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Abstract

:

Traffic control systems are crucial for managing traffic flows. Their main function is to reduce interactions among users for safety reasons, while minimizing the travel times. Researchers often concentrate on the cycle length, whose impact on travel times is directly measurable. However, the choice of the signal pattern may also have a great potential to reduce travel times and unsafe situations. This potential is yet to be thoroughly investigated. In this work, we are interested in comparing different signal patterns in terms of the number of potential conflicts and delay time for both drivers and pedestrians. To this end, we first select three commonly adopted signal patterns, namely the Exclusive Pedestrian Phase (EPP), the Leading Through Interval (LTI) and the Two-Way Crossing (TWC). We then generalize existing methods for measuring user delay and safety for these three signal patterns. Moreover, we investigate a hypothetical hybrid pattern obtained by dynamically adapting the signal pattern to real-time data. The proposed methodology is applied to a case study considering an isolated intersection in Montreal, Canada. We perform computational experiments geared towards determining the best pattern according to ad hoc performance indicators and user flows. Results show that the EPP and LTI patterns generally perform better than TWC. EPP generally outperforms LTI when measuring the number of potential conflicts, while LTI outperforms EPP when considering delay times. Furthermore, the hypothetical hybrid pattern shows a positive but overall limited impact regarding both delay times and number of potential conflicts.
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1. Introduction


With the increasing use of vehicles globally, transportation management and control systems have been developed to facilitate access by motorized users to roads and infrastructures and consequently increase the quality of the travel experience. The urban transportation system includes three general components: the infrastructure (roads, intersections, and bridges), users (vehicles, pedestrians, bicycles and drivers), and operation tools (signs, traffic signals and management and control systems). As a tool for traffic management in urban areas, the traffic signals feature different control approaches in terms of methods, technologies (hardware and software), and objectives. The common objectives of the traffic signal are to maximize vehicle throughput and intersection safety while minimizing travel time.



This paper focuses on how traffic signal control techniques may be adapted to consider pedestrian-related performance indicators to improve safety and travel time for an intersection. The control of traffic signals is a complex process since it involves many interrelated elements, such as safety, capacity, delay time, queue length, intersection geometries, heterogeneous users, and environmental conditions. All these elements affect the cycle length (the time a traffic signal requires to complete the sequence of signal phases) and signal pattern (the set of user movements allowed at each phase of the signal cycle). The cycle length and the signal pattern represent essential elements in traffic signal investigation. Most traffic agencies nowadays are interested in the concept of an adaptive control system that applies real-time traffic data to change the cycle length and the pattern of a traffic signal dynamically [1].



In the literature, traffic signal control optimization is mainly geared towards minimizing the cycle length and improving measures that are directly or indirectly influenced by the cycle length. These measure include traffic capacity, travel time, system throughput, vehicle-to-vehicle conflict, and vehicle emissions [2,3,4,5,6,7]. All these measures mainly quantify vehicle-related performance. Pedestrian-related performance indicators have also been studied in the literature [4,8,9], but in most related works, interactions between pedestrians and vehicles were not explicitly considered.



In real-world intersections, traffic signal control may feature rather complex configurations of signal patterns. The literature, however, mostly focuses only on simple forms of traffic signal phase sequences and patterns (such as a two-phase traffic signal). Even works that focus on optimal cycle length models applied to different signal patterns [7,9,10], assume simplified intersection conditions with fixed traffic flow or one-way streets [10,11]. Similarly, one specific signal pattern is typically applied for the whole day whereas traffic flows largely change during the day, with a potential increase of delay time and travel time at the intersection [10]. Furthermore, since collecting pedestrian data has traditionally been costly and time-consuming, even advanced traffic control systems capable of dynamically adapting the cycle length to real-time data have not considered pedestrian users [1]. However, recent development in information technology allow to more easily collect and process real-time traffic data, thus enabling more complex signal control policies see [12], for example.



The most common signal patterns that explicitly consider interactions between motorized and non-motorized users are: Two-Way Crossing (TWC), Exclusive Pedestrian Phase (EPP), Leading Pedestrian Interval (LPI), and Leading Through Interval (LTI). In the literature, a trade-off between safety and delay time has been considered to measure the efficiency of each signal pattern [11]. Generally, to investigate the safety of intersections, the literature considers the number of accidents or predicted crash data [13,14,15,16,17]. Moreover, to estimate the intersection delay, several researchers have used the HCM delay model. However, their delay and safety models have usually failed to consider the effect of signal patterns or pedestrian data.



This paper aims to investigate whether continuously changing the pattern configuration throughout the day to adapt to real-time traffic flow fluctuations could improve the level of service at an intersection. This paper hypothesizes that considering both the delay time and the number of conflict situations in the design of such a hybrid pattern will decrease travel time and increase safety. This research is articulated around the following three objectives:




	
To specify the methods for measuring real-time delay and number of conflict situations for relevant signal patterns (TWC, EPP, and LTI).



	
To develop a case study to assess the impact of the different traffic signal patterns on delay time and safety using real-time traffic data.



	
To investigate the effectiveness of dynamically changing signal patterns in improving traffic signal performance (i.e., decreased travel time and increased safety) while identifying the best performing pattern for each individual period of the case study.








The rest of the paper is organized as follows. Section 2 reviews the literature to identify the relevant signal patterns and performance indicator models. Section 3 details the methodological approach used in this study. Section 4 develops pedestrian-sensitive performance indicators and generates the delay time and potential conflict models for each signal pattern of the study. In Section 5, the results and limitation are discussed as the experimental setting is applied to a case study for a specific intersection in Montreal, using real-time traffic data and Synchro software in the simulation phase to verify the impact of the hybrid signal pattern on the level of service at the intersection. In Section 6, the results and limitations of the study are presented and discussed. Finally, Section 7 draws conclusions based on the case study.




2. Literature Review


This section identifies the critical parameters related to this paper and discusses how these parameters are dealt with in the literature. A variety of signal patterns and their performance are also described. Furthermore, this section reviews how the performances of signal patterns are compared in the literature. In particular, Section 2.1 reviews the literature related to signal patterns while Section 2.2 reviews performance indicators such as Delay time, Potential Conflict, and Delay and Safety index. Finally, Section 2.3 focuses on the literature comparing signal pattern performance.



2.1. Signal Patterns


As previously mentioned, our aim in this paper is to preform comparisons of several signal patterns. Formally, a signal pattern dictates the possible user movements that are permitted during the green interval of a phase (a phase consists of a set of green, red, and clearance intervals assigned to specified traffic movement(s) during each cycle) [18]. In a typical four-leg (two-phase) intersection, we have four possible signal pattern types:




	
Free pattern: no movement restrictions are applied to any phases during the green interval.



	
Exclusive pattern: the green interval is partitioned into mutually exclusive (groups of) movements.



	
Leading pattern: a group of movements is permitted for the complete green interval duration, while a second restricted group of movements is only permitted after a specific time interval.



	
Lagging pattern: this pattern is similar to the leading ones, but the restricted movement group is only allowed before a specific time interval.








These patterns can be applied to the movements of each user category, but this study focuses on signal patterns that also explicitly account for pedestrian movements. The most common signal patterns that address the pedestrian interval are [18,19]:




	
TWC (Two-Way Crossing): allows pedestrians to cross the intersection during the full duration of the green interval of the adjacent vehicular movement;



	
EPP (Exclusive Pedestrian Phase): protects and excludes the pedestrian phase from all vehicular movements;



	
LPI (Leading/Lagging Pedestrian Interval): leads or lags the green pedestrian interval, during which vehicles are not permitted to cross;



	
LTI (Leading/Lagging Through Interval): similarly to LPI, it leads or lags the pedestrian interval; however, only vehicular turning movements are prohibited on a pedestrian green interval.








Given that LTI allows vehicles to cross the intersection during the green pedestrian interval, it is commonly preferred to LPI. For this reason, the present study focuses on the LTI, TWC, and EPP patterns, and it will not investigate the LPI pattern in depth.




2.2. Performance Indicators


In the literature, several indicators are developed to assess the performance of traffic signal; these indicators include the delay time [3,7], the traffic capacity [3], the system throughput [3,7], the intersection safety [2,4], the GHG emission count [2], the queue length [5], the travel time [5,6], etc. However, all these indicators are driven by two fundamental measures: the delay time (i.e., the additional travel time experienced by users compared to free movement through the intersection) and intersection safety (i.e., events to do with any conflict situations or possible interactions between vehicle and vehicle or pedestrian movements at the intersection). Therefore, our literature review focuses on these measures. We observe that these two measures are not entirely independent since a lower level of safety corresponds to a higher level of potential conflict, and this can in turn impact the delay time. For this reason, we also review a third performance indicator called the Delay and Safety index, which provides the level of service of users at a signalized intersection by combining both pedestrian and vehicle delay and safety (represented by the number of users with potential conflicts). These three performance indicators are presented in Section 2.2.1, Section 2.2.2 and Section 2.2.3, respectively.



2.2.1. Delay Time


As previously mentioned, the delay time at the intersection represents additional travel time experienced by users because of the traffic control system, changes in speed due to geometric conditions, incidents, and interactions with other road users versus free movement through the intersection [1]. While the delay time can generally account for several types of users, such as private vehicles, pedestrians, bikes, transits, we focus here on two aggregate user types: vehicles (including private and transit vehicles and bikes) and pedestrians.



Delay can be estimated using different models. As reported by [20], there are four primary methods for estimating the delay time: Akcelik [21], HCM [1], Webster [22], and HSL [20,23]. Among these models, the HCM is reputed to be more accurate even in situations with under or over-saturated intersections [24]. As mentioned earlier, one component of intersection delay is the vehicular delay. Equation (1) describes the vehicle delay model of HCM:


   d  v e h   =  d U  +  d I  +  d Q       ( s / v e h )   



(1)




where   d U   defines the uniform delay based on the assumption of uniform arrivals and stable flow of vehicles;   d I   defines the incremental delay due to the effect of random, cycle-by-cycle fluctuations in demand, which occasionally exceed capacity and are caused by a sustained oversaturation during the analysis period; and   d Q   defines the initial queue delay resulting from unmet demand in the previous period. HCM refers to the saturation flow rate used to compute   d  v e h    for different signal patterns, and can be calculated for each approach, lane, and movement group of the intersection [1].



