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ABSTRACT

Real-time knowledge of system performance enables transportation agencies to improve their
ability to manage traffic conditions and keep the motoring public informed of congested areas.
However, technological progress in the area of urban street performance monitoring has been slow
primarily because of the interruption of flow caused by traffic signals. The objective of this research
was to develop techniques to measure the performance of automobile traffic on urban streets for a
range of real-time applications, such as: real-time signal control, incident management, and traveler
information. Three techniques were developed for measuring queue length and delay for the through
movement at a signalized intersection. One technique was developed for measuring segment running
time. Travel time is computed as the sum of the measured delay and running time. All of the
techniques emphasize the use of sensor technology that is readily available and use existing
infrastructure to the extent possible. The algorithm associated with each technique is described and
an implementation guide is provided to facilitate technique implementation.
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EXECUTIVE SUMMARY

INTRODUCTION

Real-time knowledge of system performance enables transportation agencies to improve their
ability to manage traffic conditions and keep the motoring public informed of congested areas. The
real-time measurement of freeway performance has matured over the years such that monitoring
systems are now frequently used for freeway traffic control and management applications. More
recently, interest has shifted toward the development of techniques for measuring the performance
of urban streets.

Technological progress in the area of urban street performance monitoring has been slow for
several reasons. First, the steady flow of traffic along a street is periodically interrupted by traffic
signals. These interruptions result in the formation of lengthy queues upstream of the signal and
dense platoons of vehicles downstream of the signal. Because of wide variation in flow conditions
over short distances, it is difficult to accurately measure street performance using a single point of
detection. Second, existing sensors on urban streets are not often designed to be optimal for
performance measurement. Yet, the deployment of sensors for the sole use of performance
measurement would add a significant burden to agency operating budgets.

The objective of this research was to develop techniques to measure the performance of
automobile traffic on urban streets for a range of real-time applications. To satisfy this objective,
four alternative techniques were developed for cost-effectively measuring running time, queue
length, and delay, as needed for signal control, incident management, and traveler information
applications. To the extent practical, each technique uses the sensor, controller, and communication
infrastructure required for typical signal systems.

FINDINGS

The findings from a review of the literature indicate that the real-time performance
measurement of urban streets has many challenges associated with it. These challenges stem from
the complex interaction between traffic flow, signal timing, and adjacent property access. One
approach used to overcome these complexities can be described as “area-wide measurement.”
Techniques that follow this approach typically use probe vehicles and some type of wireless
technology. They sample a large number of vehicles on the urban street system at a few dispersed
locations. The sample is then used to estimate aggregate performance measures that describe facility
performance for the previous hour or more. These approaches do not have sufficient resolution or
accuracy to be used for real-time signal control applications.

A second approach that has been used to overcome the aforementioned complexities of urban
street operation can be described as “segment-based measurement.” Techniques that follow this
approach measure performance on a specified street segment by monitoring traffic flow along the
segment. Techniques that follow this approach typically use one or more detectors to monitor traffic
flow on the segment. They estimate the performance of the monitored segment with a reasonable



accuracy and with a frequency suitable for responsive signal control applications. The performance
estimates can also be aggregated for traveler information and incident management applications.
Monitoring an entire urban street facility requires the measurement of performance on many (if not
all) segments that comprise the facility.

A third approach that has been used to overcome the aforementioned complexities of urban
street operation can be described as “signal-based” measurement. Techniques that follow this
approach measure performance on a specified street segment by monitoring traffic flow along the
segment and the signal timing status of the signalized intersection that bounds the segment.
Techniques that follow this approach typically use detectors to monitor traffic flow and receive
information about the status of the phase serving the through traffic movement. They estimate the
performance of the segment with a high degree of accuracy and with a frequency suitable for
responsive or adaptive signal control applications. The performance estimates can also be aggregated
for traveler information and incident management applications. Monitoring an entire facility requires
the measurement of performance on many (if not all) segments that comprise the facility.

Alternative Techniques

A list of viable techniques for urban street performance measurement was developed based
on consideration of several criteria. First, the technique should be amenable to use for real-time
signal control, traveler information, and incident management applications. Second, it should
emphasize the use of sensor or surveillance technology that is readily available and uses existing
infrastructure to the extent possible. Third, the technique should support the measurement of delay,
queue length, or running time.

All of the techniques on the aforementioned list are consistent with a signal-based
measurement approach because they are focused on the measurement of delay, queue length, and
running time for an urban street segment. Area-wide measurement approaches are not included
because they are not well-suited to real-time signal control applications.

Travel time or travel speed is not directly measured by any of the techniques. Rather, it is
estimated by combining the delay and running time measurements. This approach to travel speed
estimation is intended to overcome the challenges identified in previous research that are associated
with the direct measurement (or prediction) of travel speed on urban street segments.

The following techniques were selected from the list of viable techniques as being the most
promising. They were recommended for development in the research project:

Input-output analysis for delay and queue length measurement

Hybrid input-output analysis technique for delay and queue length measurement
Non-intrusive detection for delay and queue length measurement

Traffic flow characteristics for running time measurement

These techniques are described in the next section.



Input-Output Analysis Technique

This technique measures vehicle arrivals to the intersection and couples this information with
signal phase status to estimate the queue length for the through movement as a function of cycle
time. Input data include advance detector actuations, phase change data, and calibration factors (e.g.,
saturation headway, storage capacity, etc.). The advance detector actuations are used to develop an
arrival flow profile for the current cycle length. The phase change data and saturation headway input
are used to compute the discharge flow profile. These two flow profiles are used to determine the
maximum queue length. They are combined with the phase status information to estimate delay.

The inductive loop detector is the most likely sensor to be used for the advance detector given
its relatively low installation cost and proven reliability. The advance detector for typical locations
is between 400 and 600 ft from the stop line.

Hybrid Input-Output Analysis Technique

This technique measures vehicle arrivals to the intersection, vehicle departures from the
intersection, and signal phase status to estimate the queue length for the through movement as a
function of cycle time. Input data include advance detector actuations, stop line detector actuations,
phase change data, and calibration factors (e.g., storage capacity). The advance detector actuations
are used to measure the arrival flow profile for the current cycle length in a manner similar to the
input-output technique. The stop line detector actuations are used, with the phase change data, to
measure the discharge flow profile. These two flow profiles are used to determine maximum queue
length. They are combined with the phase status information to estimate delay. The real-time
information about departure rate is intended to make this technique more accurate than the
input-output technique.

