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Executive Summary
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Bus transit systems need to use all the tools at their disposal to enhance the public perception of the desirability of their service, including its safety.  Although bus transit is already a very safe mode of travel, more can be done to help bus drivers avoid crashes and the near-misses that may require them to brake suddenly.  This project has explored how ITS technologies can be used to help avoid frontal collisions (collisions with other vehicles or objects located ahead of the bus).  The project has followed a system engineering approach, beginning with a definition of the problem, preliminary identification of the requirements, preliminary design, testing and evaluation, and then several iterations of redesign and re-evaluation to refine the system and to lead toward the definition of a system specification.

The safety challenges posed by frontal crashes have been defined first, based on a literature review, analysis of the safety records of a group of California transit properties, and then an extensive program of data collection on buses serving San Mateo County, CA.  Based on the knowledge gained from this information, three generations of frontal collision warning systems have been developed and tested in daily use by bus drivers, with refinements to the designs incorporated at each generation based on the reactions of the drivers.  Finally, the results of this work led to the definition of a preliminary specification for a frontal collision warning system to be field tested in wider use.

Fig. 1 Typical bus
This project was sponsored by the U.S. Department of Transportation, Federal Transit Administration (FTA), under the Intelligent Vehicle Initiative (IVI) Program.  The U.S. DOT selected a public/private/academic partnership of industry specialists and researchers to define the most effective means of mitigating frontal collisions.  The team includes the San Mateo County Transit District (SamTrans), University of California PATH Program (PATH), California Department of Transportation (Caltrans) and Gillig Corporation.  Most of the transit agencies in the San Francisco Bay Area are also participating in the project at an advisory level and have provided significant inputs to the project.

Crash Data Analyses

The national statistics (from the NHTSA GES database) indicate that the initial point of impact for 28% of bus crashes is frontal, and therefore these should be susceptible to mitigation using a frontal collision warning system.  More detailed data are available from the insurance records of the individual transit properties, and for this project the relevant data from 35 California transit properties (including three large ones in the San Francisco Bay Area) were analyzed in greater depth.  Over a five-year period, these agencies experienced 5255 crashes, of which 31 were classified “serious” (costing over $100 K), for a total cost of over $22 million (more than half of which was attributable to the small number of serious crashes).  Among the 31 serious crashes, eleven were for “bus hitting pedestrian” and nine were for “bus rear-ending another vehicle”.  Among the 23 “severe passenger injury” incidents, costing a total of about $4.4 million over five years, one quarter of the events and the costs were because “passenger fell due to abrupt stop”.   Of the bus crashes that involved serious casualties, 55% were frontal collisions, and about half of the collision costs were also for frontal collisions.  So, although the frontal crashes involving buses are not dominant in their frequency of occurrence, they are dominant in their severity.

The crash data were augmented with advice provided by the project advisory committee of representatives from most of the major transit properties in and around the Bay Area.  They helped confirm the importance of some of the observations derived from the crash data:

· Most of the crashes occurred at speeds below 30 mph;

· The crashes are typically in complex urban and suburban driving environments with heavy traffic, pedestrians, bicyclists and parked vehicles, rather than in the more open highway environment;

· Many of the incidents occur around the front corners of the bus, when it is pulling out from a stop or turning a corner, or when another vehicle is moving aggressively ahead of the bus;

· It is not only important to avoid crashes, but it is also important to help the driver react early to threats in order to avoid hard braking events that cause standing passengers to fall and injure themselves, even if an impact with another vehicle is avoided.

These aspects of the transit bus operations indicate the unsuitability of the commercially available collision warning systems for this application.  Those systems are designed for use in the highway environment, where the patterns of movement of the equipped vehicle and the surrounding vehicles are much simpler and do not change as rapidly.

Field Data Collection and Analysis

In order to design a collision warning system that bus drivers must use every day, not just in the rare emergency condition, it is necessary to have an accurate characterization of their driving environment.  Samtrans buses operate under a very diverse set of conditions, ranging from the highest urban densities of downtown San Francisco to suburban commercial and residential arterials, rural roads and high-speed suburban freeways.  In order to develop a solid quantitative characterization of these operating conditions, three Samtrans buses were equipped with sensors and data acquisition systems.  These included video cameras looking ahead on both sides of the bus, together with forward-looking laser and millimeter-wave radar and sonar sensors to measure the distances and closing rates to objects that could represent hazards to the bus, plus internal sensors to record engineering data about the bus location, speed, accelerations and driver actions (steering, braking, etc.).

