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Abstract


Pedestrian safety at signalized intersections is a key component of sustainable urban mobility, as safer walking environments support active transportation, reduce crash risk, and improve the inclusiveness of urban transport systems. This study presents a structured review of pedestrian–vehicle conflicts based on a systematic PRISMA-guided literature search, synthesizing 60 studies with emphasis on operational conditions, behavioral factors, infrastructural characteristics, and surrogate safety measures. The review examines the application of surrogate safety measures (SSMs), including Time-to-Collision (TTC), Post-Encroachment Time (PET), Pedestrian Path Deviation (PPD), and Deceleration-to-Safety Time (DST). The findings reveal significant variability in threshold definitions and methodological approaches, which limits the comparability and transferability of results across different traffic contexts. Building on this synthesis, the paper proposes an integrated conceptual framework linking behavioral, operational, and infrastructural determinants to conflict occurrence and severity. The analysis shows that existing studies often treat these factors in isolation, reducing the generalizability of current models. Overall, this review identifies key methodological inconsistencies in surrogate safety indicators and emphasizes the need for standardized yet context-sensitive thresholds and locally validated conflict models to improve the comparability and transferability of pedestrian–vehicle conflict assessments.
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1. Introduction


Growing traffic volumes substantially increase the risk of pedestrian–vehicle conflicts at signalized intersections, particularly during turning movements, which calls for improved pedestrian safety measures [1]. Such interactions often lead to safety risks, operational inefficiencies, and delays affecting both pedestrians and vehicles. These conflicts are frequently associated with roadway design limitations, inadequate traffic management, and unsafe pedestrian crossing behaviors [2]. Recent studies have therefore explored strategies to better balance pedestrian and vehicular movements, including the implementation of exclusive right-turn phases and improved signal control strategies [3,4,5].



Road traffic crashes remain a major global public health concern, causing substantial mortality and non-fatal injuries worldwide [6]. According to the World Health Organization’s Global Status Report on Road Safety 2023, road traffic crashes cause approximately 1.19 million deaths annually and 20–50 million non-fatal injuries worldwide [7]. As a result, improving pedestrian safety has become an important priority in traffic engineering and urban transportation planning. In recent years, proactive safety assessment based on surrogate safety measures (SSMs) has gained increasing attention as an alternative to traditional crash-based analysis. Indicators such as Post-Encroachment Time (PET), Time-to-Collision (TTC), and Pedestrian Path Deviation (PPD) allow researchers to evaluate near-conflict interactions between pedestrians and vehicles before actual crashes occur [8,9,10,11]. These indicators have been widely used to examine the behavioral, operational, and geometric factors influencing pedestrian–vehicle conflicts at intersections.



Traffic conflicts can be classified by severity into potential, slight, and serious. Potential conflicts occur when road users’ paths intersect, but the interaction remains smooth and controlled. Slight conflicts involve observable avoidance behavior, while serious conflicts occur when evasive action is delayed or insufficient, increasing the risk of a crash (Figure 1) [10].



A growing body of literature has examined pedestrian–vehicle interactions at signalized intersections. However, existing studies often focus on isolated indicators or specific methodological approaches, limiting a comprehensive understanding of conflict mechanisms. Therefore, a systematic synthesis of existing evidence is required to identify key determinants and methodological inconsistencies.



This review synthesizes recent research on pedestrian–vehicle conflicts at signalized intersections, with a specific focus on interactions involving right-turning vehicles. The article consolidates evidence regarding the determinants, measures, and analytical methods used to examine these conflicts. First, it identifies the principal behavioral, operational, and geometric factors contributing to pedestrian–vehicle conflicts. Second, it compares commonly used surrogate safety measures, discussing their distinctions and applications. Third, the review evaluates analytical methods employed in previous research, including statistical and simulation-based approaches. Finally, it highlights key research gaps and proposes directions for future studies.