The inductive loop detector is the most likely sensor to be used for the advance and stop line
detectors given their relatively low installation cost and proven reliability. The advance detector for
typical locations is between 400 and 600 ft from the stop line.

Non-Intrusive Detection Technique

This technique provides real-time estimates of queue length and delay at a signalized
intersection using the output from a non-intrusive vehicle detection system. Because of its
widespread use, video imaging vehicle detection technology was determined to be the most
appropriate non-intrusive detection system for this technique.

This technique uses video detection to monitor a length of the intersection approach. A series
of video detectors is positioned in each approach lane at a specified distance from the stop line.
When a detector indicates vehicle presence, the technique assumes that the queue length is equal to
the distance assigned to the detector. The estimated queue length is reported every 10 s. Delay is
estimated once each cycle, at the end of the green interval.



Video detection accuracy is known to degrade with increasing distance from the video
camera. This equipment has been found to have reasonable ability to detect vehicle presence at
distances up to 400 ft, depending on camera height and location relative to the stop line. Ifthe queue
length frequently exceeds 400 ft, then a second video camera would likely need to be installed on
the approach at a distance of about 250 ft from the stop line. In urban settings, this second camera
could be mounted on a convenient luminaire support and receive power there as well.

Traffic Flow Characteristics Technique

This technique measures vehicle occupancy at a mid-segment location. The measured
occupancy is then used to estimate segment running speed. This estimate can be converted into
segment running time and added to the delay caused by the downstream signalized intersection to
estimate segment travel time.

The traffic flow characteristics technique is based on the use of vehicle detectors located mid-
segment that monitor each through traffic lane. In simplest terms, the computer (or controller)
monitors the detectors, computes occupancy for the previous signal cycle, and uses this value to
estimate the segment running speed. For consistency with the delay estimation techniques described
in previous sections, occupancy is estimated at the end of the major-street through movement signal
phase.

This technique requires one detector in each through lane at a mid-segment location. The
detector should be located sufficiently far from the upstream and downstream signals as to minimize
their effect on the measured occupancies.

CONCLUSIONS

Urban street traffic management typically includes one or more of the following functions:
traffic surveillance, traffic control, and information dissemination. Implementation of these
functions requires real-time measures of traffic condition and flow efficiency. This information is
used to support a variety of traffic management applications, including:

real-time traffic signal control,

incident management,

traveler information, and

system performance monitoring (including data archiving).

Techniques for estimating performance measures for signal control applications appear to
have most potential for widespread implementation. Signal control systems tend to have an
extensive sensor, data processing, and communications infrastructure that could be used to support
one or more techniques. Similarly, the performance estimates provided by the techniques could be
used by the signal system to improve its signal timing and control decisions. To this end, the
techniques described in this report are based on the sensor technology and layout used for typical
signal systems.



Many of the challenges associated with urban street performance measurement can be
overcome by separately measuring the delay at the signalized intersection and the running time along
the segment. Travel time is then computed by adding the measured running time and delay. This
approach is described as “signal-based” measurement because it is focused on the measurement of
performance on a specified street segment and its bounding signalized intersections. Monitoring an
entire urban street facility requires the measurement of performance on many (if not all) segments
that comprise the facility.

RECOMMENDATIONS

The techniques described in Chapter 3 of this report are in the “experimental” phase of the
research and development cycle. Their viability has been demonstrated through installation at one
or more urban street locations. Further advancement of these techniques will require transportation
agencies to become a partner in this process by implementing these techniques at locations in their
jurisdiction. This investment will allow researchers to refine the techniques and ultimately, make
them viable for wide-scale, turnkey implementation. To this end, it is recommended that agencies
consider implementing one or more of these techniques.

Of the three wireless technologies considered for direct measurement of arterial travel time
(i.e., transponders, telematics, and cell-phone tracking), transponder-based probe vehicles offers
considerable promise for obtaining citywide travel time data in a cost-effective manner. Toll-tag
technology costs are becoming more affordable and standardized. The percentage of vehicles with
tags is increasing, especially in large cities. Further research is needed in this area to: (1) identify
and evaluate system elements that would benefit most from real-time traffic management; and (2)
identify and recommend appropriate traveler information dissemination modes and methods that
most clearly provide information to the traveling public.






CHAPTER 1

INTRODUCTION AND RESEARCH APPROACH
PROBLEM STATEMENT

Real-time knowledge of system performance enables transportation agencies to improve their
ability to manage traffic conditions and keep the motoring public informed of congested areas. The
real-time measurement of freeway performance has matured over the years such that monitoring
systems are now frequently used for freeway traffic control and management applications. More
recently, interest has shifted toward the development of techniques for measuring the performance
of urban streets.

Technological progress in the area of urban street performance monitoring has been slow for
several reasons. First, the steady flow of traffic along a street is periodically interrupted by traffic
signals. These interruptions result in the formation of lengthy queues upstream of the signal and
dense platoons of vehicles downstream of the signal. Because of wide variation in flow conditions
over short distances, it is difficult to accurately measure street performance using a single point of
detection. Second, existing sensors on urban streets are not often designed to be optimal for
performance measurement. Yet, the deployment of sensors for the sole use of performance
measurement would add a significant burden to agency operating budgets. Finally, few of the
various sensor technologies available have demonstrated a proficiency to directly measure some of
the more useful performance measures such as speed or queue length in the urban street
environment.

RESEARCH OBJECTIVE

The objective of this research was to develop techniques to measure the performance of
automobile traffic on urban streets for real-time applications. To satisfy this objective, the following
goals were established:

® [dentify viable applications of real-time travel time and queue length measurement for the
management of traffic flow on an urban street.

® Develop alternative techniques for cost-effectively measuring running time, queue length,
and delay. To the extent practical, each technique should use the sensor, controller, and
communication infrastructure required for typical signal systems.

