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Disclaimer

The contents of this report reflect the views of the authors, who are responsible for the facts and
the accuracy of the information presented herein. This document is disseminated under the sponsorship
of the Department of Transportation, University Transportation Centers Program, in the interest of
information exchange. The U.S. Government assumes no liability for the contents or use thereof.
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Abstract

The use of detection to activate protected left-turn phasing has developed primarily through
empirical trial and error and has been instituted without the supporting scientific theory. This study
compares the performance of left-turn phasing to provide quantifiable benefits of one phasing over
another. Permitted, protected, and protected/permitted (P/P) phasing are analyzed for a range of left-turn
volumes and opposing through traffic in order to develop relational curves. The measure of left, through
and overall intersection delay is used to compare the different phasing performances. Specific
consideration is given to determining the optimal location of the queue detector for P/P phasing. From
the analysis, guidelines are developed for determining the type of left-turn phasing based on left-turn
volume, opposing through volume and lane geometry.

The analysis indicates that P/P phasing provides the best method of left-turn phasing signal
control. The P/P phasing allows for a wide range of control and is better able to accommodate the
changing volumes throughout the day. The optimal queue detector location for P/P varies based on
opposing volume and geometry. UDOT typically has placed the queue detector location at the third
vehicle. This is based on permitted phasing to accommodate two sneakers per cycle. Therefore the third
vehicle location triggers the protected phasing so that all left-turning vehicles can be accommodated.
However, this assumes that no gaps exist in the oncoming traffic to provide capacity for left turns and
that the opposing traffic is operating near capacity. Based on this assumption, delay comparisons
indicate that geometry and queue locations are related. For a single lane geometry, the third vehicle
location is appropriate. However, as the geometry is increased to two or three lanes, the opposing
through volume increases and the overall intersection delay is reduced when the detector location is

moved to the fourth vehicle location.






INTRODUCTION

According to the 1983 Traffic Control Devices Handbook (TCD), published by the Federal
Highway Administration, the number of phases for a traffic signal cycle should be held to a minimum.
As the number of phases increases, the green time available for other phases is reduced. This may
decrease intersection efficiency because of starting delays, change (yellow) intervals, longer cycles, and
adverse impacts on optimal progression. Through and right-turning vehicles are most efficiently
accommodated by a two-phase traffic signal. Left-turn phasing facilitates left-turn traffic; however, this
is done at the expense of green time available for through traffic. Therefore, phasing is primarily a left-
turn issue.

The purpose of a traffic signal is to provide structure to an intersection and provide for a safe and
efficient interaction of vehicles. However, the goals of safety and capacity often conflict. This conflict
is most evident with Permitted and Protected left-turn phasing. Protected left-turn phasing describes left-
turn movements which can only be made on a green arrow with opposing flow stopped. Permitted left-
turns are performed through gaps in the opposing traffic. A combination of Permitted and Protected
phasing often is used on a single approach. Under this Permitted/Protected (P/P) situation, the Protected
phase is activated by the presence of a vehicle or vehicles in the left-turn lane. The Utah practice of
queue detection for activating the protected phase is somewhat atypical as many states simply use a stop-
line detector to activate protected phasing with the arrival of only one car.

As left-turning volumes and opposing volumes increase, acceptable gaps in the opposing traffic
flow are reduced and left-turning vehicles are increasingly delayed. There is a traffic volume level at
which the permitted left is no longer able to adequately provide for the left-turning demand. This can be
caused by increases in left-turn movements, opposing traffic flow, or accidents, which can be reduced by
installing protected phasing. Once one of the conditions is reached, the question of whether to install

Protected or P/P phasing occurs. In Utah, safety rather than capacity is the primary concern in



determining the use of Protected or P/P phasing. The Protected phasing provides for the capacity needed
to accommodate the left-turning demand, but guarantees delays to left-turns even if acceptable gaps in
opposing traffic are available. The P/P provides protection when the queue length of left-turns reaches a
certain defined level and allows for permitted left-turns when gaps in opposing flow present themselves.
The queue length at which the Protected phasing is initiated has not been standardized.

Protected phasing also is used for single left-turn lanes when the left-turning vehicles must cross
three or more opposing lanes with speeds of 45 mph or greater or when sight distance or alignment is
inadequate. This also is a safety issue. Currently, the P/P phasing is the “default” left-turn design used
in all other cases.

In a cycle, two alternatives are available for the occurrence of protected left-turn phasing. When
left-turn phasing precedes the opposing through movement it is referred to as “lead-left.” When the
protected phase follows the opposing through movement, it is referred to as “lag-left.” This lead and lag
left can be applied to Protected and P/P left-turn phasing.

This research develops left-turn phasing and traffic relationships. It investigates how Permitted,
Protected, and P/P left-turn signal phasing compare in terms of delay for various left-turn and opposing
flow conditions. Optimal queue detector location for activating the Protected phase of a P/P phasing also
is analyzed using left-turn, through and overall intersection delays.

The left turn phasing affects left-turning, through, and overall delay to the intersection, however
not in the same way. A left-turn phasing may decrease delays and be optimal for the left-turn movement,
but at the same time it may increase overall intersection delay. This research continues by developing
general guidelines on how to select the appropriate type of left-turn phasing.

The goal of the research is met by the following objectives, which are discussed as phases
throughout the research process:

1. Phase I - Assess the delay due to Permitted, Protected, and P/P left-turn phasing under various

opposing flows, left-turn traffic conditions, and road geometrys.



2. Phase IT - Identify where queue detectors should be placed to activate protected left phasing for
Protected / Permitted left-turn phasing. By assessing left-turn and overall intersection vehicle
delay for different opposing flow conditions and left-turn queue lengths, an optimal queue length
is determined. This optimal location will vary based on opposing flow and left-turn queued
vehicles.

3. Phase III - Develop guidelines to determine the need for separate left-turn phasing regimes
based on conflicting traffic volumes (left turn and opposing through).

While left-turn accidents and the left-turn impacts on signal coordination are not addressed by
this study, it does address the type of left-turn phasing most efficient under a given flow condition, when
queue lengths should be detected, and general guidelines that will guide future decisions on
implementing left-turn phasing.

In Salt Lake City, the method of applying prior trial and error experience to current phasing
plans has produced a working system of installing left-turn phasing and the queue detector location.
However, the science that supports why the developed system works and if it is truly the optimal

condition must be addressed.






LITERATURE REVIEW

A review of current literature shows that University of Utah’s study, Selection of Optimal Left
Turn Phasing at Traffic Signals, (hereafter referred to as the U of U study) is needed and unique. The
literature collected and reviewed regarding left-turn movements includes existing published guidelines,
physical design elements affecting efficiency, accident history considerations, and various delay
minimization and optimization methods. A short discussion and description of the Highway Capacity

Software (HCS) program and its applicability and use in this project also is provided.

Existing Published Guidelines
In 1981, the Federal Highway Administration (FHWA) published Guidelines for Signalized Left-
Turn Treatments. Among other purposes, the guidelines were intended to give general guidance on how
to select the most appropriate left-turn treatment at a signalized intersection. The guidelines are based on
the experience of more than 200 practicing traffic engineers. The recommendations of the FHWA were

based on peak hour left-turn demand-to-capacity (v/c) ratios and accident history. The guidelines are as

follows:
. For left-turn v/c ratios less than 0.7, protected phasing is probably not needed.
. For left-turn v/c ratios between 0.7 and 0.9, protected phasing possibly may be needed depending

on accident history.
. For v/c rafios of 0.9 and above, protected phasing probably is needed.
. If protected phasing is not needed, permissive-only phasing is suggested and
permissive/protected phasing is not considered.
The given v/c values are then compared with accident history and are shown graphically on
Figure 2.1. The guidelines provide a basic outline on the use of permitted and protected phasing and do

not include discussion of the use of protected-permissive left turn phasing.



The guidelines also include a brief discussion of delay considerations associated with left-turn

phasing. A “general rule” for defining a cycle failure is set forth as any cycle in which a left-turning
vehicle waits longer than one complete cycle to tum. These failures should not be considered “a
problem” until the cycle failure rate reaches 10 percent because of the random nature of arrivals.

Excessive delay is defined as being “somewhere around 30 to 35 seconds” per left-turning vehicle.
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Figure 2.1 Graph of Conditions for Protected Left-
Turn Phasing (After FHWA 1981)

Chapter Four, Section C of the 1988 Manual of Uniform Traffic Control Devices (MUTCD) (FHWA
1988) describes 11 conditions that require installing a traffic control signal. The 11 conditions are
defined as signal warrants, which range in scope from pedestrian activity, to traffic volume, to vehicle
accidents. However, no guidelines are included in the MUTCD on warrants for left-turn phasing.
(FHWA 1983) describes left-turn phasing warrants from a survey of 45 states, each with unique

methods of warranting left-turn phasing. Based on the survey responses, the TCD handbook suggests



guidelines that form an aggregate of all responses. However, they are intended to be used as a general

guide for all 50 states where traffic conditions can vary greatly. The criteria for left-turn phasing

suggested by Chapter Four, Page 18 of the TCD based on volume, delay, and accidents are:

Yolume

Delay

the product of left turning vehicles and conflicting through vehicles during the peak hour is
greater than 100,000

as above, with the product greater than 50,000

left-turn volume greater than 100 (or 90) vehicles during the peak hour

left-turn peak period volumes greater than two vehicles per cycle per approach still waiting at the
end of green (for pre-timed signals)

left-turn volumes greater than 50 vehicles per peak period when through traffic speed exceeds 45

mph

delay to left turn vehicles is greater than two cycles

one left-turning vehicle delayed one cycle or more during one hour

Accidents

five or more left-turn accidents in a 12-month period

the TCD also provides general suggestions for when P/P may be used

Where left-turn phasing has been determined to be warranted on a volume basis, consider the use
of P/P left-turn phasing before protected only left-turn phasing is implemented.

When using leading P/P phasing, consider the use of left-turn queue detection to improve overall
intersection operating efficiency.

The criteria offer no coherent structure to guide traffic engineers in the implementation of left-

turn phasing strategies. The U of U study investigates the TCD handbook recommendations to define a

more focused set of guidelines appropriate for the State of Utah.



The [NCHRP 1996] synthesized available literature on left-turn treatments. The synthesis
includes all aspects of the issue including design, signs and markings, signal appearance, phase timings,
and performance measures. It provides a complete discussion of the possible signal face combinations
associated with the permitted, protected, and permitted/protected phasing arrangements. A discussion of
the criteria for a protected left-turn phase correctly observes that, “The requirement for separate left-tum
traffic signal phasing at an intersection is based on the left-turning volumes, vehicle delay, visibility, and
safety of the intersection.” The discussion also states that, “while a separate phase may reduce delay for
left-turning traffic, it could -result in more overall intersection delay because it takes traffic signal green
time away from the heavier intersection movements.” It is of consequence to the U of U study that the
synthesis does not give any definitive suggestions regarding the phasing choice that would minimize
delay. Representative examples of current values used by agencies to justify a protected phase are as
follows:

. “The product of left-turning vehicles and conflicting through vehicles during the peak hour is

greater than 100,000 (or 50,000).

. “Left-turn volumes greater than 100 (or 90) vehicles during the peak hour.
. “Left turn peak period volumes greater than two vehicles per cycle per approach still waiting at
the end of green (for pre-timed signals).”

It is not stated in the article when to use 100,000 or 50,000 (in the first bullet) or whether this
simply represents two or four approaches. The synthesis includes suggested guidelines for selecting

phasing type are reproduced from (Upchurch 1986) which will be reviewed later in this report.

Geometric Considerations with Left-Turn Treatments
One of the objectives of the U of U study is to suggest guidelines on choosing a type of left-turn
phasing — permitted, protected, permitted/protected. Therefore, It is assumed throughout the project that

a separate single left-turn lane already exists. The U of U study does not attempt to give guidelines that



suggest when to increase the number of left-turn lanes. Literature is available which estimates the
capacity of dual or triple left-turn lanes and when to convert a shared left-turn lane to a separate left-turn
lane. Although the research contained in the literature is helpful in deciding when to increase the number
of left-turn lanes in an intersection, the question could be addressed more specifically with regard to cost,
safety, and efficiency in the scope of another study. A brief summary of the available literature
regarding the number of left-turn lanes is given here.

A study by Oppenlander and Bianchi, 1990, gives suggested guidelines for the use and
installation of an exclusive left-turn lane. The guidelines were developed with a Monte Carlo simulation
model and determine the design lengths for left-turn lanes with separate phasing. The guidelines are
given in terms of intersection type (signalized and unsignalized, divided and undivided), number of
opposing lanes, demand volumes, number of phases, and accident history.

Pethe 1994, employs “existing analytical techniques combined with statistical regression models
to predict the capacity of a shared left-turn lane with permissive phasing.” Because the HCM tool is
iterative in nature, this paper defines a new, non-iterative equation for single and multiple lane models to
predict the capacity of a shared left-turn lane. He also showed the effects of increasing opposing
volumes and the number of opposing lanes on capacity. While the U of U study does not address shared
left-turn lanes, it will be implementing an increasing opposing volume and opposing number of lanes in
its investigation.

The overall operating efficiency of dual left-turn lanes is explored by Shaik and Graham, 1996.
The analysis consisted of actual data taken from several intersections, which was used as input for a
TRAF-NETSIM model to determine and compare several measures of efficiency. The conclusion of the
study is that upon the change from a single left-turn lane to a dual lefi-turn lane, the decrease in overall
intersection delay ranged from six to 37 percent with 2 mean of 23 percent.

The ITE Technical Council 5P-5A gave a preliminary informational report on the capacities of

triple left-turn lanes. The report concluded that the saturation flow is estimated to be 1830 pcphgpl
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(passenger cars per hour green per lane). This is within 5 percent of the value reported by the ITE
Technical Council 5P-5 for double left-turn lanes. It also suggests that the results for the triple left-turn

lane indicate that the left-turn adjustment factor (f, ;) used should be approximately 1.00 (ITE 1995).

Safety Considerations

Accident history is an important factor in the choice of left-turn phasing because each of the
phasings in question has a different level of safety associated with it. Protected phasing typically has a
lower accident history than permitted/protected phasing. At the same time, protected phasing may not be
as efficient as permitted/protected phasing. Many times a trade-off between safety and efficiency exists.
As a result, there have been several recent studies that examine the safety of each phasing type.
Although the U of U study will describe optimality in terms of efficiency only, safety considerations are
incorporated into the proposed guidelines by examining guidelines from other studies and incorporating
those that follow closely the requirements from UDOT operations of safety and left-turn phasing.

Upchurch, 1991, compared accident rates for different types of left-turn phasing arrangements.
With 523 intersection approache samples he developed the accident statistics. Each of the sample
approaches had a dedicated left-turn lane. Results are given according to left-turn volume and opposing

volumes. A summary of the results is shown in Table 2.1

Table 2.1 Accident Rates for different Left-Turn Phasing Types (after Upchurch, 1991)

Leading Lagging
Protected/ Protected/ Leading Lagging
Permitted Permitted Permitted Protected Protected

2 M 2.62 2.71 3.02 1.02 2.09
Opposing N 162 62 44 57 4
Lanes
3 M 3.83 4.54 2.65 1.33 0.55
Opposing N 25 52 35 80 2
Lanes

M=Mean Left Turn Accident Rate (accidents per million left turning vehicles).
N=Number of Approaches in the Sample

10



Shebeeb, 1995, examines trade-offs between safety and efficiency for several left-turn phasing
arrangements. The arrangement schemes inspected were permissive only, lead and lag
permitted/protected, protected, and Dallas phasing. The delay was measured in terms of left-turn delay _
only without consideration to through delays. The study concluded a trade-off exists between safety and
efficiency. Shebeeb reports that the order from safest to least safe lefi-turn phasing is lead protected, lag
protected, lead protected/permitted, lag protected/permitted, Dallas, and permitted only. This order also
is the order of least efficient to most efficient. It was determined that there is no statistically significant
difference in the efficiency or safety of lead and lag protected operations. Although the report seems to
indicate to the contrary, the left-turn delay for all intersections does not necessarily follow the order
described. It is reasonable to imagine that an intersection with a high opposing volume and permitted

phasing will have a higher left-turn delay than if the phasing included a protected left-turn.

Delay by Left-Turn Phasing Scheme

A number of studies have examined the manner in which left-turn phasing should be chosen to
reduce left-turn and overall delay. The studies range from rigorous mathematical optimization models to
collecting and analyzing field data. None of the research to date employs the approach used by the U of
U study and as a result, none contain the broad range of results obtained by this study. Each of the works
are described below.

Guidelines for selection of left-turn phasing were developed by Asante, 1993 #729. The study is
based on field studies of 108 intersections located in several Texas counties. The study encompassed
phasing schemes of permitted, permitted/protected, protected, and Dallas phasing. It studied each type of
intersection for one, two, and three opposing lanes, each with varying approach speeds, and for one and
two left-turn lanes. Each intersection was videotaped for one hour during peak flows. A measurement
important to this study is the correlation of measured delays vs. calculated using the 1985 HCM delay

model. The results of this portion of the study are included in Table 2.2. They are a basis for the

11



assumption that the HCM model produces valid delay estimates to compare the three left-turn phasing
types for modeling purposes. The results of the study are linear relationships between left volume and
opposing speed limit that suggest either permitted only phasing or Osome protectionO for one, two, and
three opposing lanes. The suggested guidelines presented by this study favor the permitted phasing

unless geometry and traffic require more restrictive control.

Table 2.2 Parameter Estimates for the Intercepts and Slopes for the
Calculated Versus Observed Left-Turn Delays
Phase Sequence R?
Protected 0.59
Protected/Permitted 0.86
Permitted 0.76

(After [Asante, 1993 #729])

Suggested warrants for the installation of protected left-turn phase were developed by Agent and

Deen, 1978, according to accident experience, delay, volume, and traffic conflicts. It was recommended

that protected left-turn phasing seriously should be considered when certain critical values are met as

follows. It is a critical value if:

. for one approach, four left-turn accidents occur in one year or six left-turn accidents occur in two
years and for both approaches, six left-turn accidents in one year or 10 in two years are the
critical values.

. in the left-turn lane with the highest v/c ratio, a left-turn delay of two vehicle-hours or more
occurs during the peak hour. This is subject to a minimum of 50 vehicles turning left during the
peak hour. The average delay per left-turning vehicle is a minimum of 35 seconds.

. the product of left-turning and opposing vehicles exceeds 100,000 on a four lane street or 50,000
on a two-lane street with a minimum left-turn volume of at least 50 vehicles during the peak-

hour.
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. an average of 14 or more total left-turn conflicts or 10 or more basic left-turn conflicts occur in
the peak hour. (A basic left-turn conflict is defined as the brake or weave of an opposing
through vehicle as the result of a left-turning vehicle turning directly in front of it. Secondary
conflicts are defined as the braking of a second vehicle (continuation of the basic conflict) or any
vehicle turning left on a red light. Total left-turn conflicts are the sum of the basic and
secondary left-turn conflicts.)

A new phasing type is examined by Collins, 1988. This phasing type, known as “Dallas
phasing,” is shown in Figure 2.2. The concept of the Dallas arrangement increase permitted green time
for left-turning vehicles. During a protected left-through phase for the opposing direction, a permitted
green is displayed for the left-turn vehicles as shown in Phase A of Figure 2.2. Transition to Phase B
provides a typical phase of through and permitted left phasing for both directions. If warranted, the
permitted left turn from Phase A becomes a lag protected left as shown in Phase C. It should be clear
that Phase A with the lead protected left is intended for the peak direction of travel. Thus, Phase C is
only necessary if the off-peak left turns are not accommodated by the permitted phasing. This
arrangement — lead protected being provided for the peak direction — allows for an optimal use of
green time for the peak direction left-turn. By providing the permitted phase after the through phase,
most of the non-peak flow likely will have cleared the intersection and thus, the permitted left-turn for
the peak direction has a high available capacity.

Other articles and investigations of this same arrangement also were performed by (Fambro,
Gaston et al. 1991) and (De Camp and Denney Jr. 1992). In this study, computer simulation was
employed to obtain and compare the delay associated with Dallas phasing and one other common
arrangement that is most similar to Dallas Phasing (shown also in Figure 2.2). Although Dallas phasing
is not examined by the U of U study because it is not common in Utah, its feasibility has merit as the

subject of another study.
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Figure 2.2 Dallas Phasing Diagram (after
Collins, 1988)

A before and after study of the conversion of a protected to a protected/permitted left-turn phase
was performed by Stonex and Upchurch, 1987. It was found that as a result of the conversion, left-turn
volume increased in both directions +14.7 percent and the left-turn delay for both directions decreased to
82 percent of the previous value. The overall delay of the combined left-turn and through traffic for both
directions increased by 87.9 vehicle hours per day. The net decreases in left-turn delay “were only a
fraction of the net increases in through delay.” It was also noted that after the conversion, progression on
the arterial could no longer be achieved, because of the changes in timing due to longer cycle lengths and
inefficient use of through green time. Subsequently, the number of vehicles stopping increased by 65.4
percent. This study demonstrates the need for better procedures and understanding of the delay
associated with different phasing types. It should be noted that the intersection spoken of in this study
was converted due to engineering judgment and social pressures. The author comments that in this area
of Arizona the public has the misinformed perception that permitted/protected or protected only phasing

is much more efficient than permitted only phasing.
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A sub-committee of the Institute of Transportation Engineers (ITE) in Florida examined the
marnner in which left-turn phasing should be recommended for various situations (ITE 1982). The
committee examined accident statistics at 28 intersections as well as the before-and-after delay statistics
from three intersections that were changed from protected only to protected/permissive phasing.
Combining the above collected data with the professional opinions of the sub-committee members, the
following recommendations were made.

. “Protected/permissive phasing should be provided for all intersection approaches that require a

left-turn phase unless there is a compelling reason for using another type of left-turn phasing.”

. They note that, “drivers favor this type of phasing because the reduction in delay is very
noticeable.”
. Protected only phasing should be provided if there dual left-turn lanes exist, geometric warrants

(sight distance, non-orthogonality of intersecting streets, roadway curvature, or left turn across

three or more opposing lanes), high speed opposing traffic, or high accident history.

The study by the ITE sub-committee demonstrates the need for further studies. The lack of
available delay information caused them to resort to public opinion and their own intuition for the final
decision. Althqugh this may be a good estimate of the delay situation, it lacks scientific basis.

Rigorous mathematical modeling techniques are employed by Rouphail and Radwan, 1990, in an
attempt to optimize signal settings and left-turn treatment simultaneously. The signal settings include
the number of phases and signal timing, including protected, protected/permitted, and permitted. The
objective function of the model is to minimize the cycle length while setting adequate constraints on the
v/c ratios, cycle length, phase split, and other constraints. The model was then tested with the aid of a
branch-and-bound solution algorithm (Linear Interactive Discrete Optimizer - LINDO). The solution
gives optimum phase lengths and cycle times. It does not directly indicate what type of left-turn phasing
to use. It does, however give values that would indicate what the v/c ratios would be with each type of

phasing. Then, they could be used to determine delays for each approach. This model does not account
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for an actuated peﬁnitted/protected phase. It could, however be used to give the maximum green time
limit on the protected portion of a protected/permitted phase.

Upchurch, 1986, performed a study resulting in suggested guidelines for selecting one of the
three common types of left-turn phasing. The guidelines are based on actual data collected from six
different intersections in the Phoenix, Ariz., urban area. Two intersections for each type of phasing —
protected, protected/permitted, and permitted — were chosen. One of each of the intersections was
chosen with two opposing lanes, and the other with three opposing lanes. Several variables were tested to
find any “meaningful” relationships. These include: left-turn delay versus opposing volume, left-turn
delay versus left-turn volume, through delay versus left-turn volume, and left-turn delay versus volume
cross product. The volume cross product is defined as the left-turn volume multiplied by the opposing
through volume. The most meaningful relationships found were left-turn delay versus volume cross
product, and through delay versus volume cross product.

The study by Upchurch, 1986, hereafter referred to as the chhurch study, and the U of U study
have similar objectives albeit different approaches. The Upchurch study is used as a comparison for the
U of U study regarding the similarity in results and recommendations. The differences between the U of
U study and the Upchurch study are discussed. The Upchurch study was performed using real data from
six intersections in five-minute intervals. While use of actual traffic data is always the ideal way to
develop guidelines, certain limitations exist, which often make simulated data more efficient and able to
span a wider range of traffic situations. When simulated data is used, existing data also should be
checked to validate the guidelines developed. The present study will use simulated data to analyze an
increased range of traffic volumes and a larger sample size. Simulated data allows the results of the
research provided to give greater insight into the relationships at hand as well as the larger scope of
applicability. A disadvantage of using real data is the fact that limited intersections may or may not be
representative of a “normal” intersection, causing the sample and the study to be non-representative. The

results, therefore, would not be easily applicable to other intersections that have different geometrys.
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The use of the volume cross product is a way of considering the left-turn volumes énd the
opposing volumes; however, the use of the volume cross product assumes that the two variables are
equally weighted with respect to delay. It is likely that the different combination of left and through
volumes have varying impacts on delay. The use of the volume cross product may, therefore, prohibit the
observation of that relationship because it is assumed rather than observed. Among other items, the U of
U study will observe the relationship between delay, through volume, and left-turn volume.