2. Literature Search Methodology


This review followed a PRISMA-guided structured search strategy. Searches were conducted in Scopus, Web of Science, and Google Scholar for studies published between 2000 and 2026. The final search was conducted in April 2026. At that time, the search retrieved 79 records from Scopus, 12 from Web of Science, and 24 from Google Scholar, for a total of 115 records identified through database searching. In addition, 5 records were identified through citation searching, bringing the total to 120 before duplicate removal. The exact search string used in Scopus and Web of Science was: pedestrian* AND (“right-turn*” OR “right-turning vehicle*” OR “turning vehicle*”) AND (“signalized intersection*” OR intersection* OR crosswalk*) AND (“traffic conflict*” OR “surrogate safety measure*” OR TTC OR PET OR PPD OR DST). For Google Scholar, simplified combinations of the same terms were used. Studies were included if they examined pedestrian–vehicle or vulnerable road user conflicts at intersections using conflict analysis, surrogate safety measures, statistical modeling, behavioral analysis, or simulation. Studies were excluded if they focused only on highways, mid-block crossings, vehicle–vehicle conflicts, non-peer-reviewed sources, or unavailable full texts. Duplicate records were removed through manual scanning to identify entries with minor differences in titles or metadata. After duplicates were removed, 95 records were screened by title and abstract. Twenty-five records were excluded as irrelevant. Seventy full-text articles were then assessed for eligibility. Screening was conducted by one reviewer, and uncertain cases were resolved through discussion. Ten full-text articles were excluded because they were not directly related to pedestrian–vehicle conflicts at intersections, did not use conflict-based or surrogate safety analysis, or lacked sufficient methodological detail. Finally, 60 studies were included in the qualitative synthesis. The study selection process is summarized in Figure 2. A basic methodological appraisal was conducted to assess the reliability and relevance of the included studies. The appraisal considered whether each study clearly reported its study context, data source, conflict definition, surrogate safety indicators, threshold justification, and model calibration or validation, where applicable. This appraisal was used to support qualitative synthesis rather than to exclude studies.



The distribution of studies over time indicates a clear increase in research activity after 2015, with a noticeable peak between 2019 and 2026. This trend indicates growing interest in pedestrian safety and conflict analysis, particularly in light of advances in simulation techniques and data-driven approaches. Figure 3 presents the annual distribution of the studies included in this review.



The trend depicted in Figure 3 reflects both increased academic interest and a methodological shift toward data-driven and simulation-based approaches after 2019. This transition indicates that recent studies are utilizing advanced computational tools, which can enhance the accuracy of conflict detection but also present new challenges regarding model validation and data quality. Therefore, the lower number of studies in 2026 should not be interpreted as a decline in research activity, because 2026 represents only a partial publication year.



This trend demonstrates that the analysis of pedestrian–vehicle conflicts, especially those involving right-turning vehicles at signalized intersections, has become a well-established and rapidly expanding research area. The rising number of studies also signifies the broader adoption of surrogate safety measures and advanced modeling techniques in recent years.




3. Conceptual Framework


This conceptual framework outlines the core dimensions influencing pedestrian–vehicle conflicts at signalized intersections. It identifies the dynamic interplay between operational, behavioral, and infrastructural factors and connects these to safety outcomes assessed through advanced analytical and modeling tools.



This framework provides a foundation for interpreting empirical findings in the following literature review and clarifies how diverse methodological approaches contribute to understanding the mechanisms of pedestrian–vehicle conflict. To the authors’ knowledge, relatively few reviews have explicitly organized behavioral, operational, infrastructural, and surrogate-safety dimensions within a unified structure for pedestrian interactions with right-turning vehicles at signalized intersections. Therefore, the proposed framework is presented as a synthesis-oriented structure rather than as a claim of complete novelty, as illustrated in Figure 4.



The framework assumes that operational conditions, behavioral responses, and infrastructural characteristics jointly influence both conflict occurrence and conflict severity. Operational factors such as turning volume, pedestrian flow, signal timing, and vehicle speed affect exposure and available gaps. Behavioral factors, including pedestrian compliance, walking speed, path deviation, and driver yielding, determine how road users respond during interaction. Infrastructural factors such as crosswalk location, turning radius, visibility, and lane configuration shape trajectories and conflict points. These determinants are linked to surrogate safety measures such as PET, TTC, PPD, and DST, which provide measurable indicators of temporal, spatial, and evasive aspects of conflict risk.



Table 1 shows the most important surrogate safety measures used in pedestrian–vehicle conflict analysis.




4. Approaches Used to Analyze Pedestrian–Vehicle Conflicts


4.1. Behavioral and Operational Determinants in Empirical Studies


Recent studies have examined pedestrian service quality and safety using complementary analytical approaches that combine objective infrastructure characteristics with user perceptions [12,13,14,15]. While level-of-service frameworks primarily emphasize physical design and safety-related factors, perception-based models extend this evaluation by incorporating pedestrian experience and perceived comfort. This indicates a shift toward more user-centered assessments of pedestrian environments.