The other component of the intersection delay is the pedestrian delay. Different studies modify the HCM model to include the pedestrian flow rate, pedestrian violation behavior, and traffic signal pattern [11,25,26]. The model proposed by [11,25] modifies the HCM to account for the pedestrian delay in TWC and EPP. This model comprises three parts. The first part is the signal delay (  d  s i g   ), defined as the waiting time of pedestrians stopping at the intersection because of the traffic light. The second part is the conflict delay (  d  c o n   ), defined as the additional experienced delay time due to conflicts between pedestrians and turning vehicles. The third part is the detour delay (  d  d e t   ) due to the fact that pedestrians willing to cross the intersection diagonally must perform a detour if the considered signal pattern does not allow diagonal crossing. As a consequence, Ma et al. (2015) [11] determine the average pedestrian delay time as:


   d  p e d   =  d  s i g   +  d  c o n   +  d  d e t        ( s / p e d )   



(2)




where   d  p e d    and   d  v e h    are the average per-user delay of pedestrians and vehicles, respectively. Ma et al. (2014) [25] recommend adapting the weighted delay as the intersection delay (s/user):


  D =    d  v e h    V  v e h   +  d  p e d    V  p e d      V  v e h   +  V  p e d          ( s / u s e r )   



(3)




where   V  v e h    and   V  p e d    refer to the vehicle volume and pedestrian volume of the intersection, respectively.



We observe that expressions of both the vehicle delay in the HCM model and the pedestrian delay proposed in Ma et al. (2014) [25] depend on the specific pattern to which the measure is applied. For this reason, in the rest of the paper, we add a superscript p with   p ∈ { T W C , L T I , E P P }   to underline such a dependence when needed. For example we use   D p   to denote the weighted intersection delay time for pattern p; similarly, we use   d  v e h − p    and   d  p e d − p   , for the vehicle delay and pedestrian delay for pattern p.



The vehicle delay HCM model is based on the saturation flow rate of each movement group. Therefore, Equation (1) will be applied for computing   d  v e h − p    for   p ∈ { T W C , L T I , E P P }   in our study. However,   d  p e d − p    has not been fully investigated in the literature. We will address this gap in Section 4 of this study.




2.2.2. Potential Conflict


Intersection safety is defined as the number of potential vehicle-to-vehicle and vehicle-to-pedestrian conflict situations at the intersection. A conflict is any possible unsafe situation or interaction between user movements at the intersection. A conflict with high severity is usually known as a collision and crash [27].



Different elements are used to predict or analyze the safety level of intersections based on crash history data. These factors include the severity classification, the post-encroachment time, the time-to-collision [28], the average daily traffic and accident modification factor [14], the time to collision [29]), the annual average daily traffic [13], the average hourly conflict, the square root of users volume at the intersection, and the intersection conflict index [15,30]. Most of these factors are suitable for measuring the vehicle-to-vehicle conflict. To quantify pedestrian-to-vehicle conflict risk, some authors applied indices such as pedestrian level of comfort, pedestrian level of stress, and pedestrian intersection index, which are related to the pedestrian comfort at the intersection, intersection geometry, daily user volume, and the user speed [31]. These indices are useful for comparing the level of pedestrian safety at different intersections. However, the value of these indices would not change with the signal pattern of the intersection. Therefore, to grasp the influence of the traffic signal pattern on pedestrian safety, another index needs to be developed.



Zhang et al. (2003) [32], based on HCM, proposed the Potential user Conflict (PC) metric, which is intended to provide a measure of the degree of safety at the intersection and indicates the frequency of unsafe (conflict) situations. This measure can be applied to pedestrian and vehicle conflicts for an individual intersection based on the traffic flow and signal pattern [32]. They focused on an intersection with shared, permitted, and protected left turn movement scenarios. Equation (4) defines the potential conflict (number of users in conflict/interval) as provided by [32]:


  P C =  p  c  v 2 v   +  p  c  v 2 p        ( u s e r  w i t h  c o n f l i c t / t i m e  i n t e r v a l )   



(4)




where   p  c  v 2 v     represents the total number of vehicles with a potential conflict (v2v) for each time interval and   p  c  v 2 p     is the total number of pedestrians with a potential conflict with vehicle (v2p) for each time interval. PC model of Zhang et al. (2003) [32] computes the number of conflicts for each group of movements based on their interaction with another group of movements for the specific period. Therefore, the model can be defined for each pattern studied. In the rest of the paper, we use the sum of the number of vehicles with a potential vehicle-to-vehicle conflict   p  c  v 2 v − p    , and the number of pedestrians with a potential conflict with vehicle   p  c  v 2 p − p     for each pattern   p ∈ { T W C , L T I , E P P }   with   P  C p    to denote the total number of users with potential conflicts for each time interval.




2.2.3. Delay and Safety Index


Zhang et al. (2003) [32] introduced an indicator called the Delay and Safety index (  D S  ) for use in comparing different patterns.   D S   (s/user) indicator reflects the combined effects of delay and potential conflict situations for pedestrians and vehicles. Equations (5) and (6) define the vehicle Delay and Safety index (  D  S  v e h    ) and the pedestrian Delay and Safety index (  D  S  p e d    ), respectively.


  D  S  v e h   =  d  v e h     ( 1 + p  c  v 2 v   /  V  v e h   )       ( s / v e h )   



(5)






  D  S  p e d   =  d  p e d     ( 1 + p  c  v 2 p   /  V  p e d   )       ( s / p e d )   



(6)




where   d  v e h    and   d  p e d    denote the average vehicle and pedestrian delay, respectively, and   V  v e h    and   V  p e d    denote the vehicle and pedestrian volumes of the intersection for a given reference time interval, respectively. We observe that   D S   index is a measure of the level of service at the intersection that accounts for both delay time and potential conflicts. Zhang et al. (2003) [32] proposed to integrate Equations (5) and (6) into a single weighted expression as:


  D S =   D  S  v e h     V  v e h   + D  S  p e d     V  p e d       V  v e h   +  V  p e d          ( s / u s e r )  .        



(7)







This model is based on the number of users with potential conflicts and the average user delay and can be specified for each signal pattern. Therefore, we can modify   D S   model for pattern   p ∈ { T W C , L T I , E P P }   and we define   D  S p   ,   D  S  v e h − p     and   D  S  p e d − p     as the Delay and Safety index, the vehicle Delay and Safety index, and the pedestrian Delay and Safety index for patterns   p ∈ { T W C , L T I , E P P }  , respectively.





2.3. Comparison of Signal Patterns


In Section 2.1, we defined the signal pattern as a set of movements that users are allowed to perform during the green interval of a phase in each cycle. The literature reports that the signal pattern with leading, lagging, or separating intervals can improve the travel experience quality at the intersection by influencing both the delay and safety [19,33,34,35]. Some studies have compared these patterns in terms of their cycle length, delay time, and safety [7,10]. As mentioned in Section 2.2, we consider   D , P C  , and   D S   as reliable and measurable performance indicators that can be used to compare the level of service of each signal pattern for a specific intersection.



Section 2.1 considers that the most common signal patterns accounting for both vehicles and pedestrians are EPP (Exclusive Pedestrian Phase), TWC (Two-Way Crossing), and LTI (Leading Through Interval). The literature compares these patterns by analyzing how they affect delay time and safety under various user volumes. For example, a comparison between EPP and TWC using different traffic data shows that EPP in an intersection with a low pedestrian volume increases the delay at the intersection and causes violation behavior among pedestrians, which consequently leads to reduced intersection safety [9,10,11]. TWC with a high volume of pedestrians and (right or left) turning vehicles can increase the number of conflict situations [10].



LTI minimizes conflicts between pedestrians and vehicles without significantly impacting vehicular movement. However, separating the turning and through lanes at each approach is necessary; otherwise, vehicle delay increases at the intersection [36]. Furthermore, patterns with exclusive intervals (LTI and EPP) at an intersection with low pedestrian volumes can increase delays. However, it is expected that EPP will increase the delay significantly since it stops vehicular movements and forces pedestrian movements for exclusive intervals, and will increase the cycle length to reduce the capacity ratio of the intersection [19].



Besides looking at the literature that compares the results of different patterns while the traffic signal performs the fixed pattern for the entire period covered by the study, we aim to study how allowing the signal pattern to change dynamically during operations according to observed traffic demand can potentially impact the traffic signal performance. Unlike what is largely observed in the literature, with traffic signal performance based exclusively on vehicle-related measures, this study aims to include pedestrian-related parameters. Delay time, potential conflicts and their combination are among the most widely adapted performance indicators in the literature. Section 3 provides the methodology of our study which investigates how traffic signal efficiency is affected by dynamically changing signal patterns.





3. Materials and Methods


The methodological approach adopted for the present study differs from existing methods in several ways. First, the study focuses on adapting a performance indicator model to suit different pedestrian related signal patterns. Second, it simulates real-time data of pedestrians and vehicles throughout the day. Thirdly, it compares different signal patterns based on performance indicators to provide the best performing pattern for each study period. Moreover, it investigates how dynamic signal patterns (hybrid patterns) can improve service levels.



To address the three research objectives identified in Section 1, we proceed in three stages:




	
First, delay and potential conflict parameters of each studied pattern are modified in Section 4 (see Table 3).



	
Then, the studied patterns are investigated through a case study. They are simulated based on observed demand, and   D , P C   and   D S   are computed for each pattern in Section 5.



	
Finally, the performance of each pattern in the case study is compared for every time step. Following this comparison, a hybrid pattern maximizing the service level over the entire study period is developed and its performance is compared to that of other patterns in Section 5.








