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Efficiently operated High Occupancy Vehicle (HOV) or High Occupancy Toll (HOT) lanes increase travel speed, reliability, and the vehicle and person-carrying capacity of roadways in urban areas. The success of these HOV/HOT facilities as a viable transportation strategy is dependent upon the enforcement of occupancy regulations. Vehicle occupancy verification is a principal impediment to more efficient HOV/HOT lane enforcement. On-site monitoring and enforcement of these regulations is difficult, expensive, and potentially hazardous for enforcement officers. As more managed lanes emerge that employ a widening array of occupancy requirements and an increasing mix of managed lane strategies in combination with HOV/HOT, enforcement has become more complicated in identifying high occupancy vehicles that receive special access or pricing for travel within a varied traffic stream. For priced lanes, persistent violation problems can result in a significant amount of lost revenues.
Electronic toll collection, license plate recognition and a myriad of other technologies have been developed and refined in recent decades to improve the integrity of enhanced transportation systems. However, the target of many of these technologies has usually been the vehicle, and not the occupants. Several semi- and fully-automated techniques for determining the number of persons in a moving vehicle have undergone limited field testing, including operator-monitored video cameras and infrared composite imaging. However, no automated solution has yet been developed for permanent field implementation, and no system has been found foolproof enough to satisfy traffic courts in upholding citations issued. As a result, HOV/HOT facility operators have traditionally relied on field enforcement to manage occupancy violations. Given widespread plans for development of HOV and HOT lanes in a number of metropolitan areas, improved vehicle occupancy verification techniques urgently need to be explored.
This research project will identify, test and evaluate promising automated techniques to determine vehicle occupancy in support of HOV/HOT lane monitoring for compliance. It will build off of previous research and current initiatives that provide insight on automated vehicle enforcement and recommend next steps for automated vehicle occupancy verification (AVOV) development, including recent research by the HOV Pooled Fund Study that developed a white paper, synthesis of current technology, and concept of operations for AVOV technology.  
There are two main approaches to AVOV. The first approach, roadside systems, relies on surveillance equipment suitably positioned to obtain pictures or other images of the interiors of passing vehicles. The second approach, in-vehicle systems, seeks to leverage the capabilities of next-generation adaptive airbag systems for the purpose of occupant counting. Advanced airbag systems are not expected to become a nearly universal presence in North American vehicle fleets for at least 10 -15 years or even longer, and it is doubtful that occupancy verification technologies could be easily retrofit to non-factory equipped vehicles. Over the longer term, the eventual deployment of Vehicle-Infrastructure Integration (VII) Systems promises to render AVOV to a subscriber-based software application running on the VII network. Currently, VII equipment is expected to be standard equipment beginning with the 2020 model year, and near full deployment of VII infrastructure is not expected until 2035. As such, roadside systems are the most practical strategy in the near term.

This research project will focus on determining and testing roadside technologies that will address the requirements developed for AVOV. While there are legal, technical and public acceptance concerns related to the use of AVOV strategies, these vary by state and municipality and will not be a major focus of this research, though some consideration will be included in the pilot tests. One of the factors in determining what technologies are most promising for testing will be how they address these concerns. 
Literature Search Summary
A limited number of studies and research projects have been conducted to date on the possibility of the AVOV strategy. These studies agree that no AVOV system has been developed to date for permanent field implementation, though there are several promising technologies that could be used for this application. 
One of the first studies found that research up to 1994 had not developed an AVOV System that was reliable or accurate enough for field implementation (1). The study reviewed available technology relating to monitoring and enforcement, including both in-vehicle and roadside equipment, in addition to telematics for HOV monitoring. It recommended basing any AVOV system on adapting existing in-vehicle sensors currently being built into cars because of cabin penetration and data accuracy and reliability issues from roadside sensors. Use of in-vehicle sensors would require a communications link between the vehicle and roadside infrastructure. The study also developed a draft set of functional requirements for an AVOV system and identified several areas of urban transportation where AVOV systems could add value.
An analysis on San Diego’s I-15 corridor in 1996 looked at numerous technologies and strategies that had been used in other jurisdictions or could be used to either assist or replace manual enforcement (2). The study examined two automated HOV violation enforcement technologies: license plate video and vehicle occupancy imaging, and infrared occupancy detection. It found that near-infrared systems were more promising than regular video detection of occupancy. One commercial near-infrared system is under development in the United Kingdoms with high accuracy claims by the developer. The system is currently being tested in a manual toll environment in England.