In parallel, regression-based analyses have been used to identify the influence of intersection characteristics on accident occurrence. For example, Mansell et al. employed cross-sectional regression models to examine how geometric and operational features contribute to right-turn-related accidents [16]. Taken together, these findings suggest that pedestrian safety cannot be adequately explained by either physical design or user perception alone but rather requires an integrated approach that captures both measurable infrastructure conditions and behavioral responses.



Locations with a higher likelihood of pedestrian accidents have also been identified using empirical safety evaluations. In order to identify areas where pedestrian accidents are more likely to occur, Oskarbski et al. conducted traffic safety evaluations at signalized crossings using conflict detection techniques [17]. Figure 5 shows that 109 pedestrian collisions occurred, resulting in 133 slight injuries, 25 serious injuries, and 7 fatalities. The number of injuries exceeds the number of collisions because a single collision may involve more than one injured pedestrian. Although this case does not specifically isolate right-turning movements, it illustrates how intersection control type influences pedestrian safety outcomes and provides contextual evidence for the importance of signalized crossing environments.



Empirical studies consistently show that pedestrian–vehicle conflicts at signalized intersections are influenced by a combination of behavioral, operational, and geometric factors rather than a single dominant variable. Traffic demand variables, including pedestrian volume, vehicle volume, turning movements, and pedestrian delay, have been widely identified as important predictors of conflict occurrence and pedestrian service conditions [18,19]. In addition, several studies have demonstrated that vehicle speed and intersection characteristics significantly affect both pedestrian behavior and conflict severity [19,20]. For example, higher vehicle speeds have been associated with increased pedestrian stress and reduced walking stability, indicating a strong relationship between speed and perceived safety [20].



However, the relative importance of these factors varies across studies. While some research emphasizes traffic demand and pedestrian delay as the primary determinants of conflict occurrence [18], other studies highlight visibility conditions and driver behavior—such as gap acceptance and yielding decisions—as more critical contributors to safety outcomes [21]. This variation suggests that pedestrian–vehicle conflicts are highly context-dependent and influenced by local traffic and environmental conditions.



Behavioral factors further complicate this relationship. Pedestrian crossing compliance, walking speed, and path deviation have been identified as key variables affecting interaction dynamics. In particular, studies using pedestrian path deviation (PPD) indicate that deviations from the intended crossing path are associated with a higher probability of conflict [22,23]. Pedestrian characteristics may also influence conflict mechanisms. Elderly pedestrians often have lower walking speeds and longer reaction times, while children may show less predictable crossing behavior and limited risk perception. However, most reviewed studies treat pedestrians as a homogeneous group. Future research should therefore examine differences across age groups and mobility abilities. At the same time, driver behavior, especially under reduced visibility conditions, plays a decisive role in determining whether a potential interaction escalates into a serious conflict [21].



Infrastructure design and traffic control strategies also contribute to the mechanisms of conflict. Studies evaluating right-turn treatments and signal control strategies have shown that measures such as exclusive right-turn phases and improved intersection design can reduce conflict exposure [24]. Similarly, research on cyclist–vehicle interactions suggests that signal timing and pavement markings influence road user positioning and behavior during conflict situations [25].



While a large number of studies have examined pedestrian–vehicle conflicts at signalized intersections, their findings are not entirely consistent. Empirical studies based on field observations tend to emphasize the role of traffic demand variables—such as pedestrian and vehicle volumes and turning movements—as primary determinants of conflict frequency. In contrast, simulation-based studies often highlight the importance of control strategies and geometric configurations, suggesting that infrastructure design and signal timing play a more decisive role. Furthermore, trajectory-based analyses using high-resolution data place greater emphasis on behavioral factors, such as pedestrian gap acceptance and driver yielding behavior. These differences indicate that the relative importance of conflict determinants depends strongly on the methodological approach and data source used.



Overall, the reviewed studies show that conflict determinants vary according to the method and data source used. Field studies mainly emphasize pedestrian behavior, driver yielding, and traffic exposure, while simulation studies focus more on signal timing, right-turn control, and geometric design. These differences can be explained by variations in data resolution, site geometry, sample size, traffic composition, and local driving culture. Statistical and machine-learning models improve prediction but often require large datasets and may reduce interpretability. Therefore, pedestrian–vehicle conflicts should be understood as the combined result of behavioral, operational, and infrastructural factors rather than as the effect of a single variable.




