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Abstract

The need to balance safety and operational efficiency at intersections requires special attention for accommodating left turn
movements. Signalized intersections epitomise this need because unnecessary protection of left turns can significantly increase
operational delay. Left turn protection however, increases safety and there is a need for proper balancing between the conflicting
goals of safety and operations. The long time required to collect crash data to evaluate the use of existing warrants render them
frequently ineffective and the need for a preliminary design tool to assist in left turn phasing decisions is needed. This research
developed a quantitative safety assessment tool that predicts left turn related conflicts and uses them to determine the appropriate
phasing scheme for left turns. The model was developed based on VISSIM micro-simulation software in conjunction with the
Surrogate Safety Assessment Model.
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1. Introduction

All roadway design components require a continuous balance between safety and operational needs to provide for
an efficient and appropriate design. Signalized intersections are a prime example of this need, since their goal is to
apportion space and time to various competing movements in a safe and efficient manner. Accommodation of left
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turn movements is especially critical due to their inherent safety concerns stemming from the need of driver
judgment to complete them. Phasing strategies have been used to separate conflicting movements and diminish any
potential safety impacts of such movements but this comes at the expense of higher delays for the intersection. It is
therefore critical to develop tools that can assist in balancing safety and operations and aid in the identification of
the appropriate left turn phasing for an intersection.

The interactions between left turning vehicles and opposing traffic can crate safety concerns and traffic signal
phasing has been used to separate these streams of traffic. In the US, the Manual on Uniform Traffic Control
Devices (MUTCD) identifies four potential design alternatives for the left turn movement at signalized intersections:
permissive only, protected only, protected/permissive, and variable left turn mode (FHWA, 2009). Permissive only
left turn phasing allows vehicles to complete their turn only when they are unopposed and they have to yield to
oncoming traffic and pedestrians crossing the cross street. This permits completion of the left turn as and when the
driver sees fit and has no adverse delays impacts, i.e., most appropriate phasing for operations. Protected only
phasing separates the two streams of traffic providing the right of way to each movement separately and thus is the
most appropriate for safety. Protected/Permissive phasing is a combination of the two phasing plans attempting to
balance intersection safety and operational efficiency. Variable left turn phasing is an adaptive traffic signal strategy
that uses all three phase options and implements them based on the time of day or level of traffic activity
experienced at a specific intersection aiming to accommodate the variable nature of traffic.

Intersection capacity, geometric features, and crash history are typical factors used in selecting the appropriate
left turn phasing at signalized intersections. The cross product of the left turns and opposing volume is typically
a factor that many state departments of transportation (DOTS) use as the main metric for selecting phasing schemes.
A review of 40 state signal design policies indicated that 24 have such a policy in place and 17 DOTSs use crash
history in addition to cross product for left turn phase selection (Hedges, 2014). It is therefore important to develop
a metric that can assist in the left turn phase selection due to the absence of any state policies.

Past research has used empirical before-and-after studies to assess the effectiveness of converting a protected
only left turn intersection to protected/permissive; however, this required years of time to complete because of the
rarity of crash events (Tarko et al., 2009). An issue with studies similar to Tarko et al. (2009) is that they do not
provide any predictive information because their focus is only in the assessment of the left turn treatments based on
historical crash data. The recently developed Intersection Design Aid Tool (IDAT) used conflicts as a surrogate
measure to crash events and micro-simulation software helped to develop models for left turn, right turn angle, rear
end, and sideswipe (lane change) conflicts (Kirk, 2013; Stamatiadis et al., 2012). The scope of this research,
however, did not specifically examine left turn movements at intersections but rather overall intersection
performance.

As noted above, there is no quantitative safety assessment tool that signal designers can rely upon to determine
left turn phasing decisions and this study fulfils this void. The study utilized micro-simulation to identify potential
conflicts at signalized intersections in order to provide a predictive model to enhance safety considerations when
selecting left turn phasing options. The model can be used in a proactive manner instead of the time-consuming
approach of historical crash data.