As discussed in Section 2, the equations used in this study are developed based on the HCM. The first stage of our methodology consists in modifying the equations for each studied signal pattern and using the HCM approach to ensure that the performance indicator is pedestrian-sensitive. Therefore, D,   P C  , and   D S   equations developed in Section 4.1, Section 4.2 and Section 4.3, respectively, comply with the HCM, 6th edition.



In the second stage of the approach, a case study is developed, and focuses on an isolated intersection with an average volume of 3660 users per hour for the day of study. The case study is selected by choosing a signalized intersection: (1) having the characteristics of a single and isolated intersection, (2) with a demand volume varying throughout a typical working day, and (3) for which real-time traffic data can be extracted. Following the HCM approach, demand data are obtained at regular intervals (15 min) and for all users.



In this second stage, Synchro version 10 is selected to simulate the traffic data because: (1) it allows calculations based on the 6th edition of HCM, (2) it is flexible enough to simulate the signal patterns investigated in this study, and (3) it is freely available to the authors. According to Cubic (2019), “Synchro Software and its suite of associated applications is a traffic signal timing software that assists engineers and transportation planners design, model, optimize, simulate and animate signalized and unsignalized intersections” [37]. Synchro simulates each study period based on the real-time data of the case study intersection to provide the optimum cycle length, green time, and vehicle delay for each pattern. Synchro’s ring-barrier option enables the user to define the traffic pattern to be simulated, while Synchro optimizes the length of each phase. Moreover, the performance, in terms of factors such as vehicle delay, traffic signal cycle length, and green time, is extracted directly from simulation results. The HCM and Synchro consider the saturation flow rate of the movement group in computing the vehicular delay for each signal pattern. Therefore, we use Synchro’s estimation of vehicular delay in our study. Following HCM 6th edition, and to ensure results accuracy, Synchro simulates the traffic signal for each 15-min interval.



To assess the impact of the cycle length on the performance of each signal pattern, two sets of simulations are run. First, the green phase and vehicular delay are extracted from Synchro for different fixed cycle length values, and second, the cycle length, green time of each phase, and vehicular delay are optimized by Synchro, from which they are then extracted. For each studied pattern, the pedestrian delay and conflict situations are then calculated based on the equations in Section 4.



The next methodological stage consists of a comparison of the performance indicator values obtained from the signal patterns according to the equations in Section 4 to identify the best performing pattern (the pattern that most improves the level of service) for every 15 min. We investigate and simulate three patterns (LTI, TWC, EPP) and build a hybrid pattern, consisting of a pooling of the best performing pattern for each interval. Finally, for each performance indicator, we compare the performance of the hybrid pattern to that of the three regular patterns (LTI, TWC, EPP) to verify whether the hybrid pattern improves the performance indicators.




4. Development of Pedestrian-Sensitive Performance Indicators


The performance indicators mentioned in Section 2 are not available for all patterns, and do not generally consider signal patterns with both pedestrian- and vehicle-sensitive indicators. The performance indicators used in this paper adapt the state-of-the-art indicators to all signal patterns considered (i.e., TWC, EPP, LTI) and generalize the indicators to account for pedestrians and vehicles.



This paper proposes a new delay measure by building on the model of Ma et al. (2015) [11], introduced in Section 2.2.1, which suitably accounts for pedestrians. It also modifies the potential conflict and delay and safety models proposed by Zhang (2003) [32] to cover all signal patterns of our study. These models are introduced in Section 2.2.2 and Section 2.2.3, respectively.



The resulting pedestrian models, namely, the conflict model and the delay and safety model, are presented in Section 4.1, Section 4.2 and Section 4.3, respectively.



4.1. Computation of the Delay Time for Each Signal Pattern


In this study, the intersection delay is considered as a weighted average of pedestrian and vehicle delays. Since the pedestrian delay of Ma et al. (2015) [11] only considered TWC and EPP, we further develop their delay model to also consider the LTI pattern by modifying the delay time model described by Equation (2) for the regular four-arm intersection. Figure 1 illustrates the four-arm intersection layout as a reference intersection model for this study. The set, parameters and variables used to compute the pedestrian delay are described in Table 1.



As mentioned in Section 2.2.1, the three parts constituting the pedestrian delay in Equation (2) are calculated by Equations (9)–(11) [11]:


   d  p e d    =  d  s i g   +  d  c o n   +  d  d e t        ( s / p e d )   



(8)




where   d  p e d    is the average pedestrian delay at the intersection;   d  s i g    is the pedestrian delay due to the traffic signal at the crosswalk;   d  c o n    is the pedestrian delay due to conflicts with turning vehicles; and   d  d e t    is the pedestrian delay due to detour distance, which is defined as the difference between the time needed by pedestrians to cross diagonally to corner   k i   and the time to cross conventionally from corner i to   j i   and then from   j i   to   k i  .



The pedestrian signal delay is defined as a waiting time due to the red interval of a traffic signal, and was introduced by Ma et al. (2015) [11] as Equation (9):


   d  s i g   =  ∑  i ∈ I       ( C −  g i  p e d   )  2   2 C   +  α  i  k i       (  g i  v e h   −   l i   v i  p e d    )   ( C −  g i  p e d   )  + 0.5  g  j i   p e d     (  g  j i   v e h   −   l  j i    v  j i   p e d    )   C        ( s / p e d )                



(9)







The first part of Equation (9) calculates the pedestrian signal delay for a pedestrian intending to cross from arm i to arm   j i   (conventionally). The second part of Equation (9) measures the pedestrian waiting time to cross diagonally from corner i to corner   k i  . However, because of traffic light patterns, pedestrians have to cross from corner i to   j i   and stop for the pedestrian green interval of arm   i + 1  , and then cross from corner   j i   to   k i  .



The pedestrian conflict delay was defined in the model of Ma et al. (2015) [11] as Equation (10):


   d  c o n   =  ∑  i ∈ I    (    e   μ i  t   −  μ i  t − 1   μ i   +  a  i  k i       e   μ  j i   t   −  μ  j i   t − 1   μ  j i    )       ( s / p e d )   



(10)




where   d  c o n    is recalculated as a result of the interaction between pedestrians and vehicles, related to the volume of turning vehicles and gap time between vehicles at arm i. Equation (10) is also divided into two parts. The first covers pedestrians crossing from corner i to corner   j i  , and the second is related to pedestrians intending to cross from corner i to   k i  . The latter may experience interactions with vehicles at corner   j i  .



The last part of the pedestrian delay in the model of [11] is the detour delay. This delay is related to the length of the crosswalk and the pedestrian speed. It is the difference between the time required for a pedestrian intending to cross the intersection diagonally to cross the intersection conventionally (i.e., one approach after the other) as compared to diagonally. The detour delay is defined as follows:


   d  d e t   =  ∑  i ∈ I         l  i  j i    +  l   j i   k i    −  l  i  k i      v  p e d            ( s / p e d )   



(11)







We adapt Equations (9)–(11) to define the pedestrian delay for TWC, EPP, and LTI.



User movements under a typical TWC phase at a four-approach intersection are shown in Figure 2. In TWC, pedestrians cannot cross the intersection directly from corner i to corner   k i  . First, they have to cross from corner i to   j i  , and then from corner   j i   to   k i  . Therefore, the pedestrian delay for TWC includes a detour delay and both the first and second parts of a signal delay and a conflict delay. The pedestrian delay in TWC is defined as follows:


    d  p e d − T W C   =  d  s i g   +  d  c o n    +  d  d e t        ( s / p e d )  ,                      



(12)




where   d  p e d − T W C    is calculated with Equation (2).



The EPP pattern allows pedestrians to cross the intersection conventionally or diagonally without interaction with turning vehicles. Therefore, the study only expects the first part of   d  s i g    in Equation (9) to be applied for pedestrians coming to the intersection during the “do not walk” or “stop” intervals of the pedestrian light. Figure 3 shows that all vehicle movements are stopped at the intersection under the EPP pattern; therefore, the conflict delay and the detour delay are not applied for this pattern. Equation (13) defines the EPP pedestrian delay as:


   d  p e d − E P P   =  d  s i g − E P P        ( s / p e d )   



(13)




where the pedestrian delay of the exclusive pedestrian pattern (  d  p e d − E P P   ) only includes the signal delay defined as:


   d  s i g − E P P   =  ∑  i ∈ I       ( C −  g i  p e d   )  2   2  C              ( s / p e d )   



(14)







Figure 4 presents the typical LTI phase diagram at the intersection with four approaches:



LTI assumes that pedestrians cross the street only during the “walk” interval and does not consider any pedestrian violation behavior. In the LTI pattern, the green interval for turning vehicles starts while pedestrians are in the “do not walk” interval. Therefore, the study does not expect any pedestrian conflict delay for this pattern; as well,   d  s i g    and   d  d e t    are calculated with Equations (9) and (11), respectively. The LTI pedestrian delay is then defined as follows:


   d  p e d − L T I   =  d  s i g    +  d  d e t            ( s / p e d )   



(15)







Therefore, we modified   d  p e d    according to each signal pattern of the study; in the next section, we modify the conflict-related equations for each signal pattern. As we discussed in Section 2.2.1, we respect the HCM vehicular delay model since it reflects each pattern by considering the saturation flow rate of the group of movements for each lane. Then, we compute the intersection delay (D) according to Equation (3) for each study pattern.




4.2. Computation of the Potential Conflict for Each Signal Pattern


Table 2 lists the parameters and variables for the intersection depicted in Figure 1 that are needed to compute   p  c  v 2 v     and   p  c  v 2 p    .