4.2. Surrogate Safety Measures Used in Conflict Analysis


Surrogate Safety Measures (SSMs) have been widely adopted to assess pedestrian–vehicle conflicts at signalized intersections, particularly in situations where crash data are limited or unavailable. Commonly used indicators include Post-Encroachment Time (PET), Time-to-Collision (TTC), Pedestrian Path Deviation (PPD), and Deceleration-to-Safety Time (DST), each capturing different dimensions of conflict dynamics [23,26].



Among these indicators, PET is one of the most frequently used measures to evaluate pedestrian–vehicle conflicts. PET is defined as the time gap between the moment the first road user leaves the conflict point and the moment the second road user arrives at the same conflict point. As illustrated in Figure 6, the trajectories of the crossing pedestrian and the turning vehicle can be represented by curves A and B in a time–space diagram [1]. The PET value can be calculated as:


  P E T =   t   4   −   t   3    



(1)




where     t   3     represents the encroachment end time when the pedestrian leaves the conflict point, and     t   4     represents the arrival time of the turning vehicle at that same location.



Figure 6 illustrates the temporal relationship between the pedestrian and vehicle trajectories, highlighting the time gap that determines the potential severity of the interaction.



Beyond PET, several studies have proposed additional time-based indicators to better capture conflict dynamics. Kumar et al. expanded the SSM framework by introducing five indicators—PET, TTV, DSTped, TTA, and DSTveh—to evaluate how demographic and behavioral characteristics influence conflict risk [27].



Time-based indicators have also been integrated into statistical safety models. Essa and Sayed developed Safety Performance Functions (SPFs) for signalized intersections at the signal cycle level, relating rear-end conflicts to traffic volume, queue length, shock wave characteristics, and vehicle composition. In this context, the Time-to-Collision (TTC) indicator was used to quantify the temporal proximity between interacting vehicles [26].



For pedestrian–vehicle conflicts at intersections, TTC should be interpreted with respect to a shared conflict point rather than a vehicle-following situation. In this context, TTC represents the expected time until a pedestrian and a turning vehicle would reach a collision or conflict point if they continued along their current trajectories and speeds. This conflict-point-based interpretation is more appropriate for intersecting pedestrian–vehicle paths than a car-following formulation. Because TTC formulations vary depending on trajectory assumptions and conflict geometry, this review does not adopt a single universal TTC equation. Instead, it discusses TTC as a surrogate indicator whose interpretation and threshold selection should be adapted to the specific pedestrian–vehicle interaction context.



Recent studies have also integrated SSMs with advanced analytical approaches, including machine learning and probabilistic modeling techniques. For example, simulation-based analyses combined with machine-learning models have been used to identify key factors influencing conflict risk, highlighting the importance of pedestrian behavior and vehicle dynamics in right-turn scenarios [4]. While these approaches improve predictive capabilities, they also introduce additional complexity and data requirements.



In general, the literature indicates that no single surrogate safety measure can fully capture the complexity of pedestrian–vehicle conflicts. A comprehensive assessment requires a combination of temporal, spatial, and behavioral indicators. Additionally, there is a critical need for standardized or context-sensitive threshold definitions to enhance the consistency and practical applicability of SSM-based safety analyses.




4.3. Statistical Modeling Approaches


Statistical modeling approaches have been widely used to quantify the relationship between pedestrian–vehicle conflicts and their contributing factors. Regression-based models, including Poisson and logistic regression, are among the most commonly applied techniques for analyzing conflict frequency and severity. For example, Poisson regression models have been used to examine the influence of geometric characteristics, such as turning radius and intersection layout, on conflict occurrence [28]. Similarly, logit-based models combined with propensity score techniques have been employed to assess the impact of explanatory variables on conflict severity [29].



In addition to traditional regression models, more advanced statistical approaches have been introduced to better capture variability in pedestrian behavior and interaction patterns. For instance, modeling techniques, including Gaussian models, have been applied to estimate pedestrian delay distributions using high-resolution traffic data [30]. These approaches provide greater flexibility in representing heterogeneous behaviors compared to conventional single-distribution models.



However, despite their widespread use, traditional statistical models exhibit several limitations when applied to pedestrian–vehicle conflict analysis. Many regression-based approaches assume independence among observations, which may not hold in real-world traffic environments where interactions are influenced by site-specific conditions and temporal dependencies. As a result, such models may oversimplify the complex and dynamic nature of pedestrian–vehicle interactions. Furthermore, conventional models often rely on aggregated variables and may fail to capture micro-level behavioral dynamics, such as real-time decision-making, gap acceptance, and interaction timing between pedestrians and drivers. This limitation limits their ability to accurately represent the mechanisms underlying conflict formation.