2. Literature review

The review of the state policies focusing on the safety criteria they use for left turn phase selection indicated that
all use insufficient sight distance and 17 use high left turn crash rates (Hedges, 2014). However, there is no
agreement on the number of crashes to be sued and this was varied from 4 crashes over a one-year period to
7 crashes over a three-year period. Historically, left turn studies have focused on utilizing safety indicators to
develop these safety warrants (Agent, 1979; FL-ITE, 1982; Rouphail, 1986; McCoy & Malone, 1989; Lalani et al.,
1986; Clark & Daniel, 1994; Agent, Stamatiadis & Dyer, 1995). Empirical analysis and surrogate analysis in
conjunction with microsimulation have been utilized to evaluate crash histories.

Past researchers agree that, in general, protected left turn phasing is a safer option than permissive (Sheeeb, 1995;
Al-Kaisy & Stewart, 1999; Chen et al., 2012; Gibby et al., 1992). However, Cottrell (1985) noted that at roads with
speeds around 45 mph permitted/protected phasing does not affect safety.
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Tarko et al. (2009) noted that the use of historical left turn crash data, can take time and it is difficult to assess the
performance of each safety treatment pointing to the need to develop alternative methods that can be used to predict
the intersection safety performance. The use of surrogate measures has been utilized recently to alleviate the time
issues associated with crashes and traffic conflicts are considered the most promising metric ( (Gettman et al., 2003;
Hyden, 1987; Tarko et al., 2009). Gettman et al. (2003) define a conflict as an observable event where two or more
road users approach each other in time and space and they will collide if they will not change their movements.
Conflict patterns have already been used in empirical analysis of crash data (Wang & Abdel-Aty, 2008) and their
advantage is that there are many more than crashes (Saleem, 2012). Further, it has been shown that the proportion of
conflicts that occur at an intersection is roughly the same to the proportion of collisions, meaning that the evaluation
of conflicts is an appropriate substitute to examining only crashes (Sachi et al., 2013). Using these two facts,
quantifiable modelling is possible with the help of microsimulation software.

Microsimulation can provide the platform for estimating conflicts from different scenarios but not all agree on
this approach (Tarko & Songchitruksa, 2005; Saunier & Sayed, 2007). Typical reasons for this belief include the
intrinsic approach of the simulation models that are based on the fundamental rules of crash avoidance, the reliance
on input parameters and its effect on accuracy, and the relevancy of safety performance with verifiable crash
experience (Shahdah et al., 2014). In other words, the idea of what is deemed safe may not be solely related to
conflict or crash occurrence. On the other hand, there are several examples of studies, however, where the predictive
capabilities of micro-simulation are accurate (Caliendo & Guida, 2012; Shahdah et al., 2014; Saleem, 2012) in
comparison with the traditional empirical methods. AIMSUN or VISSIM were used in these studies in conjunction
with the Surrogate Safety Assessment Model (SSAM) to identify, classify, and evaluate conflicts. In 2008, the
Federal Highway Administration (FHWA) conducted a study to validate the use of SSAM when predicting traffic
conflicts (FHWA, 2008). The results on peak-hour volumes indicate a correlation between SSAM-predicted total
conflicts and field-observed total crashes with an R? value of 0.41. The same analysis with the yearly average
24-hour traffic volumes correlated the predicted and field values with an R? value of 0.68. Based on these findings,
FHWA recommends the use of micro-simulation research efforts with SSAM.

Caliendo and Guida (2012) demonstrated that there is a significant correlation between recorded crash data and
simulated conflicts when they compared recorded crashes in the field to critical conflicts identified by micro-
simulation software at signalized intersections. Shahdah et al. (2014) concluded that the simulated CMFs were
consistent with the EB before-and-after study estimations produced by Srinivasan et al. (2012).