A more recent study conducted by the Texas Transportation Institute (TTI) for the HOV Pooled Fund Study (3, 4) reviewed the state of the art in roadside and in-vehicle technologies. Roadside detection technologies examined in this study included video, microwave, ultrawide radar, single-band infrared, and multi-band infrared. Several in-vehicle detection technologies were also investigated, including weight sensors, electrical field sensors, monocular imaging, and 3D-Time-of-Flight imaging.  The study found that:
· Roadside technology is the most feasible near-term solution, as VII infrastructure has not been sufficiently developed to support transmission of in-vehicle detection. Additionally, in-vehicle detectors used for occupancy verification will not be universal in the vehicle fleet on the road for the next 10-15 years because they have only recently been made standard in new vehicles and transmission of data from vehicles might trigger social concerns about privacy.
· Most roadside detection technologies, with the exception of near-infrared, have issues with penetrating vehicle glass and resolving details from the vehicle cabin.

· Multi-band near-infrared technology is the most promising roadside detection technology, with the ability to address the challenges of cabin penetration, environmental conditions, good imaging resolution, and fast image acquisition. This study also noted the near-infrared system being tested in the United Kingdoms.
· Roadside detection systems are expensive, but the cost can be offset by the savings in reduced HOV/HOT violations.

· In-vehicle detection is dependent on the sensors that vehicle manufacturers place in cars. The most likely sensors that can be leveraged for occupancy verification would be those used with advanced airbag systems, which are mandated to be standard in new cars beginning in 2009. Weight sensors are most likely to be used in the front seat and electrical field or near-infrared sensors in the rear seat. Weight sensors are widely used with air bag systems. Electrical field sensors are currently deployed in some vehicles in coordination with rear seat advanced airbag systems.
· Rear occupant detection is an issue for both roadside detection and in-vehicle detection. Roadside sensors have issues detecting backseat occupants and rear seat advanced airbag systems are not mandated and it is not clear how commonplace they will be in the future.
An AVOV Concept of Operations was developed as a supplement to the white paper (5). This paper defines the critical needs of HOV/HOT facility operators and describes how the AVOV system can be implemented within the ITS infrastructure. It is technology-independent and provides architectural and functional requirements for a generic AVOV system.
Georgia DOT conducted a research test between 1995-98 on the use of near-infrared imaging to determine occupancy (6, 7). The test on selected vehicles showed a 93% accuracy rate and researchers concluded the system had the capacity to accurately determine vehicle occupancy.  Georgia Tech Research Institute recently proposed research expanding on the initial tests to modify prototype system to use a different near-infrared wavelength to effectively count occupants with changes in the tint of glass used in cars and determine whether the system can be integrated into HOV enforcement systems to help officers identify probable offenders (8).
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Research Objective