To address these challenges, recent studies have explored more advanced modeling frameworks, including hierarchical and Bayesian approaches. These methods allow for incorporating uncertainty and separating site-level and observation-level effects, providing more robust and transferable estimates in multi-site analyses. In particular, Bayesian hierarchical models have shown strong potential to improve the reliability of conflict-based safety assessments by accounting for heterogeneity across intersections. Nevertheless, the application of advanced statistical models often requires large datasets and careful model calibration, which may limit their practical implementation in data-scarce environments. Therefore, while advanced modeling approaches offer improved analytical capabilities, their adoption should be balanced with data availability and practical applicability. However, many Bayesian hierarchical applications in traffic conflict analysis have been developed mainly for vehicle-conflict or crash-estimation contexts. Their direct transfer to pedestrian–vehicle right-turn conflicts, therefore, requires caution and further empirical validation using pedestrian-specific datasets.



In summary, statistical modeling remains a valuable approach for understanding pedestrian–vehicle conflicts; however, its effectiveness relies on adequately addressing behavioral complexity, spatial variability, and data limitations. Future research should prioritize integrating traditional statistical models with emerging data-driven methods to improve both predictive accuracy and interpretability.




4.4. Simulation and Computational Approaches


Simulation-based approaches have become an essential tool for analyzing pedestrian–vehicle conflicts at signalized intersections, particularly due to their ability to model complex interactions under controlled conditions. Microscopic simulation models are widely used to examine how pedestrians and right-turning vehicles interact under varying traffic conditions, enabling the evaluation of alternative intersection designs and signal control strategies [1,3].



Several studies have demonstrated the usefulness of simulation in assessing operational and safety performance. For instance, simulation frameworks incorporating behavioral models have been used to analyze pedestrian–vehicle conflicts at crossings, while other studies have evaluated the impact of exclusive right-turn phases on delay and conflict reduction [1,3]. In addition, simulation tools such as VISSIM have been used to investigate how different crossing layouts and signal strategies affect pedestrian safety and traffic efficiency [2].



More advanced computational approaches have further extended the capabilities of simulation-based analysis. For example, probabilistic trajectory prediction models have been developed to identify real-time conflict risk with higher accuracy than traditional time-based indicators [8]. Similarly, simulation outputs have been integrated with machine-learning techniques to capture nonlinear relationships between behavioral, operational, and environmental factors affecting conflict risk [4].



In pedestrian–right-turn vehicle conflict analysis, microsimulation tools provide useful support for evaluating alternative designs and signal-control strategies; however, their outputs remain sensitive to how pedestrian and driver behaviors are represented. In particular, estimates derived from VISSIM- or SSAM-based analyses require careful calibration and validation against field-observed conditions [2]. Therefore, the reliability of simulation-based conflict estimates depends not only on the modeling platform, but also on input data quality, calibration procedures, and the representativeness of the study context.



Despite these advantages, simulation-based approaches have several important limitations. A key challenge lies in the reliance on behavioral assumptions embedded within simulation models. Pedestrian and driver behaviors are often simplified or calibrated using limited datasets, which may not fully represent real-world variability. As a result, simulation outcomes may differ from observed traffic conditions, particularly in environments with complex or unpredictable human behavior. In addition, the validity of simulation results depends heavily on the calibration and validation procedures used. Without adequate validation using field data, the reliability of simulated conflict estimates remains uncertain. This limitation is particularly critical when simulation results inform safety-related decisions or infrastructure design.



A further limitation is that simulation models may not sufficiently represent context-specific factors, including cultural differences in pedestrian behavior, enforcement practices, or local traffic norms. This limitation reduces the transferability of simulation results across various geographic regions and traffic environments. While simulation and computational approaches offer a robust framework for analyzing pedestrian–vehicle interactions and evaluating alternative traffic management strategies, their effectiveness depends on the accuracy of behavioral assumptions and the availability of high-quality calibration data. Future research should aim to integrate simulation models with empirical observations and real-time data sources to enhance their realism, reliability, and practical applicability in traffic engineering.