The recorded video data enabled the analysts to understand the environmental conditions associated with the data acquired from the other sensors.  This also made it possible to determine the effectiveness of those sensors in detecting different types of potential hazards, when the sensor outputs were examined in conjunction with the video.  The sonar sensors were not found to be useful for frontal collision warning because of their severely limited range.  The laser and millimeter wave radars that were tested had complementary characteristics based on their specific designs, but these are not necessarily inherent attributes of other sensors using these respective technologies.  The laser radar provided a wider field of view, with good azimuth angle resolution and accurate target range data, but no information about range rate (closing speed).  The millimeter wave radar relied on the Doppler effect, which provided it with good range and range rate capabilities when the targets were moving at a significant speed relative to the bus, but led to a loss of target at low relative speed.  The millimeter wave radar had a narrower field of view and poorer azimuth angle resolution, but was less vulnerable to degraded performance in wet weather conditions.

The recorded engineering data provided the basis for characterizing the statistical distributions of operating speed and acceleration of the buses, as well as other features such as the distribution of brake use at different levels of brake pressure, and minimum following distances and closing rates to other vehicles.  These data taken individually do not necessarily reveal much about safety considerations, but when they are combined they can be more useful.  For example, these data made it possible to define the distribution of bus speed at the time the driver first applies the brakes, showing that most brake initiations are at speeds between 9 and 27 mph.  The data also show clearly that the level of brake pressure at the onset of braking is very heavily weighted toward small values, indicating that the large majority of braking is smooth rather than abrupt.

The forward ranging sensor data provide useful statistical information about the range and closing speed to forward targets at the initiation of braking.  The probability distribution of forward target range at the time of brake application is broad, with a peak at about 30 m and relatively smooth slopes from zero at the short end to maximum sensor range at the long end.  The distribution of time-to-collision to the closest target at the onset of braking shows a peak at about 6 seconds, with smooth slopes away from that on both sides, but very few samples below 2 seconds.  This needs to be treated cautiously because the targets that were measured here may not have been the direct reasons for the braking to occur (not in the lane of travel, etc.).  When the distribution of the ratio of the speed of the target to the speed of the bus at the onset of braking is plotted, there are two peaks, at ratios of 0.04 and 0.9.  This indicates that most of the targets the driver is trying to avoid are either very slow (stationary) or moving at a speed similar to that of the bus.  Cross-plotting this ratio with the bus speed for all braking events provides a visual indication of the kinds of circumstances in which the driver is more or less likely to find the need to apply the brakes.

Prototype Forward Collision-Warning System Design and Evaluation

Based on the knowledge of the transit bus driving and crash hazard environment, prototype forward collision warning systems were designed, developed and tested in use by Samtrans drivers.  The primary sensor for the prototype warning system was the laser radar (lidar), based on its wider field of view and accurate range measurements, while the measurements from the other sensors were recorded for later analysis and evaluation.  The key challenge in the design of the warning system, as with most such systems, was in setting the warning threshold low enough to issue alerts under all serious hazard conditions without making it so low that it would issue too many false or nuisance alerts (when the driver would not consider the alert to be appropriate).  If the nuisance alert rate is too high, the driver will dislike the system and will come to disregard its alerts, even when they may indeed be valid.

All of the warning algorithms had to build on a foundation of strong signal processing to identify and track targets from the raw radar data.  Once the targets were identified and tracked, several approaches were applied to decide when to issue warnings to the drivers.  The first approach used linear prediction to estimate the time to collision (TTC) between the bus and the targets.  This was not well accepted by the drivers because it tended to generate too many false positives, primarily associated with objects to the side of the vehicle’s travel path (parked cars, guard rails) and with yaw motions of the bus.

The problem with the yaw motions was greatly reduced in the second iteration of the warning algorithm design by using a coordinate transformation, based on compensating for the yaw rotation of the vehicle, to express all target measurements in an inertial reference frame rather than the vehicle’s (rotating) reference frame.  This greatly simplified the analysis needed to assess the threats posed by each of the targets, so that attention could be focused on the targets that were really in the path of the vehicle.  The result was the elimination of most of the false positives that occurred while the bus was turning.