The number of potential conflicts between vehicles caused by left-turning vehicles at the intersection is defined as follows [32]:


  p  c  v 2 v   =  ∑  i ∈ I    ( p  c i  l t    + p  c i  o t   )          ( v e h i c l e  w i t h  c o n f l i c t / t i m e  i n t e r v a l )   



(16)




where   p  c i  l t     is equal to   p  c i  o t     if the conditions of Equation (17) are valid:


  p  c i  l t   = p  c i  o t   =       v i  l t     p i  p c          i f   v i  l t   ≤  v i  o t          v i  o t     p i  p c         i f   v i  l t   >  v i  o t        ∀  i ∈  { 1 , 2 , 3 , 4 }   



(17)







Equation (17) considers that   p  c i  l t   = p  c i  o t     at the specific condition related to   v  o t    and   v  l t    on the green interval of   g u  , while   g u   is defined as Equation (18):


   g u  =      g −  g o      i f   g o  ≥  g f           g −  g f        i f   g o  <   g f       ∀  i ∈  { 1 , 2 , 3 , 4 }   



(18)




where   g f   is the part of the green time (g) before the first turning vehicle arrives at the intersection and   g o   is the part of the green time while left-turning vehicles have to stop until opposing through queue of vehicles is cleared up.



Zhang et al. (2003) [32] considered that left-turning vehicles do not get into conflict with vehicles moving through in the following circumstances:




	
At the beginning of the green interval, when the turning vehicle has to stop for the through vehicles, and then there is no conflict.



	
When the gap between the vehicles in through movement is less than 4 s, the driver cannot make a left turn.



	
When the gap between vehicles’ through movement is more than 8 s, the driver has enough time to make a left turn, and there is no conflict.








For left turn situations that are not included above, Zhang et al. (2003) [32] defines the probability of a potential left turn conflict (  p  p c   ) on each approach based on the turning time and turning distance for left-turning vehicles when the gap time for through vehicles is between 4 and 8 s. In the case of the LTI pattern,   g f   is zero because there is already an accumulation of left-turning vehicles during the late start of the green interval. Then,   g u   of LTI is defined as:


   g u  = g −  g o          ∀  i ∈  { 1 , 2 , 3 , 4 }   



(19)







Regarding Equations (16) and (18),   p  c  v 2 v     is related to the number of vehicles and the effective green interval for the left-turning vehicles.



Besides Equation (16), which computes   p  c  v 2 v     based on the traffic flow rate and to estimate   p  c  v 2 v    , Zhang et al. (2003) [32] proposed the following model based on the conflict zone occupancy at the intersection for pedestrian and turning vehicles:


   v  p e d − g   =  v  p e d     C /  g  p e d     



(20)




where   v  p e d − g    is the pedestrian flow rate during the pedestrian service time. The authors used Equation (20) to define the pedestrian occupancy at the intersection based on the pedestrian flow rate, as shown in Equations (21) and (22):


  o c  c  p e d − g   =  v  p e d − g   / 2000       I f   v  p e d − g   ≤ 1000       ( p e d / h )            



(21)






  o c  c  p e d − g   = 0.4 +  (  v  p e d − g   / 10000   )        I f   v  p e d − g   > 1000       ( p e d / h )        



(22)







Depending on the pedestrian flow rate,   o c  c  p e d − g     is calculated by Equations (21) or (22), and then the number of conflict situations between pedestrians and right-turning vehicles at the intersections is introduced in the literature as Equation (23):


  o c  c r  =   g  p e d    g  v e h     o c  c  p e d − g   ,       



(23)




where   o c  c r    defines the number of pedestrian conflicts with right-turning vehicles related to pedestrian occupancy and the green interval of the traffic signal.



To compute the number of pedestrian conflicts with left-turning vehicles, the previous literature presented the pedestrian occupancy when the opposing queue is clear:


  o c  c  p e d − u   =  ( 1 −    0.5   g q    g  p e d    )   o c  c  p e d − g    



(24)







If    g q  <  g  p e d    , then Equation (24) is applied to calculate   o c  c  p e d − u    ; otherwise,   o c  c  p e d − u   = 0  .



Equations (25) or (26) define the conflict between pedestrians and left-turning vehicles.


  o c  c l  =     g  p e d   −  g q     g  p l   −  g q      o c  c  p e d − g     e  −  t c    (  v o  / 3600 )     



(25)







Then, Zhang et al. (2003) [32] defined   p  c  v 2 p     as:


  p  c  v 2 p   =  ∑  i ∈ I    (  v i  p e d    o c  c i r   )       ( p e d e s t r i a n  w i t h  c o n f l i c t / t i m e  i n t e r v a l )   



(26)







They also considered   P C   at the intersection as a sum of   p  c  v 2 v     and   p  c  v 2 p     for each period of the study, as presented in Equation (27):


  P C =  p  c  v 2 v   +  p  c  v 2 p         ( u s e r  w i t h  c o n f l i c t / t i m e  i n t e r v a l )   



(27)







Zhang et al. (2003) [32] did not provide the   P C   models for the specific pattern of our study, but only investigated the effect of shared, protected, and permitted vehicle left turn movements. For the present study,   P C   models of Zhang et al. (2003) [32] as presented in Equation (16) to Equation (27) were modified for each signal pattern, considering the logic of relevant conflict movements. For example,   p  c  v 2 p     is not applied to the EPP pattern since there is no vehicle-pedestrian interaction in this pattern. Therefore, Equations (28) and (29) describe the potential pedestrian conflict for TWC and LTI patterns based on pedestrian conflict with left- and right-turning vehicles (Equations (23) and (25)):


  p  c  v 2 p − T W C   =  ∑  i ∈ I    (  v i  p e d    o c  c i r   +  v i  p e d    o c  c i  p e d − u   )        ( p e d e s t r i a n  w i t h  c o n f l i c t / t i m e  i n t e r v a l )   



(28)






  p  c  v 2 p − L T I   =  ∑  i ∈ I    (  v i  p e d    o c  c i r  +  v i  p e d    o c  c l  )         ( p e d e s t r i a n  w i t h  c o n f l i c t / t i m e  i n t e r v a l )   



(29)







The only difference between these two equations is related to pedestrian interference with left-turning vehicles. Following Equation (4), Equations (30)–(32) define the total expected potential conflicts at the intersection for each pattern as the sum of the total expected number of potential conflicts between vehicles (  p  c  v 2 v    ) (Equation (16)), and the total expected potential pedestrian conflicts (  p  c  v 2 p − p    ) (Equation (28) or (29)).


  P  C  T W C   =   p  c  v 2 v   + p  c  v 2 p − T W C         ( u s e r  w i t h  c o n f l i c t / t i m e  i n t e r v a l )   



(30)






  P  C  L T I   =   p  c  v 2 v   + p  c  v 2 p − L T I           ( u s e r  w i t h  c o n f l i c t / t i m e  i n t e r v a l )   



(31)






  P  C  E P P   =  p  c  v 2 v          ( u s e r  w i t h  c o n f l i c t / t i m e  i n t e r v a l )   



(32)







It should be noted that the value of the potential conflict related to each signal pattern (  P  C p   ) depends on   p  c  v 2 p − p     only since   p  c  v 2 v     does not vary with the traffic signal pattern. Zhang et al. (2003) [32] computed   P C   as an hourly number of potential conflicts, considering the hourly volume and green interval of the traffic signal. The models used in the present study are based on 15-min intervals, and therefore,   P C   refers to the number of potential conflicts for every 15 min herein.




4.3. Computation of the Delay and Safety Index for Each Signal Pattern


Delay and safety index (  D S  ) values show the effect of different signal patterns on the level of service.   D S  , as defined in Equation (7), must be adapted for signal pattern   p ∈ { T W C , L T I , E P P }   by considering   p  c  v 2 v − p    ,   p  c  v 2 p − p    ,   d  v e h − p    and   d  p e d − p   . Equation (33) describes   D  S p   :


  D  S p  =   D  S  v e h − p     V  v e h   + D  S  p e d − p     V  p e d      V  v e h   +  V  p e d          ( s / u s e r )   



(33)




where   D  S  v e h − p     and   D  S  p e d − p     define   D S   of the vehicle and   D S   of pedestrian for pattern   p ∈ { T W C , L T I , E P P }  .



As mentioned in Section 4.2,   p  c  v 2 v     is not dependent on the signal pattern, whereas the vehicle delay varies for each signal pattern. Since Zhang et al. (2003) [32] do not investigated   D S   according to the signal pattern, we modify Equations (5) and (6) to take into account   D  S  v e h − p     and   D  S  p e d − p     in Equations (34) and (35):


  D  S  v e h − p   =  d  v e h − p     ( 1 +   p  c  v 2 v     V  v e h     )        ( s / v e h )   



(34)






  D  S  p e d − p   =  d  p e d − p     ( 1 +   p  c  v 2 p − p     V  p e d     )       ( s / p e d )   



(35)




where   D  S  v e h − p     and   D  S  p e d − p     respectively describe the level of service and safety for vehicles and pedestrians for each period of the study under each signal pattern   p ∈ { T W C , L T I , E P P }  .   d  v e h − p    is extracted from Synchro based on Equation (7).   d  p e d − p    are computed based on Equations (12), (13) and (15).   p  c  v 2 v     is computed based on Equation (16) and   p  c  v 2 p − p     is computing based on Equations (28) and (29). One of the goals of the present study is to identify the pattern with the minimum   D S   value that represents the best service and safety level for an intersection. Table 3 summarizes the equations related to the methods used to measure the delay and conflict developed in this section.



In the following section, we investigate our performance for each pattern and look into whether it can be affected by dynamically changing the pattern during course of the day.





5. Case Study


This section describes the experimental campaign developed to dynamically assess the potential impact of allowing traffic system controls to change the pattern according to real-time traffic conditions. The experiment consists mainly of a computational case study where an existing traffic signal is selected and its performance is simulated under real-life traffic conditions. First, three patterns, namely, TWC, EPP and LTI, are simulated. Then, a hypothetical hybrid pattern is created by choosing, for each time interval, the best performing pattern associated with each performance indicator. For those simulations, two pre-defined cycle lengths are tested. We also investigate the optimum cycle length for each signal pattern. However, the optimum cycle length in Synchro seeks to minimize the delay time and does not consider safety in its objective function. Thus, we exclude the investigation of the signal patterns with the optimum cycle length from our study.