4.5. Research Gaps and Methodological Limitations


Despite the growing body of research on pedestrian–vehicle conflicts at signalized intersections, several methodological limitations remain. A key issue is that many studies focus on isolated behavioral interactions without integrating pedestrian and driver behaviors within a unified analytical framework. For example, Sheykhfard et al. demonstrated that aggressive pedestrian behavior and delayed driver perception significantly reduce yielding probability [31]. However, such models typically incorporate only a limited set of variables, limiting their ability to capture the full complexity of real-world interactions.



This limitation reflects a broader methodological challenge in the literature, where interaction dynamics are often simplified and modeled independently rather than as interdependent processes. As a result, the combined effects of pedestrian behavior, driver response, and operational conditions remain insufficiently captured, potentially leading to biased or incomplete safety assessments.



Another critical constraint concerns the geographic concentration of existing studies. A large proportion of empirical research has been conducted in South and East Asia, where traffic conditions, pedestrian behavior, and regulatory environments differ significantly from those in other regions. Consequently, the transferability of surrogate safety thresholds and modeling outcomes across different contexts is limited. This raises concerns about the generalizability of commonly used indicators, such as TTC and PET, when applied outside their original study environments.



These challenges are further exacerbated by the widespread use of traditional regression-based models, which often assume independence among observations and fail to account for hierarchical data structures and site-specific variability. Such assumptions may not hold in real-world traffic environments, where interactions are influenced by location-specific characteristics and temporal dependencies. In contrast, hierarchical and Bayesian modeling approaches provide a more robust framework for conflict analysis by explicitly accounting for uncertainty and separating site-level and observation-level effects [32,33,34,35]. These models enable more flexible, context-sensitive estimation, improving the accuracy and transferability of safety assessments across multiple locations.



Overall, the literature indicates a clear need for integrated and probabilistic modeling approaches that better capture the dynamic and context-dependent nature of pedestrian–vehicle interactions. Future research should prioritize the development of unified frameworks that combine behavioral, operational, and infrastructural variables while also ensuring validation across diverse traffic environments [31,32,33,34,35].





5. Synthesis of Methods and Consolidated Research Gaps


Previous studies have used behavioral, statistical, machine-learning, trajectory-based, and simulation approaches to analyze pedestrian–vehicle conflicts [31,36,37,38,39,40]. However, these approaches differ in the type of determinants they capture and in their data requirements, assumptions, and transferability [41,42,43,44]. Table 2 provides a comparative synthesis of their strengths and limitations.



The primary research gaps include limited transferability of findings across locations, inadequate representation of pedestrian heterogeneity, absence of standardized SSM thresholds, and insufficient validation of simulation and machine-learning models with independent field data.



In addition, several studies have emphasized the need to connect conflict analysis with traffic management practice, including signal control, intersection geometry, visibility improvement, and pedestrian warning systems [45,46,47,48,49,50,51]. To compare threshold practices, Table 3 summarizes PET and TTC values reported in right-turn pedestrian–vehicle studies and closely related intersection conflict studies.



The table includes right-turn pedestrian–vehicle (Ped-veh, meaning conflicts between pedestrians and vehicles) studies and related intersection conflict studies, because PET and TTC thresholds are often transferred across turning-conflict contexts. Studies involving left-turn or vehicle–vehicle (Veh-veh, meaning conflicts between vehicles) conflicts were retained only for threshold comparison and are not interpreted as direct evidence for right-turn pedestrian–vehicle conflicts.



The variation in PET and TTC thresholds can be attributed to specific factors such as intersection geometry, signal phasing, pedestrian behavior, vehicle approach speed, data resolution, and the use of field or simulation data. Higher-speed locations may require more conservative TTC thresholds, while low-speed urban intersections may produce larger PET values without necessarily indicating severe conflicts. Therefore, threshold selection should consider both traffic context and trajectory extraction methods. The variability observed in Table 3 highlights a fundamental limitation in current conflict analysis approaches. Despite their widespread use, SSM applications reveal significant inconsistencies across studies. For example, PET thresholds reported in the literature range from approximately 1 s to 5 s, depending on the study context and methodology. Simulation-based studies often adopt lower threshold values, whereas field-based observations tend to apply higher thresholds [1,4,48,52]. Similarly, TTC thresholds vary considerably, with some studies defining critical conflicts at values below 1.5 s, while others adopt more conservative limits [53,55].



This variation reflects differences in data sources, traffic environments, and analytical assumptions. For instance, simulation models may not fully capture real-world behavioral variability, leading to differences in estimated conflict severity compared to field observations. In addition, variations in data resolution, such as video-based versus trajectory-based data, further contribute to inconsistencies in the SSM application.