Past research has utilized total intersection flow as an explanatory variable (Srinivasan et al., 2008) or approach
specific (Hauer et al., 1988) considering the left-turning volume and the opposing through volume (Upchurch,
1991). Research has used these traffic flows either as the cross product or as independent variables in multivariate
models. Geometric variables have also been considered including the number of lanes entering and exiting, the angle
of intersection, sight distance, and the presence and length of turning bays (Harwood et al., 2003; Srinivasan et al.,
2008). Operational characteristics such as speed limits, delay, and complexity of the phases have also been
suggested as explanatory (Bonneson & McCoy 1993, Stamatiadis et al., 1997, Poch & Mannering 1998). Kirk
(2013) showed correlation between cycle length and effective green time percentage and simulated conflicts.

It is apparent that micro-simulation combined with surrogate safety measures can be utilized in developing safety
prediction models. Conflicts are considered as the viable surrogate to crashes due to their frequency and relatability
to crash events and current micro-simulation models can be used to determine their frequency. Number of opposing
lanes and length of green times and cycles are the most common variables used in prediction models but the use of
cross product or individual volumes is still debated.

3. Methodology

The micro-simulation used in this study is VISSIM, since it allows to coordinate the output vehicle trajectory file
for each simulation with the FHWA Surrogate Safety Assessment Model package. In addition, the downstream left
turning volumes and downstream opposing movements were used form the output to address the study objective of
for assessing intersection safety surrounding the left turn movement during permissive phasing. Conflicts are
identified with SSAM software by type utilizing the vehicle trajectories. The default SSAM values were used here,
i.e., maximum time-to-collision of 1.5 seconds and maximum post-encroachment time of 5.0 seconds. SSAM
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identifies conflicts by type according to the angle that the trajectories of two vehicles encounter each other. In this
case, vehicles with conflicts at angles less than 30 degrees are considered Rear End conflicts, with angles greater
than 85 degrees are considered Crossing conflicts, and all others are Lane Change conflicts.

The basic layout for the simulation was a four-leg signalized intersection with a single left turn exclusive lane to
eliminate any safety related issues including intersection skew angles, poor sight distances, and multiple left turn
lanes. Permissive left turn phasing is used for the left turning vehicles, since the goal of this research is to quantify
conflicts attributed to the left turn movement. The variables and their ranges considered are summarized in Table 1
reflecting typical traffic conditions found at four-leg signalized intersections (Hedges 2014).

Table 1. Simulation input parameters.

Variables
Values Opposing Volumes Opposing Lane  Cycle Length  Percentage Green Time  Left Turn Capacity Percentage
Range 500-3,000 1to3 90-120 30-70 20-100
Increments 500 vehicles 1 lane 30 seconds 10 percent 20 percent

Finally, The Statistical Package for the Social Sciences (SPSS) developed by IBM is the software used to identify
explanatory variables and develop statistical, predictive models (IBM 2009).

4. Results and analysis

The first step in the analysis was to identify those variables most promising to predict left turn Crossing conflicts
(Table 2, Model 1). This was achieved through a stepwise linear regression followed by variable combinations to
reflect the trends observed in the stepwise analysis (Models 2 and 3). The variables of concern include the
following:

Left Turn Volume (LTLDown)

Opposing Volume (OppVolOut)

Opposing Number of Lanes (OpposingLanes)
Cycle Length (Cycle)

Effective Green Time Percentage (%Green)
Cross Product (XProdOut)

Table 2. Modelling results.

Model Variable Coefficient Significance R?
Constant -1.028 .000 0.372
%Green 0.856 .000

1 LTDown 0.000 .000
OppVolOut 0.000 .000
Opposing Lanes 0.443 .000

) Constant -0.181 .000 0.400

own* OppVolOut * Opposing Lanes)/%Green . g .

(LTDown* OppVolOut * O ing Lanes)/%G 1.652E-6 000

3 Constant 0.144 .001 0.514
(LTDown? * OppVolOut * Opposing Lanes®)/%Green™? 4.457E-9 .000

It should be noted here that the left turn and opposing volumes were counted downstream of the approach in
order to account for processed flow and not just the design demand values in the models developed. In many
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scenarios, the entire input volume did not travel through the intersection due to capacity issues and therefore the
downstream volumes are more accurate exposure measures.