RESEARCH SCOPE

This report uses the term “urban street” although the research results are applicable to a broad
range of interrupted-flow arterial and collector roads in urban, suburban, and rural settings. The
research products focus on the operational performance of the automobile traffic stream (which may
include a mixture of passenger cars, trucks, and buses). The techniques that were developed focus



on quantifying performance measures during a previous time interval. This interval could range
from the last few seconds to the last hour, the precise interval being specified by the application.

RESEARCH APPROACH

The research approach was directed toward the development of techniques that provide real-
time estimates of queue length, delay, and travel speed on a street segment. These estimates are
based on the direct measurement of flow rate, running time, queue discharge rate, or occupancy. The
work tasks that were undertaken to develop these techniques include:

Task 1: Review Literature for Information on Technologies and Techniques
Task 2: Describe Benefits of Real-Time Performance Measures

Task 3: Prepare Work Plan for Developing and Evaluating Techniques
Task 4: Submit Interim Report

Task 5: Develop Techniques

Task 6: Evaluate and Refine Techniques

Task 7: Develop Implementation Plan

Task 8: Submit Final Report

The main product of the research is an implementation guide that can be used by
transportation agencies desiring to use the techniques developed in this project. These techniques
are described to a level of detail that an agency could implement them in software and install them
using off-the-shelf detection products. However, it is recognized that the wide scale implementation
of these techniques will depend on the degree to which they are embraced by manufacturers and
integrated into various traffic monitoring or control products. In this scenario, transportation
agencies could implement the technique as an off-the-shelf product, or could contract for its
acquisition and installation as a turnkey project.



CHAPTER 2

FINDINGS

This chapter documents the findings related to a review and evaluation of urban street
performance measures and measurement techniques. It consists of three parts. The first part
summarizes the state-of-the-practice related to various traffic management activities employed by
city and state transportation agencies. It also summarizes the findings from recent surveys of
motorists’ preferences for travel information. The second part reviews techniques, and associated
sensor technologies, that have been used to measure urban street performance. The last section
summarizes the findings from a review of alternative measurement techniques and associated
technology.

TRAFFIC MANAGEMENT APPLICATIONS AND PERFORMANCE MEASURES

This part of the chapter summarizes the findings from a review of urban street management
applications and the performance measures associated with these applications. The topics addressed
include:

® Agency and Traveler Perspectives
® Traffic Management Applications
® Performance Measures

The findings related to each topic are described in a separate section.
Agency and Traveler Perspectives

This section summarizes the state-of-the-practice related to various arterial traffic
management services provided by city and state transportation agencies. The information
summarized was obtained from a published survey of transportation agencies and from first-hand
interviews with several agencies (/, 2). Also summarized in this section are the findings from recent
surveys of motorists’ preferences for travel information (3). The intent of these surveys was to
identify the information desired by motorists when planning a trip or while traveling. Detailed
findings from the review of agency and traveler perspectives are provided in Appendix A.

Agency Perspectives

Common Goals and Constraints. All of the agencies interviewed have a common goal of
moving traffic more efficiently. Each agency has resource constraints that limit their ability to fully
support ITS-based traffic management applications. Available resources tend to be allocated for the
following functions, as listed in order of funding priority (first function listed is highest priority):

1. maintenance of basic signal operation,
2. collection of traffic data for planning activities,
3. time-of-day signal timing maintenance,



4. traffic responsive signal systems,

5. information dissemination using web site maps, radio, or still photos from video detectors,

6. closed-circuit television (CCTV) surveillance technology for visual incident detection and
system monitoring,

7. information dissemination using web site and cable TV with live video images, and

8. surveillance technology for automated incident detection.

In the list above, a higher function must typically be fully funded before the next lower function is
added. Thus, if an agency has limited funds, it would fund “maintenance of basic signal operation”
first. If funds remained, it would fund “collection of traffic data” next, and so on, until all available
funds were allocated.

Traffic Signal Control and Real-Time Data Collection. The agencies surveyed are not
collecting real-time data at most of their intersections. Of those agencies that are collecting data, it
is likely that the intersections at which they are collecting these data are part of a centralized or
closed-loop signal system.

Surveillance Technology. In general, loops, video detection systems, and closed-circuit
television (CCTV) are commonly used for surveillance activities. However, as noted in the previous
paragraph, less than half of the intersections for which the agencies surveyed are responsible have
loop or video detectors that provide real-time data collection. Moreover, only about 4 percent of the
arterial miles for which the agencies surveyed are responsible were monitored by CCTV in 2002.

Sensor Types. As of 2002, agencies used inductive loops or video detection systems for
about 85 percent of their intersection control applications. The break down for 2005 was estimated
to be 75 percent loops and 10 percent video detection. This trend is consistent across all cities,
regardless of size.

Communications. In addition to limited system detector coverage, some agencies also lack
the communications capability to obtain real-time traffic data. Real-time applications that use
performance measures tend to require a higher transmission capacity due to the large amount of data
and the frequent polling rate. Many of the signal controllers in use by the agencies are sufficiently
dated that they do not have the capability to collect and report intersection performance data.

Transponders for Probe Vehicle Data. Toll-tag readers are being used by less than
1 percent of large cities (/). Significant infrastructure cost and limited toll-tag market penetration
were cited as the major impediments to further deployments.

Telematics for Probe Vehicle Data. Telematics refers to the use of an instrumented vehicle
and a control center connected by two-way radio communications. Instruments in the vehicle
monitor its location, speed, etc., and transmit this information to the control center where it can be
processed into useful information. This application is limited primarily to public transit vehicles due
to high cost. Another challenge associated with this technology is the significant demand it places
on radio system capacity.
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Wireless Technologies for Probe Vehicle Data. Emerging wireless, probe-based
technologies (i.e., cell-phone tracking) offer real potential for acquiring traffic information in a cost-
effective manner. However, it was acknowledged that this technology will have to overcome several
challenges before it will be viable.

Buses as Probe Vehicles. There are some challenges in using transit-based probe
information to derive reliable travel time data. One challenge is that frequent bus stops may distort
the bus’ representation of the travel time of the overall traffic stream, even if the deceleration and
acceleration artifacts associated with the bus stop are removed from the data. There is also a
possibility that the bus’ invocation of priority at arterial intersections will distort the estimate of
travel time for the overall traffic stream. Finally, not every transit agency has a systemwide
automatic vehicle location (AVL) system in operation, so a means of gathering the travel time data
may not be available to all cities.