The third iteration of the warning algorithm further reduced the nuisance alert level by changing from a TTC warning criterion to a criterion defined based on the rate of braking the driver would need to apply to avoid hitting the target.  The naturalistic driving data collected from the Samtrans bus drivers was used to define the braking onsets in the phase plane of range and range rate measurements.  This scatter plot showed dramatic clustering of braking onsets, indicating a well-defined boundary of combinations of range and range rate at which the large majority of drivers would apply the brakes.  This boundary, as an empirical representation of the braking preferences of the drivers, provides an excellent way of specifying the warning frontier to minimize nuisance alerts, and the drivers who have tested-driven the warning systems based on it have generally accepted it.

The driver-vehicle interface (DVI) is a critical element in the design of the warning system, and has benefited substantially from continuing involvement of the Samtrans drivers in the design process.  The bus driving application is very specialized because they are professional drivers, like truck drivers, but they are also sensitive to the reactions of the passengers they are serving.  Therefore, it is important to them that the DVI not be so salient that it attracts the attention of their passengers, when it issues a warning.  Also, because of the importance of avoiding hard braking events that could injure standing passengers, they need to receive the warnings early enough to be able to brake at a moderate deceleration rate.  The night-time drivers prefer an audible alert to a visual alert because they are concerned about the visual distraction of a lighted display in the bus when they are trying to watch a dark driving scene, but the day-time drivers tend to prefer the visual alert because it is less likely to draw the attention of their passengers.  Because of the diversity of driving styles, there was also a significant preference among the drivers for adjustability of the warning sensitivity and the salience of the DVI alert.

The prototype warning system uses two vertical rows of colored LEDs installed on the center and left A-pillars of the bus.  These are illuminated in a sequence from yellow to red and from top to bottom as the urgency of the threat increases.  If the threat is primarily to one side or the other of the bus, the LEDs on the more seriously threatened side are illuminated, but if it is straight ahead, both LED rows are illuminated.

The drivers who have used it have generally accepted the warning system and its DVI, but the sample of drivers and extent of their usage remains limited.  Longer-term test-driving results will be needed to determine the extent to which their driving behavior is modified based on their experience with the warning system.

Preliminary Performance Requirement Specification

Based on the knowledge gained from the successive cycles of system design and evaluation, a preliminary performance requirement specification has been defined for the frontal collision warning system.  This can serve as the basis for the design of the next generation system for larger-scale field-testing and evaluation, to lead toward the development of a system that can eventually be widely deployed on buses throughout the U.S.

Introduction 

The U.S. Department of Transportation (US DOT) initiated the Intelligent Vehicle Initiative (IVI) Program with the goal of improving safety through the application of advanced technologies. The frontal collision warning function has been identified as one of the key safety improvement measures for the transit vehicle platform of the IVI Program.  Frontal collision, defined as a bus colliding with a vehicle in front of the bus, is a frequent incident in transit bus operations and the cause of property damage, personal injuries, and interruption to bus operations. A team that includes San Mateo County Transit District (SamTrans), the University of California PATH Program (PATH), California Department of Transportation (Caltrans), and the Gillig Corporation has been selected by the US DOT to develop and validate performance and technical requirement specifications for Frontal Collision Warning Systems (FCWS) for transit buses. Additionally, a group of local transit agencies are participating in the project in an advisory level. The project began in January 2000 with a planned duration of two years. 

SamTrans operates a fleet of 316 buses in the counties of San Mateo, Santa Clara, and San Francisco that covers one of the most congested areas in the United States. Accident statistics tracked by SamTrans in recent years indicate frontal collisions can result in significant property damage and liability.  In addition to frontal collisions, passenger falls resulting from emergency braking also contribute to an increased potential for passenger injuries and liability. This finding is further supported by the accident data collected by a number of transit agencies in the Bay Area (members of FCWS Bay Area Transit Advisory Committee). The accident data analysis suggests that a FCWS using advanced sensing and computer technologies can potentially reduce frontal collision accident rates, which will minimize losses and reduce operational interruptions. The collision warning system may also help the driver to adequately respond to the hazard with smoother maneuvers.  Furthermore, information collected through sensors can be recorded for the purpose of accident analysis and for avoiding false claims. 