In the initial stepwise approach, Model 1 in Table 2, all four variables were identified as significant predictors for
the number of Crossing conflicts. Three of the four variables show expected relationships. Traffic volumes are
expected to have a positive correlation with conflicts, since they are an exposure metric and increase volumes could
result in an increased number of conflicts. Similarly, more opposing lanes could result in more Crossing conflicts,
since the greater number of lanes that need to be traversed increases the risk for a crash with opposing traffic. The
final variable, percent green time, shows an unexpected trend indicating that as the green time increases, the number
of Crossing conflicts would also increase. This is not an expected result since the traditional belief is that as constant
opposing volumes are given more green time, gaps allowing safe, permissive left turns would also increase and thus,
reducing the number of Crossing conflicts. Based on the low adjusted R? value, the additive regression model does
not have an adequate explanatory power. Therefore, a combination of variables was sought that could provide
a higher predictive model power.

Model 2 represents the following variable created based on the positive/negative relationships (Eq. 1) provided
from Model 1 and reconsidering the effect of green time:

Xecrossing = (LTDown X OppVolOut X OpposingLanes)/(%Green) Q)

At this point, it was deemed appropriate to keep the left turn and opposing through volumes as independent
variables instead of the cross product, since it was believed that there is a potential for specific contribution of each
volume in the crossing conflicts (see next section for additional explanation). As also noted above, there is no
agreement on this issue and thus the use of each variable was considered more appropriate. The explanatory power
of the Model 2 is higher than the previous model, but may be improved by adjusting the individual powers of the
root variables to reflect possible differences in their contribution to the conflict potential.

Through an iterative process, the powers of the individual root variables (Eg. 2) are adjusted within Xc,ossing-
The result of several iterations yield the following variable:

Xcrossing = (LTDown? x OppVolOut x OpposingLanes®)/(%Green'/?) )

Model 3 supports the notion that each volume may have a different impact on the potential for a conflict since the
left turning movements have more of an influence (higher power) than the opposing through movements when
predicting Crossing conflicts.

5. Discussion

The study objective was to develop a predictive model to assist in left turn phase selection. To address this goal,
Model 3 can be used to develop the point where a decision can be made as to whether protected or permissive only
phasing can be implemented based on the anticipated safety levels, i.e., potential Crossing conflicts. Based on
Model 3, a series of nomographs may be developed to assist in left turn phase selection representing the thresholds
between permissive and protected phasing. Figures 1 and 2 are examples of such graphs and have been developed
for general conditions for main street, i.e., effective green 60 percent, and for one and three opposing lanes,
respectively.
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Fig. 1. Left turn phasing guidance, one opposing lane.
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Fig. 2. Left turn phasing guidance, three opposing lanes.

The lines in Figures 1 and 2 represent the point of transition from permissive to protected phase, i.e., to the left of
the line a permissive phase is appropriate while to the right of the line a protected phase will be more appropriate. In
this case, with give the traffic volumes, percent green and number of opposing lanes, a designer can determine
which phase is more appropriate for the intersection. Figures 1 and 2 illustrate the differences between one and three
opposing lanes. Both plots indicate that a higher number of left turns are possible at intersections with one opposing
lane than in three opposing lanes when the same number of conflicts is considered. Graphs similar to these are easily
derived for any effective green percentage or lane configuration using Model 3 (Eq. 3)

Left Turn Crossing Conflicts = 4.45E7° X X¢yossing + 0.144 3)

where Xcrossing 1S @s defined in Equation 3.