Incident Management. Only about 4 percent of the arterial miles are being monitored using
surveillance cameras. Moreover, only about 1 percent of the arterial miles are being monitored by
incident detection algorithms.

Traveler Information. Only about 35 percent of transportation agencies are expected to be
disseminating traveler information over the Internet that describes arterial travel conditions.
Highway advisory radio (HAR) and variable message signs (VMS) are rarely used for this purpose.
The data most commonly posted to the internet for traveler information is in the form of still images
obtained from CCTV or video detection cameras.

Traveler Perspectives

A majority (57 percent) of the motorists that responded to a web survey agreed that
information about traffic conditions on arterial streets would be helpful (3). Specific performance
measures cited as needed include:

® cxpected duration of congestion,

incident location,

level of congestion,

travel speed, and

travel time between two user-specified points.

Traffic Management Applications

This section summarizes the findings from a review of transportation agency practices related
to urban street traffic management applications and the performance measures they use for these
applications. Urban street traffic management includes three main functions: traffic surveillance,
traffic control, and information dissemination. Implementation of these functions requires real-time
measures of traffic condition and flow efficiency. This information is used to support a variety of
traffic management applications, including:
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® real-time traffic signal control,
® incident management, and
® traveler information.

The characteristics of these applications are compared in Table 1. Each application is reviewed in
this section.

TABLE 1 Traffic management applications

Characteristic Application
Real-Time Incident Traveler
Signal Control Management Information

Typical traffic data measured Flow rate None (manual no consensus *
electronically Occupancy observation with CCTV)
Typical performance measures [ Queue length’ Queue length? Travel speed
reported Delay Delay Travel time

Stop rate Travel time Level of congestion

Speed

Cycle failure rate

Typical surveillance technology |Loop CCTV no consensus *
Longitudinal sensor density High (1 or 2 per segment) | not applicable Low (1 per mile)
Sensor polling rate High (every 0.1 to 1 s) not applicable Low (every 5 to 15 min)
Communications bandwidth need | High Moderate to high* Low

Computer location Local None Central

Minimum deployment for Segment Facility Corridor

acceptable service’ Facility Street network Transportation system

Notes:

1 - Performance measures for signal control are computed using traffic condition data and signal phase status.

2 - Performance measures for incident management are often obtained by monitoring CCTV video.

3 - Communications bandwidth can be high if live video is streamed to the control center. It can be moderate if still
photos are transmitted.

4 - Methods for obtaining the performance measures reported are obtained from a variety of sources (e.g., toll tag readers
for direct travel time measurement, occupancy from system detectors converted via algorithm to a congestion index,
signal control system reports containing estimated queue length or delay).

5- Segment: length of urban street bounded by signalized intersections. Facility: contiguous length of street composed
of two or more connected segments. Street network: one or more facilities that share a common intersection.
Corridor: a set of essentially parallel facilities that extend for some length and provide intra-city travel.

Real-Time Traffic Signal Control

Traffic management generally includes the use of a real-time traffic signal control system.
These systems are based on specialized software products and hardware configurations that typically
have some specified preference for sensor location (4). In addition to maintaining good signal
timing, these systems provide operators the ability to override the system-selected timing plan and
adjust signal timing at individual intersections (or the entire street system) in response to changes
in traffic conditions.
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The data used for real-time signal control are identified in Table 1. As the table indicates,
the data typically gathered for real-time signal control applications can be described as basic traffic
characteristics (as opposed to performance measures). These data include flow rate and occupancy.
Some signal control systems also measure speed.

Incident Management

Integration of incident management into the traffic management function is important when
the street system is capacity-constrained during peak hours. Incident management consists of using:
(1) surveillance technology for incident detection, (2) control strategies for alleviating the resultant
queues, and (3) information dissemination to response units and the motoring public. The manual
monitoring of CCTV cameras and police radio is a common method of incident detection. Also,
notification from police or public safety provider centers (who are alerted by persons who witness,
or are involved in, an incident) is another source of incident information. The characteristics of
typical incident management applications are outlined in Table 1.

Traveler Information

Traveler information consists of the public dissemination of real-time data describing traffic
conditions in the local area. The characteristics of the typical traveler information application are
outlined in Table 1. Jensen et al. (3) estimated that the provision of arterial traffic information on
web sites in large metropolitan areas would yield a 2 percent reduction in delay and a 6 percent
reduction in stops. These benefits would be derived primarily by informed motorists that selected
alternate routes or that delayed the start of their trip.

A review of traveler information system deployments by Hicks and Carter (3) in 2000 found
that arterial travel information was disseminated in only 10 to 30 percent of the largest cities. It was
noted that quantifying travel time for arterial streets is significantly more challenging than for
freeways because it requires the collection of signal timing data as well as traffic data.

Performance Measures

Several sources were consulted to identify the most commonly used performance measures
(3, 4, 6, 7). Many performance measures are identified in these documents as they collectively
embrace applications ranging from traffic control to congestion management to system planning.
The measures that are considered to be applicable to one or more of the following applications:
traffic signal control, traveler information system, and incident management are listed in Table 2.

The measures useful for traffic signal control applications are listed in column 3 of Table 2
(4, 7). These measures can be used by engineers to evaluate signal operation. They can also be used
by a traffic responsive signal system to maintain efficient signal timing.

The measures useful for traveler information applications are listed in column 4 of Table 2

(3). Research described by Lappin (8) indicates that drivers use this information to save time, avoid
congestion, reduce stress, and avoid unsafe conditions. They achieve these objectives by altering
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their route, changing the departure time, or adjusting their expected travel time so as to make the
time as productive or relaxing as possible.

TABLE 2 Urban street performance measures

Common Description Applications'
Measures TC TI M

Density Number of vehicles in a traffic lane for a given length of roadway v

Bandwidth Ratio of green time window for unstopped through movement along a segment [ ¢/

efficiency or facility to the cycle length.

Cycle failure | Percent of signal cycles where all vehicles in queue at the start of green do not | ¢/

rate clear the intersection before the end of the same green.

Stop rate Number of stops experienced by a vehicle traversing an intersection approach, | ¢
a segment, or facility; relative to the count of vehicles.

