR CYCLE LENGTH =100 SEC.
For Red:= 4 T0 8 DO
begin
Gac 1= (10-Red);
Read_AmaxQ_Line (QLenlnit)
end;
[READING DATA FOR CYCLE LENGTH =120 SEC
For Red:= 5 T0 9 DO
bagin
GaC 3= (12-Red);
Read Amaxq_Line (QLenlnit);
nd;

3
§

[—



{THIRD READ GF DATA IS FOR Average Qu=uz Delay |
Gpen AQDzlay Input File{Qlenlnit);

{READING GATA FOR CYCLE LENGTH = B0 SEC,
Far Redi= 3 70 &4 0D
begin
§al 1= (6-Red);
Read AQDelay Line (Qlenlnit);
and;
{READING OATA FOR CYCLE LENGTH = 88 SEC
For Red:=k TO B DO
begin
§al 1= {§-Red);
Read_AQDelay Line (QLenlnit);
2ad;
{READING DATA FOR CYCLE LENSTH =100 SEC,
For Red:= 4 70 8 DO
begin
g§al := {10-Red);
kead_AQDelay Line (Qlenbnit)
and;
{READING DATA FOR CYCLE LENGTH =128 SEC
For Red:= 5 70 8 B0
begin .
gac = (12-Rad);
kead AQDalay Line {QLanlnit};
end; -

bagin

{FOURTH READ 9F DATA IS FOR Dual Average Queuve Length

{READING DATA FOR CYCLE LENGTH = 60 SEC.
dpen CualAavg Input File(QLenlnit);
For Red:= 31 70 & DO

begin

5aC := (6-Red);

Read Dualhavg Line {QLealnit);
end; -

{READING DATA FOR CYCLE LENGTH = 80 SEC
For Red:=k TO & DO

begin
Gat ;= (8-Red);

(o™
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Read Dualhavg Line {QLznUnit};
gad; - -
TREADING DATA FOR CYCLE LENGTH =100 SEC.
For Redi= & T0 8 DO
bagin .
§al = {10-Red)y
Read Dualhavg Line (QlenUnit)
end;
[READING DATA FOR CYCLE LENGTH =120 SEE
For Red:= 5 70 8 [0
bagin
§al = {12-Red);
kead Dualdavg Line {Qlentnit);
and;

TEIFTH READ GF DATA IS FOR Dual Maximua Jueve Langth )
Open Dualhmax_Input File{QLzalnit);

[READING DATA FOR CYCLE LENGTH = 60 SEC.
For Red:= 3 70 4 00
begin
Gal := (B-Red);
kead Dualdmax_Line {QlenlUnit);
2nd;
[READING DATA FOR CYCLE LENGTH = 80 SEC
For Bed:=4 T0 6 DO
begin
Gat iz (§-Red);
Read DualAmax_Line {QLznlnit);
and;
{READING DATA FOR CYCLE LENGTH =100 §EC,
For Rad:= & T0 8 DO
begin
gal := {t(-Red);
Read DualAmax_Line {QLenUnit)
end: .
[READING DATA FOR CYCLE LENGTH =120 SEC
For Redi= 570 9 00
beqin
Gal := {12-Red);
Read_DualAmax_Line (Qlentnit);
2nd;

{SIXTH READ OF DATA I5 FOR Dual Average Queve Delay )
Open_DualDe! Input_File(qLenlnit);

Fae—s



{REAGING DATA FOR CYCLE LENGTH = §0 SEC.
For Redi= 3 70 4 D0
begin
E {8-Ked
ead ualpe!

ma:

b

end;
READING DATA FOR CYCLE LEMGTH = 80 $EC
For Red:=b TG § DO
begin
6aC := (8-Rzd);
Rzad DualDal Line (qLzalinit);
end;
{READING DATA FOR CYCLE LENGTH =108 5EC,
For Red.= 4 TG 8 [0
begin
gaC := {l0- ),
Read DualDel Lina (Qlenlnit)
#nd;
READING DATA FOR CYCLE LENGTH '!20 SEC
For Red:= § T0 9 Do
begin
GaC 1= (12-Red);
Rzad DualDel Line (QLenUnit);
#nd;
and;

Clears;

§tartScreen;
CloseGraph;

Startagain:

i S
_Line {QLealnit);