The proposed research project will identify, develop, test and evaluate promising concepts and methods for AVOV that can be adopted for permanent field implementation. The project will identify the most promising technologies for roadside occupancy detection and conduct a pilot test on an operational HOV/HOT facility to determine how well the detection systems meet requirements. The effectiveness of these techniques will be assessed on the basis of safety, physical feasibility, impact on occupancy violations and HOV/HOT facility operations, cost and ease of implementation, privacy, reliability, and other criteria. Other criteria will include considerations relating to technology standards, public acceptance, and legal obstacles to enforcement.  In addition, considerations related to the wide variety of HOV/HOT facilities should be made.  Systems to be tested will be developed so that they will be compatible with HOV/HOT lane policies and strategies used on different facilities, such as differing access or rates based on the number of occupants above two or the use of hybrid vehicles. The proposed system should offer a solution that would be compatible for use on many states’ facilities and use with different agencies’ enforcement policies with minimal customization.  The most promising candidates or combination of candidates will be selected for pilot testing and evaluation at one or more HOV facilities. The test location(s) will be determined by a research panel consisting of sponsoring agencies in conjunction with the research team and the respective HOV facility operator and enforcement agency.

The research will also consider how these technologies could be integrated with other applications, such as automated toll violation operations, managed lane enforcement operations, vehicle occupancy data collection, and HOV/HOT lane performance monitoring, reporting and evaluation. Expected deliverables include a set of requirements for the system; a white paper on the different types of roadside detection concepts and technologies and criteria of technology selection for a pilot test to be conducted on an operational highway; a pilot test plan; and a final research report that summarizes test results from the operational highway and provides recommendations on next steps and further research.

Tasks for this project include:
· Literature Review – Review and synthesize recent research. This review would build off the AVOV technologies synthesis report, white paper, and concept of operations developed for the HOV Pooled Fund Study.
· Agency Outreach – Contact transportation and law enforcement agencies across the country to determine common features of facilities and operations across jurisdictions, including court acceptance of automated enforcement, so that the system can be used on a number of facilities.

· Concept, Architecture and Requirements Development – Work with potential partners/system developers to research and develop a concept and architecture for AVOV systems. After the concept and architecture are developed, system requirements will be identified. Considerations of standards and applicability to a wide variety of highway HOV/HOT facilities will be made.  
· Public and Judicial Acceptance Evaluation – Evaluate the legal and public acceptance obstacles to the implementation and use of the different promising technologies faced in different states or municipalities. 

· Identify Potential Technology – Identify and evaluate potential technologies based on requirements and select most promising technologies for prototype design.

· Prototype Development - The research team will work with partners to review prototype system designs and system developers will modify the prototypes as appropriate.  
· Establish Methodology for Measuring Performance – Define testing protocols and how performance will be measured.

· Pilot Testing – Identify testing sites, determine baseline occupancy compliance measurements, install AVOV systems, and conduct tests. Candidate testing sites include, but are not limited to, the I-93 Southeast Expressway HOV lane in Massachusetts, the I-15 Managed Lanes in San Diego and HOV/HOT facilities in Northern Virginia.
· Pilot Test Evaluation – Results of the pilot tests of different technologies will be analyzed and reviewed. These findings will ultimately be synthesized into an implementation guide.
· Customer Evaluation – Survey facility users to discover end user satisfaction, concerns, acceptance, and suggestions for lane enforcement using the system(s).

· Research Report – Prepare a research report describing findings and recommendations. The research report will also identify further research needs and outline next steps in AVOV technology development and implementation.
Estimate of Problem Funding and Research Period

Recommended Funding: $900,000
Research Period: 24 months
Urgency, Payoff Potential, and Implementation

Given the widespread plans for development of HOV and HOT lanes in a number of metropolitan areas, improved vehicle occupancy verification techniques urgently needs to be explored. Without this technology, the difficulty of monitoring and enforcing HOV/HOT occupancy regulations is becoming so onerous to some agencies that they are considering doing away with existing rideshare incentives. By identifying cost-effective systems to automatically verify vehicle occupancy, HOV/HOT strategies can be promoted and enforced, encouraging a reduction in the number of vehicles on metropolitan area freeways while increasing person throughput. This increased efficiency might help promote the use of HOV, priced, and managed lanes and encourage more people to carpool. This technology can also ensure easy coordination of HOV/HOT strategies with other transportation strategies such as congestion pricing and preferential parking.
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