Queue length | Average number of vehicles stopped in a lane. At intersections, queue length v v
is expressed as an average per signal cycle.

Volume-to- Ratio of flow rate to capacity for a point or segment. v 4

capacity ratio

Control delay | The delay that results when a traffic control device causes a driver to reduce v
speed or to stop.

Travel speed | Segment or facility length divided by travel time (includes control delay, if v v
incurred).

Total delay The difference between the travel time experienced by motorists and the travel [ ¢/ | ¢ 4
time that would have been incurred if they traveled at the free-flow speed.

Travel time Time required to traverse a segment or facility (includes control delay, if v v
incurred).

Travel time The percent of trips along a highway segment that take no longer than the v 4

reliability average travel time plus a certain acceptable additional time.

Incident Time between occurrence of incident and its clearance from the traffic lanes. v 4

duration

Fuel Gallons of fuel consumed by vehicles while traversing the point, segment, or v

consumption | facility.

Note:

1 - Applications:

TC-traffic signal control; TI - traveler information system; IM - incident management.

PERFORMANCE MEASUREMENT TECHNIQUES AND TECHNOLOGY

This part of the chapter summarizes the findings from a review urban street performance
measurement techniques and technology. The topics addressed include:

® Performance Measurement Approaches
® Measurement Techniques
® Surveillance Technology

The findings related to each topic are described in a separate section.
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Performance Measurement Approaches

The findings documented in the previous part indicate that the real-time performance
measurement of urban streets has many challenges associated with it. These challenges stem from
the complex interaction between traffic flow, signal timing, and adjacent property access. One
approach used to overcome these complexities can be described as “area-wide measurement.”
Techniques that follow this approach typically use probe vehicles and some type of wireless
technology. They sample a large number of vehicles on the urban street system at a few dispersed
locations. The sample is then used to estimate aggregate performance measures that describe facility
performance for the previous hour or more. These approaches do not have sufficient resolution or
accuracy to be used for real-time signal control applications.

A second approach that has been used to overcome the aforementioned complexities of urban
street operation can be described as “segment-based measurement.” Techniques that follow this
approach measure performance on a specified street segment by monitoring traffic flow along the
segment. Techniques that follow this approach typically use one or more detectors to monitor traffic
flow on the segment. They estimate the performance of the monitored segment with reasonable
accuracy and with a frequency suitable for responsive signal control applications. The performance
estimates can also be aggregated for traveler information and incident management applications.
Monitoring an entire urban street facility requires the measurement of performance on many (if not
all) segments that comprise the facility.

A third approach that has been used to overcome the aforementioned complexities of urban
street operation can be described as “signal-based measurement.” Techniques that follow this
approach measure performance on a specified street segment by monitoring traffic flow along the
segment and the signal timing status of the signalized intersection that bounds the segment.
Techniques that follow this approach typically use detectors to monitor traffic flow and receive
information about the status of the phase serving the through traffic movement. They estimate the
performance of the segment with a high degree of accuracy and with a frequency suitable for
responsive or adaptive signal control applications. The performance estimates can also be aggregated
for traveler information and incident management applications. Monitoring an entire facility requires
the measurement of performance on many (if not all) segments that comprise the facility.

Measurement Techniques

Real-time performance measurement systems are not as widely deployed on urban streets as
they are on freeways. This trend exists for two reasons. First, cities tend to have very limited
coverage of their street system using surveillance technology. Second, quantifying travel time for
arterial streets is significantly more challenging than for freeways because arterial traffic is subjected
to continual flow interruption by traffic signals. Inclusion of signal impacts in the prediction of
traffic performance requires the collection and processing of signal timing data as well as traffic
data--a burden not shared by techniques for predicting freeway travel time.

A variety of techniques have been used to measure urban street performance. A
representative list is provided in Table 3 of those techniques that use a segment-based or signal-
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based approach. The sensor location codes listed in this column are keyed to Figure 1. A discussion
of the information in this table is presented in the following subsections. Techniques associated with
area-wide measurement are also discussed.

TABLE 3 Illustrative list of techniques and technologies used to estimate performance

Perf. Reference Measured Traffic Sensor? Sensor Measured Signal Estimation
Measure Variables Location | Technology Variables Technique
Queue Iwasaki (9) | Queue length profile V2 VIVDS none none (direct measure)
Length'

Fu et al. (10) | Arrival flow profile D2 Loop Phase and cycle Computed using
duration of subject input-output analysis.
approach.

Through | Luk, Cahill [Departure profile at El, E2 Loop Phase and cycle Computed using
Delay (11) upstream and subject duration of subject input-output analysis.
approaches approach.
Tarko etal. | < volume El, E2 * loop Phase and cycle Computed using
(12) * queue length, * VIVDS duration of subject delay and running
* segment travel time * Probe approach. time models.
Through- | Higashikubo | Queue length profile V2 VIVDS none Computed using
Lane- etal. (13) input-output analysis.
gr(l)upl Oh, Ritchie | Vehicle signature for re- [ D2, A3* |Loop none Actual travel time
clay (14) identification less travel time at
free-flow speed.
Incident | Cullip, Hall [Flow rate, occupancy C2 Loop Cycle length Comparison with
Identifi- (15) threshold values.
cation Hunt, Holland | Flow rate, occupancy A2, A3 Loop none Temporal, spatial
(16) changes. Historical
differences.
Running | Lucasetal. [ Arrival flow profile B2, C2*° |Loop none Calculation of
Time 17) platoon running time.
Travel Carter (/8) | Tag serial number for C1,C2* [Passive RF none Computed from
Speed re-identification reflector matched vehicles.
Tantiyan- | Segment travel time Bus Probe | GPS none Computed using data
ugulchai, recorded while in
Bertini (/9) motion, adjusted for
bias.
Oh, Ritchie | Vehicle signature for re- [ C1, C2* |Loop none Computed from
(20) identification matched vehicles.
Zhang et al. | Spot speed, volume D2 Loop Phase and cycle Computed from
20 (15-min averages) duration of subject regression model.
approach (15-min)
Sisiopiku, | Occupancy C2 Loop Phase and cycle Computed from
Rouphail (22) | (15-min averages) duration of subject regression model.

approach (15-min)

Notes:

1 - Techniques developed to measure queue length can also be enhanced to estimate delay.