Section 5.1 describes the case study and the demand collection mechanism. Section 6 presents the computational results for the fixed cycle length experiments. Finally, Section 6.5 provides an in-depth discussion to validate the proposed model.



5.1. Description of the Case Study


The considered intersection is close to downtown Montreal (Notre-Dame and Peel Streets), with École de technologie supérieure (ÉTS) situated on both sides of its southern arm, and with one full day of data being available. In the present study, the intersection is considered as isolated (not coordinated with other intersections), and therefore, the target traffic signal runs in an uncoordinated semi-actuated mode. It is assumed that vehicles cannot turn right on red traffic signals, based on Montreal traffic rules.



Real traffic data are collected from the ÉTS security camera system for a regular day (Wednesday, 8 October 2018, from 8 a.m. to 8 p.m.). A video camera is installed on top of the ÉTS building to capture a full view of the intersection. A manual video imaging process is applied to manage the data collected from Notre-Dame and Peel (Figure 5). Detailed data on pedestrian and vehicle volumes and the traffic signal configuration associated with the intersection are also collected. The average pedestrian/vehicle flow rate at this intersection is approximately 900 users/15 min. The pattern currently applied to this intersection is the LTI.



Figure 6 demonstrates the pedestrian and vehicle flow during the day. It shows that pedestrian traffic at the intersection experiences is at a peak at 8:45 a.m. (748 pedestrians/15 min), while for vehicles, it is at 5:30 p.m. (633 vehicles/15 min). Furthermore, pedestrians outnumber vehicles on three occasions during the day (8:30 a.m., 1:00 p.m., and 5:30 p.m.).



The following section investigates the results for performance indicators when two fixed cycle lengths are applied to the case study data.





6. Results


We perform the case study using different fixed cycle lengths and investigate whether performance indicators can be improved by dynamically changing signal patterns. The current operational cycle length at the considered intersection is approximately 80 s. For this reason, we compare the patterns by assigning an 80-s fixed cycle length in the first experiment. Moreover, when the cycle lengths are 45 (minimum acceptable cycle length by Synchro) and 60 s, we simulate the data with Synchro. The case of a 45-s cycle length resulted in an over-saturated intersection and, as a result, we only focus on 60- and 80-s fixed cycle lengths. Synchro’s ring-barrier option enables the simulation of different signal patterns, while the lane setting remains the same for all signal patterns. The input data are the pedestrian and vehicle volumes, lane group movements, and possible turning movements for each intersection approach. All other parameters are set at their Synchro default values. Figure 7 shows Synchro interface while it displays the results for the TWC pattern at 7:45 p.m., including the cycle length, delay, and phase duration.



We compare the three patterns for 60- and 80-s cycle lengths according to the performance measures D,   P C  , and   D S   in Section 6.1, Section 6.2 and Section 6.3, respectively.



6.1. Comparison Based on the Delay Time


In this section, we compare the vehicle and pedestrian delays for signal patterns, TWC, LTI, and EPP. We first analyze the 80-s cycle length case. Figure 8 and Figure 9 present the vehicle and pedestrian delay, respectively.



Figure 8 presents the average vehicle delay for different signal patterns for each study period,   d  v e h − p    for   p ∈ { T W C , L T I , E P P }  , during the day as returned by Synchro. We observe that EPP has the minimum vehicular delay during the day. This is due to the fact that, differently from the other patterns, the EPP vehicle green interval does not overlap with the pedestrian walk interval, while the cycle length is fixed for all patterns.



Figure 9 depicts the average pedestrian delay of different patterns for each study period,   d  p e d − p    for   p ∈ { T W C , L T I , E P P }  , computed according to Equations (21)–(23) in Section 4.1. According to this figure, the LTI pattern presents a minimum average pedestrian delay during the day.



Figure 10 shows the values of the weighted intersection delay   D p   for   p ∈ { T W C , L T I , E P P }   during the day as computed by Equation (3), and reflects the average waiting time of each user at the intersection. We observe that LTI is the overall best performing pattern, with an average delay of 18.17 s/user, followed by EPP. TWC is the least performing pattern in terms of   D p  . It is worth noting that this is in contrast with what is reported in [9,10,11], where a greater delay for the EPP in comparison with the TWC is expected when pedestrian demand is low (such as 10:15, 14:15, and 19:00 in our case study). This discordance is due to the fact that this study modifies the pedestrian delay model by taking into account the detour delay and the conflict delay (Section 4.1). Figure 10 leads us to choose a combination of EPP and LTI as a hybrid pattern with the minimum delay for the day of study.



According to the definition of the hybrid pattern in Section 3, this combination of LTI and EPP is called   H D  80 (hybrid delay pattern for 80-s cycle length) in our study, and it performs the traffic signal with 87.50% of LTI and 12.50% of EPP for the day of study.



Table 4 reports the delay improvement for the day of study when comparing the hybrid delay with the best performing single pattern. The table reports the pattern in the first column, and the weighted intersection delay the second column. We observe a 0.49% improvement for   H D  80 as compared to LTI, which is the best performing pattern.



We repeated all the computations for the scenario with a fixed cycle length of 60 s. Figure 11 and Figure 12 present the vehicle and pedestrian delays during the day for this scenario.



Figure 11 reports the comparison of   d  v e h − p    for   p ∈ { T W C , L T I , E P P }  . We observe that EPP is the best performing pattern in terms of vehicle delay time. We also observe that the maximum vehicle delay for EPP is reached at the vehicle peak hour volume.



Figure 12 reports a comparison of the pedestrian delay times for different patterns and for the 60-s cycle length. It shows that LTI has the smallest pedestrian delay during the day. This is due to the fact that the pedestrian green interval for the LTI is larger than that for the EPP.



Figure 13 presents the average weighted delay time during the day for the 60-s cycle length. We see that there is close competition between the EPP and LTI delay charts. This is in contrast with what reported in [19], where LTI was assessed superior to EPP.



In the case of the 60-second cycle length, the hybrid delay 60 (  H D  60) has a portion consisting of 47.90% of EPP and 52.10% of LTI for the day of study. Table 5 compares the   H D  60 and the pattern with minimum delay. The first column presents the pattern, and the second one shows the average weighted delay.



Table 5 reports the exact information of Table 4, but for a cycle length of 60 seconds and shows a 2.47% improvement in the intersection’s delay when we run the   H D  60 as a pattern for the day of study. The   H D  60 reduces the delay for each user by 2.47% on our day of study.



To summarize, the results in this section show that the EPP and LTI patterns perform best in terms of vehicle and pedestrian delay, respectively. LTI is the best performing single pattern according to the weighted delay time. Furthermore, we have seen that the hybrid patterns    H D   ( 80 )    and    H D   ( 60 )    can potentially be improved over LTI.




6.2. Comparison Based on Potential Conflicts


Section 2.2.2 of this study investigates the performance indicators related to intersection safety. Potential user conflict represents a significant measure of unsafe situations for pedestrians and vehicles at the intersection. We compare the   P C   of patterns with 60- and 80-s cycle lengths. Figure 14 and Figure 15 present   p  c  v 2 v     and   p  c  v 2 p     when the cycle length is 80 s for the case study intersection.



Figure 14 shows   p  c  v 2 v     during the day. According to Equations (16)–(18),   p  c  v 2 v     is related to the effective turning time. Therefore, it is similar for all three patterns since it is based on vehicle flow for every hour of study, and is not related to the cycle length or signal pattern.



Figure 15 compares   p  c  v 2 p − p     values during the day for   p ∈ { T W C , L T I , E P P }   when Equations (28) and (29) are applied to compute   p  c  v 2 p − p    . Since it is assumed that the pedestrian always respects traffic signal rules,   p  c  v 2 p     for EPP is considered zero. In comparison with TWC, LTI in Figure 15 shows fewer pedestrian conflicts, specifically at peak pedestrian periods.



Figure 16 compares the total number of potential conflicts at the intersection for   p ∈ { T W C , L T I , E P P }   based on Equations (30)–(32), for each study period and shows that EPP has the minimum number of conflicts during the day. The figure shows three periods of the day in which LTI and EPP have the same number of potential conflicts; these pedestrian volume values for these periods are in the order of less than 250 pedestrians per 15 min.



Table 6 compares the best performing pattern in terms of the numbers of potential conflicts (  P C  ), with the hybrid pattern   H  P C   80.   H  P C   80 has no improvement since EPP is the only pattern composing the   H  P C   80. We performed the same computational experiment for a 60-s cycle length, and the results are discussed next.



Similar to Figure 15, Figure 17 compares   p  c  v 2 p     for   p ∈ { T W C , L T I , E P P }  , but with a 60-s cycle length. In both the 60-s cycle length   p  c  v 2 v     and   p  c  v 2 p    , the EPP presents the minimum potential conflict during the day.



Figure 18 presents the same information as Figure 16, but with a 60-s cycle length, and reports the EPP as the minimum number of potential conflicts for our study period. Table 7 presents the same information as Table 6, but for a 60-s cycle length setting.



Table 7 reports the same information as Table 6 when the cycle length is 60 s. As for the previous case, also   H  P C   60 does not improve over the best performing EPP pattern. We observe that   H  P C    reports the same amount of conflicts for 60- and 80-s cycle lengths, since for the EPP pattern,   p  c  v 2 p   = 0   and   P  C  E P P     score the same as   p  c  v 2 v     for both cycle lengths.




6.3. Comparison Based on the Delay and Safety Index


Section 4.3 of this study investigates   D S   (Delay and Safety index) as a combination of delays and a potential number of conflicts related to the user volume at the intersection.



In this section, we compare the   D  S  v e h − p     and   D  S  p e d − p     computed according to Equations (34) and (35), respectively. The first experiment compares   D S   for different patterns with an 80-s cycle lengths. Figure 19 compares   D  S  v e h − p     for   p ∈ { T W C , L T I , E P P }  , with an 80-s cycle length. It shows that the EPP pattern provides the most acceptable   D S   during the day, when only vehicles are considered in our study.