The Upchurch study and this research are similar in that they both take into account accident
history to aid in the development of guidelines. The Upchurch study states that the references used for
this information are “obtained from the review of the warrants, guidelines, and criteria used by others.”
The U of U study will develop guidelines based on the operational findings of the study considering the

results of the accident study developed by FHWA ,1981, and existing accident criteria used by UDOT.
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DATA COLLECTION

Data collection for this study is based on modeling using the Highway Capacity Software (HCS).
Due to the many variables influencing the HCS model, field data was collected on the variables and is
discussed in detail where applicable in Section 3. These variables are based on video tape dafa collection
of four downtown Salt Lake City intersections during the PM peak period on three weekdays. The
intersections of 4th South and State Street, 4th South and Main Street, 3rd South and Main Street, and
3rd South and State Street were monitored during the PM peak, as this represents the most congested

period and the time when the optimal signal operation and value of the P/P phasing is most applicable.

Highway Capacity Software
The HCS is the principle tool used for simulating the data. Highway Capacity Software Release
2 was selected because of its industry-wide acceptance and for its ability to simulate multiple delay
variables. The values modeled by HCS are referred to as the “known” values throughout the study and

are used in developing delay relationships for the three left-turn signal phasing schemes addressed in

Phase 1.

Data Collection Assumptions
The default values of some of the HCS variables are used where exterior data is unavailable.
While this is less than optimal, it will adequately serve the purpose of this project, which is to see how
the signal phasings perform relative to one another. Table 3.1 shows the default values used in the

modeling process.
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Table 3.1 HCS Assumptions and Default Values

HCS Assumption Default Value
Lane Width 12 feet
Lost Time 3 sec
Adjacent Parking 0 Movements / hour
Right on Red 0 movements / hour
Grade 0%
Percent Heavy Vehicles 2%
Peak Hour Factor 0.95
Pedestrian Button No
Pedestrians 0 Pedestrians / hour
Bus Stops 0 bus stops / hour

The principle intersection delays are due to the left-turning vehicles and the opposing through
vehicles. From the HCS, right turning vehicles have little impact on the left, through, and overall delay
and are not considered by this study. A minimal right-turning volume has been assumed at 50 vehicles
per hour (vph).

The arrival pattern of vehicles ranges from 1 (poorly coordinated) to 6 (well coordinated) with 3
representing random arrivals. Observations of State Street, Main Street and Fourth South for the priority
southbound direction indicate that random arrival (arrival type 3) most represents the observations.

No data was collected on “sneakers;” however, it is an accepted practice of assuming 2 per cycle.
If .permitted phasing is applied to the HCS and the through volume is raised to eliminate any gaps, the
capacity of the left-turn movement reflects an assumed HCS OsneakerO value of 2.07 vehicles per cycle.
No literature is available on why the .07 is applied in the HCS, however it is assumed that this is based

on an empirical average.

Intersection Geometry
The geometry of the modeled intersections was standardized for all the runs. Because the delay

principally is a function of left volume and through opposing volumes, the intersections considered were
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symmetric. Each approach had an equal number of through lanes, one exclusive left-turn lane, and an
exclusive right-turn bay. Having exclusive left- and right-turn lanes prevents the variable increase in
delay resulting from the obstruction of through traffic in a shared lane. Delays were calculated for one,

two, and three opposing through traffic lanes.

Range of Data

Data is developed for the three phasing types found in the Salt Lake City area: permitted,
protected, and permitted/protected (P/P). The ranges for which the volumes are modeled depends on the
intersection geometry. Increments of 100 vph for through volume and increments of 25 vph for left-
turning volume are used to calculate the associated delays for intersections with a single opposing
through volume. Increments of 200 vph for through volumes and 25 vph for left-turn vehicles are used
for 2- and 3-lane opposing through geometry. The difference is due to the increases in capacity that
multiple lanes provides. The variance in the choice of increments depended on the number of through
lanes and rate of change of the delays. For example, if there appears to be a large change in delay from
one interval to the next, a mid-range interval is analyzed to assure a complete range of values for a more

representative model.

Cycle Length
Two schemes were used for the cycle lengths. The first set of delays were calculated using a
fixed cycle time of 80 seconds, which was observed for several signals in downtown Salt Lake City.
A second analysis assumes that most traffic signals are optimized for the peak volumes they
carry. Therefore, delays are calculated based on an optimal cycle length. They are determined using the

Webster method. Equation 3.1 used here follows (Stewart and Van Aerde 1990):
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_15L-5 (Eq 3.)
Copr= “—l'_‘i;‘—
Where L = total lost time (amber + all red)

opt = optimal cycle length (seconds)
Y = sum of the y values
\7 = volume/capacity (v/c) ratio for lane group 1
The maximum value for optimal cycle length was 120 seconds. Conventional limits of

maximum optimal cycle length are 120 and 150 seconds (Stewart and Van Aerde 1990). In Salt Lake

City, 120 is the more common value.

Phase Split
The timings for the phase splits are calculated using the volume to saturation volume ratios as

described in equation 3.2.

.

z ( v, J (Eq 3.2)

S,

1

¢i =(C—(T+f)

Where ¢, = phase split for phase 1 (seconds)
C = cycle length (seconds)
T = amber time for each phase (assumed to be three seconds for all phases)
\'Z = the flow for lane gr01‘1p i(vph)
S, = saturation flow value for lane group i (vph)
) = loss time for each phase (assumed to be one second for all phases)

22



Capacity of the through and left-turn traffic is a function of geometry and signal timing. In the
permitted left-turn case, the left-turn lane saturation flow 1s related to the through traffic flows according to

the number of available gaps, which is related to the arrival type.

Data

Using the HCS defaults, observed variables, signal cycle lengths, and phasing splits, the delays for
each intersection were calculated for the range of left and opposing through volume until the intersection
failed. Failure is defined by HCS as any lane group having a volume to capacity ratio (v/c) of 1.2 or more.
This HCS or “known” data is available in Appendix A. It is used throughout the analysis process to develop
the delay equation relationships in Phase I and the delay comparsions for different queue detector locations

in Phase II.
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PHASE 1. ANALYSIS
Introduction

The relationship between flow and delay is not represented by a simple linear equation. Delay is
influenced by intersection geometry, traffic flow volumes, arrival rate, signal cycle length, and phasing
arrangements. Permitted left turns complicate the analysis and rely on a secondary method of determining
capacity and delay. Permitted left turn capacity relies on the opposing flow rate, the arrival pattern, and the

proportion of green time available to determine the anticipated gaps available for accepting left turns.

A concern with the cross-product flow method introduced by Upchurch (1986) is that it assumes that
any combination under a certain threshold is acceptable. This implies that left and through movements are
interchangeable with little impact on capacity. However, this is rarely the case, as evidenced by the delay
eq;.lations from the Highway Capacity Manual (HCM). Assuming, for a permitted phased intersection, that

reducing the through flow by 100 will allow 100 more left movements is not realistic.

Phase I describes how the three left-turn phasing types are compared using the HCM software. The
analysis examines which type of phasing provides the minimum delay under different flow regimes of left
and opposing through volumes. This indicates optimal phasing based solely on delay for different flow
regimes. This section continues with the development of general equations that estimate left, through and
overall intersection delay as a function of geometry, phasing type, opposing through volume, and left-turn

volume.

The purpose for comparing delays of different left-turn phasing arrangements is to examine which
phasing increases signal performance, and the limits of the improvements. While always providing protected
phasing may benefit left-turning vehicles, adding phasing increases lost time and reduces through green time,
which reduces through capacity. In addition, providing protected left-turn phasing is not always the most

efficient method of providing left turn green time. Under protected only phasing the left turns are only
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possible during the protected green time, reducing left-turn capacity and delay if gaps are available during

the through green time.

Throughout the analysis process two different timing schemes are addressed: Fixed and Optimal
timing. Fixed timing is based on the current 80 second cycle length, which exists in the downtown Salt Lake
City area. The Optimal timing is based on the Webster method and determines the cycle length with a

maximum 120 second cycle length. The phase timing is based on a weighted average of the volume.
Highway Capacity Analysis

The Highway Capacity Manual Software (HCS) is a widely-implemented transportation engineering
tool, which provides the “kmown” delays for combinations of left and through volumes for this study. The
HCS model allows a full range of flow regimes to be examined as opposed to limiting the study to only flows
measured in the field. However, the HCS is a model that requires proper input to produce meaningful results.
This input is based on assumptions and observations explained in Data Collection, Section 3. AIlHCS known
flows are calculated based on a single left-turn lane, a random arrival pattern, even directional flows, and

phasing splits based on the- Webster method.

The HCS flows provided the basis for developing delay estimating equations. These equations allow
all three types of left-turn phasing to be compared for left, through and overall intersection delay. This
facilitates the evaluation of an intersection’s performance under the different left-turn signal phasing. These
equations are a function of geometry and left and opposing through volume. Using the “known” HCS results,

the minimum delay is found from among the three phasing types.

Simple Comparison of Delays

The initial investigation simply compared the HCS “known” flows for the three phasing types by

left, through and overall vehicle delay. Comparing the delays of each phasing type, the phasing that
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minimizes delay is considered the best choice. However, the phasing that minimizes left-turn delay may
increase through and overall delay. Therefore, only one of the delays is used as the evaluation delay. Overall

delay is selected as it is common practice to use an intersectionOs overall performance to evaluate its

condition.

Table 4.1 shows the overall intersection delay from the HCS analysis for the permitted, protected,
and P/P left-turn phasing. This is for two lanes of opposing through traffic under optimal timing conditions
for the range of left and through volumes. The difference between the P/P and protected or permitted phasing
shows the benefit of P/P. The negative values indicate that P/P delay has less delay than the other phasings.
The differences show that P/P always performs with less delay than protected phasing. This is because the
permitted portion of the P/P allows for two sneakers each cycle that are not accommodated by the protected
phasing only. For low flows, the permitted phasing is shown to provide a reduced delay over P/P. This is due
to the P/P sometimes activating a protected phase when the permitted phase could provide adequate capacity

with gaps in the opposing flow.

Table 4.1 provides delay values up to the point that left turn volumes exceed the volume to capacity
ratio of 1.2, and HCS no longer provides a delay value. This condition is referred to as intersection failure.
The values in Table 4.1 indicate at what flow regime the failure of the intersection occurred under each
phasing arrangment. The results show that the P/P phasing allows the intersection to operate under a more
congested flow condition than the other two left-turn phasings before failure occurs. Appendix A provides
similar comparisons for the different geoemetrys under fixed and optimal timing conditions. Similar trends

are observed in these comparisons.

The model results of this investigation showed that under lower flow conditions, permitted phasing
provides sufficient gaps to accommodate the left turns. Asleft and through volumes increase, some protected
phasing is required during peak cycles. Further increases to through or left-turn volumes eventually cause

protected left-turn phasing to be needed on all cycles. This preliminary investigation supports the concept
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that P/P phasing allows the flexibility to support a wide range of varying flows, and provides the optimal

conditions among the three evaluated phasings.
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Modeling

Phase I continues by modeling equations that determine left, through and overall vehicle delay for
the intersection based on number of opposing lanes and left andv opposing through traffic volumes. The
equations are the basis for determining which of the three left turn phasing types provided the minimum
delay. The following is an explanation of the theoretical basis on which the model is built, followed by a

more detailed explanation of each of the steps and a few exceptions.

Basic Theory
The delay relationship with respect to increasing traffic is best described as a parabola. Figure

4.1 shows the average permitted left-turn delay as left-turn volume increases for a given through volume.

The figure shows that as the volumes approach capacity, the delays approach an asymptote.

General Shape of Delay Curve for
a Specific Through Volume (V5)

Delay, sec/veh (D)

Left Volume, vph (V)

Figure 4.1 General Shape of a Left-Turn Delay Curve for a
Specific Through Volume
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The mathematical relationship of a parabola is defined as:
D=V (Eq4.1)
where: D = delay
V, = left turn volume

Equation 4.1 assumes the curve passes through zero and when V, =0, D = 0. This assumption is
invalid for the delay relationships. Figure 4.1 shows that the curve is better represented by a parabola shifted
in the positive D direction. This implies an initial delay is associated with only one vehicle attempting a left
turn. Translation of the parabola is accomplished by introducing vertical and horizontal shifting variables

as shown in equation 4.2.
D=(V+k)’+m (Eq4.2)
where: m = vertical shift in curve
k = horizontal shift in curve

Equation 4.2 represents the delay curve for one particular opposing through volume. For varying
through volumes, a set of parabolic curves are formed as shown in Figure 4.2. It is shown that as the through
volume is increased, the general slope of the curve is increased and the asymptotic behavior is seen at much

Jower values of V,. Similar curves for the protected, permitted and P/P phasing are shown in Appendix B.

If the curves given for the various through volumes could be related to each other, it would be
possible to have one general equation for any combination of through and left volume. The most useful set
of equations are able to model the delay with left-turning volume and through volume in one equation, such

as the following:
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D=f(V,, V) (Eq 4.3)

Where: D = delay (seconds/vehicle)
\' = left-turning volume (veh/hr)
V; = through volume (veh/hr)

Representing the delay curves with one equation, which is a function of left and through volume,
requires manipulation of one of the delay curve equations to estimate the others. This base delay curve

equation is referred to as the “goal equation.”

K and M Factors

The minimum through volume delay curve represents the goal equation, which is manipulated
through the K and M factors to simulate the other delay curves. Therefore, it is necessary to use
translation values to shift the equation vertically and horizontally to match the HCS curves. The
horizontal translation value K is a function of the through volume. The vertical translation value is M.
The translation values are determined by minimizing the delay difference between the delay calculated
by the HCS analysis, and the estimated equations for the range of through volumes. Once determined, the

M value is kept constant for all through volumes in a specific geometry and phasing arrangement.

One delay curve is chosen as the goal equation to be manipulated to represent the other delay
curves. The delay curve for the lowest through volume is most often chosen, with that curve fitted using
a fourth order polynomial in most cases. The goal delay is only a function of V;. The goal delay is then
translated using a horizontal value K, which is a function of V; and a vertical constant M. By doing this,
the goal equation is “fit” to the delays found for the other values of V. This yields a relationship which
for delay is a function of V|, and the factors K(V;) and M. In this manner, the delay equation is

ultimately a function of Vyand V| .
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The translation factors, K and M, are calibrated for the left, through, and overall estimation
equations for each of the three left-turn phasing arrangments under each lane geometry. This produces 27
equations (3 lane configurations x 3 different delay measures x 3 signal phasing types). When both the

fixed and optimal timing is considered for the cycle lengths, the number of equations doubles to 54.

A second order equation is appropriate when the curve is a perfect parabola. The delay equations
only resemble a parabola, and are more accurately shown as a polynomial with the basic parabola

concept. The delay equation is thus more accurately represented by Equation 4.4:
D= (V,+k)"+ (V)™ + ...+ (V, +k)* + (V, +k)! +m (Eq 4.4)
where: D = delay in seconds
V, = left turn volume
m = constant vertical shift

k = horizontal shift as a function of opposing through volume V;

Special Cases

For the 54 delay estimation equations, there are a few delay ranges that are not well modeled

using the typical procedures described above. The special cases are described as follows:

1. left-turn delay for fixed cycle length and permitted phasing

2. through delay for fixed cycle length and permitted phasing

3. through delay for optimal timing and permitted phasing

4, left delay for optimal cycle length and permitted/protected phasing
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5. through delay for optimal cycle length and permitted/protected phasing (two and three

lanes only).
A discussion of each special case follows.

Special Case 1: Permitted Left-Turn Delay

For left-turn delay, the delay equations are valid for through volumes below a certain limit,
depending on the number of lanes. The limits are 500 veh/hr, 800 veh/hr, and 900 veh/hr for one, two,
and three lanes respectively. For any through volume greater than the limit, only “sneakers” will be able
to make left turns, thus the left turn delay will be constant for a given cycle length. Sneakers are

addressed in Phase II.
Special Case 2: Permitted Through Delay (Fixed Cycle Length)

In the permitted phasing, the through traffic delay is not affected by left-turning traffic. Thus, the
equation used to model delay is a function of through volume only. There is no need to use the

procedures described in sections 4.2.1 and 4.2.2.
Special Case 3: Permitted Through Delay (Optimal Cycle Length)

Similar to Special Case 2, the through delay is not directly dependent on the left-turn traffic. It is,
however, dependent on the ratio of allotted green time and total volume — both left and through.
Therefore, with increasing volumes, the cycle length and the allotted green time increase, thus affecting
the through delay to where the maximum cycle length of 120 seconds is reached. After that point,
through delay increase is a function of through volume increase. This divides the delay into two general
ranges, which are separated by combinations of through and left volumes that warrant a cycle length of

120 seconds. The area of the ranges is shown for the general case in Figure 4.3.

The cycle length is dependent on the total volume of the intersection. This is a combination of

the left and through volumes. The ranges were defined as linear functions of left volume and through
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volume. “Range A” is defined as the region where the combined volumes are such that the maximum
cycle length is not needed, or cycle lengths are less than 120 seconds. Any combinations that require

maximum cycle lengths of 120 seconds fall in “Range B”. This approach shall be known as the “Two

Range Approach.”

Through Volume

Left Volume

Figure 4.3 General Case of Two Ranges for
Delays

Special Case 4: Protected/Permitted Left Delay (Optimal Timing)

The Permitted/Protected phase did not model well under the three-lane, optimal cycle lengths
arrangement when a fixed value for M is applied. Dynamically varying M based on through volume
provides an improved equation delay estimation. While it is unclear precisely why the dynamic variation
of M for only the P/P, three-lane case improves the estimation, it is likely related to the permitted delay
portion of the three-lane geometry. Permitted left turns are more difficult to model for increasing through
lanes as the left turn capacity relies on the arrival pattern of opposing through flows and the gaps
produced. In addition, following a protected phase the arrival of left turning vehicles for the permitted

phase influences the modeling of the estimated delay.
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Special Case 5: Protected/Permitted Through Delay (Optimal Timing)

The permitted/protected phasing with optimal cycle length required the use of the Two Range
Approach for two and three lanes. In the two-lane case the goal delay equation was based on the HCS
data for 1,000 through vehicles per hour. Using this as the goal equation, Range A is defined as through
volumes of less than 1,000 veh/hr, and Range B is defined as through volumes of greater than 1,000
veh/hr. There is one equation for the K value of both ranges, but to make the model more accurate there
is a different M value for each range. This goal equation was selected because it is more accurately

estimates the higher values of V.

The “Two Range Approach” also is used in the three-lane case. The ranges are defined as in
Special Case 3 and Figure 4.3. In this case, however, the delay does not become constant after the
maximum cycle length has been reached. Rather, the slope of the delay curve has a sudden decrease at
the point of maximum cycle length, after which the delay continues to go up as in the fixed cycle length
case. The K equation and M value for Range A is based on the goal equation for the 200 through veh/hr
curve, and the K equation and M value for Range B is based on the 1,400 through veh/hr curve. The

one- and two-lane did not have as drastic a change as the three-lane, thus they did not warrant the same

treatment.

Phase 1 Results

Table 4.2 shows the delay estimation equations for the fixed timing evaluation. The optimal
timing delay equations are shown in Table 4.3. These tables are available on the following pages. The
delay equations are developed for each left-turn phasing type, opposing lane geometry of one, two and

three lanes, and the delay parameter (left vehicle, through vehicle, and overall intersection).
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The equation performance is tested by comparing the HCS delay and equation estimated delay.
The coefficient of determination R’ is the primary measure of the equation’s ability to estimate delay.
Table 4.4 shows the R? value for the equations. All the delay equations produce R” within 90 percent
correlation. Most of the equations produce delay estimates within 10 percent of the HCS analysis. The
delay equation results for the various left and through combinations under the different geometries and

left-turn phasings is available in Appendix C.

Table 4.4 HCS and Equation Comparison (R?)

R? Comparison for Fixed Timing R? Comparison for Optimal Timing

Delay 1ln 2In (%) 3ln Delay 1In 2In 3In

(%) (%) (%) (%) (%)
Protecte$  Left 97.75 95.24 97.49 Protected Left 99.30 9491 94.91
Thru 95.01 93.39 92.19 Thru 98.48 94.20 94.19
Overall  97.79 98.01 96.10 Overall  99.19 98.17 98.17
Permitted  Left 91.15 9198 . 93.16 Permitted Left 94.04 93.46 93.93
Thru 99.84 99.35 99.27 Thru 99.79 98.68 98.85
Overall  97.38 97.72 98.28 Overall  99.05 99.09 99.29
Protected  Left 99.35 99.66 99.55 Protected Left 95.71 90.06 93.54
Thru 96.08 96.47 93.06 Thru 98.48 98.11 97.21
Overall  99.36 98.09 96.71 Overall  98.72 99.09 98.63
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Phase 1 Discussion

The delay equations are provided in the accompanying spreadsheet. User inputs of through and
left volumes apply the equations, and provide a delay value for each of the left-turn phasing and
intersection arrangements. The model assumes optimal timing will be used in assessing the left-turn
phasing types.

Phase I shows that the prior general relationships developed between flow and left-turn phasing
are crude, and that the factors described cause special cases to arise. This makes accurate estimation of
delays, and left-turn phasing, much more involved than previously anticipated. The next step in the
model development is to incqrporate less than optimal signal timing and different counter flows into the
equations. This requires a more in-depth investigation.

The results of Phase I support the concept that protected/permitted phasing offers the most
flexible left-turn phasing, and can operate throughout the range of permitted only, to P/P, to always
protected. The Simple Comparison section 4.3 shows that not only does P/P provide a reduced delay
benefit at higher flow regimes, but the flow combination of left and opposing through, which causes the
intersection to reach failure is increased. Additional combined left-turn and through volumes can be
accommodated under the same phasing because more efficient use of the green time occurs.

Phase II addresses a more detailed investigation into the workings of the protected/permitted

phasing, and discusses where the optimal queue detection should be located to trigger the protected

phasing.
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PHASE 1I
Introduction

A queue detector provides left turn protected/permitted phasing with a measure for determining
the need for left-turn protection. Phase II investigates permitted/protected left-turn phasing and the
optimal location of the left-turn queue detector, which is located back from the stop line and informs the
controller of vehicle presence. Upon detecting queued vehicles, the controller provides a protected left-
turn phase. While the concept already is an applied reality, the optimal location of the detector and
impacts of using various queue detector locations still is under discussion.

UDOT typically places the queue detector to detect the presence of the third vehicle in the queue.
This has been based on historic trial and error, with the third vehicle location logic from the assumption
that with permitted phasing, two left turning vehicles pass through the intersection once opposing
through traffic has been stopped by the end of the through phase. The vehicles are referred to as
“sneakers.” It is an accepted practice in the engineering field to assume that the sneakers exist during
permitted phases and is why all red time often is provided in signal timing to allow the intersection to
clear.

Locating the queue detector at the third vehicle infers that if only two vehicles are present, they
both can be accommodated by left-turn sneaker capacity. If a third vehicle is present, that vehicle may
not make it through the intersection and therefore requires a protected phase. This assumption by UDOT
to place the detector at the third vehicle infers a worst case traffic situation in that no gaps exist in
opposing through traffic to accommodate additional left-turn capacity during the permitted green

phasing, implying the opposing through volume is operating at or near capacity.

Theory
While introducing a protected left phase benefits left-turn vehicles, it causes additional delay of

opposing through traffic. Introducing a protected phase requires that green time from the through
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movement be taken and increases in lost time occur. This means that green time is being taken from the
opposing through movement, which is operating at or near capacity, increasing the congestion level of
the opposing through vehicles.

For a permitted left turn to be accepted across opposing through traffic, adequate gap size must
be provided. Acceptable gap size is a behavioral issue, which is related to opposing traffic speed, with
typical gap acceptance ranging from 3.5 to 6.5 seconds. This need for gaps to provide permitted capacity
is why the arrival type is important. The arrival type is a measure of the platooning of the vehicles. In
well-coordinated corridors, the platoon is tightly packed such that vehicles arrive with relatively small
gaps and in a short time span. Therefore the permitted left-turn capacity is a function of the acceptable
gap, the arrival pattern, and the amount of green time.

With tight platooning, the vehicles have small spaces between them which does not allow for
permitted left-turn capacity. However, tightly packed platoons mean more vehicles can be
accommodated with less green time, and spare green time at the end of the phase provides left turn
capacity. Therefore the platooning of vehicles eliminates the permitted left-turn capacity within the
opposing through traffic, and relies on the green time after the platoon has passed through the
intersection to provide permitted left turns. As the arrival type moves toward random arrivals, the
spacing of the vehicles is more spread and the platoon is not as tightly packed. This reduces the
probability of having unopposed green time at the end of the phase for left turns, but it also implies that
arriving through vehicles will be spaced further apart, creating the potential for left-turn gaps in the
opposing flow.