The purpose of the transit Frontal Collision Warning System (FCWS) under the context of this project is to (a) address imminent crashes, (b) provide warnings for smoother maneuvering, and (c) provide warnings when a bus is too close to a forward vehicle. 

Previous studies on collision warning and collision avoidance have focused on highway applications, freight trucks, and light-duty passenger cars. The project team has conducted a literature review and found no existing work on FCWS for transit buses, the subject of the current project. The transit bus application environment differs from existing CWS development efforts mainly in the following two ways. First of all, most of the transit frontal accidents occurred in urban areas. The urban and suburban operating environment is dramatically different from those targeted in previous CWS studies, thus present considerable challenges with respect to the diversity of obstacles to be detected and the different traffic patterns. The transit FCWS must be able to deal with the environment that current CWS deals with as well as in complicated urban settings. The second major difference is the driver/passenger population. Transit bus drivers are professional drivers who may have different needs from and sensitivities to a FCWS. In addition, operators have expressed concern regarding the presentation of warnings that can be detected by passengers. Bus passengers may find warnings for advance cues of potential threats to be annoying and potentially alarming. There is a lack of past human factors research in FCWS within the transit environment. Topics that need further examination include visual display placement, warning thresholds for both advanced cues and critical warnings, and the impact of transit specific driving tasks.

Despite the differences between the collision warning applications, the FCWS for transit buses requires the same functional elements that are used by other CWS. A principal functional element of a CWS is sensing and detection of presence of an hazardous object.  This function must be able to match the environment in which it is intended. A second functional element is the warning generation function that: (1) processes the sensory information to “detect” the targets that may potentially collide with the bus, (2) determines the threat level, and (3) generates warnings at an appropriate time. The third functional element is the Driver Vehicle Interface (DVI), which communicates the warning message to the driver. Fig. 2 depicts the functional description of the collision warning system. 
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Fig. 2 Frontal collision warning system functions

The project team, under the direction of the Federal Transit Administration (FTA) and with the support of the FCWS Advisory Committee, conducted research on the requirement specifications for FCWS for transit buses. The scope of the project includes:

· Perform literature and national data review 

· Analyze frontal collision accidents 

· Develop a definition of FCWS functions and preliminary functional requirements 

· Develop a data acquisition system for data collection 

· Collect data 

· Study approaches for the FCWS

· Design collision warning scheme and algorithm

· Build and test the FCWS 

· Perform field verification and validation tests 

· Develop requirement specifications 

In addition, following the requirement analysis process defined under the System Engineering Process (SEP), the team emphasized the following aspects of the analysis:

(1)
Data collection and analysis: In order to define the operational environment and the bus operation scenarios, a thorough data collection and analysis effort was conducted, which established a foundation for the determination of sensor performance and system specifications and for the definition of the performance requirements.

(2)
Study of driver needs: As bus drivers are the intended users of the transit FCWS, it is important to form the requirements and to develop the FCWS to meet the driver’s needs. To do so, the FCWS team has closely interacted with SamTrans drivers to understand their needs, expectations, operational environment and to define system boundaries.

(3)
Verification of requirements through field testing: In order to verify that the performance requirements developed under this project are indeed within a reasonable and reachable range, a prototype FCWS was developed and instrumented on three SamTrans buses. Field testing of the system under regular service provides valuable inputs to the development of the requirements.

This report summarizes the development efforts conducted in conjunction with the development of performance specifications for FCWS for transit buses. 

Background

In order to understand the goal of the IVI program and the status of the development of a Frontal Collision Warning System (FCWS), the project team has been conducting a continuous literature review. 

Transit IVI 

The Transit IVI Committee, composed of the FTA, representative transit agencies, manufacturers, and academia, have identified four user services as high priority transit IVI services, using systems that enable drivers to process information, make better decisions, and operate vehicles more safely: 

(1)
Lane Change and Merge Collision Avoidance

(2)
Forward Collision Avoidance

(2)
Rear Impact Collision Mitigation

(2)
Tight Maneuvering/Precision Docking

These services focus particularly on the safety of the driver (and indirectly both passengers and pedestrians) and the vehicle in preventing accidents.  