Figure 20 presents a comparison of   D  S  p e d − p     for   p ∈ { T W C , L T I , E P P }   for the day of study. It reports LTI as the best performing pattern in terms of   D  S  p e d    .



Figure 21 presents a comparison of   D S   for   p ∈ { T W C , L T I , E P P }   for the study day when both user delay and conflict are taken into account to calculate   D S  , according to Equation (33). Figure 21 proposes the hybrid pattern as a more efficient pattern during the day of study. The hybrid   D S   (80) (  H  D S   80) leads mainly to the LTI pattern (87.50%), and occasionally to EPP (12.50%) during the day.



Table 8 presents a comparison of   H  D S   80 with the best performing pattern, where the first column shows the pattern and the second column presents the average   D S   for that pattern for the study day. The   H  D S   80 reduces the average Delay and Safety index of each user for the study day by 0.64%, marking an improvement of the level of service and of safety for each user.



In the next section, we repeat the computation of   D  S  v e h − p     and   D  S  p e d − p     with a 60-s cycle length. Figure 22 compares   D  S  v e h − p     for different patterns and presents the EPP as the pattern with the minimum   D S  , but not for all periods of study. In this investigation, the hybrid pattern is presented as a combination of two patterns; however, the figure mainly is mainly comprised of the EPP.



Figure 23 presents a comparison of   D  S  p e d − p     for   p ∈ { T W C , L T I , E P P }   during the day of study. Here, LTI is the more efficient pattern since both pedestrian delay and conflict are included in our investigation.



Figure 24 compares the intersection   D S   for all three study patterns. From this comparison, we get the hybrid   D S  60 (  H  D S   60), which does not show any dominant pattern, with   H  D S   60 constantly fluctuating between LTI and EPP during the day. In fact, on the day of study the composition of   H D  60 breaks down to 50.00% EPP and 50.00% LTI. Table 9 contains the same information as Table 7, but with a 60-s cycle length setting.



Table 9 presents a comparison of   H  D S   60 and the best performing pattern, and shows a 3.47% improvement of   D S   when we choose   H  D S   60 over the LTI as the pattern with the minimum   D S  . It improves the average Delay and Safety index for each user by 3.47%.



The study reports the EPP and LTI as the single patterns with the minimum   D S   for the cycle length of 80 and 60, respectively, while the hybrid pattern shows slight improvement over both fixed cycle lengths.




6.4. Analysis of Performance Measures Related to Hybrid Patterns


In the last section, we obtained the hybrid pattern for each performance measure (D,   P C  , and   D S  ). This section compares the performance of hybrid patterns when considering 60 and 80-s cycle lengths. Results are reported in Table 10 and Table 11, which compare the performance of the hybrid patterns. In each case, the first and second columns identify the considered pattern and its unit of measure. The third, fourth and fifth columns report D,   P C  , and   D S   averages over the operating day for each hybrid pattern.



From Table 10, we infer that   H D  80 is the best performing pattern in terms of delay time. This result is not surprising considering that the patterns composing   H D  80 have been chosen to minimize the delay time. However, we also observe that   H D  80 is the worst-performing algorithm in terms of potential conflict. In other terms, patterns minimizing the delay time generally expose users to higher risks of conflict. The situation is inverted for   H  P C   80 as the best performing pattern in potential conflict but the worst pattern in terms of delay time. Again, potential conflict and delay time are conflicting objectives and minimizing one results in a deteriorated performance for the other. In this sense, Table 10 suggests that   H  D S   80 provides an excellent compromise in terms of delay time and potential conflicts. It scores a delay time of 18.08 s, which is similar to a delay time of   H D  80, and the number of potential conflicts of 28.96, against 23.09 of   H  P C   80. In the second case, we compare the performance of each 60-s cycle length hybrid pattern in Table 11.



Similar to the previous case, Table 11 shows that the   H D  60 pattern with a minimum delay and   H  P C    60 pattern with a minimum conflict. Table 11 also suggests that   H  D S   60 provides an excellent compromise in terms of delay time and potential conflicts. It scores a delay time of 15.41 s, against the 15.39 s of   H D  60, and the number of potential conflicts of 29.31 against 23.09 of   H  P C   60.



From Table 10 and Table 11 it can be seen that the 60-s cycle length improves for all three performance indicators versus the 80-s cycle length case, suggesting that the current configuration (80 s) is sub-optimal.



Table 12 presents improvements of the hypothetical hybrid pattern obtained by dynamically adapting the signal pattern to real-time data, over the best performing single pattern measured by the three performance indicators (D,   P C  ,   D S  ). Results show that the hybrid pattern   H D   was able to improve the D by 0.49% and 2.47%, for the 60 and 80-s cycle lengths, respectively. Similarly,   H  D S    improved the   D S   by 0.58% and 3.47%, for the 60 and 80 cycle lengths, respectively. However,   H  P C    did not improve versus the best performing single pattern. The improvements of   H D   and   H  D S    are explained by the fact that both these hybrid patterns are composed of a combination of LTI and EPP. On the contrary,   H  P C    is entirely composed of EPP, and thus there is no advantage in adopting a hybrid pattern. Further analyzing Table 12, we also observe that hybrid patterns provide greater improvements for the 60-s cycle length. We argue that this is due to the fact that the best performing single pattern constitutes a smaller portion of the hybrid patterns for the 60-s cycle length relative to the 80 s case. For example, the best performing single-pattern makes up 50.00% of the hybrid   H  D S   60, whereas for the hybrid   H  D S   80, this portion becomes 87.5%. A more detailed discussion on this can be found in the next section, where we propose several sensitivity analyses.




6.5. Sensitivity Analyses


To enrich our computational study, in this section, we perform several sensitivity analyses on the variation of two important elements: (1) the passenger occupancy rate (the average number of passengers carried by vehicles), and (2) the relative weight of the potential vehicle-to-pedestrian conflict (  p  c  v 2 p    ) relative to the potential vehicle-to-vehicle conflict (  p  c  v 2 v    ). Both these analyses require parameterizing some of the equations involved in the performance indicator evaluations, together with performing extensive computational experiments. Given that the previous section showed that the 60-s cycle length case consistently outperformed the 80-s case, we only focus on the 60-s case in this section.



The first analysis focuses on the impact of the passenger occupancy rate (we denote it  α ) on the performance of the hybrid patterns. Variations of  α  will require parametrizing the weights in the weighted averages in Equations (3) and (33). These equations are modified by substituting   V  v e h    by   α  V  v e h     as follows:


   D p  =    d  v e h − p   α  V  v e h   +  d  p e d − p    V  p e d     α  V  v e h   +  V  p e d         α ≥ 1   p ∈  { T W C , L T I , E P P }       ( s / u s e r )   



(36)




and


  D  S p  =   D  S  v e h − p    α  V  v e h   + D  S  p e d − p     V  p e d     α  V  v e h   +  V  p e d        α ≥ 1   p ∈  { T W C , L T I , E P P }       ( s / u s e r )   



(37)







Note that  α  does not affect   P C   measure, and therefore,   P C   is not considered in the proposed analysis.



The European Environment Agency and The US Office of Energy Efficiency and Renewable Energy have reported that the average passenger occupancy rate is approximately 1.45 [38] and 1.59 [39] per vehicle (including the driver), respectively. Thus, in our study, we let  α  vary in   { 1 , 1.2 , 1.4 , 1.6 , 1.8 , 2 }  . For each of these values, we recompute the measures D and   D S   and determine the best performing single pattern and the hybrid pattern.



Figure 25 shows the composition of the hybrid pattern in terms of proportions of the basic patterns when optimizing the delay time. We observe that TWC is never chosen, and the hybrid pattern is composed of varying portions of LTI and EPP. In particular, the portion of EPP increases from   45.84 %   for   α = 1.2   to   68.75 %   for   α = 2  . This might be due to the fact that EPP generally provides better performance in terms of vehicle delays (see Figure 11).



To understand how the improvements of the hybrid pattern change with  α , we compared the delay time of   H D  60 with the best performing single pattern in Table 13, where the first column refers to  α  and the following columns present D for the   H D  60, the best performing pattern for each value of  α  and the improvement percentage, while we choose   H D  60 over the best performing pattern, respectively. We observe that the improvements range from   2.12 %   to   3.23 %  . We cannot, however, identify a monotonic relation between improvements and values of  α .



We repeat the methodology of the previous experiment to study the impact of  α  on   D S  . Figure 26 shows the composition of the hybrid pattern in terms of the proportion of the basic patterns when optimizing   D S  . Similar to the Delay Time case, we observe that TWC is never chosen in the hybrid pattern. Furthermore, following a similar pattern as in the previous experiment, the portion of EPP in the hybrid pattern increases with  α , and in particular, ranges from   50.00 %   to   77.08 %  . This tendency might still be due to the fact that EPP performed particularly well in terms of Vehicle Delay Time.



Table 14 shows improvements of the hybrid pattern   H  D S   60 relative to the best performing single pattern. The meaning of each column is similar to what is provided in Table 13, but in Table 14, instead of D,   D S   is investigated. We observe that the improvements of   H  D S   60 range from   1.07 %   to   3.47 %  . Differently from the previous case, here, we identify a monotonous relation between the improvements and  α . In particular, we observe that by increasing the value of  α , the efficiency of the hybrid pattern over the best performing pattern decreases. This is due to the fact that when  α  increases, the performance of the EPP pattern in terms of DS also increases, and consequently, the portion of EPP composing the hybrid   H  D S   60 also increases by up to   77.08 %  . We also observe that LTI still outperforms EPP for time periods with high pedestrian volumes.