Consequently, identical pedestrian–vehicle interactions may be classified inconsistently across studies due to varying threshold values. This lack of standardization restricts the comparability and transferability of findings and raises concerns about the reliability of surrogate safety indicators as universal measures of conflict severity.




6. Discussion and Recommendations


This paper reviewed and synthesized the existing literature on pedestrian–vehicle conflicts involving right-turning vehicles at signalized intersections, with the aim of identifying the main determinants of conflict occurrence, the analytical methods used to study these interactions, and the limitations of current approaches.



The review demonstrates that pedestrian–vehicle conflicts are influenced by the combined effects of operational traffic conditions, behavioral interactions between road users, and infrastructure design characteristics. Turning vehicle speeds, traffic volumes, and signal timing factors are repeatedly found to be important operational predictors of conflict exposure. The results of pedestrian–vehicle interactions are also greatly influenced by behavioral factors, including group crossing dynamics, driver yielding behavior, and pedestrian compliance with signal indications. Intersection geometry, crosswalk placement, and visibility conditions also affect these dynamics by influencing both vehicle trajectories and pedestrian movement patterns.



The analysis further highlights the increasing use of surrogate safety measures, particularly time-to-collision (TTC) and post-encroachment time (PET), to assess near-collision scenarios at crossings. These indicators facilitate the investigation of potential safety hazards even in the absence of crash data. However, substantial variation in threshold settings and modeling techniques across studies limits the transferability and comparability of results in different traffic environments. A major limitation is the lack of standardization in defining conflict severity, which undermines the comparability of findings and underscores the need for unified evaluation frameworks. To balance standardization with context sensitivity, future research should implement a tiered threshold approach. A baseline PET/TTC range can serve as a basis for initial cross-study comparisons, while site-specific thresholds should be calibrated based on factors such as site type, vehicle speed, signal control, data resolution, and road–user pairing. For instance, high-speed, complex turning environments may require more conservative TTC thresholds, whereas low-speed urban intersections may require locally validated PET values. This approach would enhance comparability while accommodating local traffic conditions.



Several research gaps were identified. The adaptive behavior of pedestrians and drivers during interactions is not fully captured by current conflict models, which frequently rely on oversimplified behavioral assumptions. Furthermore, many studies are based on data gathered in certain geographic contexts, which raises concerns about the suitability of modeling frameworks and surrogate safety levels in other areas. Finally, although conflict-based safety analysis has advanced considerably in recent years, its integration into practical intersection design guidelines and signal control strategies remains limited.



The reviewed studies suggest that pedestrian–vehicle conflicts cannot be explained by a single dominant factor; rather, they emerge from the dynamic interaction of operational conditions, human behavior, and infrastructure design. However, most existing studies analyze these dimensions in isolation, which limits the ability to capture the full complexity of real-world interactions. This fragmentation highlights the need for integrative frameworks that combine behavioral, operational, and geometric variables within a unified analytical structure. Future studies may benefit from applying hierarchical or mixed-effects modeling approaches to account for spatial heterogeneity across sites and improve the transferability of surrogate safety measures.



This review has several limitations. First, the synthesis is qualitative and does not include a meta-analysis due to heterogeneity across study contexts, indicators, and threshold definitions. Second, although a basic methodological appraisal was conducted, no formal risk-of-bias assessment was performed. Third, the search was limited to selected databases and English-language publications, potentially introducing selection bias. These limitations should be considered when interpreting the findings.



In summary, this review offers a structured synthesis of current research on pedestrian–vehicle conflicts involving right-turning vehicles and identifies key methodological and conceptual challenges for future investigation. Advancing behavioral modeling, validating surrogate safety indicators across diverse traffic environments, and reinforcing the integration of conflict analysis with traffic engineering practice are essential directions for future research to enhance pedestrian safety at signalized intersections. Accordingly, future studies should adopt integrated, data-driven, and context-sensitive approaches to improve the reliability and applicability of conflict-based safety assessments in real-world traffic environments.
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Figure 1. Continuum of traffic conflicts (adapted from [9]). 
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Figure 2. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) diagram of the study selection process. 
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Figure 3. Distribution of studies by publication year. 
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Figure 4. Integrated Pedestrian–Vehicle Conflict Framework (IPVCF). 
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Figure 5. Pedestrian accidents at intersections in Gdynia (2010–2014): (a) distribution by intersection control type and (b) severity of pedestrian casualties (redrawn based on [17]). 
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Figure 6. Time–space representation of PET in pedestrian–vehicle conflicts (concept based on [1]). 
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Table 1. Comparison of surrogate safety measures used in pedestrian–vehicle conflict analysis.
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	Measure
	Definition
	Advantages
	Data