Consider the following example, which shows the arrival pattern’s influence on permitted left-
turn capacity. The example assumes a single lane of opposing through with a 60-second phase length.
Under a permitted phasing, the opposing through movement effects the left turn capacity. By holding all

variables constant and only allowing the arrival type to vary from 1 (poorly coordinated) through 6 (well
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coordinated) as defined by the HCM and the opposing through volume, the impacts of through volume

and arrival type on permitted left-turn capacity is shown in Table 5.1.

Table 5.1 Effects of Arrival Type and Through Volume on Permitted Left Turn Capacity

Arrival Left Turn Left Turn Left Turn Left Turn Left Turn Left Turn
Type* Capacity Capacity Capacity Capacity Capacity Capacity

Through 200 300 400 500 600** 700**
Volume
1 423 287 189 108 62 62
2 440 305 205 120 62 62
3 458 325 224 134 72 62
4 478 349 247 154 86 62
5 500 376 278 181 108 62
6 506 398 314 221 146 84

*Arrival Type as defined by the HCM
** Under the 600 and 700 through volumes, no gaps are available under the less coordinated arrival patterns and the

62 left-turn capacity indicates the capacity only when sneakers are accommodated.
Table 5.1 shows that improving the arrival type to promote coordination leads to higher left-turn
capacity. Further, the arrival type becomes much more important in terms of increasing the percentage

of left turn capacity for higher through volumes..

Analysis
While traffic volumes will vary throughout the day, the analysis of determining the optimal
queue location is a function of the amount of gaps in the opposing through traffic. The gaps provided for
left-turn capacity are governed by the arrival type, which is a measure of the platooning and coordination
of traffic signals. In developing a general recommendation, it is not possible to estimate the flow
condition and arrival pattern throughout the day; this must be analyzed on an intersection by intersection
basis. For this analysis, the worst case condition of the opposing through volume not providing any

additional gaps is assumed. This is the same assumption used in UDOT logic and assumes only sneakers

45



are accommodated each cycle. Therefore, the analysis addresses whether UDOT’s detector location at
the third vehicle is appropriate and optimal.

Some basic assumptions are inferred in determining optimal queue detector location.
. No gaps exist in the opposing flow, therefore only sneakers are accommodated by permitted

phasing. This is the same assumption UDOT uses.

. The arrival of the opposing and left-turning vehicles is random.
. Opposing through volume operates at a v/c less than, but approaching 1.0.
. No left turn vehicle should wait more than two cycles, regardless of impact to through traffic.

Vehicle presence over a detector creates a new left protected phase, reducing the through green
time and thus capacity, and increases delay to the opposing through traffic. The optimal queue detector
location requires balancing the benefits of protected phasing for left-turn delay against the increased
through delay an additional phase adds. From arrival pattern, cycle length, and queue detector location,
delay estimates for the opposing through and left turns are found.

Assuming a 120 second permitted phasing cycle length and an even phase split between
directions, Table 5.2 shows the capacity of the through movement by the number of lanes. A 120 second
cycle length produces 30 cycles an hour, which represents a worst case situation as it minimizes the
amount of left turn capacity provided for sneakers. Assuming the random arrival, which has been
observed at downtown Salt Lake City intersections, half of the through vehicles arrive during the green

time and half during the red. Those arriving during the red time are referred to as “waiting vehicles.”

Table 5.2 Waiting Through Vehicles per Cycle

Lanes Capacity (V/C =1.0) Through Vehicles Waiting Vehicles
(Veh/hr) per cycle per Cycle
1 885 30 15
2 1769 59 30
3 2654 89 45
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Multiplying the number of waiting through vehicles and the average delay provides the through
delay. To justify providing a protected left phase based on delay, the lefi-turn delay should exceed the
through delay.

Increases in average through vehicle delay occur when the green phase is reduced and a
protected phase is provided. If we continue to assume a 120 second cycle length with an even direction
split in phasing, then each direction of the two phase signal receives 55 seconds of green and five
seconds of yellow and all red. If a protected left-turn phase of only 5.5 seconds were introduced, the
capacity of the through movement is reduced by approximately 10 percent. Because this reduces the
green time in the cycle, the random arrival pattern will produce a 10 percent increase in waiting vehicles.
Now this assumes a constant queue dissipation rate, which simplfies the problem and may be better
modeled if field observations are available.

For this analysis, we have assumed that the performance of the through movement is always
accommodated by the green timing. This implies that the through volume may operate close to capacity
but does not exceed it. It ensures that the reduction in green time for a protected left-turn phase does not
force a failure of the intersection and an increasing queue length that is unable to be cleared. This implies
that this analysis is primarily concerned with a downtown urban or other area where signal spacing is

fairly close and uniform.

Results and Discussion
Using the UDOT assumption that there are two sneakers per cycle, a comparison of the delays to
the through volume and left-turn volume identify the queue location which minimizes average
intersection delay. Queue locations of three, four, and five vehicles from the stop bar are assessed for the
one-, two-, and three-lane geometrys. Because the third vehicle detection currently is applied, this

represents the baseline from which to compare the fourth and fifth vehicle location detection. Table 5.3

47



shows the difference between through and left-turn average delay for the detector location of third, fourth

or fifth vehicle.

Table 5.3 Detector Location Delay Comparison

Lanes  Capacity Delay to Through if 3 4 5
(Veh/hr) Protected Phase Left Left Left
1 885 82.5 sec 0 +120 +240
2 1769 165.0 sec 0 +120 +240
3 2654 247.5 sec 0 +120 +240

This assumes a 120 second cycle and 60 second phase length for permitted.
This assumes that a protected phase only takes five seconds from the through green time.
Table 5.3 indicates that for a single opposing lane, delay to the left-turn vehicle is greater than

delay increased to the through delay, therefore, the queue detector should be located at vehicle location
three. This means with a queue detector location at the third vehicle, all vehicles should clear the
intersection each cycle.

Under two-lane geometry, the delay is minimized when the detector location is placed at vehicle
four. This means that if no gaps exist in oncoming through traffic, one left-turn vehicle may not clear
during the cycle. By definition this means that the left turn will fail, but in terms of overall delay, the
benefits to the through volume traffic are greater than the delay increase for the one stranded left turn
vehicle.

For three-lane opposing geometry, a queue detector located at the fifth vehicle location provides
a small advantage over the fourth vehicle location; however, this implies that during peak times, two
vehicles may be stranded each cycle. While the delay is reduced by the fifth vehicle location, it is
recommended that the fourth location be used based on the geometry constraints on queue stacking
distance which often occurs in left turn lanes.

While a 120 second cycle with 60 second phase splits for the permitted phasing is used to
demonstrate the vehicle queue detector location, which reduces intersection delays, increasing left-turn

time and decreasing opposing through green time will indicate the same queue location still applies, as
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the analysis has been based on a per cycle basis. However, it is important that the through traffic be
below saturation volumes. Providing left-turn phasing green time, which causes through volume to fail,
and thus continue to build a through queue at the intersection, is not recommended and will cause a much
larger impact to network wide performance than the failure of the left-turn movement.

The results indicate that if it is assumed that no gaps exist in the opposing through traffic, delay
to left-turn vehicles under the permitted phasing must exceed the increased delay to through vehicles if
protected phasing is added. This is based entirely on the delay aspect of signal operations. In reality, only
the peak hours typically have consistent volumes that eliminate any left-turn gaps in opposing through
traffic. Therefore, the queue location is primarily based on the peak hour traffic volume. The location of
the queue is likely less than optimal during the remainder of the day, when opposing through traffic gaps
are available.

However, issues other than delay must be considered when determining a queue location and
protected phasing activation policy. Increasing delay to permitted left-turn vehicles may have negative
effects on behavior. For example, increasing delays may encourage left-turn drivers to accept smaller
gaps than would normally be accepted and lead to increased incidents. Another potential is for the
number of sneakers to increase from two to three, which seems to be a growing trend throughout the Salt
Lake Valley. Current practice is to design all red time into signal timing to allow the sneakers to clear.
Increasing sneakers will require more all red clearance time, which increases the lost time and reduces

the effective green time and capacity of the intersection.

Expert System
For true optimization of left-turn queue detector location, an expert system should be developed
that measures the demand of left turns in the queue and the approaching opposing through volumes. A
real-time analysis would then determine if adequate gaps are likely to be available to clear the left queue.

If not, a protected left phase would be initiated. An alternative is to detect the left-turn queue. If the
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queue is not cleared by available gaps, then lagging left-turn phasing could be triggered. This lagging left

alternative has more potential during off-peak times when coordination and the green time assigned to
the through traffic are not such critical factors. Technology does exist to implement either system, but
detection of left-turn queue and measurement of opposing through gaps requires implementing more
advanced detection technologies than currently exist, as well as the development of the controlling

algorithms.
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PHASE III. GENERAL GUIDELINES FOR LEFT TURN PHASING

From the results of Phase I and Phase II, general guidelines are developed to help in planning
and implementing left-turn phasing. Combining the delay analysis with other research regarding safety
factors, such as opposing lane geometry and roadway speed, Figure 6.1 provides a general method of
determining the left-turn phasing type based on the left-turn volume and opposing through volume. If
protected/permitted phasing is the optimal choice then the queue detector location for activation of the
protected phase is identified. A spreadsheet accompanies the paper, which incorporates the developed
delay equations, and allows the user to compare the three phasing types against each other under the
anticipated traffic levels. The influence of accidents on left-turn phasing has been included in the

guidelines; however, they are from other existing studies and are referenced where appropriate.
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Figure 6.1 Flowchart of Left-Turn Phasing Guidelines

Begin

y

Is left turn demand
No

> 2 per cycle?
(average in highest
hour)

Yes

Is there a severe left
turn accident problem
that could be corrected
by protected phasing

Is opposing speed
CConsider Pro ><—YE >45pr}1)1ph?g P

No
A 4

Yes Is sight distance
restricted?

No

4

Is accident warrent
met which could be
corrected by Pro?

No

’ Yes

How many 4
opposing lanes?

1 20r3

Pro = Protected Phasing

Queue detector
at third vehicle
location.

Per = Permitted Phasing
P/P = Permitted/Protected Phasing

Restrictive Sight Distance is:

<250 feet when speeds are 35 mph or less
<400 feet when speeds are 40 mph or more

Queue detector
at fourth vehicle
location.

52



CONCLUSIONS

Phase I indicates that protected/permitted phasing always should be installed unless safety
concerns warrant a protected only phasing. When left-turn demand is low, the P/P signal operates as a
two-phase intersection. With high left-turn volumes on a consistent cycle basis, the signal operates with
protected left-turn phasing. Under varying or medium flow left-turn volumes, the protected/permitted
phasing provides a decision process for determining the need for protected phasing on a cycle by cycle
basis. How this decision process is implemented raises questions and has been discussed in Phase II of
this study. The benefits of the different left-turn phasing types and quantifying the benefits was the focus
of Phase I with specific comparisons between the left, through, and overall intersection delay. Equations
are developed to estimate the delays under different flow levels of opposing and left-turn traffic. Phase
III then summarizes and interprets the results of Phase I and Phase II into general recommended
guidelines for implementing left-turn phasing alternatives.

The recommendations of the study support:

. Protected/permitted phasing should be installed at all intersection unless
. Left turn demand averages two or less vehicles per cycle
. Safety requirements warrant a Protected phase including:
1. Geometric site distance restrictions: less than 250 feet for speeds 35 mph or less,

and less than 400 feet for speeds 40 mph and greater.

2. Opposing speed greater than 45 mph.
3. Opposing number of lanes greater than three.
4. Historical Accident of five per year or eight in two years, which could have been

prevented by a protected left-turn phase.
. Once protected/permitted phasing is implemented, the optimal queue location will vary based on
the opposing through volume demand and number of lanes.

. With one opposing lane, the third vehicle is the optimal queue detector location.
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With two opposing lanes, the fourth vehicle is the optimal queue detector location.

With three opposing lanes, the fifth vehicle is the optimal queue detector location; however, the
small benefit of the fourth location and engineering judgment has recommended the fourth queue
location be used.

A flowchart of left-turn phasing use based on accident, lane geometry, sight distance and demand

is provided to guide traffic engineers.
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FUTURE RESEARCH

Many assumptions have been used throughout the analysis and to develop the guidelines. The

assumptions, and the developed equations should be tested through field observations to validate the

theories presented. They include:

1.

Test the location of the detector. Typically a 20- to 25-foot vehicle length is used for analysis
purposes. However, vehicles have changed size over the years and if the queue detector is being
placed based on the location of the third or fourth vehicles, then it is important that the location
be accurately known.

Field data to validate theoretical evaluation. Evaluation of the theories and results using
modeling techniques, such as those implemented by this study, must always be validated through
field studies. This includes measurement of delays, the saturation point at which through vehicles
eliminate left-turn gaps, and the range of gap acceptance for left-turn vehicles.

Incorporate signal timing impacts. For this preliminary study, optimal timing based on Webster’s
method and a fixed cycle length of 80 seconds — currently being used in downtown Salt Lake
City — are examined. Further, it is assumed for developing the relationships that each approach
accommodates the same volumes. This is not often the case, and two- and four-phase cycles that
are modeled become six- and eight-phase in real-world applications. While it is anticipated that
the results and relationships will remain the same as modeled, only field data will allow a more
detailed evaluation of the changes that cycle and direction traffic variations have on the left-turn
phasing schemes.

Dynamic queue activation for P/P. The Expert Systems section discussed how a dynamic system
could be developed to determine if protected phasing is needed, based on the combined
measurement of left-turn demand and opposing through volume. An algorithm would determine

if sufficient gaps were available to accommodate the left-turn demand. This could be a valuable
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tool, particularly for real-time, on-line systems which currently have difficulties in determining
left-turn demand.

5. Examine sneaker trends throughout the day. While the typically assumed sneaker value of two is
used, there may exist trends indicating increased sneaker use and number during different times
throughout the day. An evaluation of the average number of sneakers by time of day can lead to
understanding driver behavior and the potential impacts on sneakers if queue detector location is
moved from the third to fourth vehicle.

6. Compare intersection performance while implementing the new left-turn phasing types
throughout the city. Some UDOT and Salt Lake City intersection have the queue detector located
at different locations. A comprehensive study could determine if the detector location has an
impact on accidents, and field analysis could compare delays between the various queue detector
locations.

During this research the CORSIM model has been unavailable. Some of the above validation for
the conclusions reached by this report should first be tested on the CORSIM model, which will likely be

less expensive than comparing it to large amounts of collected field data.
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Appendix B

Delay Curves
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HCS Delay Curves for 1 Lane Permitted Phasing and Fixed Timing
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HCS Delay Curves for 1 Lane Protected Phasing and Fixed Timing
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HCS Delay Curves for 1 Lane Per/Pro Phasing and Fixed Timing

Left Turn Delay
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HCS Delay Curves for 2 Lane Permitted Phasing and Fixed Timing

Left Turn Delay
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HCS Delay Curves for 2 Lane Protected Phasing and Fixed Timing

Left Turn Delay
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HCS Delay Curves for 2 Lane Per/Pro Phasing and Fixed Timing

Left Turn Delay
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HCS Delay Curves for 3 Lane Permitted Phasing and Fixed Timing

Left Turn Delay
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HCS Delay Curves for 3 Lane Protected Phasing and Fixed Timing

Left Turn Delay
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HCS Delay Curves for 3 Lane Per/Pro Phasing and Fixed Timing

Left Turn Delay

Left Turn Volume veh/hr
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HCS Delay Curves for 1 Lane Permitted Phasing and Optimal Timing

Left Turn Delay
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HCS Delay Curves for 1 Lane Protected Phasing and Optimal Timing

Left Turn Delay
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HCS Delay Curves for 1 Lane Per/Pro Phasing and Optimal Timing

Left Turn Delay
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HCS Delay Curves for 2 Lane Permitted Phasing and Optimal Timing

Left Turn Delay
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HCS Delay Curves for 2 Lane Proteced Phasing and Optimal Timing

Left Turn Delay

Left Turn Volume veh/hr
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HCS Delay Curves for 2 Lane Per/Pro Phasing and Optimal Timing

Left Turn Delay
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HCS Delay Curves for 3 Lane Permitted Phasing and Optimal Timing

Left Turn Delay
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HCS Delay Curves for 3 Lane Protected Phasing and Optimal Timing

Left Turn Delay
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HCS Delay Curves for 3 Lane Per/Pro Phasing and Optima! Timing

Left Turn Delay
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R? Comparison
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R? Comparison for 3 Lane Protected Phasing and Optimal Timing

HCS
Left Delay

Through Volume

Estimated
Left Delay

HCS

K
123.2
262.0
376.8
469.8
5437
600.8
643.6
695.9

Through Delay

Through Volume

Estimated

Through Delay

HCS

K
-64.2
-50.1
-425
-33.3
-15.8

143
59.7
197.0
3789
557.6

Overall Delay

Through Volume

Estimated

Overall Delay
K

1134
2076
2743
3191
3475
365.2
3778
4101

46
46

46
46

46

9087588

Left Turn Volume

100
200
300
400
500
600

800
1000

100

300
400
500
600
700
800

1000

50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 _ 675 600 625 650
86 86 87 80 02 95 99 104 110 116 124 132 142 154 166 180 199 219 241 270 301 343 390 446 519
104 108 113 149 124 132 141 150 161 174 194 208 227 254 280 311 353 306 447 510 673 847
124 138 148 161 175 192 212 235 258 285 324 362 405 461 520 582 659
154 17.9 209 236 276 304 353 411 454 515 589 655
194 238 295 369 440 503 614 709
241 348 454 667 710 855
312 498 706 939
427 684 1052
87.8
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 675 600 625 650
88 86 B6 67 90 94 99 105 1.4 118 125 133 143 153 165 179 196 216 240 269 303 344 392 449 515
87 92 97 104 110 118 126 135 145 157 174 188 208 231 260 234 334 381 437 503 579 667 768 885 1017
122 134 140 152 165 180 198 220 247 278 315 359 411 472 543 626 721 831 956 1098 1259 1441 1645 1873 2127
173 190 211 235 264 209 340 389 446 513 591 680 784 902 1038 1191 1364 1558 177.6 2019 2200 2590 2021 3286 3687
256 289 328 375 429 493 568 654 754 868 998 1146 1314 1502 1713 1949 2212 2504 2826 3182 3573 4004 4470 4987 5537
372 427 490 564 650 749 863 992 1139 1306 1493 170.3 193.8 2200 2490 2811 3165 3554 3981 4448 4957 5511 6113 6766 7474
510 567 677 780 89.8 1032 1184 1357 1550 1767 201.0 227.9 257.8 2908 327.2 367.1 4109 4588 5109 567.7 6293 6960 7681 8460 9208
650 748 862 091 1138 1305 1492 1702 1937 2198 2488 280.8 3163 3552 307.8 4445 4954 5508 611.0 6762 7467 8228 9049 9931 1087.9
873 1004 1153 1324 1511 1723 1960 2224 2517 2841 3196 3500 4020 4491 5004 5562 616.8 €825 7536 830.3 9129 10017 10871 11994 13088

K = 4.075E-07V;° - 1.572E-03V? + 2,097V - 2.366E+02

D = 8.150E-10(V_+K)" - 7.B43E-07(V,+K)® + 3.277E-04(V, +K)? - 4.192E-02(V, +K} + 1.018E+01

Left Turn Volume

50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 526 550 575 600 625 650
=0 76 B4 87 92 97 103 108 115 122 128 136 145 154 164 175 187 202 218 238 260 286 318 354 358
69 73 70 84 90 95 101 108 115 122 128 138 148 158 170 184 199 216 236 261 289 324 330 334 338
71 75 84 86 82 98 104 111 118 126 135 145 156 169 182 199 217 240 266 299 307 313 37 329 326
76 80 85 91 86 103 110 117 126 135 145 157 170 185 203 223 248 278 290 295 300 306 310 316 321
80 86 92 97 104 114 119 127 137 148 160 174 194 210 233 261 275 281 287 292 208 304 31 318 324
88 93 100 107 11.4 122 131 142 153 166 182 200 222 248 264 274 277 283 289 207 304 311 320 328 B8
97 103 110 118 127 137 4148 161 175 192 212 237 255 262 269 276 283 291 300 309 319 330 341 354 368
108 116 124 134 144 156 170 186 206 229 249 256 264 272 280 269 209 311 2322 335 351 366 388 414 438
144 155 167 182 200 221 245 254 264 274 287 301 316 334 355 377 404 437 476 520 574 625
208 228 252 266 282 299 319 343 374 407 446 492 537 599
343 377 421 468 615
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
58 76 B2 88 93 98 104 108 115 121 127 135 143 153 163 175 188 205 222 241 262 286 311 340 371
92 102 111 118 125 131 137 142 147 153 158 164 170 177 185 194 204 215 228 242 258 276 297 319 M3
98 107 115 122 129 135 140 145 150 156 161 167 174 181 190 199 210 222 236 251 268 288 308 332 358
104 110 117 124 131 136 142 147 152 157 163 169 176 184 193 202 214 226 240 256 274 294 316 340 366
104 113 120 127 1433 138 144 149 154 159 165 172 179 187 196 206 218 231 246 263 281 302 324 349 377
110 118 125 131 137 142 147 452 158 163 170 177 184 193 203 214 227 241 257 275 205 317 342 368 398
119 126 132 138 143 148 153 159 165 171 178 186 195 205 217 230 244 261 279 208 322 347 374 404 436
131 137 142 147 152 158 164 470 177 185 193 203 215 227 242 258 276 296 318 342 369 398 430 465 503
164 167 173 181 189 198 209 221 234 249 266 285 306 328 355 3IB3 414 447 483 522 565 610 659 71 766
224 238 254 274 291 312 336 362 391 423 457 494 534 577 623 673 726 782 843 006 974 1046 1122 1201 1285
367 396 427 462 499 540 583 630 680 734 791 852 616 985 1057 1133 1214 1208 1387 1480 1578 1680 1787 189.8 2014

K = -7.932E-10V,* + 2.495E-06V"3 - 2.137E-03V"2 + 7.870E-01V; - 1.548E+02

D = -2.868E-11(V,+K)* + 2.033E-07(V, +K)" - 1.048E-04(V, +K)? + 3.925E-02(V +K) + 5.124

Left Tum Volume

50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 €50
74 79 B84 88 92 96 101 106 112 119 126 134 143 154 166 180 197 216 237 264 293 332 376 429 489
74 81 88 95 102 110 118 127 137 148 162 177 193 214 236 262 296 331 374 427 481 546
77 85 95 105 116 128 142 157 174 194 219 246 277 316 358 404 460
82 93 106 121 139 157 182 212 239 274 317 359
89 102 121 145 172 202 248 290
97 117 144 177 220 270
109 136 176 230
124 159 218
17.3
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 675 600 625 650
76 79 82 86 91 96 102 107 113 120 127 135 143 153 165 179 195 214 237 264 206 333 377 428 488
64 69 76 81 87 94 101 110 119 130 143 158 175 196 221 251 286 326 374 430 494 567 651 747 856
86 902 100 108 117 127 139 154 174 191 215 244 277 36 362 416 478 549 631 724 830 950 1084 1235 1404
105 114 124 135 149 165 184 207 234 265 303 346 397 456 524 603 692 793 908 1038 1183 1346 1527 1728 1951
121 133 146 161 180 202 228 258 294 2337 386 443 508 585 672 771 883 1009 1151 131.0 1487 1684 1902 2143 2408
134 148 164 183 205 231 263 300 343 383 452 519 596 685 785 699 1028 1172 1333 1513 1712 1933 2177 2446 2741
144 159 177 198 223 253 288 330 378 434 498 573 658 755 864 988 1128 1284 1458 1652 1867 2104 2365 2652 2966
151 167 187 210 238 270 308 353 405 465 535 614 705 808 925 1057 1204 1369 1553 1757 1983 2232 2506 2807 3135
173 193 218 247 281 321 367 422 485 557 640 734 841 962 1098 1251 1421 1611 1821 2054 2310 2592 2900 3237 3605

K = 9.352E-07V;° - 2.219E-03V;” + 1.874V, - 1.8E+02
D = 5.783E-10(V,+K)* - 4.626E-07(V, +K)’ + 1.625E-D4(V, +K)? - 5.580E-03(V, +K) + 7.546
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R? Comparison for 3 Lane Permitted Phasing and Optimal Timing