The second sensitivity analysis focuses on the impact of changing the relative weight of   p  c  v 2 p     relative to   p  c  v 2 v    . This mostly requires parametrizing Equation (27) by substituting   p  c  v 2 p − p     with   σ p  c  v 2 p − p    , where  σ  is a suitable weighting factor:


  P  C p  = p  c  v 2 v   + σ p  c  v 2 p − p        s i g m a ≥ 1      ( u s e r  w i t h  c o n f l i c t  / t i m e  i n t e r v a l )   



(38)







We observe that changes in  σ  do not have any impact on the Delay Time, which is consequently excluded from further analysis. Concerning the Delay and Safety index, we need to modify Equation (35) as follows:


  D  S  p e d − p   =  d  p e d − p     ( 1 +   σ p  c  v 2 p − p     V  p e d     )     s i g m a ≥ 1          ( s / u s e r )   



(39)







To the best of our knowledge, the literature does not provide a methodology to assign suitable values to  σ  or to estimate the impacts of a given value in terms of fatalities, injuries, etc. [40]. However, when comparing the fatality, major injury and minor injury counts due to a given value of   p  c  v 2 v    , Zhang et al. (2003) [32] estimate that the corresponding count for the same value of   p  c  v 2 p − p     is about 12, 6 and 1.7 times higher, respectively. In practice, traffic agencies set the value of  σ  for   p  c  v 2 p − p     by rules of thumb [40]. In this study, we let  σ  vary in   { 1 , 2 , 3 , 4 , 5 , 6 }  .



As shown in Figure 17, EPP scores a value of   p  c  v 2 p   = 0  . Furthermore,   H  P C   60 is completely composed of EPP, and therefore, the PC will not change, even by varying  σ ; as well, EPP will remain the best performing pattern in terms of   P C  . Therefore, we will now concentrate on studying the performance of   H  D S   60.



Figure 27 presents the composition of the hybrid pattern in terms of proportion of basic patterns when optimizing the   D S  . We observe that, as in all previous experiments, TWC is never chosen as part of the hybrid pattern. This pattern is only composed of LTI and EPP, with EPP increasing from   50.00 %   to   66.66 %  . This increase is due to the fact that   p  c  v 2 p   = 0   for EPP, and thus, increasing  σ  has no impact on EPP, while it deteriorates the performance of the other patterns.



Table 15 presents the improvements seen in the hybrid patterns   H  D S   60 relative to the best performing single pattern when varying  σ . The meaning of each column is similar to what is provided in Table 14, but, instead of  α , we now vary the parameter  σ  in the first column. We observe that improvements range from 0.73% to 3.41%. We also observe the existence of a monotonic relation between  σ  and the improvements. Specifically, the improvements decrease with as  σ  increases. This is probably due to the fact that EPP constitutes a larger portion of the hybrid   H  D S   60 when  σ  increases. In fact, larger values of  σ  imply a larger penalization of pedestrian-to-vehicle conflicts, and EPP performs particularly well in terms of this performance measure. We note that LTI is still competitive in time periods with low pedestrian volumes.




6.6. Limitations and Recommendations


This research is naturally subject to limitations that need to be investigated. Below are recommendations for future research paths. The result of our study only applies to one specific intersection on one specific day. This study should be performed on other intersections and for different time periods to account for a variety of user flow rates as this should provide reliable results regarding how traffic signal performance indicators are impacted by dynamically changing signal patterns.



In this study, because of the limitations of the software used, the effects of signal patterns on the intersection’s performance indicators were investigated using only a fixed cycle length. Therefore, it is recommended to investigate the effect of changing or optimizing both the cycle length and the signal pattern on the performance indicators.



In our study we made the hypothesis that the Peel-Notre-Dame intersection is isolated. In reality some interaction with close-by intersections may exist. It is then recommended to investigate the coordination between intersections.



According to general observations, 20.00% of pedestrians cross the intersection during the flashing or red intervals. However, in this study, we considered that all pedestrians were crossing during the green interval. Therefore, further research is needed to assess the impact of pedestrian behavior on the performance of traffic signal patterns.



Finally, it is recommended that future studies investigate how users deal with the signal pattern changing dynamically as this may affect users’ behavior and, in turn, the effectiveness of dynamically changing the signal patterns.





7. Conclusions


This study investigates how dynamically changing the traffic signal pattern configuration allows to better accommodate traffic flow variation throughout the day. More specifically, this research aims to determine whether an optimized hybrid pattern can decrease the travel time and increase safety at the intersection for both vehicles and pedestrians.



To investigate the impact of a hybrid pattern on traffic flow and safety performance, methods used to measure the delay (D), conflict situations (  P C  ), and Delay and Safety index (  D S  ) were adapted to include both vehicles and pedestrians for different signal patterns (TWC, EPP, and LTI). The methods were applied to the Notre-Dame-and-Peel intersection in Montreal. The traffic data of the intersection was collected and simulated. Video data were collected on Wednesday, 8 October 2018, from 8 a.m. to 8 p.m. Then, traffic data was simulated on Synchro. Finally, performance indicators (  D , P C , D S  ) were computed based on the real-time traffic data and Synchro outputs.



The case study results show the effect of each signal pattern considered by the study on the performance indicators. EPP is shown to be the best performing pattern, for a fixed cycle length of 80 and 60 s, regarding   P C  , while LTI is shown to be the best performing single pattern regarding D and   D S  . A dynamic hybrid pattern is developed by combining LTI and EPP when considering   D S   or D as performance indicators. However, for   P C  , the dynamic hybrid pattern consists of EPP only as it is the best performing pattern.



Among the three hybrid patterns formulated in the study,   H  D S    was the best performing one, improving the average intersection   D S  . A comparison of the   H  D S   80 and   H  D S   60 with the best performing non-hybrid pattern shows a 0.58% and 3.47% improvement in   D S  , respectively. Therefore, the hybrid pattern has a favorable but limited impact on the quality of travel at the intersection for the one day of data used in this study. However, further research based on additional observations made on different days is needed to verify whether the hybrid pattern significantly improves the quality of travel.
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Figure 1. Reference intersection layout with key parameters used in the simulation. 
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Figure 2. Typical TWC phase diagram for a four-arm intersection. 
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Figure 3. Typical EPP phase diagram for a four-arm intersection. 
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Figure 4. Typical LTI phase diagram for a four-arm intersection. 






Figure 4. Typical LTI phase diagram for a four-arm intersection.



[image: Sustainability 14 13667 g004]







[image: Sustainability 14 13667 g005 550] 





Figure 5. Aerial view of the case study site–Notre-Dame and Peel intersection. 
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Figure 6. Pedestrian and vehicle volumes during course of the day for every 15 min. 
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Figure 7. Screenshot of the Synchro interface for the TWC pattern. 






Figure 7. Screenshot of the Synchro interface for the TWC pattern.



[image: Sustainability 14 13667 g007]







[image: Sustainability 14 13667 g008 550] 





Figure 8.   d  v e h − p    for 80-s cycle length, with   p ∈ { T W C , L T I , E P P }  . 






Figure 8.   d  v e h − p    for 80-s cycle length, with   p ∈ { T W C , L T I , E P P }  .



[image: Sustainability 14 13667 g008]







[image: Sustainability 14 13667 g009 550] 





Figure 9.   d  p e d − p    for 80-s cycle length, with   p ∈ { T W C , L T I , E P P }  . 
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Figure 10.   D p   for 80-s cycle length, with   p ∈ { T W C , L T I , E P P }  . 
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Figure 11.   d  v e h − p    for 60-s cycle length, with   p ∈ { T W C , L T I , E P P }  . 
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Figure 12.   d  p e d − p    for 60-s cycle length, with   p ∈ { T W C , L T I , E P P }  . 
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Figure 13.   D p   with 60-s cycle length, with   p ∈ { T W C , L T I , E P P }  . 
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Figure 14.   p  c  v 2 v     during the day. 
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Figure 15.   p  c  v 2 p − p     for 80-s cycle length, with   p ∈ { T W C , L T I , E P P }  . 
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Figure 16.   P  C p    for 80-s cycle length, with   p ∈ { T W C , L T I , E P P }  . 
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Figure 17.   p  c  v 2 p − p     for 60-s cycle length, with   p ∈ { T W C , L T I , E P P }  . 






Figure 17.   p  c  v 2 p − p     for 60-s cycle length, with   p ∈ { T W C , L T I , E P P }  .



[image: Sustainability 14 13667 g017]







[image: Sustainability 14 13667 g018 550] 





Figure 18.   P  C p    for 60-s cycle length, with   p ∈ { T W C , L T I , E P P }  . 
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Figure 19.   D  S  v e h − p     for 80-s cycle length, with   p ∈ { T W C , L T I , E P P }  . 
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Figure 20.   D  S  p e d − p     for 80-s cycle length, with   p ∈ { T W C , L T I , E P P }  . 
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Figure 21.   D  S p    comparison for 80-s cycle length, with   p ∈ { T W C , L T I , E P P }  . 






Figure 21.   D  S p    comparison for 80-s cycle length, with   p ∈ { T W C , L T I , E P P }  .



[image: Sustainability 14 13667 g021]







[image: Sustainability 14 13667 g022 550] 





Figure 22.   D  S  v e h − p     for 60-s cycle length, with   p ∈ { T W C , L T I , E P P }  . 
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Figure 23.   D  S  p e d − p     for 60-s cycle length, with   p ∈ { T W C , L T I , E P P }  . 
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Figure 24.   D  S p    for 60-s cycle length, with   p ∈ { T W C , L T I , E P P }  . 
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Figure 25. Portion of signal pattern in   H D  60 by varying values of  α . 
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Figure 26. Portion of signal pattern in   H  D S   60 by varying values of  α . 
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Figure 27. Portion of the signal pattern in   H  D S   60 by varying values of  σ . 
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Table 1. Sets, parameters and descriptions.






Table 1. Sets, parameters and descriptions.