Following a recommendation by the Transit IVI Steering Committee, a study was conducted by Volpe Center to identify and prioritize transit industry requirements and problems involving IVI technologies [1]. This study concluded that although the total number of accidents involving transit buses is relatively small within the national accident data statistics, accidents involving transit buses do result in significant social and economic consequences. The study further indicated that the largest single cost component among the economic cost of motor vehicle accidents of all vehicles, is property damage, which accounted for over one third of total costs.  Of equal or greater importance is the safety of the bus passenger and pedestrian public.  Among the transit-related IVI applications that have potential to boost safety and efficiency, in-vehicle collision avoidance/warning systems, and in-vehicle obstacle and pedestrian warning systems are listed as highest priority. 

The Volpe study further pointed out that the transit industry, with increasingly restricted funding, finds itself bearing the cost of expensive technologies and infrastructure necessary to support their systems. Transit managers cannot afford to be adventurous. There tends to be a reluctance to “be the first” or to be the testing ground in public arenas. There is also a perception in the transit industry that the deployment of new technologies is high-risk.  Additionally, there is the need to obtain acceptance from unions where implementing technology changes will affect individuals’ jobs. The importance and uniqueness of the existing transit infrastructure must be recognized.  Any deployment of new technologies should be synergistic with existing infrastructure, thus eliminating the need to create new infrastructure accoutrements.  Recognizing these unique transit characteristics, it is important for the IVI program to develop collision warning technologies that meet specific transit needs and to conduct field testing to demonstrate system feasibility and cost effectiveness.

Status of Development of FCWS

From recent literature, it was found that significant studies have been conducted in various aspects of CWS designs for transportation applications. Research and development efforts were evenly distributed in industrial, academic, and governmental sectors.  In the last five years, the publications have been quite intensive, indicating that research and development results have gradually materialized and that systems have been commercially deployed.  Among the topics of research and developments within this review, there are studies across a diverse range of subject areas. Research and development are documented in the following areas:  

Accident Statistics in Publications

Wilson [2] stated that data from the General Estimate System (GES) and the National Highway Traffic Safety Administration (NHTSA) Fatal Accident Reporting Systems (FARS) showed that rear collisions are 23% of all police reported crashes per year.  Among them, 77%-84% are caused by driver inattention, and 7%-18% are caused by following too closely.

In another publication [3], statistics showed that 85% of rear-end collisions involved two vehicles; equal occurrence at intersection and non-intersection; 91% on straight road, 60% on dry roads; 75% in well-lit conditions; 67% without injuries. GES from 1992 data showed that 59% are caused by the leading vehicle having stopped; 37% by the leading vehicle decelerating; 80% in clear weather and 70% under well-lit conditions; 73% on dry roads; 95% on straight roads.

Asher [4] reiterated that about 20-25% of accidents are rear-end collisions and reported that about 60% rear-end collisions could be avoided if the driver had an additional 0.5 sec of warning before the incident.

It was estimated in another publication [5] that rear-end crashes accounted for 24% of all crashes from NHTSA research.  These crashes occurred mostly during the daytime (77%), on straight roads (90%), and under dry weather conditions (79%).

The National Automotive Sampling System (NASS) GES provided the most usable data about all types of crashes and related vehicle types.  By restricting attention to police-reported crashes, the GES concentrates on those crashes of greatest concern to the safety community and the general public. The GES data was supplemented by direct transit industry input. The five most frequent crash types involving motor coaches are: lane change, rear end, intersection, with a parked vehicle, and backing up scenarios.  The total for the top five crash categories comprises approximately 87% of crashes involving motor coaches within the United States.

The study by Volpe that focuses on nationwide collision statistics has concluded that the highest-accident-rate-and-severity-rating accident is intersection type of crashes where a bus is struck by another vehicle.  The second major scenario is rear-end type of collisions where a bus is struck by another vehicle.  These two types of crashes account for almost one third of the top five scenarios. The mid-level types of accidents, which carry a medium range of risk and severity, include the other half of the intersection type of accidents where the bus strikes another vehicle; rear-end type where the bus does the striking, and both backing up type of crashes. There remains a critical need for gathering real life data that is transit specific.  In order to specifically evaluate the effectiveness of IVI technologies, the accident data needs to be more specific with respect to the accident characteristics, including causal factors.  All transit IVI projects should require a detailed accident analysis phase.