HCS
Left Delay

Through Volume

Estimated
Left Delay

HCS

K
1254
209.3
2776
3336
380.2
4206
457.9
5355

Through Delay

Through Volume

Estimated

Through Delay
K

HCS

149.0
2259
2047
3554
408.1
4525
488.9
5374

Overall Delay

Through Volume

Estimated

Overall Detay

109.0
179.2
2361
2822
3204
3535
384.2
4496

Left Tum Volume
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 850
100 33 35 36 38 4.1 44 47 5.1 56 6.1 6.8 75 85 96 11.0 126 148 175 210 260 326 379 457 55.8
200 35 37 40 43 48 52 59 6.6 786 87 103 122 147 183 235 297 350 426 537 688
300} 3.7 40 44 50 56 6.5 7.6 80 108 136 176 247 303 371 473 623
400] 40 45 52 60 72 89 115 158 238 284 356 470 650 -
500f 45 62 63 81 111 165 240 296 390 556
600f 51 64 76 136 218 272 375 G564
700 6.1 89 154 224 300 454 778
800] 83 167 229 347 615
1000 39.5
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
100 34 34 35 37 44 4.4 48 52 5.7 6.2 6.7 74 83 94 108 126 149 178 215 259 314 38t 461 55.6 66.8
200 25 29 33 37 42 48 55 64 7.5 89 107 13.0 159 196 24t 296 363 443 538 650 781 934 1110 1311 154.1
300 39 44 50 58 67 7.9 95 115 140 174 211 259 318 389 475 576 694 833 993 1178 1390 1630 1803 2210 2554
400/ 56 65 76 80 109 132 162 199 245 301 369 451 547 661 794 948 1126 1331 1563 1827 2125 2459 2833 3250 3712
500 7.9 94 114 139 170 209 258 316 387 472 573 691 829 988 1172 1383 1623 1894 2200 2544 2928 3355 3829 4353 4631
600] 11.1 135 166 204 250 308 377 460 558 674 809 965 1146 1353 1589 1856 2157 2495 2873 3295 3762 4280 4850 5476 6163
700 153 18.8 23.1 284 349 426 518 627 754 903 1074 127.0 1495 1749 2037 2361 2723 3128 3577 4075 4624 5229 5892 6618 7411
800| 208 256 315 385 469 570 687 825 984 1167 1377 1616 1886 219.2 2534 2917 3343 3816 4338 4914 5548 6241 6999 7826 8725
1000| 39.3 479 581 701 840 1002 1188 1401 1643 191.7 2226 2572 2960 339.0 386.8 4397 4978 5618 6318 7083 7917 8824 9808 10873 12023
K = 5.168E-07V, - 1.241E-03V;? + 1.361Vy - 1.013E+02
D = 1.232E-09(V_+K}* - 8.82BE-07(V +K)® + 3.133E-04(V_+K)’ - 3.064E-02(V +K) + 4.299
Left Turn Volume
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
100 32 33 34 35 36 37 38 40 4.1 43 45 48 5.1 54 5.8 6.4 7.0 79 90 106 128 128 128 128 128
200f 35 36 37 38 40 42 45 48 5.1 55 6.1 6.7 7.7 90 111 131 13.1 13.1 131 13.1 13.1 134 131 134 131
300| 37 39 41 43 46 5.0 54 6.0 6.8 8.0 97 126 134 134 134 134 134 134 134 134 134 134 134 134 134
400 41 43 47 51 57 6.6 78 97 135 137 137 137 137 137 137 137 137 137 137 137 137 137 137 137 137
500 46 50 57 66 81 108 140 140 140 140 140 140 140 140 140 140 140 140 140 140 140 140 140 14.0 14.0
600 52 61 66 102 144 144 144 144 144 144 144 144 144 144 144 144 144 144 144 144 144 144 144 144 14.4
700 62 8.0 122 147 147 147 147 147 147 147 147 147 147 147 147 147 147 147 147 147 147 14T 147 147 147
800 8.1 141 151 151 151 151 15.1 151 15.1 15.1 15.1 151 156.1 15.1 151 151 15.1 15.1 15.1 15.1 15.1 15.1 151 1541 15.1
1000 158 159 159 159 159 159 153 159 1589 159 159 159 159 159 158 1598 159 1569 159 159 1589 159 159 15.8 15.9
450 475 500 525 550 575 800 625 650
100 70 8.0 92 107 128] 128 128 128 12.8
200 1341 131 131 131 131 131 131 131 13.1
300 134 134 134 134 134 134 134 13.4 13.4
400 137 137 137 137 137 137 137 137 137
500 140 140 140 140 140 140 140 14.0 14.0
600 144 144 144 144 144 144 144 144 14.4
700 147 147 147 147 147 147 147 147 147
800 151 15.1 15.1 15.1 15.4 151 151 1514 15.4
1000] 154 A 159 459 159 159 159 159 158 159 159 159 159 159 159 159 159 159 159 158 159 159 15.9 15.9
K = -4.055E-04V% + 9.721E-01V; - 2.923E+401 Dy = 7.875E-07V® + 2.560E-03Vy + 1.255E+01
Da = 5.481E-10(V, +K)* - 4.797E-07(V +K)® + 1.562E-04(V, +K)? - 1.586E-02(V, +K) + 3.761
Range A < 5.808E-04V? - 1.170E+00V; + 6.739E+02 < Range B
Left Turn Volume
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
100 33 34 35 36 38 4.1 43 46 5.0 55 6.0 6.6 74 8.4 95 109 128 151 181 224 282 325 388 47.0
200 35 36 38 40 43 46 5.1 56 6.3 71 83 97 117 144 184 232 268 319 394 498
300 3.7 39 41 45 49 54 6.2 71 84 103 1341 182 215 251 307 382
400/ 40 43 48 53 641 7.2 88 116 169 189 220 269 350
500 45 50 67 68 87 121 165 182 213 270
600] 51 61 66 107 156 168 194 244
700{ 61 80 125 157 170 200 270
800| 81 142 158 173 215
1000| 16.8
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
100 33 33 34 36 39 4.1 4.4 47 50 54 59 6.5 73 82 94 110 130 1585 186 224 270 326 382 47.0 56.2
200} 21 24 27 30 233 3.8 43 49 57 6.8 8.1 98 120 147 180 221 271 33.0 400 483 580 693 823 97.2 1141
300f 29 33 37 42 48 56 6.8 7.8 85 115 141 173 213 264 318 386 466 561 670 797 942 1108 1296 1508 1747
400 38 43 50 58 69 82 100 122 148 183 225 275 335 407 491 589 703 834 985 1157 1361 1571 1817 2093 2401
500 49 57 67 80 97 118 145 178 218 267 325 395 477 573 684 813 960 1129 1320 1535 177.7 2049 2351 268.7 3059
600] 62 73 689 108 132 161 198 243 296 361 437 526 63.0 750 888 1047 1227 1430 1660 1917 2205 2524 2879 3271 370.2
700 7.8 94 145 141 172 212 259 316 384 464 558 667 793 937 1102 1200 1502 174.0 2007 2304 2635 3001 3406 3851 4339
800 98 120 147 181 222 271 330 401 484 581 694 824 973 1143 1336 1554 1798 2072 2377 2716 3090 3504 3959 4457 5003
1000| 167 205 251 306 37.2 450 542 649 772 913 1075 1259 1467 17041 1963 2256 2581 2942 3340 3779 4260 4787 5363 599.0 667.4

K = 4.616E-07V, - 1.088E-03V? + 1.159V, - 8.300E+01
D = 9.107E-10{V,+K)" - 6.712E-07(V +K)® + 2.036E-04(V, +K)’ - 1.825E-02(V, +K) + 3.813
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R? Comparison for 3 Lane Per/Pro Phasing and Optimal Timing

HCS
Left Delay
200
400
Through Volume 600
800
1000
1200
1400
Estimated
Left Dalay
K M 200
1673 26 400
3187 40 600
4181 .78 800
4924 143 1000
566.4 -285 1200
6680 -55.7 1400
HCS
Through Delay
Through Volume
Estmated
Through Delay
Range A Range B
K M K
-10.0
98 54 -46.1
366 5.4 113
720 5.4 -163.1
1160 54 -157.9
1686 5.4 -147.5
229.7 54
HCS
Overall Dalay
200
400
Through Volume 800
800
1000
1200
1400
Estimated
Overall Delay
K M 200
1360 38 400
2183 36 600
27116 36 800
3096 36 1000
3462 36 1200
3952 36 1400

50 75 100 125 150 175 200 225 250

300

Left Turn Volume
325 350 375 400 425 450 475 500 525 550

39 40 42 44 46 49 52 55 58
4.1 43 46 48 52 60 66 74 83
46 49 53 59 66 76 90 107 13.4
51 56 62 72 87 108 142 186 259
59 65 76 95 122 171 257 398 625
69 80 100 136 204 337 577

85 104 142 225 410 765

50 75 100 125 150 175 200 225 250

39 40 42 44 486 43 52 55 59

39 42 46 50 54 5% 66 7.4 a3

01 09 19 31 47 68 89 116 15.0

07 28 49 77 110 150 19.7 283 317

10 43 83 130 184 248 323 408 506
-5 40 103 177 262 360 471 59.7 739
04 94 206 333 477 638 B1.8 1018 1242 1,

o

K = 5.500E-07V," - 1.688E-03V,” + 2.005Vy - 403.6 M=

50 75 100 125 150 175 200

200 65 70 75 78 84 89 9.4

400 61 71 75 79 84 8.9 94

600 73 17 80 85 90 9.5 10.4

800 80 85 89 94 99 10.6 1.2

1000 9.1 96 102 107 114 122 13.0
1200{ 106 11.2 118 126 134 14.4 15.6
1400} 127 134 143 154 165 18.0 197

M S0 75 100 125 150 175 200

243 200 66 70 74 78 84 8.9 95
249 400 60 64 68 73 78 X} 8.9
249 600 64 69 73 79 84 9.0 9.6
249 800 71 76 81 86 92 9.8 104
249 1000 80 85 9% 97 103 10.9 11.6
249 1200 91 9.7 104 110 117 125 133

1400 106 113 120 128 137 14.7 15.8

Ky = 1.072E-04V,? + 2697E-02V; - 18.15

48.9

225
100
100
10.7
120
14.0
17.0
218

225
10.0

95
10.2
111
124
142
170

106
215
55.0

300
6.7
19
237
479
745
107.8
176.2

250
106
106
1.4
128
151
186
228

250

7.2 78 85 93 102 13 124 156 178 205
121 140 16.4 19.2 26 273 334 404 495 60.1
281 382 545

325 350 375 400 425 450 475 500 525 550
73 77 84 8.2 103 116 13.2 15.4 175 204
128 15.2 17.9 212 251 28 353 41.7 49t 577
293 358 433 520 61.9 732 86.0 100.5 1167 134.8
578 69.0 81.8 962 1124 1305 1507 1731 1978 2253
888 1048 1228 1428 1651 189.7 2169 2468 2796 3155
1278 1500 1745 2016 2314 2641 2998 3388 3813 4275
2061 2390 2750 3142 3569 4033 4535 5079 5666 6298

= 6.090E-10{V, #K)* - 4.826E-07(V, +K)' + 1.558E-D4(V, #K) - 1.145E-02(V,+K) + M
1.089E-07V;” + 2.204E-04V, - 1784V + 44 62

Left Turn Volume
2715 300 325 350 375 400 425 450 475 500
1.2 1.9 126 134 143 153 16.4 17.6 13.0 206
1.3 120 12,9 137 14.8 159 17.3 188 206 28
122 131 141 15.2 164 18.0 19.7 219 245 255
138 148 16.2 177 19.5 217 237 241 2458 249
16.4 179 19.8 221 2% 234 238 242 246 250
206 222 227 23t 237 241 246 251 255 261
230 236 241 247 25.3 259 2.5 272 28.0 288

278 300 325 350 375 400 425 450 475 500

10.6
10.%
10.8
11.8
132
163
18.5

Kp ¥ -9.993E-10VT" + 3.096E-06V;” - 3081E-03V; + 9214Vy -94.24

Range A < -2.991E-01x + 6,857E+02 < Range B

50 75 100 125 150 175 200 225 250

61 63 66 68 7.1 73 786 8.0 83
64 87 70 73 786 B1 886 9.2 98
70 73 77 81 85 81 98 10.7 19
78 a2 86 91 987 105 117 13.2 155
85 94 9.9 105 114 127 148 181 235

50 75 100125 150 175 200 225 250
60 &3 66 69 71 714 717 8.0 8.3
55 58 61 64 68 72 77 83 9.1
65 69 73 79 85 93 103 11.5 129
74 80 86 94 104 116 139 14.9 17.0
83 90 99 110 124 140 159 182 209
94 104 116 131 148 165 194 24 25.8

116 130 148 168 193 222 256 296 342

K = 2877E-07V,* - B.B10E-04Vy? + 1074V - 1.711E+02

275

87
106
134
18.0

275

86
100
14.6
18.5
241
298
394

9.2
114
155
246

1.3 11.9 126
10.8 1.5 122
11.5 12.2 13.0
126 134 143
141 151 16.3 - . . X
16.5 17.8 215 . 21 26 230 236 241 247
230 236 24.1 247 253 259 66 272 28.0 287

Dy = .799E-10(V, +K* - 3.005E-07(V+K)" + 1.103E-04(V_K)? + I.63BE-03(V,+K) + My
Dp = 34TTE-10(V, +K}* - 5.105E-07(V,+K® + 2.892E-04(V #K} - 5.7B0E-D2(V, +K) + Ma

Left Turn Volume
325 350 375 400 425 450 475 500 525 550
86 102 109 1.7 126 13.6 14.8 17.4 19.4 219
12.5 13.8 154 174 197 28 2639 31.6 378 448
18.4 27 235

325 350 375 400 425 450 475 500 525 550

575
238

575
239
674

155.1
255.4
3546
4715
697.8

525

254
259
253
255
265
29.6

600
280

281

786
1775
288.4
397.3
5316
7707

550
247
278
263
257
26.0
271
306

550

95 10.1 10.8 1.6 126 139 15.4 17.2 18.3 219
124 14.1 180 183 211 243 281 324 374 431
19.1 20 254 283 338 39.0 450 51.8 59.4 68.1
258 29.8 344 398 458 527 605 693 79.1 80.1
322 311 428 493 56.7 65.0 743 847 963 1093
38.7 457 526 604 692 790 90.0 1022 1157 130.7
523 60.1 68.8 78.6 895 1017 1151 1301 1465 1646

D = 3.532E-10(V, +K)* - 1.944E-07(V,+K)" + 4.081E-05(V, +K}" + 7.201E-03(V, +K) + 5.606

91

253 259
296 30.5
575 500
249 2838
575 600
249 284
497 571
778 886
1024 1158
1236 1383
147.2 1653
1844 2060

625
328

625

91.3
2024
3245
443.6
590.0
848.9

575
274
282
266
2.0
264
276
315

575

266
316

625
326

625
Ere)

100.7
130.9
156.7
185.2
2296

388

650

105.6
2298

493.7
8529
9327

800
306
285
27.0
265
268
28.2
328

600

273
328

850
388

372

74.8
1141
147.5
175.8
2069
2552

625
320
28.9
273
268
2712
289
340

625

280
341



R? Comparison for 2 Lane Protected Phasing and Optimat Timing

HCS
Left Defay

Through Volume

Estimated
Left Delay
K

123.2
262.0
376.8
469.8
5437
6008
6435
695.8

HCS
Through Delay

Through Volume

Estimated
Through Delay
K
-64.2
503
-427
-33.4
-16.0
14.1
585
196.4
3774
5545

HCS
Overall Delay

Through Volume

Estimated
Overall Delay
K

113.4
20786
2743
3191
3475
365.2
377.8
4101

M
4.6
48
48
46
46
486
46
46

Left Turn Volume

50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
100[ 86 86 87 89 62 85 89 104 110 116 124 132 142 154 166 180 199 219 241 270 301 343 350 446 518
200| 104 108 113 119 124 132 144 150 161 174 191 209 227 254 280 311 353 396 447 510 573 647
300| 124 138 148 161 175 192 212 235 258 285 324 362 405 461 520 582 659
400| 154 17.9 209 236 276 304 353 411 454 515 589 655
§00| 194 238 295 369 440 503 614 709
600| 241 348 454 567 710 855
700| 312 498 706 939
800| 427 684 1052
1000| 87.8
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 80O 625 650
1w00[ B8 86 86 67 60 84 88 105 111 11.8 125 133 143 153 165 178 166 216 240 268 303 344 392 448§ 515
2000 87 92 87 104 110 118 126 135 145 157 171 188 208 231 260 204 334 381 437 503 579 667 768 885 1017
300 122 131 140 152 165 180 198 220 247 278 315 359 411 472 543 626 721 831 956 1008 1259 1441 1645 1873 2127
aool 173 190 211 235 264 209 340 389 446 513 590 680 784 902 1037 1481 1364 1558 177.6 2016 2200 2500 2921 3286 3687
500| 256 269 328 374 429 493 568 654 754 868 998 1146 1314 1502 1713 1948 2212 2504 2626 3182 3572 4001 4470 4081 6537
600| 372 426 490 564 650 749 862 992 1139 1305 1493 14703 1938 2199 2490 2811 3165 3554 3980 4447 4956 5511 6113 6765 7474
700| 510 887 677 780 897 1032 1184 1356 1550 1767 2008 2279 2577 2007 3271 3671 4108 4587 5109 5676 6292 6959 7680 8458 9296
800| 649 748 862 991 1138 1304 1492 1702 1936 2198 2488 2808 3162 3551 3977 4444 4953 6507 6108 6760 7466 8227 9047 9929 10877
1000} 873 1004 1152 1321 151.0 1722 1959 2223 2516 2839 31096 3588 401.8 4489 5002 5560 6166 6823 7533 830.0 ©125 10014 10967 11969 13084
K = 4.074E-07Vy" - 1.572E-03V5% + 2.097Vy - 2.366E+02
D = 8.150E-10(V, +K)" - 7.843E-07(V +K)® + 3.277E-04(V +K)” - 4.192E-02(V +K) + 1.018E+01
Left Turn Volume
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 625 550 575 600 625 650
100 70 76 81 87 92 97 103 109 115 122 129 136 145 1564 164 175 187 202 218 238 260 286 318 354 358
200 B8 73 79 84 90 95 101 108 115 122 129 138 148 158 17.0 184 199 216 236 261 289 324 330 334 8
a0l 71 75 81 8s 92 9B 104 111 118 126 135 145 156 169 182 199 217 240 266 299 307 313 317 321 328
a0l 75 80 85 81 86 103 110 117 126 135 145 157 17.0 185 203 223 248 278 200 205 300 306 310 316 3219
s00] 80 86 982 97 104 111 118 127 137 148 160 174 194 210 233 261 275 281 287 282 208 304 311 318 34
600] 68 63 100 107 114 122 131 142 153 168 182 200 222 248 264 271 277 283 289 297 304 31t 320 328 338
700| 97 103 110 118 127 137 148 161 175 192 212 237 255 262 269 276 283 291 300 305 319 30 341 354 368
800| 10.9 116 124 134 144 156 470 186 206 229 249 266 264 272 280 289 299 311 322 35 351 3I\H 388 414 438
1000| 144 155 167 182 200 221 245 254 264 274 287 301 316 334 355 377 404 437 476 520 574 825
1200| 208 228 252 266 262 209 319 343 374 407 446 492 537 699
1400| 343 377 421 468 515
50 75 100125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 526 550 575 600 625 650
100[ 68 76 82 88 93 98 104 108 115 121 127 135 143 153 163 176 189 205 222 241 262 286 311 340 373
2000 9.0 100 108 117 123 130 135 141 146 151 156 162 168 175 183 192 202 213 226 241 257 275 205 317 349
300l 96 105 413 124 127 133 138 143 149 154 159 166 17.2 180 188 197 208 220 234 249 267 286 307 30 368
400] 99 108 116 123 129 134 140 145 150 156 161 167 174 182 191 201 212 224 238 254 272 292 314 338 364
s00[ 10.2 111 118 125 131 136 142 147 152 158 163 17.0 177 185 184 205 216 229 244 261 278 300 322 47 375
600[ 10.8 116 123 128 135 140 145 151 156 162 168 175 183 191 204 213 225 239 256 273 203 315 340 386 396
700} 11.8 124 130 136 141 146 152 157 163 169 176 184 193 204 215 228 243 259 277 208 320 35 372 402 434
800| 12¢ 135 140 145 151 156 162 168 175 183 192 201 213 225 240 256 274 294 316 340 367 396 428 463 501
1000} 156 165 17.1 17.9 187 196 207 219 232 247 264 283 2304 327 353 381 411 444 480 6520 562 607 656 708 763
1200) 222 236 251 268 288 309 333 359 368 419 453 490 529 572 618 668 721 777 837 601 968 1040 1115 1195 1278
1400| 361 2380 422 456 493 533 576 622 672 725 782 842 906 674 1046 1122 1202 1286 1374 1467 1564 1665 1772 1882 1998
K = -7.918E-10V," + 2.486E-06Vy" - 2,125E-03V;” + 7.813E-01Vy - 1.541E+02
D = -2.888E-11(V_+K)* + 2.033E-07(V,+K)’ - 1.048E-04(V,+K)? + 3.925E-02(V +K) + 5124
Left Turn Volume
50 75 100 125 150 175 200 225 250 275 300 326 350 375 400 425 A4S0 475 500 525 550  S75 600 625 650
100[ 74 76 84 88 92 06 101 106 112 118 126 134 143 154 166 160 107 216 237 264 283 332 376 429 489
2000 74 61 88 95 102 110 118 127 137 148 162 177 183 214 236 262 206 331 374 427 481 546
300 77 85 95 105 116 128 142 157 174 184 219 246 27.7 316 358 404 46.0
400 82 93 106 121 139 157 182 212 239 274 37 359
500| 89 102 121 145 172 202 246 290
600| 97 117 144 177 220 270
700| 108 136 176 230
800| 124 159 218
1000| 17.3
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
1wo[ 76 78 82 86 91 96 102 107 113 120 127 135 143 153 165 178 195 214 237 264 206 333 317 428 488
200 64 68 75 81 87 94 101 110 119 130 143 158 175 186 221 251 286 326 374 430 494 57 651 747 858
300 86 82 100 108 117 127 138 154 171 191 215 244 277 318 362 416 478 549 631 724 830 950 1084 1235 1404
400 105 114 124 135 149 165 184 207 234 265 303 346 397 456 524 603 682 793 908 1038 1183 1346 1527 1728 1951
500 121 133 146 161 180 202 228 258 204 337 386 443 509 585 67.2 771 883 1009 1151 131.0 1487 1684 1802 2143 2408
600| 134 148 164 183 205 231 263 300 343 393 452 619 596 685 785 899 1028 117.2 1333 1513 1712 1933 2177 2446 2741
700 144 458 177 188 223 253 288 330 378 434 498 573 658 755 864 988 1128 1284 1458 1652 1867 2104 2365 2652 2966
goo| 151 167 187 210 238 270 308 353 405 465 535 614 705 808 025 1057 1204 1369 1553 1757 1983 2232 2506 2807 3135
1000] 173 193 218 247 281 321 367 422 484 557 640 734 841 962 1098 1251 1421 1611 1821 2054 2310 2501 2000 3237 3605

K = 9.352E-07V;" - 2.218E-03V," + 1,674V - 1.801E+02
D = 5.783E-10(V, +K)* - 4.826E-07(V,+K)® + 1.626E-04(V, +K)? - 5.580E-03(V_ +K) + 7.546
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R? Comparison for 2 Lane Permitted Phasing and Optimal Timing