[——s

writeln {'SERBEMMEEIENARI AR RAREIRIARINARERIERIRNRRRTRIRINASY) ;

(R Y3
iteln ('THIS SECTION IS5 FOR DEFINING SIGNAL TINING CHARACTERISTICS.');
::‘;::]]: ((""“i“"‘ll‘lll“"‘!!ll“l“"“1“l““ﬂl‘l.“‘l""”'] i

writeln;

writeln ('Enter the desired cycle length (60,380,100 or 120 seconds).');

rzadln (TempInputCyclel;
white not({{TempInputCycle = §0) OR
{TzmpInputCycle = 80) OR
(TempInputiycle = 100} OR
{TempInputCycle = 120)) DO
begin

readin (T2apInputCycle):
writeln {' '1y
and;

InputCycte :=round{TempInputCycle / 10.00);

writeln;

writein {'THE CYCLE LENGTH IS NOT 60,80,100 OR 120 SECS. PLEASE REENTER THE CYCLE LENGTH.');

95
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writaln ('Enter the left turn red phase lzngth {30,49,59,80,70,80, or 80 secs.).');
griteln ('The G+¥/CL ratio must be between 0.2 & 0.6.');
readln (TeapInputRed);
tempehk = round(((TempInputCycle-TempInputRed) / (TempInputCycie))®i0n);
writeln (' ');
rapagt
begin
if (TempChk < 1.0£401) then
begin
writeln ("THE G#¥Y/CL RATIO NUST BE >= 0.2 AND <= 0,6.');
writeln ('PLEASE REENTER THE RED PHASE LENGTH 50 THIS IS SATISFIED.'};
readin {TeapInputRed);
writeln (' ');
end;
tzmpchk := round{((TempInputCycle-TempInputRed) / (TempInputCycla))®100);
if (TempChk > 6,OE+Q1) then
begin
yriteln ("THE @+¥/CL RATIO NUST BE >= 0.2 AND <= 0.6.'):
writeln ('PLEASE REENTER THE RED PHASE LENGTH SO TWIS IS SATISFIED.');
readin (TeapInputRed);
writeln (' '),
end;

while not
{{TempInputRed = 30) OR
(TzapInputRed = 40) OR
(TempInputRed = 50) OR
(TeapInputRed = 60) OR
(TempInputRed = 70) OR
(TempInputRed = 80) OR
(TempInputRed = 90)) DO
begin
writeln ('THE LEFT TURN RED PHASE LENQTH NUST BE 30,40,50,60,70,30, OR 90 SECONDS.');
writeln ('PLEASE REENTER THE RED PHASE LENGTH SO THIS IS SATISFIED.'):
raadin (TempInputRed);

end;
end; :
teapchk ¢z round(({TempInputCycie-TempInputRed) / (TempInputCycle))*100):
until ({TempChk >= 2,00E01) AND (TempChk <= 5.00E01)) AND

({(TempInputRed = 30) OR
{(TempInputRed = 40} OR
{TempInputRed = 50) OR
{TempInputRed = 60} OR
(TempInputRed = 70) OR
(TempInputRed = 80) OR
(TempInputRed = 90)));

TampInputGreen :=(TempInputCycle-TempInputRed-3);

InputRed :=round (TempInputRed / in);
InputGaC :=(Inputlycle - InputRed);



writelng
writeln ('PRESS RETURN TQ ENTER VEHICLE CHARACTERISTICS'):
razding

Tlaars;

LR L D L T T TT A AT AT TR

writeln ('THIS SECTION IS FOR DEFINING THE VEHICLE CHARACTERISTICS.'):
writeln (MEYSROTRSRRRSRRSERONARRASEARIERETIORIRNRLEADARINNTLINLNINGY],

repegt
begin
writeln{’Do vou want to analyze a singiz or dual Teft-turn operation {5 or d)?');

readln {answer);

it {answer O 's') and {answer O '4') thes

begin
writeln {'ANSWER WUST BE EITHER s or d, PLEASE REENTER.');
#nd; s
end;
until ((answer = 's') or (answer = 'd'));
if (answer = 's!) then

begin

OpType:= 'SINGLE LEFT-TURN OPERATION';
SLtInput;
nd c

glse
begin

OpType:= 'DUAL LEFT-TURN OPERATION - ALL STATIZTICS ON PER LEFT-TURN
fLtInput: ‘
end;

writeln;