2 - Sensor locations are identified in Figure 1. If one sensor is used, its location is referenced to the “subject” segment. If more than
one sensor is used, those that supplement the one on the subject segment are also identified.

3 - Sensors for automatic vehicle identification (AVI) tag monitoring are typically located a mile or more apart.

4 - Sensor locations are not optimal for estimating segment-based performance.

5 - Developers claim that the technique can be used with loop sensors at C1 and C2 to measure travel speed; however, this claim
has not been validated with field or simulation data.
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A, B, C, D: System Detectors
E: Stop line detector
V: Video imaging detection zone (in dash)

Figure 1. Sensor locations for techniques identified in Table 3.

Queue Length and Delay

Table 3 indicates that both inductive loops and video image vehicle detection systems
(VIVDS) are being used to estimate queue length. Fu et al. (/0) use system detector D2 to measure
the arrival flow profile just upstream of the intersection queue. They use signal timing information
from the controller to estimate the discharge profile. They combine this information using input-
output analysis to estimate the overflow queue at the end of the through signal phase.

Iwasaki (9) and Higashikubo et al. (/3) have both developed techniques based on the use of
VIVDS for measuring queue length. The latter researchers used queue information to estimate delay.
Queue length was measured by defining a grid of detection points. The number and location of these
points that register the presence of a stopped vehicle is used to estimate queue length. Both
researchers report the ability to measure queues up to 500 ft in length.

Running Time

Relatively few measurement techniques have been developed for the purpose of measuring
running time. One promising technique that was found is described by Lucas et al. (/7). It is based
on matching platoons measured at two, distant system detectors on the street segment. The running
time is computed as the difference between the platoon arrival time at the two detector locations.

Travel Speed

Table 3 lists several techniques and associated technologies for measuring travel time, travel
speed, or both. The most common categories for these techniques are listed below:

Travel speed-flow relationships for planning applications.

Simple linear regression models based on occupancy.

Delay-based techniques.

Probe vehicle techniques using GPS or ground-based radio.

Hybrid techniques combining delay-based and probe techniques.

Vehicle signature matching.

Probe vehicle techniques using signpost-based AVL or cellular phone reporting.
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Travel speed-flow relationships for planning applications predict facility travel time based
on signalized intersection capacity, volume, signal density, and free-flow speed. Because of their
basis in systemwide planning, they tend to: (1) be facility-based (as opposed to segment-based),
(2) provide average travel time estimates representative of a one-hour (or longer) time interval, (3)
simplify the factors that influence signal delay, (4) characterize delay at all intersections on the
facility using a single “critical” intersection, and (5) typically exclude subtle factors that may reduce
speed (e.g., driveway density). Based on these limitations, Zhang et al. (23) suggest that travel
speed-flow relationships are not well-suited to real-time control and management applications.

Simple linear regression models based on loop occupancy were reviewed and evaluated by
Zhang et al. (23) using a common database. They observed that the prediction accuracy degraded
rapidly for higher occupancies (say, 60 to 70 percent). More importantly, they concluded that the
regression coefficients were “site-dependent,” meaning that the equation would have to be re-
calibrated using field-measured travel times on any street at which it is to be used. Similar
conclusions about the lack of transferability of regression models have been reached by others (24).

Delay-based techniques separately predict the delay due to the signal and that due to traffic-
related mid-segment friction. These two delays are then added to obtain the segment travel time.
The advantage of this technique is the separate consideration of signal timing parameters and their
effect on signal delay. The techniques developed by Zhang (27) and by Sisiopiku and Rouphail (22)
fit in this category.

Probe vehicle techniques using GPS or ground-based radio are currently being used to predict
segment travel time; however, the technology is sufficiently precise in locating vehicle position that
it can be used to isolate time delayed in queue and segment running time. Tantiyanugulchai and
Bertini (/9) describe their use of the Portland, Oregon transit service (which uses GPS to track bus
location) to estimate segment travel time.

Hybrid techniques represent a combination of two or more individual techniques to estimate
segment travel time. For example, Hellinga and Gudapati (25) combined system detector occupancy
with probe vehicle travel time to estimate segment travel time. Ivan and Chen (26) also found that
techniques using combined loop and probe vehicle data were better able to identify incidents.

Vehicle re-identification using vehicle signature is a relatively new technology in terms of
field deployment. The data communication and process are resource intensive and the matching
techniques complicated. The accuracy of the matching is highly dependent on consistency of
detector design and location along the segment. Oh and Ritchie (20) report travel time errors of
about 40 percent when travel times are aggregated for the previous signal cycle (13 percent if
aggregated over a 15-min period). They offer that “further feasibility study is necessary before
investing in network-wide implementation” of vehicle re-identification technology.

Probe vehicle techniques using automatic vehicle identification (AVI), signpost-based AVL,
or cellular phone reporting are not segment-based travel time measurement methods. The travel time
obtained from these technologies is typically referenced to mid-block locations that may be a mile
or more apart. While this time estimate may be useful for some facility management functions, it
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does not have the resolution needed for real-time control or incident management. Equally
important, the accuracy of these technologies is highly dependent on the number of vehicles
equipped with the necessary communications equipment. Minimum market penetration of
10 percent or more is essential to the successful use of AVItechnology (/8). This requirement can
translate into a multi-million dollar investment in AVI equipment for most large metropolitan areas.

Sensor Technology

The objective of this section is to review existing sensor technologies. The review focuses
on the ability of a technology to support the applications identified in Table 1. Emphasis is given
to sensor technologies that are in current use in practical applications and whose performance is
considered acceptable by the agencies using it.

Some sensors can directly measure travel speed or queue length while others are more
simplistic in their measurement of basic traffic data such as volume or occupancy. These “simple”
sensors require supplemental computer processing to derive higher-order performance measures,
such as speed, queue length, or delay. The discussion in the first subsection to follow focuses on the
most promising sensor types that can be used for performance measurement. The processing needed
to compute the desired performance measures is reviewed in the second subsection.