HCS
Left Delay

Through Volume

Estimated
Left Delay

1323
236.3
3132
3702
414.3
452.7
482.4
604.0

HCS
Through Delay

Through Volume

Estimated
Through Delay
K

164.5
258.0
336.3
401.3
454.8
498.6
5346
580.3

HCs
Overall Delay

Through Volume

Estimated
Overali Delay
K

1185
196.8
260.7
3126
354.8
388.9
4201
4753

Left Turn Volume

50 75 100 125 150 175 200 225 250 275 900 326 350 375 400 425 450 475 500 526 650 575 600 625 650
100 33 35 36 38 41 44 47 51 55 60 67 74 83 94 107 122 143 168 200 245 308 62 432 &5 641
200 35 37 40 43 47 52 58 66 75 86 101 118 144 178 231 307 35 449 569
0] 37 41 45 51 58 67 78 95 119 157 219 200 352 453 603
a00| 41 46 53 63 78 101 138 204 273 340 457 642
s00| 45 54 68 93 135 224 279 369 632 805
600| 64 74 114 212 273 390 640
700 7.3 131 227 342 601
800{ 137 254 485
1000] 64.1
50 75 100 125 150 175 200 225 250 275 300 325 360 375 400 425 450 475 500 525 550 575 600 625 650
w0035 34 35 57 40 44 a8 52 57 62 67 74 82 82 105 122 143 170 204 246 298 361 438 529 638
200| 23 28 32 a7 42 48 55 63 74 88 106 129 158 194 239 204 361 441 537 850 782 936 f114 1318 155.2
30| 43 49 56 65 76 91 108 133 163 200 247 304 37.3 455 554 669 805 963 1145 1363 1501 1861 2166 2800 2863
wo| 65 77 82 14 135 165 204 251 300 378 462 562 679 816 076 1160 1371 1611 1884 2161 2637 2024 3355 3834 4364
sool 97 117 143 175 216 256 327 400 488 §93 715 859 1025 1216 1435 1684 1966 2284 2641 3040 34B4 3977 4522 5122 £782
so0| 136 167 206 253 311 382 466 567 685 623 983 1168 1381 1622 1896 2206 2553 2042 3376 3867 4389 4976 S22 6329 710.3
700| 187 230 283 347 425 518 627 756 906 1079 1278 1506 1765 2057 2387 2756 3168 3627 4135 4606 5314 5092 6735 7546 842.9
s00| 260 310 394 478 580 701 841 1005 1193 1408 1654 1932 2246 2500 2093 3432 39190 4458 5052 5704 6420 7203 8056 8984 999.1
1000| 634 764 915 1089 1200 1518 1760 2074 2406 2777 3192 3653 4164 4728 5349 6031 6777 7592 8470 0444 10489 11621 12842 14159 15576
K = 1.1B10E-06V;" - 2.41416-03V,7 + 2.0221V; - 1.8497E+402
D = 1.281E-08(V,+K)* - 1.080E-06(V, +K)® + 3,592E-04(V_+K’ - 3.823E-02(V, +K) + 4.652
Left Turn Velume
50 75 100 125 150 175 200 226 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
w00l 33 33 34 35 36 37 38 40 42 43 45 48 51 54 58 63 b9 77 88 103 125 130 130 130 13.0
200l 35 26 38 3® 41 43 45 48 52 56 61 68 77 90 109 134 134 134 134 134 134 134 134 134 134
50| 30 40 43 45 49 53 59 66 76 91 116 138 138 138 138 138 138 138 138 138 138 135 138 138 138
wol 23 46 50 56 63 74 91 123 143 143 143 143 143 143 143 143 143 143 143 143 3 M43 43 143 14.3
500 49 55 63 76 08 147 148 148 148 148 148 148 148 148 148 148 148 148 148 148 148 148 148 148 148
coo| 56 71 95 154 154 154 154 154 154 154 154 154 154 154 154 164 164 154 154 154 164 164 154 154 154
700| 76 114 160 160 160 160 160 160 160 160 160 160 160 160 160 160 160 160 160 160 160 160 160 6.0 160
s00| 125 167 167 167 167 167 167 167 167 167 187 167 167 167 167 167 167 167 167 167 167 167 167 6.7 167
1000l 164 184 184 184 184 184 184 184 184 184 184 184 184 184 184 184 184 184 184 184 184 184 184 184 184
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 600 526 S50 675 600 625 850
100[ ™33 33 34 35 36 37 38 40 41 43 45 47 50 54 658 64 71 70 89 102  AL7 135] 127 127 127
2000 27 28 28 31 33 36 39 43 48 54 682 133 133 133 133 133 133 133 133 133
300 33 35 38 42 47 53 60 69 80 94 110 : ) ) 9 139 139 139 138 139 139 139 139 139
wol 43 47 54 81 70 82 96 112 131 143 144 144 144 144 144 144 144 144 144 144 144 HA4 144 144 144
500| 58 67 77 90 15.0 0 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150
600 156 156 156 156 156 156 156 156 156 156 156 156 156 156 156 156 156 158
700 62 162 162 162 162 162 162 162 162 162 182 162 162 162 162 162 162 162
800 168 168 168 168 168 168 168 168 168 168 168 168 168 168 168 168 168 168
1000 180 180 180 180 180 180 180 180 180 180 180 180 180 180 180G 180 180 180 180 180
K = 3.034E-07V,° - 1.030E-03V,? + 1.302Vy - 7.513E+01 Dg = 5.852E-03Vy + 1.210E+01
Dy = 2.561E-10(V_+K)* - 1.695E-07(V,+K)® + 4 59TE-O5(V_+K]" - 1.176E-03(V, +K) + 3.215
RangeA < 7.423E-04x2 - 1.368E+00x + 7.093E+02 <Range B
Left Turn Volume
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
w033 34 35 37 36 41 43 46 50 54 58 66 73 B2 93 107 {24 145 174 213 268 313 370 48 542
20| 35 36 38 40 43 47 51 56 63 71 82 896 115 142 183 240 280 337 420
30| 38 40 43 47 51 57 65 77 93 118 162 209 242 207 381
200 43 46 50 57 66 81 104 148 187 215 264 M6
so0| 48 S4 63 7.8 105 164 181 200 263 369
go0| 58 71 86 16t 174 201 263
700] 75 114 166 183 229
800| 128 17.2 197
1000] 201
S0 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
joo[ 34 33 34 36 38 41 a4 47 51 55 689 65 72 B1 92 107 125 149 178 214 258 311 35 450 538
o0l 27 20 33 a6 40 44 50 58 65 75 88 107 128 166 190 232 283 344 416 501 601 747 851 1005 1180
20| 37 41 45 8§1 &7 66 77 91 108 132 160 195 238 200 352 426 513 615 733 870 1026 1205 1407 1635 1892
00| 48 54 62 72 B84 101 121 147 178 218 266 323 2392 473 568 670 807 954 1123 1314 1530 1774 2047 2353 2662
sool 83 73 88 102 123 148 182 222 270 328 308 480 576 688 817 066 1136 1330 1548 1794 2070 2377 2719 3088 3517
eoo] 81 @7 116 140 174 208 254 309 375 453 545 652 776 OL8 1082 1267 147.8 1715 1981 2279 2610 2077 3383 3831 4323
700| 104 125 152 185 226 275 334 405 488 586 699 831 981 1153 1349 1570 1818 2087 2408 2753 3136 38GB 4023 4533 5092
s00| 130 158 193 235 286 348 421 607 608 725 860 1015 1192 1302 1618 1873 2158 247.6 2629 3220 3851 4125 4645 5214 5635
1o00| 201 245 298 362 438 527 631 752 891 1050 1232 1438 167.0 1931 2222 2547 200.8 3307 3747 4230 4760 5340 5072 6659 7406

K = 3.980E-07V;° - 1.075E-03V + 1.245V; - 8.066E+01
D = 8.565E-10(V,+K]' - 7.534E-07(V,+K)" + 2.806E-04(V +K}’ - 2.413E-02(V +K) + 4.089
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R? Comparison for 2 Lane Per/Pro Phasing and Optimat Timing

HCS Left Tum Volume
Left Delay 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 850
200 40 41 43 45 48 50 53 57 60 65 70 80 88 987 107 119 134 151 172 198 229 269 314 378 4641
400 46 48 52 56 61 67 75 8.4 95 107 124 142 166 195 237 288 357 4386 535 664
600 54 59 65 73 84 99 120 145 181 229 316 431 57.2
Through Volume B0O| 68 7.7 89 105 138 182 254 360 533 769
1000] 9.3 112 144 204 306 501 785
1200[ 145 199 322 464 659
1400} 215 284 399 6086 912
1600f 22.1 306 456 76.8
Estimated
Left Delay 50 75 100 125 150 1756 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
K M 200 44 41 40 42 45 489 53 58 6.3 6.9 75 8.1 8.8 95 105 116 130 147 169 196 230 271 320 380 45.1
1813 36 400/ 34 38 44 50 57 64 72 8.1 93 108 127 150 178 213 256 308 371 446 534 637 758 897 1058 1241 145.0
3144 36 600 66 75 85 98 114 133 158 189 226 272 327 394 472 565 674 800 946 1114 1305 1523 1768 2045 2355 270.0 3085
4153 3.6 800 114 134 159 190 228 274 330 396 475 569 678 805 952 1121 1313 1531 1778 2056 2367 2714 3100 3528 4000 451.9 509.0
4878 3.6 1000] 187 224 269 324 389 467 559 667 792 937 1103 1293 1509 1753 2027 2335 267.8 306.0 3484 3951 4466 5032 565.1 6327 7064
5357 36 1200[ 265 319 383 460 651 657 781 924 1088 127.6 1489 1731 2003 2307 264.8 3026 3446 391.0 4421 4982 5506 6268 6999 7794 8657
5627 3.6 1400} 323 389 467 558 666 791 936 1102 1282 1507 1751 2025 2333 267.6 305.8 3481 3048 4463 5028 5647 6323 7059 7859 8727 966.6
5724 3.6 1600] 347 418 504 598 713 845 098 1173 1372 1599 1854 2141 2462 2820 3218 3658 4143 4677 5263 5903 6602 7363 8189 9084 10053
K =1.067E-07V,* - 5.405E-04V;? + 1.034V - 137.7
D = 1.079E-09(V, +K)" - 1.07BE-06(V,+K)* + 4.197E-04(V,+K)? - 5.373E-02(V,+K) + M
HCS Left Turn Vaolume
Through Delay 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
200 69 73 79 84 90 95 101 108 115 122 129 138 148 158 170 184 199 216 236 2641 288 324 330 334 338
400[ 75 80 85 91 96 103 110 117 126 135 145 157 170 185 203 223 248 276 290 295 300 306 31.0 316 321
600 88 93 100 107 114 122 131 142 153 166 182 200 222 248 264 274 277 283 289 297 304 312 320 328 33.8
Through Volume 800 109 11.6 124 134 144 156 170 186 206 229 249 256 264 272 280 289 209 311 322 335 351 366 388 414 438
1000 144 155 167 182 200 221 245 254 264 274 287 301 316 334 355 377 404 437 476 520 574 625
1200} 208 228 252 266 282 299 3.9 343 374 407 446 492 537 599
1400] 343 37.7 421 468 515
Estimated
Through Delay
K M 50 75 100 125 150 175 200 225 250 278 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
-2821 117 200/ 104 83 689 62 61 65 73 8.4 97 112 128 145 162 179 195 211 26 241 255 269 283 296 310 325 342
2515 117 400 79 67 62 62 67 75 87 100 116 132 148 166 182 199 215 230 244 258 272 286 299 314 329 346 365
2241 117 600 66 61 62 67 76 88 102 117 133 150 167 184 200 216 231 246 260 273 287 301 315 331 348 367 39.0
-1438 117 800] 69 78 81 105 121 137 154 171 188 204 219 234 249 263 276 200 304 318 334 352 372 396 423 456 495
1000| 139 156 17.2 189 205 220 234 248 262 275 289 303 319 336 356 378 405 436 474 518 570 631 702 786 883
2068 6.0 1200] 220 233 247 262 278 206 316 340 367 400 439 485 539 603 678 765 866 982 1115 1267 1439 1633 1852 2098 2374
3966 6.0 1400] 355 386 422 466 516 576 646 728 823 933 1058 1203 1367 1552 1761 1995 2257 2548 2872 3230 3625 4059 4535 5056 5624
K =-1.002E-08V," + 3.170E-06V;" - 2.841E-03V;% + 1.090V, - 410.2
 582E-10(V, +K)* - 5.458E-07(V,+K)° + 7.823E-05(V, +K)? + 6.366E-02(V+K) + M
Range A < 1000 < Range 8
HCS Left Turn Volume
Overall Delay 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
200 64 66 69 71 74 77 80 84 8.8 92 97 106 113 121 131 143 157 173 193 218 248 285 318 364 425
400 71 75 78 83 87 93 99 106 114 124 136 150 167 188 217 253 299 356 414 488
600 85 88 94 100 107 116 127 141 159 183 224 273 338
Through Volume 800| 105 112 119 129 141 158 183 219 275 353
1000 139 150 163 182 210 256 325
1200 202 223 253 279 316
1400] 332 365 411 468 540
Estimated
Overall Delay 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 850
K M 200 65 66 €68 70 73 77 80 84 89 94 99 105 1.2 121 130 142 157 174 194 219 247 2841 321 368 422
1541 44 400| 58 62 67 72 77 83 91 99 110 122 137 154 175 200 230 265 306 354 409 473 546 629 724 831 95.4
2558 44 600] 78 84 91 100 140 123 138 155 177 202 232 268 309 357 413 477 551 835 731 83.9 96.0 1096 1248 1417 160.4
3326 44 800| 1041 111 124 139 157 178 204 235 270 312 361 417 482 557 642 738 847 969 1107 1260 143.0 1619 1827 2057 2310
3087 44 1000 133 150 170 195 223 257 297 343 396 458 529 610 703 807 924 1056 1203 1367 1549 1751 197.3 2217 2485 2778 3098
4682 44 1200) 189 216 249 287 332 384 444 513 592 681 783 897 1026 1169 1330 1508 1705 1922 2161 2424 2711 3025 3366 3737 4140
§552 44 1400] 308 356 412 47.6 549 633 728 836 957 1093 1244 1413 160.0 1806 2034 2284 2559 2858 3185 3541 3927 4345 4796 5284 5809

K = 2.942E-07V;" - 8.402E-04V;? + 1.125V, - 180.3
D = 5.097E-10(V,+K)* - 3.941E-07(V, +K)* + 1.393E-04{V, +K)? - 9.349E-03(V, +K} + M
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R? Comparison for 1 Lane Protected Phasing and Optmal Timing

HCS
Left Delay

Through Volume,

Estimated
Left Delay
K
106.9

3423
4511
549.9
635.6
705.2
7838

HCS
Through Delay

Through Volume

Estmated
Through Delay
K

s
1736
2556
3377
419.7
501.8

HCS
Overall Delay

Through Volume

Estimated
Overall Detay

1299
2186
307.3
396.0
484.8
5735

M
128
128
128
128
128
128
128
128

04
04
04
04

0.4

Left Turn Volume
S0 75 100 125 150 175 200 225 250 275 300 35 350 375 400 425 450 475 500 525 550 575 600 625 650
o 5191 91 83 96 95 103 107 t12 119 126 134 144 155 168 182 199 219 241 271 303 343 386 446 519
2000 117 118 123 128 134 140 145 158 168 178 193 209 226 248 272 300 338 30 426 480 550 e46
20| 151 161 169 180 193 204 223 238 256 277 306 3|8 374 421 467 519 596 880
a00| 207 226 245 266 287 312 341 37 413 459 513 566 628 T17
s00| 204 329 367 415 462 506 565 621 682 746 859
s00| 463 530 610 €62 722 B0t B9
700| 680 791 866 981 1095
800| 869 1047 1234
1000] 1455
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 426 450 475 500 525 550 575 600 625 650
w083 9o S0 81 54 ~sa {03 108 114 120 128 136 144 155 {67 181 197 2t7 241 288 30, 344 3. 514
20| 115 118 24 130 136 142 150 158 167 178 190 205 222 243 268 208 3}\4 J6 427 485 54 &4 727 & 956
0| 141 148 156 165 175 187 201 218 238 263 291 326 367 415 472 539 616 706 810 928 1063 1217 1390 1565 1803
wol 183 196 212 231 253 280 312 351 396 450 513 586 671 770 882 1011 1157 1323 1510 1719 1853 2214 2503 26024 377
S0l 262 201 325 36 414 471 537 615 704 807 926 1060 123 1386 1581 1798 2042 2812 2612 2944 308 IL1 4151 4632 5156
co| 412 468 534 611 700 812 920 1053 1205 1377 1574 {787 2020 2298 2607 2027 3299 3690 4128 4607  S129 5698 6314 6982 7705
700| €47 742 851 975 1116 1277 1457 1660 1888 2141 223 2734 3078 3457 3873 4329 4826 5367 5956 6504 785 832 87 9703 1063.4
s0| 947 1084 1240 1417 1615 1837 2084 2360 2665 002 373 I7MO 427 4715 547 5825 6452 7132 7866 86SE 9511 10427 114Lf 12465 13592
1000| 1445 1846 1872 2123 2403 2712 54 3431 3644 4207 4791 5329 5915 6550 7237 7980 E7EN 9643 10568 11563 12627 13766 14982 16279 1766.0
K = -5.083E-07Vy + 2.621E-04V* + 1.162Vy - 1.319E+02
D = 8.204E-10(V_+K)" - 7.914E-07(V,+K)® + 3.I11E-4(V +K)* - 4.358E-02(V, +K) + 1.076E+01
Left Turn Volume
50 75 100 125 150 475 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
o F5 B3 50 Se 106 13 122 131 142 152 165 179 195 213 232 256 284 314 /5 395 49 508 551 582  63.7
0| 82 91 88 108 118 130 142 155 170 184 206 226 253 279 315 35S 397 454 495 547 582 66 2 T2 818 922
0| 98 108 119 132 145 161 180 197 220 246 275 309 3O 308 445 491 545 614 690 783 878
00| 123 137 153 474 192 215 242 272 310 354 404 444 502 571 650 747
soo| 166 188 212 200 273 314 31 402 457 532 612 T4
600| 242 280 324 369 424 493 582 667
700, 380 460 549 657
56 75 100 125 150 175 200 225 250 275 300 326 350 375 400 425 4S0 475 500 525 550 575 600 625 650
w0 To B3 64 027 W08 116 123 130 138 148 160 174 181 211 235 264 291 324 361 401 M4 st 50 59 €45
20| 81 8B 84 104 108 118 130 143 159 178 200 226 254 286 322 361 403 448 496 547 600 655 7L 768 826
20| 103 111 124 133 147 164 14 207 233 263 206 333 32 415 462 510 562 615 674 727 784 B2 899 955 1009
wo| 137 52 168 190 214 241 272 306 343 384 428 475 525 577 631 686 743 801 858 915 971 1024 1075 1122 1164
s0| 197 221 250 281 36 355 306 441 489 539 592 646 702 758 817 674 931 986 1039 1088 1134 7S5 1210 123 8 1258
c0| 281 327 366 405 454 503 554 607 662 78 776 B33 890 947 1001 1053 1102 146 1186 1219 1245 1262 1270 1267 1253
700| 421 468 517 568 622 678 735 792 848 906 962 1066 1067 1115 1158 1196 1227 1250 1265 1270 1264 1246 1214 167 1103
K = 8.206E-01Vy - 7.263E+01
D = -5.885E-10(V, +K}* + 1.067E-06(V, +K)° - 4.508E-04(V +K)* + 9.835E-02(V +K) + 3.031
Left Turn Volume
50 75 100 125 150 175 200 225 250 275_ 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
o[ 75 BE 90 95 Moo 104 110 115 122 128 137 146 156 168 182 187 215 236 260 280 325 %67 407 459 525
00| 86 95 104 113 122 131 142 153 165 178 194 211 231 254 280 311 350 I/4 436 486 52 629
2000 102 M4 127 141 155 171 180 207 229 253 282 314 352 399 444 492 556 631
00l 127 45 165 186 209 235 265 208 337 383 434 481 540 617
s00l 174 198 229 265 304 350 404 452 St 583 675
600| 249 206 350 403 464 539 631
700| 393 470 562 674
50 75 100 125 150 175 200 225 250 275 300 326 350 375 400 425 450 475 500 525 550 575 600 625 650
o[ B0 B4 B5 84 85 W04 110 116 123 130 137 146 156 167 181 196 215 236 261 200 324 364 410 462 5:
20| 81 97 103 109 116 124 133 44 155 169 185 204 226 252 262 317 358 405 459 520 S0 €70 760 861 974
0| 13 121 128 139 150 163 178 195 216 240 268 301 339 383 433 491 S58 €33 718 14 %21 1042 1176 1325 1490
wo| 145 157 170 187 206 228 255 285 323 362 410 464 527 598 678 769 879 986 1113 1256 1413 1387 1778 1990 2221
s0| 187 218 242 271 304 343 387 435 497 564 641 727 624 932 1054 1190 1340 1507 1690 1893 2114 257 2622 2911 3225
co| 288 325 366 415 470 533 605 687 779 882 998 1127 1270 1429 1605 1799 2012 2245 2500 2778 3080 3409 3764 4149 4564
700| 444 504 572 649 736 834 844 1067 1204 1356 1524 1709 1913 2137 2382 2650 2041 3257 W00 3972 4373 4805 270 5770 6306

 872E-01V7 - 4.756E+401
| 401E-10(V,+K)* - 2.707E-07(V, #K)* + 8.255E-05(V, +K)* + B.742E-03(V, +K) + 7.430
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R? Comparison for 1 Lane Permitted Phasing and Optimal Timing

Left Turn Volume

HCS
Left Delay 50 75 100 125 150175 200 225 250 276 300 325 350 375 _ 400 425 450 475 500 _ 525 550 515 600 625 6§50
100[ 34 36 a8 40 43 46 50 654 60 66 73 82 93 106 123 144 372 210 273 316 366 438 540 665
2000 38 4% 45 50 56 64 74 8B 108 137 182 240 272 320 391 500 660
Through Volume 30| 46 54 65 &1 108 158 213 247 300 388 546 782
400[ 65 93 161 203 254 348 544
500[ 165 221 385 7.7
600| 40.3
700| 64.1
800} B4.1
Estimated
Left Delay 50 75 100 125 150 175 200 205 250 275 300 325 350 375 400 425 450 475 500 525 550 575 800 625 650
kK M 1oof 36 35 37 38 42z 46 50 55 60 66 73 82 93 107 125 147 175 211 255 308 374 452 546 656 785
1744 17 2000 27 32 38 45 54 65 78 96 118 147 182 226 279 344 422 515 625 754 904 1078 1277 1505 1765 2058 2388
2073 1.7 300 64 77 95 117 144 179 222 274 338 416 507 B15 742 891 1062 1259 1484 1741 2031 2357 2724 3133 3588 4093 4551
3924 17 400! 138 171 213 263 325 399 488 693 716 B60 1026 1218 143.8 1688 1971 2290 2649 3049 3495 3990 4537 5140 5802 6529 7323
a662 17 500 264 322 395 483 587 710 852 1018 1208 1427 167.6 1957 2275 2631 3029 3473 35 4510 511.0 577.0 6493 7284 8146 9084 10101
5252 1.7 600] 425 518 629 758 1.0 1084 1284 1513 177.3 2067 2369 2770 3184 3645 4156 4720 5341 6024 6771 7587 8476 0442 10400 11624 12848
5758 17 700| 633 763 914 1088 1200 1520 1781 207.6 2408 2781 3196 3659 417.1 4737 536.0 6044 6793 761.0 8501 947.0 10520 11666 12884 14207 15631
§750 17 800 63.3 763 914 1089 1290 1520 1781 207.6 2408 2781 3196 3658 417.1 4737 6360 6044 6793 7610 8501 947.0 10520 11656 12884 14207 15631
= 1.078E-06V, - 2.357E-03Vy” + 2.202V; - 1.803E+02
D = 1.304E-0%(V, +K)' - 8.847E-07(V, +K)® + 3. 110E-04(V, +K)? - 3.024E-02(V,+K) + 4.432
HCS Left Turn Volume
Through Delay 50 75 100 125 150 475 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
100[ 36 36 37 38 a8 41 42 44 46 49 62 55 68 64 71 186 90 106 136 133 133 133 133 133 133
200 42 44 46 49 52 57 62 68 79 84 116 142 142 182 142 142 142 142 142 142 142 142 142 142 142
300l 54 59 66 7 84 125 152 152 162 152 52 152 152 152 152 152 152 152 152 152 152 152 162 152 152
Through Volume 400 7.8 100 154 166 166 1686 186 166 166 166 166 166 166 166 166 166 166 166 166 166 166 166 166 166 166
500] 183 183 183 183 183 183 183 183 183 183 183 183 183 183 183 183 183 183 183 183 183 183 183 183 183
600| 20.0 209 208 209 208 208 209 209 209 208 208 209 208 208 209 209 209 209 208 209 208 208 209 209 209
700| 256 256 256 256 256 256 256 256 256 256 256 256 256 256 256 256 256 256 256 256 256 256 256 256 256
goo| 372 372 372 372 372 ar2 372 ar2 312 372 372 372 372 372 372 372 372 372 372 32 372 372 32 ;2 32
Estimated
Through Detay 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
K M 100 %47 48 51 54__58 63 70 76 92 108 128] 134 134 134 134 134 134
1933 34 200 78 984 114 138[ 139 136 139 438 139 13¢@ 139 139 139 139 138 139 139
3315 34 300 154 154 154 154 154 154 154 154 154 154 1654 154 154 154 154 154 154
4246 34 400 168 168 168 168 168 168 168 168 168 168 168 168 168 168 168 168 168
4846 34 500 182 182 182 182 182 182 182 182 182 182 182 182 182 182 182 182 182
5237 34 600 206 206 206 206 206 208 206 206 208 206 206 206 206 206 206 206 206
554.1 34 700 27. . . . 250 259 269 2509 259 259 259 258 259 259 259 259 258 259 259 259 258
5880 34 800) 36.0| 371 371 374 ar1 371 371 371 371 374 374 371 374 371 374 371 371 3§71 374 371 871 3t 31 371 37
K = 2.026E-06V;" - 4.083E-03V;? + 3.039Vy - 2.674E+02 Dg = 3.968E-10V;" - 5.493E-07V;® + 2.745E-04Vy? - 4.430E-02V; + 1.558E+01
Dy = 8.53BE-10(V,+K}" - 7.003E-07(V_+K)* + 2.199E-04(V+K)’ - 2.217E-02(V_ +K) + 4.244
Range A < 1.786E-03x2 - 2.171E+00x + 7.200E+02 < Range B
HCS Left Turn Volume
Overall Delay 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 800 625 850
100[ 34 36 37 38 41 44 48 50 54 58 66 73 83 94 108 127 151 185 240 275 316 374 458 562
2000 40 43 45 44 53 59 67 78 83 116 151 198 217 248 294 386 474
Through Volume 00| 52 57 65 77 97 134 172 187 212 254 332 454
400| 75 97 152 171 185 214 278
500| 17.7 183 207 289
600| 21.8
700( 27.2
800 37.4
Estimated
Overall Delay 50 75 100 125 150 175 200 226 250 2756 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
kK M 1o 35 35 37 a8 41 43 47 50 54 b9 65 73 83 95 111 130 1565 185 222 268 322 387 463 553 658
1527 24 2000 32 35 38 44 51 58 68 81 97 117 142 173 211 268 33 379 457 548 654 777 918 1080 1263 1470 1703
2623 24 300 53 62 73 87 104 126 153 187 228 278 337 407 490 587 699 829 978 1147 1339 1556 180.0 2072 2376 2714 3087
452 24 400 92 111 134 163 198 243 205 358 432 510 621 739 874 1029 1205 1405 163.0 1683 2165 2479 2828 3214 3639 4106 4618
4071 2.4 500| 147 180 219 267 324 302 472 566 675 801 945 111.0 1208 1509 1747 2014 231.1 2641 3007 3412 3856 4345 4878 5462 6097
4538 24 600| 213 260 316 382 461 553 658 783 €25 1087 1271 1478 1714 1976 2269 2505 2056 3355 3794 4277 4805 5381 6000 6692 7433
4909 24 700 286 346 418 503 602 717 849 1001 1173 1369 1589 1837 2114 2422 2765 3144 3562 4022 4526 507.7 5678 6332 7042 7812 8644
5241 24 BOO| 36.9 445 534 638 758 897 1055 1234 1438 1667 1924 2211 2531 2885 3277 3708 4182 4701 5268 5886 6558 7287 8O7.7 8930 9850