{This section does the calcuations for the prob. of cycle failure table.)
repeat
writeln {'Do you want to use 1.5 seconds as the average minimus ')
writeln {‘departure headway in the left-turning queus {y or n}?')}
readln (answer);
if lanswer = 'y') then
begin
AvgNinQhecs := 1.5;
end
glse if (answer = 'n')then
begin
yriteln {'Input the average minimum departure headway in the left-turning queve.');
writeln {'{real seconds, i.e. 2.15).');
raadln {AvgHingSecs);
end

LANE BASTS':
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2lsa
begin
writeln ("ANSWER WUST BE EITHER y or n, PLEASE REENTER.');
end;
until {{answer = 'y') or {answer = 'n'));

ProbCF :=1.0;
CumProbCF :=0; .
CyeFaith t= ({{&.0) ¥ (PeakiSHinVol) ® (TempInputCycle))/(3600.00));
CycFailX := (TemplnputGreen) / (AvgMinQSecs); '
TableX :=round{CycFailk);
while (ProbCF > 1{,0E-01) do
begin
CycFaily := CycFailX + 1.0;
probCF 1= (((Power{CycFailM CycFailX)) 8
( EXP(-CycFailN))/{Factorial({CycFailx))));
CumProbCF := ProbCF + CumProbCF;
end;

{This saction calculates the delays used in the delay performance table.)

bagin
.§oC i=({TempInputireen)/Templnputiycle);
Qtexas 1= ({((60C/3.0)+(0.5/TempInputCycle))s3600,00));
ghem ;=(LTSatFlow)¥(GoC);
VCtexas := (((TempInputVol/qQtexas)));
VChem 2= ({(TempInputVol)/Qhcm)):
end;

{This section calculates the BSHCH delay term.)

Dihem := (((0.38%TempInputCycle)®{{1.0-G0C)*(1,0-GoC)))/
(1.0-({GoC)*(VChem))));

Basehcm 5= {((VChem-1.0)9(VChem-1.0))+((16.0%VChem)/Qhen) };

Dzhem 3= ((473.0%(Sqr(VChcm)))%{({vChem-1.0) ¢+ (Sqrt{Basehcnm)})});

HCKTotDel := (round(D2hcm) + round(Dthem));

Str({round(Dthcm),Dthemstr);

Str{round(D2hcn) ,D2hcastr);

Str(round(HCHTotDel), HCNTotD215tr);

writeln;

{This section calculates the Cycle Failure equation delay tern.}



99

writein{'The number of cycle failures has a significant impact'y;
writsIn{'on the average queus dslay, Do vou want to input any cycle');
writeln({'failurs infornation {y orn}?'}; o

repeat
r#adln (answer};
bagin
if {answer = 'n') then
begin
go = 0;
&nd
else if [answar = 'y')then
begin
writzln {'Input the average number of cycle failures per cycle’);
writeln{ 'per left-turn lane [real nupber, i.e. 3.2}.%);
readin (go);
end
alse
bagin
griteln {'ANSWER MUST BE EITHER y or n, PLEASE REENTER.');
endy
2nd;
until ({answer = 'y'}) or {answer = '»'});
{5e =0

fei=TeapInputGreen;
Re:=TeapInputRed;
Ar=((TeapInput¥ol)/(3600));
s=(LTSatFlow)/ (3600}
B oiz{A-P)y
Qr sx{Qot{AtRe}+
Huavehs = ({Te=a
if (H<O) and (A=
begin
Ut :=((QoRe}+({Sqr(Qo)}/(28P)));
(se ={1};
Da :=(Dt/Qo);
end

{K¥e}); ‘
pIn¢ut¥n?‘Tenplnputtycie) | {3800));
8} and {00} then

else if (NC0) and (A0) and {Qre=d) then
begin
0t := ((Qo¥Re)+{{A%(Sqr{Re)})/2)+{(Sar{{A®Re)+qo)}/(23(Abs(N}})))}
D3 :={Dt/Nuavehs);
Cse 5={2);
end

slse if (N<=0) and (A>0) and (§r>0) then
begin
= {((Qo¥Re)+({A%(Sqr(Re))}/2)+(({AbS(N))¥(Sqr(Ge)}}/2)
+((Qot([A¥Re)-([Abs(N))¥6e))¥ae)))
{se 1={1);
i