	Sets, Parameters, Variables
	Description
	Value Obtained From





	   i ∈ I = { 1 , 2 , 3 , 4 }   
	Set of arms and corresponding corners at an intersection
	–



	    j i  ∈ I   
	Arm and corner following   i ∈ I  

   j i  =      i + 1      i ≤ 3      1     o t h e r w i s e      ,  ∀ i ∈ I  
	–



	    k i  ∈ I   
	Diagonal corner from corner   i ∈ I  ,    k i  =      i + 2      i + 2 ≤ 4       ( i + 2 ) − 4      o t h e r w i s e      ,  ∀ i ∈ I  
	–



	   g i  v e h    
	Duration of green for vehicles from arm   i ∈ I  , (s)
	Simulation (Synchro)



	   g i  p e d    
	Duration of green for pedestrian crossing arm   i ∈ I  , (s)
	Simulation (Synchro)



	   l  i  j i     
	Length of crosswalk from corner i to corner   j i  , (m)
	Observation



	   v  p e d    
	Average walking speed of pedestrians, (m/s)
	Observation



	   α  i  k i     
	Portion of pedestrian volume from corner i to corner   k i   in total pedestrian demand of corner   i ∈ I  
	Observation



	t
	Acceptable gap: time between vehicles when the vehicle confidently does (a) lane change(s)
	Computation



	   μ i   
	Flow rate of vehicles turning on corner   i ∈ I   (veh/h)
	Observation



	C
	Cycle length,(s)
	Simulation (Synchro)



	   d  p e d    
	Pedestrian delay at intersection(s)
	Computation



	   d  s i g    
	Pedestrian delay due to traffic signal at crosswalk(s)
	Computation



	   d  c o n    
	Pedestrian delay due to conflicts with turning vehicles(s)
	Computation



	   v i  l t    
	Number of left turning vehicles on approach   i ∈ I   during green interval of   g q  
	Observation



	   v i  o t    
	Number of vehicles moving in the opposite direction on approach i during green interval of   g u  
	Observation



	   d  d e t    
	Pedestrian delay due to detour distance(s)
	Computation
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Table 2. Sets, parameters, variables and descriptions.






Table 2. Sets, parameters, variables and descriptions.










	Sets, Parameters, Variables
	Description
	Value Obtained From





	   i ∈ I = { 1 , 2 , 3 , 4 }   
	Set of approaches at intersection
	–



	   v i  l t    
	Number of left-turning vehicles on approach   i ∈ I   during the green interval of   g q  
	Observation



	   v i  o t    
	Number of vehicles moving in the opposite direction on approach i during the green interval of   g u  
	Observation



	   p i  p c    
	Probability of potential left turn conflict on approach   i ∈ I  
	Computation



	   v  p e d    
	Pedestrian flow rate in the subject crossing (walking in both directions) (ped/h)
	Observation



	   g  p e d    
	Pedestrian service time(s)
	Simulation (Synchro)



	   g  v e h    
	Vehicle service time(s)
	Simulation (Synchro)



	   g q   
	Amount of permitted green time that is not blocked by (an) opposing lane(s)
	Observation



	   o c  c l    
	Relevant conflict zone occupancy for conflicts between permitted or protected left-turning vehicles and pedestrians
	Computation



	   v o   
	Opposing demand flow rate (veh/h)
	Observation



	   g  p l    
	Effective green time for permitted left turn operation(s)
	Observation



	   t c   
	Critical gap(s)
	Computation



	   V  v e h    
	Total vehicle volume (veh/h)
	Observation



	   V  p e d    
	Total pedestrian volume (ped/h)
	Observation



	   p  c  v 2 v     
	Total expected number of vehicles with potential conflicts (veh/interval)
	



	   p  c  v 2 p     
	Total expected number of vehicles with potential conflicts (veh/time interval)
	Computation



	   p  c i  l t     
	Number of left-turning vehicles with potential conflicts on approach   i ∈ I  
	Computation



	   p  c i  o t     
	Potential conflicts of opposing vehicles resulting from left turn on approach   i ∈ I  
	Computation



	   o c  c  p e d − g     
	Pedestrian occupancy
	Computation



	   o c  c r    
	Relevant conflict zone occupancy for conflicts between right-turning vehicles and pedestrians
	Computation



	   g f   
	Part of green time (g) before the first turning vehicle arrives at the intersection(s)
	Observation



	   g o   
	Part of the green time while left-turning vehicles stop to opposing through queue of vehicles get clear(s)
	Observation



	   g u   
	Portion of green time during which there is no potential conflict between left-turning and through vehicle(s)
	Observation



	   v  p e d − g    
	Pedestrian flow rate during pedestrian service time
	Computation



	   o c  c  p e d − u     
	Pedestrian occupancy when the opposing queue is clear
	Computation
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Table 3. Equations related to each pattern.






Table 3. Equations related to each pattern.











	Pattern
	D (s/User)
	PC (User with Conflict/Interval)
	DS (s/User)





	TWC
	     d  v e h    V  v e h   +  (  d  s i g   +  d  c o n    +  d  d e t   )   V  p e d      V  v e h   +  V  p e d      
	    p  c  v 2 v   + p  c  v 2 p − T W C      
	



	EPP
	     d  v e h    V  v e h   +  (  d  s i g − E P P   )   V  p e d      V  v e h   +  V  p e d      
	   p  c  v 2 v      
	    D  S  v e h − p     V  v e h   + D  S  p e d − p     V  p e d      V  v e h   +  V  p e d      



	LTI
	     d  v e h    V  v e h   +  (  d  s i g    +  d  d e t   )   V  p e d      V  v e h   +  V  p e d      
	     p  c  v 2 v   + p  c  v 2 p − L T I     
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Table 4. Hybrid improvement in comparison with the best performing pattern.






Table 4. Hybrid improvement in comparison with the best performing pattern.





	Pattern
	D (s/User)





	LTI
	18.17



	  H D  80
	18.08



	Improvement
	0.49%
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Table 5. Hybrid improvement in comparison with the best performing pattern.






Table 5. Hybrid improvement in comparison with the best performing pattern.





	Pattern
	D (s/User)





	LTI
	15.78



	  H D  60
	15.39



	Improvement
	2.47%
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Table 6. Hybrid improvement in comparison with the best performing pattern.






Table 6. Hybrid improvement in comparison with the best performing pattern.





	Pattern
	PC (Users with Conflict/15 min)





	EPP
	23.09



	  H  P C   80
	23.09



	Improvement
	0%
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Table 7. Hybrid improvement in comparison with the best performing pattern.






Table 7. Hybrid improvement in comparison with the best performing pattern.





	Pattern
	PC (Users with Conflict/15 min)





	EPP
	23.09



	  H  P C   60
	23.09



	Improvement
	0%
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Table 8. Hybrid improvement in comparison with the best performing pattern.






Table 8. Hybrid improvement in comparison with the best performing pattern.





	Pattern
	DS (s/User)





	LTI
	18.77



	  H  D S   80
	18.65



	Improvement
	0.64%
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Table 9. Hybrid improvement in comparison with the best performing pattern.






Table 9. Hybrid improvement in comparison with the best performing pattern.





	Pattern
	DS (s/User)





	LTI
	16.42



	  H  D S   60
	15.85



	Improvement
	3.47%
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Table 10. Comparison of 80-s cycle length hybrid patterns in terms of delay, conflict and   D S  .






Table 10. Comparison of 80-s cycle length hybrid patterns in terms of delay, conflict and   D S  .





	Pattern
	Unit of Measure
	   H D    80
	   H PC    80
	   H DS    80





	D
	s/user
	18.08
	19.83
	18.08



	   P C   
	user with conflict/15 min
	28.98
	23.09
	28.96



	   D S   
	s/user
	18.90
	20.22
	18.65
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Table 11. Comparison of 60-s cycle length hybrid patterns in terms of delay, conflict and DS.






Table 11. Comparison of 60-s cycle length hybrid patterns in terms of delay, conflict and DS.





	Pattern
	Unit of Measure
	   H D    60
	   H PC    60
	   H DS    60





	D
	s/user
	15.39
	16.07
	15.41



	   P C   
	user with conflict/15 min
	29.91
	23.09
	29.31



	   D S   
	s/user
	15.98
	16.41
	15.85
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Table 12. Improvement of hybrid patterns in comparison with best performing patterns.






Table 12. Improvement of hybrid patterns in comparison with best performing patterns.





	
Cycle Length

	
Percentage of Improvement




	
   H D   

	
   H  P C    

	
   H  D S    






	
80

	
0.49

	
0

	
0.58




	
60

	
2.47

	
0

	
3.47
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Table 13. Comparison of D for   H d  60 and the best performing pattern.






Table 13. Comparison of D for   H d  60 and the best performing pattern.





	   α   
	D for    H d   60
	D for the Best Performing Pattern
	Percentage of Improvement





	1
	15.39
	15.78
	2.47



	1.2
	15.26
	15.77
	3.23



	1.4
	15.08
	15.55
	3.02



	1.6
	14.95
	15.36
	2.66



	1.8
	14.84
	15.20
	2.36



	2
	14.74
	15.06
	2.12
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Table 14. Comparison of   D S   for   H  D S   60 and the best performing pattern.






Table 14. Comparison of   D S   for   H  D S   60 and the best performing pattern.





	   α   
	DS of    H DS    60
	DS of the Best Performing Pattern
	Percentage of Improvement





	1
	15.85
	16.42
	3.47



	1.2
	17.53
	17.96
	2.39



	1.4
	19.42
	19.75
	1.67



	1.6
	21.41
	21.72
	1.42



	1.8
	23.55
	23.81
	1.09



	2
	25.73
	26.01
	1.07
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Table 15. Comparison of   D S   for   H  D S   60 and the best performing pattern.






Table 15. Comparison of   D S   for   H  D S   60 and the best performing pattern.





	   σ   
	DS of HDS60
	DS of the Best Performing Pattern
	Percentage of Improvement





	1
	15.85
	16.41
	3.41



	2
	15.95
	16.41
	2.80



	3
	16.05
	16.41
	2.19



	4
	16.15
	16.41
	1.58



	5
	16.22
	16.41
	1.15



	6
	16.29
	16.41
	0.73
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