K = 0.487E-07V,° - 2.187E-03V, + 2.000V; - 1.662E+02
D = 9.228E-10(V, #K)* - 8.233E-07(V,+K)® + 1.863E-D4(V, +K)? - 1.604E-02(V, +K) + 3.926
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R? Comparison for 1 Lane Per/Pro Phasing and Optimal Timing

HCS

Left Delay

Through Volume

Estimated

Left Delay
127.5
233.2
325.0
403.4
468.9
522.1
563.4
612.6
620.8

HCS

Through Delay

Through Volume

Estimated
Through Delay
K

91.3
173.4
2555
3376
419.6
501.7

HCS

Overall Delay

Through Volume

Estimated
Overall Delay

146.4
2450
3435
4421
540.7
639.2

Left Tum Volume

56 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 S50 575 600 625 650
100 40 41 43 45 47 50 53 56 59 63 67 75 61 88 97 106 118 131 146 166 190 219 239 265 298
200 45 48 50 53 57 61 66 71 77 84 92 101 111 125 140 158 191 228 254 278 31.0 350 406 475 554
300 53 57 61 66 72 79 86 96 106 11.9 134 156 190 233 264 285 315 350 397 458 534 621
400 66 72 80 89 99 112 127 145 17.4 220 263 284 309 340 382 430 503 578 66.9
500 89 100 114 132 155 181 235 263 288 313 353 393 447 512 600 692
600| 13.3 157 19.0 207 224 257 295 33.2 376 431 500 572 666
700{ 188 200 21.5 236 261 312 367 436 507 594 720
800| 192 209 234 269 31.1 388 481 583 696
1000\ 20.0 233 281 354 456 623 795
1200| 20.7 252 334 47.1 664
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 650 575 600 625 650
100["39 41 44 46 48 50 53 56 59 63 67 73 80 87 96 107 118 133 149 168 189 212 238 267 299
200 36 38 41 44 48 53 59 65 73 83 93 106 120 136 155 176 199 226 255 288 324 364 407 455 507
300| 49 54 60 67 75 B85 96 109 124 140 160 181 205 232 262 206 333 373 418 467 520 577 640 708 784
00| 72 82 92 104 119 135 153 17.4 197 223 252 285 320 360 403 450 502 558 619 685 756 833 916 1005 1100
s00| 106 121 137 156 177 200 227 256 289 325 365 409 457 509 566 628 604 766 844 028 1017 1114 1217 1326 1444
600| 148 168 19.1 216 245 27.6 311 350 392 438 489 544 604 668 738 B14 895 983 1076 1177 1284 1398 1520 1650 1787
700| 194 220 249 281 316 355 307 444 495 551 611 677 748 824 906 994 1089 1190 1298 1413 1536 1667 1805 1953 2109
800| 238 269 303 341 382 428 477 531 590 654 722 797 877 963 1055 1154 1260 1372 1493 1620 1756 1901 2053 2215 2386
1000| 30.2 340 381 426 47.6 529 588 652 720 794 874 960 1052 1151 1256 1369 1489 1616 1752 189.6 2049 221.0 2384 2561 2752
1200| 314 353 395 442 493 548 608 67.3 744 820 902 990 1084 1185 1202 1407 153.0 1660 179.8 1945 210.0 2265 2438 2623 2816
K = 8.722E-08V;" - 7.748E-04V,* + 1.428V, - 1.278E+02
D = 5.505E-11(V,+K)* + 8.83BE-08(V, +K)* - 3.875E-05(V +K)? + 1.374E-02(V +K) + 3.278
Left Tum Volume
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 526 550 575 600 625 650
10075 83 0.0 08 105 113 122 131 142 1562 165 1478 195 213 232 256 284 314 355 395 449 508 551 582 637
200, 82 91 99 109 119 130 142 155 17.0 187 206 226 253 279 315 355 397 454 495 547 592 662 732 818 922
300 98 108 11.9 132 145 181 178 197 220 246 275 309 350 398 445 491 545 614 690 783 878
400| 123 137 153 171 192 215 242 272 31.0 354 401 444 502 571 650 747
500] 166 18.8 212 240 27.3 314 361 402 457 6§32 612 714
600 242 280 324 369 424 493 582 687
700| 38.0 460 549 857
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 _ 475 500 526 550 575 600 625 650
10070 83 04 102 109 116 122 13.0 138 148 160 174 191 212 235 261 291 324 361 401 444 490 539 591 645
200 81 88 84 101 109 118 130 143 159 178 200 226 254 286 322 361 403 448 496 547 600 655 711 768 826
300l 103 112 121 133 147 164 184 207 233 263 296 333 372 415 464 510 562 615 674 727 785 842 900 956 1011
400} 137 152 17.0 190 21.4 241 272 306 343 384 428 475 525 577 631 686 743 801 859 916 972 1026 1077 1125 1168
s00| 197 222 250 281 316 355 39.6 441 489 539 592 646 702 760 B17 875 932 987 1041 1091 1138 1178 1215 1244 1266
600] 291 327 366 408 454 503 554 607 662 719 77.6 834 891 948 1003 1055 1105 1150 1190 1224 1251 1270 1280 1279 1267
700| 42.1 468 517 569 622 67.8 735 792 850 907 964 1018 107.0 1118 1162 1200 1233 1258 127.4 1281 1277 1261 1231 1187 1126
K = 8.207E-01V; - 7.280E+01
D = -5.812E-10(V_+K)* + 1.056E-06(V, +K) - 4.453E-04(V, +K)? + 9.735E-02(V,+K) + 3.072
Left Tum Volume
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
100 66 68 71 73 75 78 81 B84 88 02 97 105 112 121 130 141 154 169 188 209 236 269 200 313 346
2000 75 79 83 88 83 99 105 112 120 129 139 150 164 180 198 222 255 205 322 349 381 423 478 544 623
300 89 96 103 1.1 119 129 140 152 166 183 203 227 261 302 336 364 398 441 493 560 635
400 11.3 123 135 147 163 17.9 199 222 252 293 333 363 400 445 500 565
500{ 154 17.1 19.0 21.2 238 27.2 315 348 388 439 497 566
600| 226 257 295 329 371 423 491 567
700{ 362 417 486 56.8
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
100["65 68 72 74 77 78 B1 64 87 91 66 103 110 119 130 142 157 173 191 212 234 259 287 316 348
20 70 73 76 80 85 91 98 107 118 130 144 160 178 198 220 245 272 301 333 367 403 442 483 527 572
300| 84 90 98 107 11.7 129 143 159 177 197 219 243 270 209 331 365 401 440 481 524 570 617 667 719 773
400| 11.6 128 142 158 17.6 195 218 242 269 208 329 363 399 437 478 521 567 615 664 716 770 826 883 942 1003
500| 174 194 216 240 267 206 327 361 307 435 476 519 564 612 661 713 767 823 880 939 999 1061 1124 1188 1253
600| 265 204 325 359 395 433 473 516 562 609 658 710 764 819 877 935 996 1058 1121 1185 1249 1315 13B1 1447 1513
700| 302 431 471 514 5590 606 656 707 761 816 873 932 992 1054 1117 1181 1246 1311 137.7 1443 1509 157.5 164.0 1705 17638

K = 9.856E-01V; - 5.070E+01
D = -1.258E-10(V,+K)* + 3.321E-07(V,+K)® - 1.380E-04(V, +K)? + 2.936E-02(V +K) + 5.300
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R? Comparison for 3 Lane Protected Phasing and Fixed Timing

HCS
Left Delay
Through Volume
Estimated
Left Detay
K
449
116.4
190.6
285.3
3383
407.4
470.3
5249
569.0
HCS
Through Delay
Through Volume
Estimated
Through Delay
K
2222
2843
3488
393.8
438.7
492.0
562.5
658.9
HCS
Overall Delay
Through Volume
Estimated
Overall Delay
K
80.6
143.9
207.2
270.6
3339
397.2
460.5
523.8

M
208
20.8
29.8
208
20.8
298
208
208
208

mamaaaaaZ

oo m®me®

M
16.8
16.8
16.8
16.8
16.8
16.8
16.8
16.8

Left Turn Volume

50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
200[17.8 163 154 14.8 144 142 141 140 141 142 144 146 150 154 160 167 176 187 203 223 252 287 344 418 512
400| 207 19.4 185 17.9 175 171 17.0 169 17.0 174 174 17.9 184 183 203 215 234 259 201 343 402 487 599
600| 224 214 206 202 19.8 197 19.6 198 200 204 211 219 230 247 274 297 340 400 469 571
800| 237 23.1 226 224 223 223 227 232 238 249 265 282 307 347 396 457 551 659
1000f 254 25.1 249 252 255 260 269 281 298 318 352 397 453 541 622
1200| 27.4 27.6 282 292 303 318 336 367 402 455 523 613 716
1400| 30.4 32.0 335 349 374 410 455 511 573 662
1600] 35.0 38.0 396 444 S0.0 557 652 739
1800| 38.6 43.9 501 59.7 675 79.0
2000 46.9 56.9 643 76.7 915

50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 850
200[ 182 163 151 144 141 140 140 14.2 144 146 148 150 152 154 157 163 17.0 182 198 223 254 206 350 419 504
400} 206 19.8 19.4 192 193 194 196 19.8 200 202 204 206 209 214 221 232 248 270 300 339 391 456 538 639 761
600| 19.2 192 19.4 186 198 200 202 203 206 209 213 220 230 245 266 295 333 383 446 525 623 742 886 1056 1257
800] 19.6 19.8 20.0 202 203 205 20.8 21.3 220 230 244 265 294 332 381 444 523 620 738 881 1050 1250 1484 1755 2067
1000| 20.2 203 205 208 213 21.9 230 244 265 293 331 380 443 522 619 737 879 1048 1247 1481 1751 2063 2420 2827 3287
1200] 20.8 21.2 219 229 243 263 291 328 37.6 437 515 61.0 726 866 103.3 123.0 146.1 172.8 2037 230.0 2793 3248 3762 4339 4983
1400} 22.6 23.9 258 28.3 318 363 422 495 686 697 831 991 1181 140.3 166.1 186.0 230.2 269.3 313.5 363.5 4196 4824 5523 6298 7156
1600| 27.0 30.0 34.0 39.2 457 540 641 763 911 1086 1292 1532 181.1 213.1 249.8 2915 3387 391.8 4513 5177 5915 6732 7635 8628 9717
1800] 34.9 40.3 47.4 55.7 661 788 941 1121 1333 1561 1867 2196 257.1 290.8 348.0 402.3 463.0 5307 6059 689.2 781.1 8821 9929 11141 12463
2000| 454 535 635 756 902 107.5 128.0 151.8 179.5 211.3 2477 2892 3360 388.8 447.9 5139 587.3 6686 7584 857.2 9657 10843 1213.8 13548 1508.0

K = -4.610E-08V,” + 1.170E-04V,? + 2.754E-01V, - 8.103E+01
D = 1,966E-09(V, +K)* - 2.246E-06(V, +K)° + 8.493E-04(V +K)? - 1.681E-01(V, +K) + M
Left Tum Volume

50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 __ 625 650
200[ 155 17.2 185 195 20.2 208 214 219 224 228 23.2 237 2431 246 251 259 265 274 279 292 300 321 335 3571 370
400[ 13.7 151 163 17.3 181 189 196 202 209 215 222 228 236 243 253 267 280 298 324 346 394 437 495 570
600] 132 144 155 16.4 17.3 181 189 196 204 212 221 231 244 259 275 305 341 379 453 530 632
800 13.3 14.3 153 162 171 180 188 198 209 219 233 253 279 312 360 435 519
1000| 13.7 147 157 166 17.6 186 198 212 229 254 288 334 405 490
1200| 144 155 165 17.7 190 206 229 257 302 366 462
1400| 156 16.9 184 205 232 271 336 427
1600 18.1 20.5 24.5 30.2 38.4
1800[ 26.9 352 465

50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
200[ 158 17.1 163 19.2 201 208 215 220 225 230 234 238 242 246 251 257 264 271 280 291 303 317 333 352 374
400( 12.0 125 129 133 137 142 148 154 162 17.0 181 193 207 223 241 263 287 314 344 379 417 459 506 557 613
600| 13.2 137 142 147 153 1641 169 17.8 194 205 221 239 260 284 310 341 374 412 454 500 551 606 667 733 806
800| 142 14.8 154 162 17.4 1841 193 207 224 242 264 288 315 346 381 419 461 508 560 616 678 745 818 898 983
1000} 15.3 160 169 17.8 191 205 220 239 259 283 310 340 374 411 453 499 550 605 666 732 804 882 966 1057 1155
1200] 167 17.7 18.8 202 217 235 255 27.8 304 334 367 403 444 489 539 593 653 718 789 866 949 103.8 1134 1238 1349
1400| 19.0 204 21.9 237 258 281 308 338 371 408 450 495 546 604 664 727 799 876 960 1050 1148 1252 1364 1484 1612
1600] 23.4 254 27.7 303 332 365 401 442 487 536 501 650 715 785 862 044 1034 113.0 1233 1343 1462 1588 1723 1867 2019
1800| 32.8 36.0 39.6 436 480 529 582 641 705 775 850 932 1020 1115 121.7 1327 1444 1570 170.3 1845 1997 2157 2327 2507 2698

K = 1.821E-07V;’ - 5.503E-04V,? + 7.723E-01V; - 1.030E+01
D = 4,198E-11(V +K)* + 1.492E-07(V +K)® - 1.645E-04(V +K)* + 7.029E-02(V, +K) + M
Left Tum Volume

50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 S50 575 600 625 650
200[ 5.6 17.0 17.6 180 182 18.2 183 183 184 185 186 188 190 193 197 203 210 219 231 247 269 208 341 398 471
400| 143 156 166 17.3 17.9 184 188 19.1 195 198 202 207 213 220 228 240 255 275 302 338 390 454 540
600| 13.7 150 160 169 476 183 188 195 201 208 216 225 237 252 270 297 334 380 449 534
800| 13.7 149 159 168 17.7 186 194 203 213 224 238 258 283 317 364 435 518
1000| 14.0 152 163 17.3 183 194 207 221 239 263 207 342 408 492
1200 14.7 160 17.2 185 199 216 239 268 31.3 375 464
1400| 15.8 17.4 19.1 21.3 24.1 281 344 429
1600| 18.4 21.0 24.9 306 386
1800| 26.8 34.9 459

50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 _ 625 650
200[ 166 16.8 17.1 17.5 7.8 181 184 187 168 188 190 190 191 192 194 198 205 214 228 248 273 306 348 400 463
400( 175 17.9 182 185 187 188 188 190 190 191 192 195 199 207 217 232 253 280 315 358 413 479 559 655 787
600 184 186 18.8 189 19.0 190 181 192 194 197 203 212 225 242 266 297 337 386 447 520 608 713 835 978 1142
800| 189 18.6 19.0 19.0 191 182 185 200 207 218 233 254 282 317 362 417 484 565 662 775 908 1062 1240 1442 1672
1000( 19.0 19.1 19.2 19.4 197 203 212 226 244 268 299 340 380 451 526 615 720 844 988 1154 1344 1561 1807 2085 239.6
1200 19.3 19.5 20.0 208 21.9 235 256 284 320 365 421 489 571 669 784 918 1073 1252 1456 168.9 1951 2246 2576 2945 3353
1400 20.4 21.3 227 245 27.0 302 343 393 456 531 621 728 853 99.8 1165 1358 157.6 182.4 2104 2417 2768 3157 3589 4066 459.1
1600| 23.6 257 286 32.2 368 425 494 577 67.6 792 927 1084 1265 1471 1705 1969 2267 2589 297.0 3382 3837 4339 4891 5496 6156
1800| 30.4 34.6 39.7 46.0 53.6 627 735 86.1 1008 117.7 137.1 15902 184.2 2123 243.9 2792 3184 361.9 4099 4627 5206 5840 6532 7286 8104

D = 1.018E-09(V,+K)* - 0.092E-07(V,+K)® + 2.526E-04(V, +K)? - 1.420E-02(V,+K) + M
K = 3.166E-01V - 4.805E+01
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R? Companson for 3 Lane Permitiad Phasing and Fixed Timing

HCS
Left Delay

Through Volume

Estmated
Left Delay

118.2
1947
2625
3214
3716
4130
4456

HCs
Throuah Detay

Through Voluma

Estimated
Through Delay

HCS
Overall Delay

Through Volume

Estimated
Overali Delay
K

103.4
164.5
2163
2598
256
32486
3477
are3
3968
406.8
4158
4304
457.2
5025

M
126
126
126
126
126
126
126

114
114
11.4
1.4
14
114
114
1.4
1.4
114
11.4
1.4
114
1.4

Left Tum Volume
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 S7S 600
100 971 93 95 98 100 102 105 108 112 115 120 125 131 138 146 157 170 187 210 243 288 353 449
200| 82 @5 97 100 104 107 112 117 122 130 139 150 165 185 213 253 316 408 539
00| 93 96 99 103 108 113 120 128 138 152 172 199 239 304 404 554
400 94 98 103 109 116 125 138 156 182 223 292 404 584
s00] 96 101 108 11.8 131 150 183 235 326 490
s00| 98 105 117 135 163 213 313 801
700 101 113 132 170 243 396 725
800] 107 129 17.6 291 56.1
1000} 7.7 470
1200] 7.7 470
1400} 17.7 470
1600] 17.7 47.0
1800| 17.7 470
2000| 17.7 47.0
2200 17.7 47.0
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600
100 59 S5 88 91 95 101 107 113 118 122 125 128 131 135 140 145 162 181 208 247 298 385 450
200 85 91 97 102 107 110 113 116 120 124 132 144 161 186 221 269 331 411 512 637 794 976 1197
300 102 107 114 114 116 120 125 133 145 162 188 224 27.2 335 417 S5t9 646 801 989 1212 1476 1785 2145
200 113 116 118 123 130 141 156 180 21.2 257 315 391 487 606 753 0931 1143 1395 1691 2035 2433 2890 3411
5000 120 125 133 146 164 130 227 276 340 423 527 656 813 100.3 1229 1496 1808 2171 2590 3069 3615 4233 4929
§00] 133 146 164 19.0 227 276 341 423 528 657 814 1004 1230 1498 1811 2174 2503 307.3 3619 4237 4935 5716 6589
700] 157 18.0 213 258 317 393 489 609 756 935 1148 1401 1698 2043 2442 2000 3423 4016 4685 5437 6278 7285 8254
800{ 189 225 27.4 338 420 523 651 BO7 99.6 1221 1486 1797 2159 2575 052 3596 421.2 4905 S684 6553 7520 8593 9777
1000( 17.7 470
1200| 17.7 470
1400| 177 470
1600| 17.7 47.0
1800 17.7 470
2000 17.7 470
2200 17.7 470
K = -4.391E-04V,? + 9.848E-01Vy - 6.118E+01
D = 2.593E-09(V, +K)" - 2.676E-06(V,+K)* + 9.635E-04(V, +K)* - 1.231E-01(V,+K} + M
Left Turn Volume
5 75 100 125 150 175.200 225 250 275 300 325 350 375 400 425 450 475 500 525 S50 675 600
100 80 S0 90 90 60 90 S0 90 90 90 S0 90 80 90 90 896 80 90 50 90 80 90 9.0
20 92 92 92 92 92 92 82 92 92 92 92 82 92 92 92 92 92 82 92 92 92 92 92
300 94 94 94 94 94 94 94 94 94 94 94 94 94 94 94 94 94 94 94 954 94 94 9.4
00| 96 96 96 96 06 96 96 96 96 96 96 96 96 96 96 96 96 96 96 96 96 95 96
soo| o8 98 98 98 98 98 98 98 98 9B 98 983 98 98 98 98 98 98 95 98 98 98 98
goo| 100 100 100 100 100 00 100 100 100 100 100 100 100 100 100 100 400 400 10O 100 00 100 100
700| 103 103 103 103 103 103 103 103 103 103 103 103 103 103 103 103 103 103 103 103 103 103 103
800| 106 106 106 106 106 106 106 106 106 106 106 106 106 106 106 106 106 106 106 106 106 106 106
1000 M2 112 112 112 112 1.2 1.2 112 112 112 112 12 112 112 12 12 12 112 12 112 12 2 n2
1200| 119 119 119 118 118 118 119 119 119 119 118 119 118 119 {19 19 118 119 19 119 118 119 18
1400] 127 127 127 127 127 127 127 127 127 127 127 127 127 127 127 127 127 127 127 127 127 27 127
1600| 138 138 136 138 138 138 138 138 138 138 138 138 138 138 138 138 138 138 138 138 136 138 138
1800 154 154 154 154 154 154 154 154 154 154 154 154 154 154 154 154 154 154 154 154 154 154 154
2000] 183 183 183 183 183 183 183 183 183 183 183 183 183 183 183 183 183 183 183 183 183 183 183
2200] 271 271 271 274 274 274 274 224 274 204 274 271 274 2n1 27t 2n4 214 274 274 274 214 214 21
50 75 100 425 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 S50 SV 600
10084 94 94 94 94 94 84 94 94 04 94 94 94 04 94 94 94 94 94 94 94 94 94
20| s1 91 91 91 91 81 81 91 91 @1 91 81 &% 91 81 91 91 91 9t 91 91 i 9.1
00| s1 91 91 94 94 81 81 91 81 &1 91 91 91 91 91 91 91 91 91 81 81 8i 9.1
40| 93 93 93 93 93 93 93 83 93 93 83 93 93 83 93 93 93 83 93 83 983 93 83
s00| 97 97 87 97 97 97 97 87 7 97 97 97 87 97 97 97 87 97 97 97 87 97 97
600| 101 104 101 104 101 104 0.4 104 01 101 104 101 101 104 0.1 104 101 404 104 104 101 104 109
706| 105 105 105 105 10.5 105 105 105 105 105 105 105 105 105 105 105 105 105 105 105 105 105 105
80| 109 109 109 108 108 106 108 109 109 108 108 109 109 109 109 109 109 109 108 109 109 109 109
1000| 115 115 116 115 115 115 115 115 115 115 145 115 #5 415 115 115 115 115 15 1.5 115 115 115
1200| 119 119 119 118 118 119 119 119 118 1198 118 119 118 119 19 119 115 119 115 118 119 119 118
1400 123 123 123 123 123 123 123 123 123 123 123 123 123 123 123 123 123 123 123 123 123 123 123
1600| 132 132 132 132 132 132 132 132 132 132 132 132 132 132 132 132 132 132 132 132 {32 132 132
1800| 153 153 153 153 153 153 153 153 153 153 153 153 153 153 153 153 153 153 153 153 153 153 153
2000| 193 193 193 193 193 193 193 193 193 193 183 193 193 193 193 193 193 193 183 193 193 193 193
2200| 266 266 266 266 266 266 266 266 266 266 266 266 266 266 266 266 266 266 266 266 266 266 266
Lsft Turn Volume
5 75 100 125 150 175 200 225 260 275 300 326 350 375 400 425 450 475 500 525 550 575 €00
100 B0 9.1 92 983 95 96 98 10t 103 106 110 113 118 124 130 138 148 163 181 207 243 296 373
20l 82 92 63 94 96 98 100 103 106 111 116 123 133 146 164 190 232 293 38t
300 93 94 95 96 97 100 102 106 111 1.8 128 142 163 198 253 336
a0l 95 95 97 98 100 103 108 114 125 141 170 219 299
500/ 97 98 99 10.1 104 109 118 135 165 221
600 100 100 102 10.5 111 122 147 196
700] 102 103 106 11.1 124 154 224
800 105 10.7 11.2 127 168
1000| 11.4 133
1200| 120 136
1400( 128 14.2
1600| 138 150
1800 153 164
2000| 181 19.1
2200| 266 274
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600
100 57 90 87 B8 01 95 99 104 108 1.1 114 116 118 {21 125 132 142 158 180 210 252 305 374
200 73 77 82 86 90 94 96 6 101 104 108 115 126 142 165 197 240 296 367 457 567 702 864
%0] 84 86 92 95 97 99 102 105 1.1 118 132 151 17.8 215 263 325 404 503 624 770 945 1153 1396
s00] 92 95 97 99 102 106 1.1 120 134 153 181 218 267 331 411 511 €34 782 959 1169 1416 1702 2033
500] 97 99 1041 104 108 11.7 130 147 172 207 253 312 388 483 599 740 910 1119 1347 1623 1942 2308 2727
600| 100 102 106 112 122 136 157 186 225 277 343 426 530 657 810 993 1208 1461 1755 2094 2483 2926 3428
700| 103 107 114 124 139 161 192 233 286 355 442 549 680 B37 1025 1247 1506 1807 2154 2551 3003 3515 409.%
800| 107 113 123 138 159 189 229 282 349 434 540 669 824 1010 1228 1465 1782 2125 2519 2966 3473 4045 4686
1000] 115 126 143 166 198 242 298 370 460 57.4 707 8670 1063 1202 1558 1868 2223 2630 3093 3617 4206 4866 5602
1200] 123 137 158 188 227 280 347 431 536 663 818 1002 1220 1474 1770 2112 2503 2948 3453 4022 4660 537.3 6166
1400] 128 145 169 202 247 304 37.8 470 584 722 888 1085 1317 1588 1901 2262 2674 3143 3673 4269 4936 5681 6508
1600] 133 153 18.0 217 266 329 408 609 631 779 955 1165 141.0 1696 2026 240.5 2037 3327 3880 4502 5196 507.0 €828
1800] 144 168 200 244 301 374 465 &7.7 714 B7.8 107.3 1303 157.2 1883 2241 2659 3116 3543 4235 4898 5639 6461 7372
2000| 169 203 247 305 379 47.2 586 724 891 1088 1321 1592 1906 2268 2681 3151 3681 427.8 4347 5693 6521 7438 84S0
2200| 238 294 364 453 563 69.7 856 1049 127.5 1539 1845 2197 2601 3059 3578 4163 4818 5549 6361 7261 8255 9349 10548