An issue that merits attention and discussion here is the use of the traffic volumes as independent variables
instead of their cross product. The reason for this is the need for differentiation between each of these volumes and
their potential effects on completing the left turn movement and thus, implicitly, on safety. For example, an
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intersection with 500 left turning vehicles and 1,000 opposing through vehicles has the same cross product as an
intersection with 1,000 left turning vehicles and 500 opposing through vehicles. It is therefore reasonable to assume
that each combination would have a different safety performance and this was captured in the Crossing conflict
model developed here though the inclusion of the independent variables and their relative impact, i.e., left turn
volume has a power of 2 in the model. The results indicate that left turning movements have a higher correlated
relationship with Crossing conflicts than the opposing through movements. As an example, the data used here
produced 15 scenarios with cross products of 350,000 to 400,000 vehicles resulting in 33 Crossing conflicts. Twenty
of these conflicts were attributed to higher left turn movements in the cross product and only 13 were due to higher
opposing volumes in the cross product. This same relationship is true for other cross product ranges. Therefore, the
model developed captures this greater influence of left turn volumes with the higher power in the variable.

Model 3 can be used to develop the nomographs and predict left turn conflicts, but also one needs to recognize its
limitations. First, the research only considered a single intersection geometry design (i.e. four-leg signalized with
a single left turn lane). It is therefore recommended to use it only on similar layouts and application of the model to
other deigns may reduce their reliability. Second, left turn capacity was derived from a microsimulation involving
permissive left turns only. Application of such models to existing intersections with phasing schemes that already
include a form of protection may be a questionable practice. Third, driver behaviour is always a concern when using
microsimulation analysis because the software may not reflect reactive behaviour in real world situations. Finally,
conflict prediction models prove to be correlated with historical crash data, but better surrogate metrics may exist
and need to be investigated.

6. Conclusions

This study was set out to develop a predictive safety assessment model for left turn movements at signalized
intersections. The literature review indicated that conflicts are an acceptable and reliable surrogate safety measure
due to a number of cases studies where a correlated relationship with real crash data was documented. Moreover, the
ease of analysis with micro-simulation software packages makes this option an appealing prospect, given the long
time that one may have to wait for historical crash data to determine the safety effects of the option implemented.

MUTCD recommends the use of permissive, protected or permissive/protected phasing to control left turns.
Many state DOTSs have developed warrants, or guidelines, for selecting the left turn phasing type for an intersection
but most of them are based on operational factors such as the cross product between left turn movements and
opposing through volumes. A few DOTSs have safety related warrants such as the left turn related crash history. The
problem associated with the current warrants is that they are based on real world historical crash data. It is a reactive
method that takes a considerable amount of time to complete such an analysis. Left turn crashes are typically rare
events with small sample sizes. Thus, developing safety related warrants for left turn phasing could take a long time.

The model developed here with its accompanying nomographs provides an improvement over the existing
methods and warrants and allows for a systematic and quick evaluation of the left turn phase to be selected. The
model utilizes the most common variables that are already known during the design phase and can be used to
determine whether a permissive or protected only phase will suit the intersection when considering safety
performance. It should be pointed out that model in its current form is not capable to recommend the cases where
a permissive/protected phase may be appropriate.

The findings of this study also point to some future research to improve understanding of the left turn phasing
implications. The first recommendation is to develop better design criteria when conducting microsimulation
analysis. This research uses theoretical values that are deemed “typical” for real world conditions. Based on the
findings, the observed micro-simulation traffic conditions may be sometimes oversaturated, allowing for too few left
turning movements and thus, less interactions between left turns and opposing through movements. Another
recommendation is to further investigate the effectiveness of surrogate safety measures and more specifically, those
used by SSAM. TTC and PET are utilized by SSAM, but as Wang (34) determined, these measures may not reflect
actual driver behavior due to the difficulty of mimicking unpredictable human reaction with computer software.
Furthermore, Kirk (2013) suggests in his research to adjust the default parameters SSAM uses for TTC and PET.
Kirk uses 2.0 and 5.0 seconds, respectively, for these values. The default parameters for TTC and PET in SSAM
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were not adjusted for the research proposed in this report. Finally, the use of historical crash data could be beneficial
in validating the model developed here and increase its predictive power.
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