Sensor Types

Inductive Loop Detectors. This sensor is the most widely used by agencies throughout the
U.S. The vast majority of loop detectors are “simple” in that they report vehicle presence, as needed
for control purposes. This detector is typically coupled with a signal controller or a traffic classifier
when used to measure vehicle count, speed, and occupancy. A third-party product that supports
some type of communications interface is needed to transmit the processed data to a management
center. When properly installed and maintained, the inductive loop detector is the most accurate
detector in all weather, lighting, and volume conditions. Its disadvantage is that it is susceptible to
failure and is expensive to maintain.

Video Image Vehicle Detectors. This sensor is the next most widely used, following the
inductive loop detector. It is a fairly complex detection technology that requires the thoughtful
deployment of detection zones and adjustment of detection features (e.g., travel direction sensitivity,
call-delay, Boolean links between two or more detectors, etc.) for accurate detection. A video image
processor is used to monitor the video signal and determine when a vehicle is present in the detection
zone. Most video image processors can be used to measure vehicle count, speed, and occupancy.
However, recent research indicates these measurements are subject to considerable error (27, 28, 29).

Wireless Technologies for Probe Vehicles. This category includes transponders, telematics,
and cell-phone tracking. Ofthe three, transponders are the more commonly used sensor. They have
been used for over a decade to monitor transit vehicle location and facilitate toll collection (via toll
tags). However, with transponders, high cost typically precludes placement of roadside readers at
intervals of less than one mile.
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Telematics involves the use of two-way radio communications to monitor vehicle location.
It is very expensive to install and operate--so much so that it is currently feasible only for trucking
companies and public transit agencies. The inclusion of GPS units as a component of in-vehicle
safety services (e.g., General Motors’ OnStar) may improve the viability of telematics in the future.

Cell-phone tracking provides full coverage of the entire roadway without any capital
investment in transmission infrastructure by the transportation agency. However, vehicle location
is not precisely known with this technology. The issue then is one of obtaining the minimum sample
size needed to overcome location variability and achieve a travel speed estimate with reasonable
precision. Preliminary evaluations of this technology indicate that it is not well suited to the urban
street traffic monitoring application at this time (30).

Data Processing

A performance measurement system requires infrastructure to collect, process, and transmit
the sensor and signal timing data. Data transmission to a traffic management center is important for
traveler information and incident management applications. Data processing is generally needed to
compute higher-order performance measures, such as delay, stop rate, and travel time. It is also
needed for systemwide aggregation, archiving, and dissemination of the processed data. Cost
considerations suggest that the detectors deployed for data collection would likely be located near
a signal controller cabinet. At this location, both the detected traffic data and the signal timing data
(if used) could share a communications link to the management center.

If the performance measures are being used for real-time signal control, then the signal
controller is a likely candidate for providing the processing and communications function. It is
attractive because it has the signal timing information needed for performance measure estimation
and, if so equipped, can also process system detector data.

EVALUATION OF ALTERNATIVE MEASUREMENT TECHNIQUES
This part of the chapter documents an evaluation of alternative techniques (and associated

sensor technologies) for measuring the real-time performance of an urban street. The evaluation
focuses techniques that can be used for real-time signal control, traveler information, and incident
management applications. The topics addressed include:

® Alternative Techniques

® Technique Evaluation

® Recommended Measurement Techniques
The findings related to each topic are described in a separate section.

Alternative Techniques

A list of promising techniques for urban street performance measurement was developed
based on consideration of several criteria. First, the technique should be amenable to use for real-
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time signal control, traveler information, and incident management applications. Second, it should
emphasize the use of sensor or surveillance technology that is readily available and uses existing
infrastructure to the extent possible. Third, the technique should support the measurement of delay,
queue length, or running time. Techniques that satisfy these criteria are listed in Table 4. The sensor
locations used with these techniques are identified in column 4 of the table. The location codes (i.e.,
A, B, C, V) listed in this column are keyed to Figure 2.

TABLE 4 List of promising techniques for urban street performance measurement

Perf. Tech- | Measured Traffic Sensor Likely Sensor | Measured Signal Estimation
Measure | nique Variables Location’ Technology Variables Technique
Delay 1 Arrival flow profile | Mid-segment or | Loop Phase and cycle Computed using input-
and advance detector duration of subject | output analysis.

Queue (AorB) movement.
Length 2 Through delay Bus probe Automatic none Computed using data
Vehicle Location recorded while bus is
(AVL) stopped at signal.
3 Arrival flow profile | Mid-segment Loop Phase and cycle Computed using input-
and queue discharge | and stop line duration of subject | output analysis.
time per cycle (AorB,C) movement.
4 Queue length profile [ Detection zone | Video Image Phase and cycle Direct measure plus some

for 400+ ft along | Vehicle Detection | duration of subject | input-output analysis
approach (V) System (VIVDS) | movement.

Running 5 Arrival flow profile | Mid-segment Loop Start of green time | Calculation of platoon
Time detector (A) at upstream signal. | running time.
6 Segment running Bus probe AVL none Computed using data
time recorded while bus is in
motion.
7 Occupancy Mid-segment Loop none Computed using speed-
detector (A) density model.
8 Spot speed Mid-segment Loop none Computed using spot-
detector (A) running speed model.
Note:

1 - Sensor locations are identified in Figure 2.
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I Segment

L
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A: Mid-segment detector

B: Advance detector

C: Stop line detector

V: Videoimaging detection zone (in dash)

B
B
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Figure 2. Sensor locations for techniques identified in Table 4.
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The techniques listed in Table 4 are consistent with a segment- or signal-based measurement
approach because they are focused on the measurement of delay, queue length, and running time for
an urban street segment. Area-wide measurement approaches are not included in the table because
they are not well-suited to real-time signal control applications.

Travel speed is not directly measured by any of the techniques listed in Table 4. Rather, it
is estimated by combining the delay and running time measurements. This approach to travel speed
estimation is intended to overcome the challenges identified in previous research (23, 24) that are
associated with the direct measurement (or prediction) of travel speed on urban street segments.

The eight techniques listed in Table 4 have been coined with the following names:

Input-output analysis for delay and queue length measurement
Bus probe for delay and queue length measurement

Hybrid input-output analysis for delay and queue measurement
Non-intrusive detection for delay and queue length measurement
Platoon detection for running time measurement

Bus probe for running time measurement

Traffic flow characteristics for running time measurement
Application of spot speed for running time measurement

With one exception, each technique is discussed separately in the remainder of this section. The one
exception relates to the bus probe techniques (i.e., the second and sixth techniques listed). The
literature review revealed that bus probe research has almost exclusively focused on their use for
travel time measurement (instead of delay and running time measurement). Moreover, most of the
issues and infrastructure needs are the same for both techniques. For these reasons, the bus probe
techniques are discussed together in one subsection.