Benefits Evaluation from Selected Applications

Farber [6] compared two collision-warning algorithms: Closing Rate Algorithm (CRA) and Stopping Distance Algorithms (SDA).  It was estimated that SDA provides advanced warning and eliminates 95-100% crashes, but it also produces a substantial volume of incorrect warnings.  CRA provides last moment warnings and only eliminates 65-70% of crashes, but it produces fewer incorrect warnings.  This illustrates that a compromise may be necessary between frequent warnings and false alarms. 

In a study [7] of CWS for commercial trucks, it was found that a 37% reduction of hard braking of 0.25g (1g = 9.8m/s2) or greater could be achieved.  This led to a 2-10% reduction in fuel consumption.  In one test, fuel savings as high as 20% was obtained. In a separate field review [8] of CWS for heavy-duty trucks, it was revealed from a survey of 171 drivers that 80% changed their way of driving, which had a positive effect.

An evaluation of Adaptive Cruise Control (ACC) [9] showed that if the automated braking function was incorporated into ACC, the total number of accidents and fatalities can be reduced by up to 85-90% and 30-80% respectively. 

Even though these evaluation studies have been conducted for different settings and applications, they show that the deployment of CWS potentially can reduce accident numbers and fatalities.  It is also significant that by alerting the driver to obstacles ahead there might be a reduction in hard braking which will result in smooth maneuvers, thus leading to fewer passenger falls in the case of transit bus operations.

Sensors 

Most collision warning systems demand the use of radar or optical sensing devices.  The descriptions of the sensor performances or their design issues have been examined in numerous reports, such as those in [8,10,11,12,13,14]. Wilson [2] gave a comprehensive review of performance guidelines for radar or other forward-looking sensors in the requirements for range, and lateral and vertical field of view. However, those guidelines are given for passenger cars for use in mainly highway applications. 

Human Factors Research

Past human factors explorations of forward collision warnings have emphasized scaled time-based headway [15 & 16] and binary warnings [17 & 18].  Time-based warnings, often formulated using Time-To-Collision (TTC), have been championed as they are less affected by speed when compared to distance-based warnings.  Furthermore, they relate well to models of how drivers maintain longitudinal separation [19].

Binary warnings are more often used for critical scenarios where early warnings would not be possible.  For example, a simulator study on how people responded to vehicles cutting in from parked positions compared icons, text commands ("Swerve Left"), and the baseline case of no warning [18].  In some scenarios it will be impossible for sensors to provide advanced cues to alert the driver to potential threats.  In these events, the system will need to proceed directly into a full warning state, thus emulating a binary warning interface.  The aforementioned study did find that drivers were able to gain some benefit from the binary warning.

Recent work on snowplows has used distance-based displays [20] as they were deemed easier to transition to should a sudden period of low visibility (e.g., a white-out) obscure an actively watched forward obstacle.  As low visibility is a rare event for a bus, a time-based approach is probably more suitable.  The research on snowplows also deemed binary warnings unsafe given the likelihood of low traction, a scenario that is also conceivable for transit during adverse weather.  Furthermore, sharp braking or swerving actions are not desirable within the transit community due to passenger falls.  This suggests that binary warnings requiring fast intervention are not preferable for transit applications.

In fact, most literature on visual warnings for CWS applications suggests a graded approach to warnings [16,21,22,23,20].  This commonly involves a scale of some sort implying increased danger.  Also commonly suggested is the use of auditory warnings when TTC has reached a critical point and braking action is sorely needed.  In fact, auditory tones are incorporated into the Eaton-Vorad CWS, which is offered by several truck Original Equipment Manufacturers (OEM) as an option.  Research on strictly auditory warnings has also shown beneficial results [17].  Extending this notion was a government-funded study on the value of localized auditory warnings to assist drivers in identifying the location of hazards [24].  While the results suggested that such a feature is promising, the authors also found that such a system requires special care with respect to speaker location and sound choice.
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