K = 1.362E-07V,” - 5.841E-04V,? + 8,768E-01V, - 4.965E+01
D = 2.132E-09(V +K)* - 2.216E-06(V, +K)® + B.OBIE-04(V, #K)? - 1.062E-01(V,+K) + M

99

625
569

625
558
1458
2559
4003
5710
756.1
940.4
1108.1

625
471

625
46.1
105.7
168.0
2413
3203
3993
4738
540.1
642.1
704.6
7423
.y
837.7
956.2
1186.1

650

650
69.0
176.5
303.4
467.0
658.3
863.7
1067.1
1251.3

650

650

1284
200.8
2847
374.0
4628
546.0
619.8
7327
801.7
8434
8823
948.2
1078.2
13293



R? Comparison for 3 Lane Per/Pro Phasing and Optimal Timing

HCS
Left Delay

Through Volume

Estimated
Left Delay
K
60.2
119.7
175.6
227.9
2767
3219
363.5
4015

HCS
Through Delay

Through Volume

Estimated
Through Delay
K
209.9
2721
3187
3587
401.2
455.2
529.9
634.4

HCS
Overal! Delay

Through Volume

Estimated
Overall Delay
K

100.0
195.4
273.4
3403
402.5
466.4
538.2
6243

M

9.9
9.9
9.9
9.9
9.9
9.9
9.9
98

M
152
15.2
15.2
152
15.2
15.2
15.2
15.2

200

600

800
1000
1200
1400
1600
1800

200

600

800
1000
1200
1400
1600
1800

200
400
600
800
1000
1200
1400
1600]
1800

200
400
600
800
1000
1200
1400
1600
1800

200
400
600
800
1000
1200
1400
1600
1800

R 0.995451254

Left Turn Volume

50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
77 78 79 81 83 84 86 88 90 92 95 97 100 104 108 112 117 122 129 137 148 158 176 196 224
78 80 81 83 85 87 89 92 94 97 100 103 107 112 117 123 130 139 149 164 180 202 233 273 324
80 82 84 87 89 92 95 98 101 104 108 113 118 125 133 141 153 167 184 209 241 285 346 422 509
83 86 B9 02 95 98 102 106 110 115 421 127 135 145 156 170 191 217 250 303 357 431 530
87 91 95 99 103 107 112 11.7 123 129 137 147 158 176 194 226 262 309 368 445 542
93 97 102 107 112 118 124 131 139 148 160 175 197 225 262 306 374 443 534
100 105 114 117 124 130 137 146 156 17.0 190 219 254 295 352 421 522
109 115 121 126 133 141 152 165 181 202 236 278 329 406 493 593
1.7 12.0 125 133 142 153 169 188 21.0 240 293 364 437 545
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
82 78 76 77 79 82 B85 B89 92 95 99 101 104 106 108 111 114 118 124 132 143 158 177 201 232
73 74 77 80 83 87 90 94 97 99 101 104 106 109 112 117 124 133 146 162 183 210 243 284 334
78 81 85 B8 92 95 98 100 102 105 107 110 114 120 127 138 151 169 192 221 258 302 355 420 496
86 B89 92 96 98 101 103 105 108 111 115 121 129 141 155 17.4 199 229 267 314 370 437 516 609 717
93 96 98 101 103 105 108 111 116 122 130 142 157 176 201 232 271 318 375 443 524 618 728 854 999
9.8 101 103 105 108 111 11.6 122 130 141 156 175 200 231 269 316 372 440 520 613 722 847 991 1156 134.2
103 105 107 11.0 115 120 128 139 153 171 195 224 261 306 361 426 503 594 700 822 962 1122 1304 1510 17441
106 109 11.3 11.8 125 135 148 164 186 214 248 290 341 403 476 562 662 779 913 1066 1241 143.8 166.0 190.9 2187
111 116 122 130 141 156 175 200 231 269 315 372 439 519 612 721 846 990 1154 1340 1551 1786 2050 2344 267.0

K = -4,469E-05V;® + 3.421E-01Vy - 6.94BE+01

D = 8.143E-10(V +K)* - 9.655E-07(V +K)® + 4.012E-04(V +K)? - 5.651E-02(V +K) + M

Left Turn Volume

50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
155 172 185 195 202 2090 214 219 224 228 232 237 241 246 251 259 265 274 279 292 300 321 335 351 370
137 151 163 17.3 184 189 196 202 209 215 222 228 236 243 253 267 280 298 324 346 394 437 495 570 667
132 144 155 164 17.3 181 189 196 204 212 221 231 244 259 275 305 341 379 453 530 632
133 143 153 162 171 180 189 198 209 21.9 233 253 279 312 360 435 519
13.7 147 157 166 17.6 186 198 212 229 254 288 334 405 490
144 155 165 17.7 190 206 229 257 302 366 46.2
156 16.9 184 205 232 27.1 336 427
18.1 205 245 302 384
26.9 352 465
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 675 600 625 650
157 174 183 19.3 201 209 215 220 225 229 233 237 241 246 251 256 263 274 280 291 303 317 334 353 374
150 154 158 162 166 17.4 176 182 189 197 207 218 232 247 264 284 306 332 360 391 426 465 507 554 605
16.0 16.4 16.8 17.3 17.9 185 193 202 212 225 239 255 273 295 318 345 375 408 445 485 530 578 631 688 751
16.8 17.3 17.8 184 192 204 211 223 237 253 271 291 315 341 371 403 440 480 523 571 623 680 742 808 880
17.6 182 189 197 207 21.8 231 246 263 283 305 330 358 390 425 463 505 552 602 657 716 781 850 925 1005
187 19.4 204 21.4 227 241 258 277 298 322 350 380 414 451 492 537 586 640 698 761 829 902 980 1064 1154
205 216 229 244 261 280 302 327 354 385 420 458 499 545 595 649 708 772 840 914 993 1078 1169 1266 1368
244 260 280 302 326 354 385 419 457 499 544 594 648 707 771 839 913 993 1077 1168 1265 1367 147.7 1593 {715
331 359 391 426 464 506 553 603 658 71.8 783 852 927 1007 1093 1185 1282 138.6 1497 1614 173.8 1869 2007 2152 2306

K = 1.891E-07Vy® - 5.361E-04V;2 + 7.035E-01Vy + 2.187

D = 2.143E-07(V,+K)* - 1.980E-04(V +K)? + 7.666E-02(V,+K) + M

Left Turn Volume

50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
143 152 156 158 160 160 160 160 160 160 160 161 162 164 166 168 173 178 183 191 198 212 226 243 267
131 141 148 154 158 162 164 167 169 172 174 177 180 184 190 197 205 216 230 246 272 301 339 389 453
12.8 137 145 152 157 162 167 171 17.6 180 185 192 200 2089 220 239 262 287 331 380 444
129 138 146 153 159 166 172 178 186 193 203 218 236 259 292 343 400
133 142 150 158 166 17.4 184 194 207 226 252 287 340 402
141 150 159 169 180 194 212 236 27.2 323 399
153 16.4 17.8 19.6 220 253 30.8 384
17.7 199 235 286 358
26.1 33.8 44.1
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
150 151 152 154 156 158 160 161 163 163 164 164 165 165 166 168 170 173 179 186 196 209 226 248 274
156 158 160 162 163 164 164 165 165 166 166 168 170 174 179 186 196 21.0 227 248 274 307 345 392 448
163 164 164 165 165 165 166 167 17.0 173 17.8 185 194 207 223 244 269 300 338 382 435 497 569 651 746
165 165 166 166 168 17.0 17.3 17.8 186 196 209 225 246 272 304 343 388 442 505 578 662 758 868 991 1130
166 167 169 17.2 17.7 183 192 204 220 239 263 293 329 373 424 484 553 634 726 831 950 1084 1234 1402 1588
170 17.4 180 187 198 211 229 250 277 310 350 397 452 516 591 677 775 887 1013 1155 1314 1499 1687 1904 2144
184 193 205 220 240 265 295 331 375 426 486 557 637 730 836 955 1090 1241 1409 1597 1805 2034 2287 2564 2867
21.8 237 261 291 326 369 41.9 478 547 627 718 821 939 1072 1221 1387 1572 177.7 2004 2253 2527 2827 3155 3511 3899
30.6 344 39.0 444 508 581 666 762 B87.2 99.6 1136 1202 1467 1661 1875 2112 237.2 2658 297.0 331.0 368.0 408.2 4517 4987 5493

K = 1.321E-07V,* - 4,552E-04V,2 + 8.317E-01V - 1.683E+02
D = 4.880E-10(V,+K)* - 4.706E-07(V,+K)® + 1.440E-04(V, +K)? - 1.000E-02(V,+K) + M

100



R2 Comparison for 2 Lane Protected Phasing and Fixed Timing

HCS
Left Delay

Through Volume

Estimated
Left Defay
K
86.5
2072
3146
408.7
489.4
556.8

HCS
Through Delay

Through Volume

Estimated
Through Delay
K

180.3
268.3
356.3
4443
5322
620.2

HCS
Overal! Delay

Through Volume

Estimated
Overall Delay
K

118.2
209.2
300.3
N4
482.5
573.6

M
306
306
3086
30.6
306
306

SR
(SRS S RS e ]

13.8
13.8
13.8
13.8
13.8
13.8

200
400
600
800
1000
1200
1400

200
4001
600
800
1000
1200
1400

200
400

800
1000
1200
1400

200]
400
600
800

1200
1400

200
400]

800
1000
1200
1400

200
400
600
800
1000
1200
1400

R 2383211

Left Turn Volume

50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625
195 181 171 165 161 158 156 155 1566 157 159 162 166 172 180 189 202 219 239 271 313 368 457 553
224 214 206 202 198 197 196 198 200 204 211 219 230 247 271 297 340 400 469

245 240 237 237 236 239 245 253 266 279 302 334 372 424 496 5841

27.4 276 282 292 303 318 336 367 402 455 523 613 716

324 340 368 396 427 472 548 621 698

37.6 439 501 597 67.5 790

27.8 615 745 95.0

50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 426 450 475 500 525 550 575 600 625
199 181 168 161 157 156 157 158 160 161 163 165 167 170 176 184 196 214 240 274 320 379 454 548
201 198 198 199 200 202 204 206 208 210 215 221 231 246 267 296 335 387 453 536 640 766 920 1103
202 204 205 207 210 214 220 229 243 263 200 328 377 440 521 621 743 892 1069 1280 1528 1816 2150 2534
211 215 222 233 248 270 300 341 394 462 548 655 784 941 1128 1349 1609 1910 2258 2658 3113 3629 4212 4866
244 264 292 330 380 445 526 627 751 901 1081 1294 1544 1835 2171 2558 300.0 3501 4068 4704 6417 6212 7095 8074
341 304 462 547 654 783 940 1127 1348 1607 1908 2265 2654 3109 3625 4207 4861 5502 6406 7310 8309 9411 10621 11947
510 610 741 889 1066 127.6 1523 1811 2144 2527 2064 3461 4022 4654 5361 6149 7025 7994 9064 1024.0 1153.1 1204.2 1448.1 16156
R2= K = -1.668E-04V;? + 7.706E-01Vy - 1.951E+02
R2= D = 2.302E-00(V,+K)* - 2.4B7E-06(V,+K)® + 1.006E-03(V +K)’ - 1.739E-01(V,+K) + M

Left Turn Volume

50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 675 600 €25
143 158 171 181 190 197 203 210 216 221 227 233 240 247 255 264 275 286 306 324 346 375 303 438
134 143 154 164 172 180 189 196 205 213 222 233 246 261 276 303 333 364 420

133 144 154 163 173 183 193 204 216 232 251 274 306 353 411 492

143 154 165 17.6 190 205 225 248 282 326 391 470 577

165 181 200 225 260 309 375 468

240 290 363 457

50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625
Ted 156 170 180 189 107 204 214 216 222 227 233 239 246 254 264 275 289 305 324 346 371 401 435
M6 122 127 133 139 145 152 161 174 183 197 213 233 255 282 312 347 387 432 483 540 604 675 754
136 142 149 156 166 177 190 205 223 244 268 297 330 367 410 458 512 57.3 640 715 799 890 991 1101
161 174 183 197 214 233 256 283 313 348 389 434 485 543 607 678 758 845 941 1047 1162 1288 1424 1573
205 224 245 269 208 331 369 411 460 514 575 643 718 802 894 995 1105 1226 1357 1500 1654 1821 2001 2195
284 315 350 390 436 487 545 609 681 761 849 9045 1051 1167 1293 1430 1578 1739 1913 2100 2301 2516 2747 2994
413 462 516 578 646 722 805 897 999 111.0 1231 1362 150.6 1660 1828 2008 2202 2411 2634 287.3 3129 3401 3692 4000

K = 4.399E-01V; + 4.358E+00
D = 1.274E-10(V_+K)* + 1.385E-07(V +K)® - 1.731E-04(V +K)* + 7.482E-02(V, +K) + M
Left Turn Volume

50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 675 €00 625
151 163 170 175 178 180 182 184 185 187 189 192 196 201 207 215 226 240 258 283 317 364 430 509
130 152 162 17.0 177 183 189 195 201 207 215 224 236 251 269 285 329 374 434

140 152 163 17.3 182 192 202 213 226 242 262 288 322 370 431 512

148 164 17.4 188 203 220 241 267 302 349 414 496 600

169 188 21.0 238 275 324 392 481

24.0 201 364 457

50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 526 550 575 600 625
157 164 165 170 175 180 184 187 188 181 192 194 195 198 203 21.0 221 236 257 286 322 370 429 501
160 164 167 17.0 171 173 174 176 178 182 189 198 21.2 232 258 282 337 392 461 545 645 765 907 1072
171 172 174 175 177 181 186 194 207 224 248 279 320 371 435 513 607 720 854 1010 1192 1402 1643 1917
176 17.0 184 191 202 217 238 267 304 351 410 483 572 67.8 804 952 1124 1324 1553 1815 2112 2448 2825 3247
197 211 230 256 290 333 388 456 538 638 756 896 1060 1249 1468 171.8 2002 2323 2685 309t 3543 4046 4602 5217
277 36 367 430 507 600 712 844 999 117.9 1386 1625 189.6 2204 2551 2941 3376 3860 4397 4991 5644 6361 7147 8004
478 565 67.0 794 841 1111 1309 1536 179.5 200.0 2423 2797 3215 3682 4200 477.2 5404 6098 6858 7690 8506 9581 10650 11807

K = 4.554E-01Vy - 6.401E+01
D = 1.286E-09(V,+K)* - 1.097E-06(V, +K)® + 2.888E-04(V\ +K)? - 1.087E-02(V,+K) + M
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R? Comparison for 2 Lane Permitted Phasing and Fixed Timing

HCS
Left Delay

Through Volume

Estimated
Left Delay

137.2
230.0
309.0
3742
42586
4632
487.0

HCS
Through Delay

Through Volume

Estimated
Through Delay

HCS
Overall Delay

Through Volume

Estimated
Overall Delay
K

108.5
187.0
24396
2984
335.6
363.4
384.0
412.2
4375
477.4
5481

M
1.0
11.0
11.0
11.0
1.0
11.0
11.0
11.0
11.0
1.0
11.0

Left Turn Valume

50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 800 625
9.1 93 95 9.7 100 102 10.5 10.8 11 1ns 1.9 124 13.0 136 144 15.4 16.7 182 20.3 23.3 274 332 419 528
92 95 97 100 103 107 114 116 122 129 138 148 162 182 208 246 305 380 513
93 97 100 104 109 116 123 133 146 164 190 228 288 387 536
95 99 104 111 120 132 144 174 213 278 394 5838 .
97 103 111 123 141 170 220 308 470 747
100 111 128 159 217 333 587
107 129 175 289 654
126 203 439
17.7 470
17.7 470
17.7 470
17.7 470
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625
99 92 90 91 95 101 106 112 17 121 124 127 130 134 139 147 160 177 203 237 284 34.4 42.2 51.9
54 60 65 70 73 77 8.0 83 8.7 94 103 118 139 169 209 262 331 417 525 657 817 100.8 1235 1501
72 76 79 82 86 91 100 113 133 160 196 245 309 390 492 616 768 950 1166 1420 1717 2080 2456 2907
g2 86 93 102 116 136 165 203 255 321 405 510 639 795 982 1204 1465 1769 2120 2524 2985 3508 4100 4764
98 110 127 152 187 233 293 370 466 585 73.0 905 1112 1358 1644 1976 2359 2797 3295 3860 4495 520.7 600.2 688.5
129 154 189 236 297 375 472 593 739 915 1125 1372 1661 1996 2382 2823 3325 3893 4533 5249 6049 693.8 792.2 900.9
170 211 265 334 421 530 663 824 1017 1245 1513 1824 2184 2597 3068 3603 4206 4884 5641 6485 7422 8457 959.8 10852
209 262 330 416 524 656 816 1007 1233 1499 180.8 2166 257.6 3044 3576 4176 4849 5603 6443 7374 8405 9541 10789 12158
17.7 470
177 470
17.7 470
17.7 470
K = -6.900E-04V,* + 1.273E+00V/ - B.976E+01
D = 2.333E-09(V +K)* - 2.409E-06(V,_ +K)® + 8.693E-04(V +K)? - 1.105E-01(V +K) + M
Left Tum Volume
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625
91 91 91 91 91 91 9.1 9.1 9.1 9.1 9.1 9.1 1 9.1 9.1 9.1 91 a1 9.1 9.1 8.1 9.1 9.1 91
83 93 93 93 93 83 93 9.3 a3 93 9.3 9.3 9.3 93 93 93 9.3 9.3 9.3 93 93 9.3 9.3 9.3
96 96 96 96 96 96 8.6 96 9.6 9.6 96 9.6 9.6 9.6 9.6 9.6 9.6 96 96 96 9.6 9.6 96 9.6
100 100 100 100 10.0 100 100 100 100 100 {00 400 400 100 100 100 100 100 100 100 100 10.0 10.0 10.0
103 103 103 103 103 103 103 103 10.3 103 103 103 103 10.3 103 10.3 103 103 103 103 103 103 103 103
108 108 108 108 108 108 108 108 108 108 108 108 {08 108 108 108 108 108 108 108 108 10.8 10.8 10.8
1.2 112 112 112 112 112 12 112 112 11.2 11.2 1.2 1.2 11.2 1.2 1.2 12 1.2 12 112 112 1.2 1.2 1.2
117 1.7 117 117 117 17 17 117 17 17 17 417 17 17 17 17 1T 17 117 117 117 17 17 17
131 134 131 131 131 134 131 131 131 131 131 131 131 131 131 131 131 131 131 1314 13.1 1341 131 131
152 152 152 152 152 152 152 152 152 15.2 152 152 152 152 152 152 152 1562 152 152 152 152 152 15.2
19.9 199 199 199 199 199 199 199 199 199 199 189 199 199 189 198 199 199 18998 199 199 189 199 19.9
395 395 395 395 395 395 395 395 395 395 395 395 395 395 395 395 395 395 395 395 395 385 395 395
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625
96 96 96 96 96 96 9.6 9.6 8.6 96 9.6 96 9.6 9.6 9.6 9.6 9.6 9.6 9.6 96 9.6 96 9.6 9.6
89 89 89 89 89 89 8.9 8.9 8.9 8.9 8.9 8.9 8.9 89 8.9 838 8.9 89 8.9 8.9 8.9 8.9 8.9 8.9
91 91 91 61 91 91 e1 9.1 8.1 9.1 9.1 9.1 9.1 9.1 9.1 9.1 9.1 9.1 91 9.1 9.1 9.1 9.1 9.1
97 97 97 97 97 97 8.7 97 97 8.7 9.7 9.7 9.7 9.7 9.7 97 9.7 9.7 97 97 9.7 87 97 9.7
105 105 105 105 105 105 105 105 105 105 105 105 105 105 105 105 105 10.5 105 105 105 105 105 105
112 112 #12 112 112 #1112 12 112 112 112 112 112 112 112 112 112 112 1.2 1.2 112 112 1.2 1.2 1.2
117 117 1.7 17 117 17 17 17 17 17 17 1T 17 17 1y 17 117 117 "7 17 17 17 "7 1.7
120 120 120 120 120 120 120 120 120 120 {20 120 120 120 {20 120 120 120 120 120 120 120 12.0 120
124 124 124 124 124 124 124 12.4 124 124 124 124 124 124 124 124 124 124 124 124 124 124 124 124
143 143 143 143 143 143 143 143 143 14.3 143 143 143 143 143 143 14.3 143 143 143 143 143 14.3 143
214 214 214 214 214 214 214 214 214 214 214 214 214 214 214 214 214 214 214 214 214 214 214 214
391 394 391 3%1 391 391 391 39.1 38.1 39.1 391 391 39.1 391 391 39.1 391 39.1 381 39.1 39.1 39.1 39.1 391
Left Turn Volume
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625
81 91 92 84 95 97 99 101 10.3 106 109 113 118 123 129 137 147 16.0 17.7 201 234 281 35.1 442
93 93 94 985 97 99 1041 104 107 111 117 124 133 14.5 16.3 188 227 285 369
95 96 97 98 100 102 106 110 116 125 138 158 189 243 326
98 99 100 101 104 108 114 123 138 165 214 296
102 102 104 106 11.0 118 133 160 214 311
106 107 108 115 126 153 216
111 112 118 135 182
116 123 148
131 151
15.0 167
195 209
381 38.0
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 825
97 90 88 89 92 95 100 104 108 1141 114 116 118 121 125 131 14.1 15.5 176 204 242 2014 354 433
73 78 82 86 90 93 9.5 97 100 103 108 115 126 142 165 196 238 291 359 445 649 67.6 829 1009
87 90 93 95 98 100 103 108 116 128 145 169 201 244 300 370 458 565 696 852 1037 1254 1507 1800
94 96 99 102 106 112 122 136 156 184 221 270 333 412 509 628 771 941 1142 1377 18649 1863 2323 2732
9.9 101 105 112 121 135 155 182 219 268 33.0 408 504 622 763 932 1132 1365 1635 1947 2304 2711 31741 369.0
103 108 116 127 144 167 199 242 296 366 452 559 688 842 1026 1241 1492 1783 2116 2497 2929 37 396.6 4580
109 117 129 146 170 203 247 303 375 463 572 704 862 1048 1268 1523 1818 2157 2543 2981 3476 4032 4654 534.7
115 126 143 166 197 239 292 361 446 551 679 832 1013 1227 1475 1763 2094 2471 290.0 3385 393.0 4539 5219 5974
128 145 169 202 245 300 371 459 566 697 853 103.9 1256 151.0 1803 2139 2523 2959 3451 4004 4622 531.1 8076 6922
145 169 202 245 301 372 460 568 699 856 1041 1259 1513 1807 2144 2528 2965 3458 4011 4631 5321 6087 6934  786.8
188 226 277 341 422 522 643 789 962 1167 1406 1683 2001 2366 2781 3251 3779 4371 5032 5766 6580 7478 8466 9550
332 410 507 626 768 938 1138 1373 1644 1858 2316 2724 3186 3707 4291 4942 5667 647.0 7357 8333 9404 10576 11856 13249