]
Da :=(0t/{(TempInputvol¥TsapInputCycle)/3800));
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21se if (M8} then
begin

Dt = hifoRe) r{(AX(Sqr{Re)))/2) ¢((Rot(A%Re])¥Ge) +((N¥{Sar(Ge)))/2));

Cse 1=(h);
Da s=(0t/((TempInputvolsTempinputlycle/3600}));
end

&lse
begin
&nd;

BelayCFTot :=({DatD2hch);
repeat
" begin
witeln]
writeln ('Do you want to use § feet as the average ');
writeln {'headway in the stopped queue (y or n)?');
read!n (answer);
if {answar = '¢'} then
begin
AvgQueheadvay iz &
end
glse if (answer = 'n')then
begin

writeln ('Input the average headway in the stopped queve');

writeln {'{integer feet, 1.e. 4).');
readin {AvgQueHeadvay);
2nd
else
begin

writeln ('ANSYER MUST BE EITHER y or n, PLEASE REENTER.');

2nd;
&nd;
until ({answer = 'y') or (answer = 'n'}));

Rabnter:

PercentTotali=0;

begin

yriteln;

sriteln ('How many differant classes of vehicles are there?');

rzadln (NumVehClasses)s
TempTotalAvgQFt := 0
TempTotalMaxgrt := §
TeapTotaiDesgrt iz 0
for i = 1 to NuaVeh
begin

§
§
H
{lasses do

writeln;
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whiteln {'Input ths percantage of vehicles in class ',i);
writeln {'(integer percentage, i.2. §2).');

readin {Percentage{i]);

IntPercent :=round{Percentage[i] ¥ (08);

Str{percentage[i],PercentageStr]i]);

writeln {'Input the Tangth of vehicles in class ',i};
writeln {'{integer feet, f.e. 24).');

readin (CarBodylength);

Length :=(CarBodyLength + AvgQueHeadway);
Str{CarBodylength,CarBodylengthstr[i]};

AvgQFt = {(Percentage[i]/tﬁo'o) ¥ hyg)¥{Length);

TempTotalAvgQFt 1= (AvgQFt + TempTotalAvagFt);
HaxQFt 1= {{Percentage[1]1/100.0) % Nax)*{Length):

TempTotalNax@Ft := (KaxQrt + TempTotalNaxgFt});

DesQFt := {NaxQFt ¥ 0.85);

TempTotalDesQFt = (DesQFt ¢ TﬂapTotaiQesQFt);

PercentTotal ;= (PercentTotal ¢ (Percentage[i]))

and;

end;
while {PercentTotal O {00) do
begin
writeln{'THE TOTAL PERCENTAGE OF ALL VEHICLE CLASSES IS NOT EQUAL TO f00%,');
writeIn{'PLEASE REENTER THE DATA.');
goto ReEnter;
end;

TotalAvgQFt := round(TeapTotalAvaqFt);
TotalNaxQFt := round{TeapTotalNaxqFt);
TotalDesqFt ;= round(TempTotalDesqFt);

writeln;
writeln;
writaln (! PRESS RETURN TO CONTINUE');

readlin;

Str{Avg, AvgQStr);
Str{Max,MaxQstr};
Str{Des,DesqQStr);
Str(Delay,DelayStr);
Str{TotalAvgQrt,TotalAvaQristr);
Str{TotalMaxQFt,TotalMaxqQFtstr);
$ir{TotalDesqrt,TotalDesQFtstr);
tr{round(TempInputCycle), InputCyclestr);
Str{round(TeapInputRed),InputReditr);
Str{round{TenplnputVol) InputVolstr);
Str(round(CycFail),CycFailnstr);
Str{AvgMinQSecs,AvgMingSecsstr);
Str{round(TableX),Tableystr);
Str{round(CumProbCF*100),CunProblfstr);
Striround{(round{CycFailN)/round(TableX)3100)),RatioArrToProcstr);
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NextStap,
if (answer = 'n') then
begin
{lears;
Goto StartAgain;
2nd;

close (QlenUnit);
{lears;
end,
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