Requirements
	Typical

Applications
	Limitations





	TTC (Time to Collision)
	Time remaining until two road users collide if current speeds are maintained
	Simple to compute; widely used
	Continuous trajectories, speed, position, road–user dimensions
	Real-time conflict detection
	Less stable when speeds are low or trajectories change suddenly



	PET (Post Encroachment Time)
	Time gap between the first road user leaving and the second road user arriving at the conflict point.
	Effective for near-collision analysis
	Conflict point, arrival/departure times, video or trajectory data
	Intersection safety studies
	Does not capture evasive action before reaching the conflict point



	PPD (Pedestrian Path Deviation)
	Spatial deviation from intended crossing path
	Captures pedestrian behavior
	Pedestrian trajectory and intended path
	Behavioral studies
	Requires detailed trajectory extraction



	DST (Deceleration to Safety Time)
	Required deceleration to avoid collision
	Reflects driver reaction
	Speed, distance, acceleration/deceleration profiles
	Advanced safety analysis
	Sensitive to assumptions about reaction and braking










 





Table 2. Comparative synthesis of methods and research gaps in pedestrian–vehicle conflict studies.
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	Method
	Data

Requirements
	Main Strengths
	Main Limitations/

Research Gaps





	Behavioral studies
	Field/video observations
	Captures pedestrian and driver responses
	Limited transferability across sites and pedestrian groups



	Statistical models
	Conflict and explanatory variables
	Identifies significant predictors
	May oversimplify dynamic interactions



	Trajectory-based analysis
	High-resolution movement data
	Captures speed, gap acceptance, PET/TTC, and path deviation
	Requires accurate tracking and standardized thresholds



	Simulation models
	Calibrated traffic and behavioral inputs
	Tests signal and geometric scenarios
	Sensitive to calibration and weak in representing negotiation behavior



	Machine-learning models
	Large conflict datasets
	Captures nonlinear relationships
	Lower interpretability and limited external validation










 





Table 3. Reported PET and TTC thresholds in pedestrian–vehicle and related intersection conflict studies.
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	Study
	Indicator
	Threshold

(s)
	Context/

Location
	Data Resolution/

Sample Size
	Turn/Conflict Type





	Chen et al. [1]
	PET
	3
	Urban intersection

Beijing, China
	Simulation-based/2 h
	Right

Ped-veh



	Feng et al. [4]
	PET
	1.5
	Signalized intersection

China
	Simulation
	Right

Ped-veh



	Sheykhfard et al. [40]
	PET

TTC
	2.5

4
	Signalized intersection

Babol/Iran
	video analysis
	Left

Veh-veh



	Alhajyaseen et al. [48]
	PET
	2
	Signalized intersection

Nagoya, Japan
	Monte Carlo simulation/2 h
	Left

Ped-veh



	Chen et al. [52]
	PET
	3
	Signalized intersection

Beijing, China
	unmanned

aerial vehicle

videos/1 h
	Ped-veh



	Huang et al. [53]
	TTC
	1.5
	Signalized intersection

Nanjing, China
	VISSIM Simulation/80 h
	Left

Veh-veh



	Kathuria and Vedagiri [54]
	PET
	1
	Un-Signalized intersection/India
	Video cameras/

1.5 h
	Ped-veh



	Persaud and Hasanpour [55]
	PET

TTC
	1.5

1.5
	Signalized intersection

Toronto, ON, Canada
	VISSIM

Simulation
	Right

Ped-veh



	Gavric et al. [56]
	PET

TTC
	5

1.5
	Signalized intersection

USA
	Video data

20 h
	Ped-veh



	Zorba et al. [57]
	PET
	5
	Urban intersection

Thessaloniki, Greece
	field video observations/2 h
	Left

ped-veh



	Shahdah et al. [58]
	TTC
	0.5

1.5
	Signalized intersection

Toronto, ON, Canada
	Traffic Control Centre
	Left

Veh-veh



	Molan et al. [59]
	TTC
	1
	diverging

diamond interchange
	VISSIM

simulation
	Veh-veh



	Appiah et al. [60]
	PET

TTC
	5

1.5
	Signalized

intersection
	VISSIM-SSAM
	Left

Veh-veh
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