K = 3.621E-07V;® - 1.122E-03V,? + 1.277E+00V; - 1,049E402
D = 1.925E-09(V, +K)* - 2.000E-06(V, +K)° + 7.292E-04(V, +K)? - 9.586E-02(V, +K) + M
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R2 Comparison for 2 Lane Per/Pro Phasing and Fixed Yiming

HCS
Left Delay

Through Volume

Estimated
Left Delay

828
169.5
245.0
309.3
362.4
404.4

HCS
Throuph Delay

Throuph Volume

Estimated
Through Delay
K

181.3
268.6
356.8
443.1
530.4
617.7

HCS
Overall Delay

Through Volume

Estimated
Overall Delay

139.2
2457
3522
458.6
565.1
6715

1.4
1.4
114
114
114
11.4

maaaaaT

NNNNNN

13.6
136
13.6
13.6
13.6
136

Left Turn Volume

50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 _ 650
200 78 78 80 82 83 85 87 88 91 94 97 100 103 107 111 117 122 130 138 148 161 177 201 228 269
400 80 81 83 85 88 91 94 97 100 104 108 113 118 124 132 141 153 167 184 209 241 285 346 422 509
60| 84 88 91 94 98 101 106 110 115 121 128 136 146 158 172 193 223 258 303 362 445 540
800| 91 96 100 105 114 116 123 130 138 148 160 175 200 225 262 306 374
1000| 104 107 113 120 128 135 145 155 167 183 210 245 287
1200f 115 120 125 133 142 153 169 188
1400} 11.8 124 131 143 158
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
200 85 76 76 76 78 62 B6 00 94 98 102 105 107 109 112 115 118 123 131 141 156 175 201 233 275
a0l 77 80 83 88 92 986 100 103 106 109 111 113 116 120 126 134 146 162 183 211 246 201 346 414 495
600] 90 94 98 102 105 107 110 112 114 118 123 129 139 153 171 195 226 266 315 376 450 538 644 767 912
soo| 102 105 107 110 112 115 118 123 130 139 153 174 195 227 267 316 377 451 540 646 77.0 915 1083 1276 1496
1000| 109 111 113 116 120 126 135 147 163 184 212 248 294 350 418 500 599 715 B850 1008 1190 1399 1636 1905 2208
1200] 114 117 121 127 136 148 165 187 216 254 300 357 427 512 612 730 869 1030 1215 1427 1668 1941 2249 2594 2979
1400) 120 125 133 144 159 180 206 241 284 338 403 483 578 690 822 975 1152 1355 1587 1849 2146 2478 2850 3264 3724
K = -1.398E-04V,? + 5.732E-01V; - 1.241E+02
D = 1.135E-00(V,+K)* - 1.343E-06(V,+K)® + 5.549E-04(V,+K)? - 8.005E-02(V, +K) + M
Left Tum Volume
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
200783 158 174 184 190 197 203 210 216 221 227 233 240 247 255 264 276 286 306 324 346 375 393 438 465
400] 131 143 154 164 172 180 189 196 205 213 222 233 246 261 276 303 333 364 420 478 565 618
600l 133 144 154 163 473 183 193 204 216 232 251 274 306 353 411 492 578
800| 143 154 165 176 190 205 225 248 282 326 394 470 557
1000 165 181 200 225 260 308 375 468
1200| 223 290 363 457
1400
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 €50
200[ 744 158 170 180 189 197 204 211 216 222 227 233 239 246 264 264 275 288 304 323 345 371 401 436 476
s00| 116 122 127 133 139 145 152 160 170 182 196 213 232 255 282 313 350 391 438 492 552 620 696 781 4875
600| 136 142 148 156 165 476 189 204 222 243 268 297 331 369 413 464 521 585 657 737 626 924 1033 1153 1284
s00| 160 17.0 182 196 212 232 255 282 313 349 390 437 491 551 619 695 779 873 977 1091 1216 1353 1503 1666 1843
1000| 203 221 243 267 206 330 368 413 463 520 584 655 735 824 923 1031 1151 1282 1425 1581 1751 1936 2135 2350 2582
1200| 261 312 348 389 436 490 550 G618 693 778 871 975 1089 1214 1351 1500 1663 1840 2032 2239 2462 2703 2961 3239 3536
1400] 412 462 518 582 654 734 623 921 10289 1149 1280 1423 1579 1748 1932 2131 2346 2578 2827 3095 3382 368.9 4017 4367 4739
K = 4.364E-01V; + 6.711E+00
D = 1.B59E-10(V, +K}" + 6.530E-08(V, +K)® - 1.432E-04(V, +K)’ + 7.030E-02(V,+K) + M
Left Tum Volume
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
200 732 140 145 148 150 164 152 153 154 155 156 158 160 163 166 170 176 182 191 202 215 232 251 280 314
400| 125 134 141 146 150 155 159 162 166 170 175 181 188 196 206 220 238 257 287 322 368 415
600 129 137 14.4 151 157 164 1470 178 186 196 209 224 245 275 312 363 419
800| 13.8 147 156 165 175 187 202 220 244 276 323 378 440
1000| 159 173 189 210 239 278 330 402
1200| 214 274 337 416
1400
50 75 100 425 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
200739 1390 140 143 146 149 152 154 157 158 161 162 163 164 166 169 172 178 186 196 211 230 254 285 323
400] 139 142 145 147 149 150 152 153 154 156 159 164 171 180 193 210 232 260 295 338 389 452 526 612 714
600] 149 154 152 153 155 157 160 166 173 183 197 215 239 268 305 350 405 470 647 637 742 864 1003 1162 1342
800| 155 158 162 167 175 186 201 224 246 277 316 363 420 488 569 663 772 898 1042 1206 1392 1601 1835 2097 2388
1000| 17.8 190 206 226 253 286 327 377 437 508 592 690 803 933 1082 1252 1443 1659 1900 217.0 2469 2800 3165 3567 4007
1200| 261 296 339 391 454 528 616 717 835 97.0 1124 1299 1497 1719 1967 2244 2651 2891 3265 367.7 4128 4620 5158 5742 6375
1400| 472 550 64.0 746 868 100.8 1167 1348 1552 1780 2036 2320 263.6 2984 3368 3789 4251 4755 5304 590.0 6547 7247 8002 8816 969.2

K = 5.323E-01V; - 7.368E+01
D = 7.635E-10(V +K)' - 7.828E-07(V +K)? + 2.678E-04(V, +K)* - 2.585E-02({V,+K) + M
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R? Comparisan for 1 Lane Protected Phasing and Fixed Timing

HCS Left Tum Volume

Left Delay 50 75 100 125 150 175 200 225 250 275 300 325 350 378 400 425 450 475 500 525 550 575 600 625
100} 195 181 171 165 161 158 156 155 156 157 159 162 166 172 180 189 202 219 239 271 313 36.9 457 553
200| 224 214 206 202 198 197 196 198 200 204 211 219 230 247 271 297 340 400 469

Through Volume 300] 245 240 237 237 236 239 245 253 266 279 302 334 372 424 496 581
400] 277 276 282 292 303 318 336 367 402 455 523 613 716
500| 324 340 368 396 427 472 548 621 698
600) 386 439 501 597 675 790

Estimated
Left Delay 50 75 100 125 150 178 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625
K M 100| 199 181 168 161 157 156 157 158 160 1641 163 165 167 170 176 184 196 214 240 274 32.0 379 454 54.8

687 339 200| 237 232 231 231 232 233 235 237 239 241 244 249 256 267 284 307 339 381 437 508 59.6 706 840 1002

1837 339 2300| 233 235 237 239 241 244 249 256 267 284 307 339 381 437 508 597 706 840 1002 1194 1421 1687 1996 2352

3042 339 400| 242 246 251 260 273 292 319 355 403 464 543 640 760 905 1079 1285 1528 1812 2140 2517 2949 3439 3983 4617

4002 339 500| 271 289 314 349 394 454 529 623 739 880 1049 1250 1487 1763 2084 2453 2876 3356 3900 4512 5198 5965 6817 7761

4817 339 600| 359 408 471 551 651 77.3 921 1098 1308 1554 1842 2175 2557 2994 3491 4052 4683 5389 6177 7052 8021 9091 1026.7 1155.6

5487 335 700| 524 617 731 87.0 1037 1236 147.1 1745 2063 2429 2848 3325 3864 4472 5154 5915 6761 7700 8736 9877 11129 12500 13987 15627

K = -7.256E-04V:2 + 1.613V - 2.249E+02
D = 2.302E-08(V +K) - 2.487E-06(V +K)* + 1.006E-03(V+K)? - 1.739E-01(V +K) + M

HCS Left Turn Volume
Through Delay 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625
100{ 143 158 17.1 181 19.0 198 204 212 21.8 225 232 240 248 259 268 281 296 309 334 355 381 414 433 48.0
200] 131 143 155 164 174 183 182 201 241 221 233 246 263 282 300 332 365 397 452
Through Volume 300] 134 145 155 166 177 188 200 213 228 247 268 293 326 37.0 420 487
400| 145 158 17.0 183 198 216 239 263 296 336 389 452 534
500| 17.4 19.0 21.0 236 269 31.0 361 430 524
600| 245 287 343 412 504 610

700| 48.0
Estimated
Through Delay 50 75 100 128 150 178 200 225 250 275 300 325 350 375 400 425 450 475 500 525 §50 575 600 625
K M  100| 144 158 17.0 181 190 198 205 212 218 225 232 240 248 258 268 281 296 313 332 355 38.0 409 44.1 477

1784 08 200 113 11.9 126 133 141 149 159 170 183 198 215 235 258 283 313 345 382 423 469 619 575 63.5 702 774
2488 09 300| 132 139 148 157 168 181 185 212 231 254 278 307 340 376 416 461 510 565 625 690 76.1 839 923 1013
3300 09 400] 160 171 184 199 217 237 259 285 315 348 385 427 472 523 579 640 707 780 859 944 1036 135 1242 1356
4215 09 500 210 2290 251 276 304 336 372 412 456 505 559 619 684 754 831 914 1004 1101 1205 1316 1436 1563 1699 1843
5234 09 600 307 339 375 415 460 509 564 623 689 760 837 921 1011 1109 1213 1325 1445 1573 1709 1854 2008 2171 2343 2825
6356 09 700] 484 535 592 655 723 797 87.8 964 1058 1159 1267 1383 1507 163.9 177.9 1929 2087 2254 2431 2618 2816 3023 3242 3471

K = 5.196E-04V,? + 4.474E-01V; + 6.786E+01
D = 2.958E-07(V,+KY’ - 2.185E-04(V_+K)? + 7.995E-02(V, +K) + M

HCS Left Turn Volume

Overall Delay 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625
100 155 165 17.0 173 174 175 176 176 178 178 181 184 188 193 200 209 220 235 254 281 31.8 36.7 44.0 525
200 145 157 167 174 180 186 191 196 202 208 216 226 238 254 274 300 337 386 447

Through Volume 300( 145 158 17.0 1841 181 201 212 224 238 254 276 303 338 385 444 519
400| 154 17.0 186 202 219 238 264 289 323 368 427 500 590
500 17.9 20.1 226 257 292 336 395 466 554
600| 244 291 348 422 512 618
700 | 45.8

Estimated
Overall Delay 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 5§25 550 575 600 625
K M 100[ 145 160 171 17.8 182 184 183 182 180 178 176 176 178 182 190 201 216 237 263 296 335 38.2 43.7 50.1

1154 96 200 180 180 178 177 175 173 172 173 176 183 192 206 225 249 279 315 359 411 471 541 62.0 71.0 81.0 922

2050 96 300| 176 174 172 173 175 180 188 200 216 238 265 209 340 389 445 511 586 671 767 874 994 1126 1271 1430

2046 96 400| 17.4 177 184 194 209 228 253 284 322 367 421 482 554 634 726 828 943 1069 1209 1362 1529 1712 1809 2123

3842 96 500| 202 220 242 271 306 348 398 456 523 600 687 784 894 1015 1149 1207 1458 1634 1825 2032 2256 2496 2755 3031

4739 96 600| 200 329 376 431 494 567 649 742 847 963 109.2 1234 1389 1559 174.4 1944 2161 2394 2645 2914 3202 3508 3835 4183

5635 96 700| 466 535 61.4 702 6802 913 1037 1173 1323 1487 1665 1859 2069 2295 2539 280.0 3080 3379 3697 4036 4395 4777 5180 5606

K = 8,962E-01V; - 6.386E+01
D = 6.642E-07(V, +K}’ - 4.956E-04(V +K)? + 1145(V,+K) + M
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R? Comparison for 1 Lane Permitted Phasing and Fixed Timing

HCS
Lefl Delay

Throuah Volume

Estimated
Left Delfay

177.7
301.1
397.2
4953

HCS
Through Delay

Through Volume

Estimated
Through Delay

HCS
Overall Delay

Through Volume

Estimated
Overall Delay

K
1485
256.7
3342
389.9
432.7
4713
514.7

1.0
11.0
1.0
11.0
1.0
1.0
1.0

Left Turn Volume

S50 75 100 125 150 175 200 225 250 275 300 _ 325 350 375 400 425 450 476 500 525 550 575 __ 600 __ 625
1o 871 93 65 98 100 103 106 108 1.2 116 121 126 132 140 149 160 175 194 220 258 311 387 4985
200 3 6 88 102 106 111 117 124 133 144 160 181 211 257 327 435 598
aoo| 5 100 106 113 123 137 158 190 241 3289 488
400| 100 109 125 152 200 294 496
500| 11.9 17.3 324 774
600| 17.7 470
700] 17.7 47.0
800] 17.7 47.0
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 650 575 800 625
100 B8 95 67 60 100 101 104 107 112 117 422 128 134 141 149 158 172 191 219 258 313 389 492 629
00| 56 60 65 71 76 B3 88 97 108 122 142 170 211 268 346 452 593 778 1015 1317 1694 2162 2736 3433
aoo| 82 85 87 107 121 140 168 208 264 341 445 584 765 999 1296 1669 2131 2688 3386 4215 5204 6377 7758 9372
200l 118 137 163 201 254 327 426 6559 733 958 1244 1604 2051 2600 3268 4073 5036 6178 7524 9100 10933 13056 15409 18299
s00| 206 320 418 548 718 939 1220 157.4 201.4 2555 321.3 4007 4957 6085 7414 867.2 10785 12884 15302 18073 21236 24830 28897 33483
600 17.7 47.0
700| 17.7 47.0
800| 17.7 47.0
K = 4.917E-06V;® - 5.797E-03V;? + 3.189Vy - 2.696E+02
D = 7.079E-12(V,#K)® - 8.020E-09(V,+K)* + 4.36TE-06(V_+K}’ - 9.445E-04(V +K)? + 9 T5BE-02(V,+K) + M
Left Turn Volume
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625
10{ 83 83 93 93 83 93 93 93 93 83 43 93 93 93 83 9.3 93 9.3 93 93 93 93 93 9.3
200 29 99 98 99 69 99 98 99 99 99 99 9.9 9.9 9.9 9.9 9.9 9.9 9.9 9.9 9.9 9.9 9.9 9.9 9.9
a00] 107 107 107 107 107 107 107 107 107 107 107 107 107 107 107 107 107 107 107 107 407 107 107 107
a00l 117 117 M7 17 17 117 M7 M7 147 M7 N7 17 17 M7 o1y 17 17 17 17 17 N7 17 17 117
s00| 132 132 132 132 132 132 132 132 132 132 132 132 132 132 132 132 132 132 132 132 132 132 132 132
s00| 156 158 156 156 156 156 156 156 156 156 156 156 156 156 156 156 156 156 156 156 156 156 156 158
700| 205 205 205 205 205 205 205 205 205 205 205 205 205 205 205 205 205 205 205 205 205 205 205 20§
800| 348 348 248 348 348 348 348 348 348 348 348 348 348 348 348 348 M8 348 348 348 M8 348 WE 3B
50 75 100 125 150 175 200 225 250 275 300 325 350 376 400 425 450 475 600 525 550 575 600 625
100[ 94 94 64 94 04 064 94 04 064 04 94 94 94 94 54 94 94 9.4 54 9.4 94 5.4 94 6.4
2000 6 96 96 96 96 96 96 96 B86 96 66 96 9.6 96 96 9.6 96 9.6 96 9.6 96 9.6 96 9.6
300l 109 109 108 109 108 109 109 108 109 109 108 108 108 109 109 100 109 109 109 108 109 108 109 108
a00| 120 120 120 120 120 120 120 120 120 120 120 120 120 120 120 120 120 120 120 120 120 120 120 120
500{ 130 13.0 130 130 130 130 130 130 130 130 130 130 130 130 130 130 130 130 130 130 130 130 130 13D
600] 154 151 151 151 151 151 151 151 151 151 151 51 1541 151 161 151 161 161 151 161 154 161 151 151
700 210 210 21.0 210 210 210 210 210 21.0 210 210 210 210 210 210 210 210 210 210 210 210 210 210 210
800| 347 347 347 347 347 347 347 347 347 347 347 347 347 347 347 347 347 34T 34T M7 W4T AT #T U7
Left Turn Valume
50 75 100 125 150 175 200 226 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625
100l 92 B3 84 65 86 98 100 102 105 108 111 116 120 126 134 143 165 170 191 221 284 6 415
2000 97 7 98 €8 101 1063 106 110 115 122 132 145 163 193 209 310 419
300] 104 104 105 107 110 115 124 138 161 203 282
400 113 113 116 122 136 164 232
500 127 133 158 247
600 153 184
700[ 198 22.2
800} 324 344
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 _ 850 575 600 625
100[ B8 92 S0 90 83 87 101 105 109 112 115 117 120 123 129 137 150 168 183 227 273 331 406 498
2000 82 87 90 ©3 96 98 101 105 110 118 130 148 173 208 251 309 382 473 586 722 885 1079 1307 1572
300, 87 99 102 106 112 121 135 155 182 216 268 331 41.0 508 627 772 945 1149 1389 1668 1000 2359 2779 3256
a00f 107 113 123 137 157 186 224 274 338 419 518 641 788 954 1172 1416 1608 2025 2309 2825 3308 38652 4483 5146
500| 125 141 163 164 234 287 355 440 545 67.2 826 1009 1225 1477 1769 2106 2492 2031 3427 3086 4613 5313 6091 6953
600| 156 184 221 270 334 413 512 633 779 953 1159 1400 1680 2004 2375 2798 3277 3818 4424 5102 5857 6605 7620 8639
700l 203 246 303 375 465 675 708 B7.0 1061 1286 1548 1851 2200 2500 3052 3564 4140 4785 5504 6303 7188 8164 9237 10414
800| 287 354 439 543 671 824 1007 1222 147.4 1766 2102 2487 2026 3421 3980 4806 5305 608.2 6943 7894 8941 10000 11347 142719

K = 1.473E-06V;® - 2.858E-03V + 2.231E+00Vy - 1.852E+02

D = 2,065E-00(V_+K)" - 2.074E-08(V +K)" + 7.352E-04(V, +K)’ - 9.444E-02(V, +K) + M
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R2 Comparison for 1 Lane Per/Pro Phasing and Fixed Timing

HCS
Left Delay

Through Volume

Estimated
Left Delay

822
169.2
2453
310.6
365.0
4085

HCS
Through Delay

Through Volume

Estimated
Through Delay
K

180.3
270.2
360.1
4499
539.8
629.7

HCS

Overall Delay

Through Volume

Estimated
Overall Delay
K

109.2
2188
3283
4379
5475
657.1

11.2
11.2
11.2
1.2
1.2
1.2

M
154
15.4
15.4
15.4
15.4
15.4

100
200
300
400
500
600
700

Left Tum Volume
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 - 425 _ 450 475 500 525 550 575 600 625 650
78 79 60 62 83 85 687 89 91 04 96 99 102 106 11.1 116 125 130 137 148 161 177 201 228 269
79 81 82 84 86 89 91 94 98 102 107 112 117 124 132 140 152 167 184 209 241 285 346
83 85 68 91 95 99 105 109 115 420 127 135 148 157 172 193 222 258 303
89 94 99 104 109 115 121 129 137 147 160 175 197 225 .
99 104 111 118 125 134 145 155 167 183 210 245
111 118 125 133 142 153 169 188 212 240 293 364
11.8 124 131 143 158 175 202 231 277 341 422 533
50 75 100 125 150 175 200 226 260 275 300 325 350 375 400 425 450 _ 475 500 525 550 575 600 625 650
85 79 76 716 78 64 85 90 94 98 101 104 107 109 112 114 118 124 131 142 156 176 202 235 276
75 78 81 85 90 94 98 104 104 106 109 111 114 118 124 132 144 160 181 209 244 289 344 411 493
87 92 96 99 102 105 107 1.0 112 116 121 128 138 151 169 194 225 265 314 375 449 537 642 766 910
99 103 105 108 110 113 116 121 128 138 152 170 195 227 267 317 378 452 542 647 772 917 1085 127.8 1499
107 109 111 115 1198 125 134 146 163 185 213 250 296 353 422 505 604 721 858 1017 1200 141.0 1648 1919 2223
112 115 120 126 136 149 166 189 219 257 305 364 435 521 623 744 884 1047 1235 1450 1694 197.0 2280 2628 3017
119 124 133 145 161 183 211 247 292 347 416 498 595 711 846 1003 1184 1391 1627 1895 2196 2535 2913 3333 379.9
K = -5.436E-04V;7 + 1.142E+00V - 1.245E+02
D = 1.129E-09(V +K}* - 1.334E-06(V, +K)’ + 5.515E-04(V, +K)* - 7.978E-02(V,+K) + M
Left Turn Volume
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
143 158 171 181 190 19.8 204 212 21.8 226 232 240 248 259 268 281 301 309 334 355 381 414 433 480 508
131 143 155 167 174 183 192 201 214 221 233 246 263 282 300 332 365 397 452 505 573 628 727
134 145 155 168 17.7 18.8 200 213 228 247 268 293 326 370 420 487 556 642 749
145 158 170 183 198 216 239 263 296 336 389 452 534 640
174 190 210 236 265 310 361 430 527 631
245 287 343 412 504 610
480
S0 75 100125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
144 158 17.0 181 19.0 198 205 212 219 225 232 240 248 258 268 282 296 313 333 355 380 409 442 478 519
09 106 112 119 127 136 146 157 170 185 203 223 246 272 301 334 372 413 459 510 566 627 694 767 846
124 132 141 152 164 179 195 214 236 261 289 321 356 396 440 489 543 602 666 737 813 896 986 1082 1186
159 173 188 206 227 250 277 307 341 379 422 468 520 577 640 708 782 862 949 1042 1143 1251 1367 1491 1623
21.8 240 266 295 327 363 404 449 499 553 614 679 751 829 913 1004 1101 1207 131.9 1440 1568 1705 1851 2005 2169
313 348 387 430 478 531 589 652 721 796 878 966 1061 1163 127.3 1390 1515 1649 1791 1941 2101 2271 2449 2638 2837
458 509 564 626 692 765 844 929 1022 1124 1227 1341 1463 1583 1732 1879 2035 2201 2376 2561 2755 2961 3176 3403 3641
K = 8.987E-01V + 5.991E-01
D = 2.961E-07(V +K)’ - 2.189E-04(V,+K)* + 8.023E-02(V, +K) + M
Left Turn Vaolume
S0 75 100 125 150 475 200 225 250 275 300 325 350 375 400 4256 450 475 500 525 550 575 600 625 _ 650
125 131 13.4 135 135 136 136 136 137 139 139 141 143 147 150 155 164 167 176 186 198 215 235 262 298
120 127 132 135 139 141 144 147 151 1565 160 165 172 180 189 204 217 233 257 285 322 364 428
125 131 137 143 148 154 164 167 175 184 195 208 224 247 272 306 345 394 454
136 144 152 164 17.0 181 195 209 229 251 282 316 363 422
160 17.3 187 205 228 255 288 331 388 452
225 257 288 347 412 483
433
§0 75100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
134 130 128 128 131 133 135 138 140 143 145 146 148 149 151 153 157 162 170 160 195 213 238 269 307
135 137 140 142 145 147 148 150 151 153 155 158 162 168 177 188 204 225 251 285 326 377 438 512 598
145 147 149 150 152 154 156 1589 164 174 184 194 211 234 263 300 345 399 465 543 635 742 867 1010 1174
153 154 157 161 166 174 185 200 220 245 276 316 364 423 493 577 674 788 920 1071 1243 1439 1660 1908 2186
169 17.8 19.0 207 228 256 291 333 386 449 524 612 716 836 975 1134 1315 1521 1752 2011 2301 2623 2981 3376 3810
238 268 306 352 408 476 556 650 760 887 1034 1201 1391 1606 1848 2119 2420 2756 3127 3537 3988 4482 5023 5612 6254
433 505 59.0 69.0 80.7 941 1095 1271 147.0 1695 194.8 223.0 2545 289.4 3280 3705 4172 4684 5243 5852 6514 7232 8010 8849 9754

K = 1.0958V- - 109.99
D = 8.663E-10(V,+K)' - 9.557E-07(V,+K)® + 3.696E-04(V,+K)’ - 5.034E-02(V, +K) + M
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