Input-Output Analysis for Delay and Queue Length Measurement

This technique measures the arrival flow profile using a detector located about 400 ft
upstream of the intersection. User-provided inputs to the technique include the start-up lost time and
the saturation flow rate. Information is also needed from the signal controller about the signal
timing. The technique combines this information to estimate delay and queue length for each signal
cycle.

Hybrid Input-Output Analysis for Delay and Queue Length Measurement

This technique measures the arrival flow profile using a detector located about 400 ft
upstream of the intersection. Departure time is also measured using the stop line detectors.
Saturation flow rate and start-up lost time is estimated using individually wired and amplified stop
line detectors. Information is also needed from the signal controller about the signal timing. The
technique combines this information to estimate delay and queue length for each signal cycle.
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Non-Intrusive Detection for Delay and Queue Length Measurement

This technique has a series of video detection zones positioned to monitor the subject
approach for a length of up to 400 ft. It records the number of video detection zones that report
vehicle presence during the red signal interval (and first part of the green interval) and uses this
information to estimate queue length every 10 s. User-provided inputs include the distance between
each successive video detection zone and the stop line. Information is also needed from the signal
controller about the signal timing. The technique is based on the “field measurement of intersection
control delay” procedure described in Appendix A of Chapter 16 of the Highway Capacity Manual
(31). Ituses this procedure to estimate the total vehicles in queue, time-in-queue, and delay for each
signal cycle.

Platoon Detection for Running Time Measurement

This technique measures the arrival flow profile using a mid-segment detector (preferably
one that is located near, but no closer than 400 ft, to the downstream intersection). User-provided
inputs include: (1) the distance between the detector and the upstream intersection and (2) the
upstream intersection turn movement proportions. Information is also needed from the upstream
signal controller about the signal timing and the queue discharge time. The technique combines this
information to estimate the platoon arrival time from the upstream intersection. This time is then
extrapolated into segment running time for the current cycle.

Bus Probe for Delay, Queue Length, and Running Time Measurement

This technique uses information about bus speed and location at various points in time along
its route. This information is reported to the bus dispatch system in real time along with information
about the time the bus spends at a stop, the location of the stop, and the bus loading between stops.
The technique uses this information to estimate segment running time for the bus. This estimate is
then adjusted to account for differences between bus running time and average vehicle running time.
A similar process is used to estimate travel time. Delay is estimated as the difference between travel
time and running time.

The averaging time interval for the segment running time estimate is dependent on bus
frequency. Desirably, data for three or more buses would be averaged during a time interval. Hence,
if bus frequency is 5 minutes, then it is possible to estimate average running time for an interval as
short as 15 minutes. Similarly, a bus frequency of 20 minutes coincides with an interval of one hour.

Traffic Flow Characteristics for Running Time Measurement

This technique measures traffic occupancy at a mid-segment location using one detector in
one traffic lane. User-provided inputs to the technique include the length of the street segment,
access point density, speed limit, number of lanes, and median treatment. The technique uses this
information to define a speed-density relationship for the segment, which is combined with the
measured traffic occupancy to estimate segment running time for each signal cycle.
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Application of Spot Speed for Running Time Measurement

This technique measures spot speed at a mid-segment location. A two-loop speed trap, or
anon-intrusive detector capable of speed measurement, is used to directly measure spot speed. User-
provided inputs to the technique include the length of the street segment, access point density, speed
limit, number of lanes, and median treatment. The technique combines this information with an
empirical relationship to estimate segment running time for each signal cycle.

Technique Evaluation

The eight techniques identified in the previous section are evaluated in this section. The
criteria considered in this evaluation include:

development and evaluation effort (risk),
effort required to use technique,
precision of performance measurement,
computer processing demand,

reliability of sensor technology, and

cost of sensors and communications.

These criteria are described in following subsections. Tables 5 and 6 summarize the evaluation
findings. Table 5 provides a summary of the techniques intended for delay and queue length
measurement. Table 6 provides a summary of the techniques intended for running time
measurement.

TABLE 5 Comparison of delay and queue length measurement techniques

Criterion Evaluation Score by Technique'
Input-Output Hybrid Input- Non-Intrusive
Analysis Output Analysis Detection
Development and evaluation effort (risk) |HEE EEEE | ]
Effort required to use technique ] | | HEE
Precision of performance measurement L] ] | HEE
Computer processing demand L] ] EEEE |
Reliability of sensor technology | L 1] ]| EEEE
Cost of sensors and communications ]| EEEE L] ]

Overall assessment:| Has good balance Ease of use and Some question about
between cost and precision will need to [precision of lengthy
effectiveness. offset high resource queue measurements.

demands.

Note:
1 - W less effort, lower cost, less complication; lNEM: average; HEEEE: more effort, higher cost, more complication.
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TABLE 6 Comparison of running time measurement techniques
Criterion Evaluation Score by Technique'
Platoon Bus Traffic Flow Application of
Detection Probe? Characteristics Spot Speed
Development and evaluation effort (risk) (HEEEE 1] ]| | ] ] |
Effort required to use technique | L] ] ] L] ] ] EEEE
Precision of performance measurement |HE HEE HEE L] ]
Computer processing demand HEE HEE | ] |
Reliability of sensor technology | ] HEE | L] ]
Cost of sensors and communications EEEEN EEEEN L] EEE
Overall assessment:|High risk and [ Development has |Has good balance | Not sufficiently
high cost make |some risk and between cost and |precise to justify
this technique |high cost. effectiveness. resource
unattractive. investment.

Notes:
1 - W less effort, lower cost, less complication; HHEM: average; NEEEME: more effort, higher cost, more complication.
2 - Bus-probe technique can also estimate delay.

Symbols are used in Tables 5 and 6 to convey the degree to which each of the aforementioned
criteria are satisfied. The number of darkened squares shown indicates the technique’s “score” in
terms of its level-of-development effort, precision, cost, or complication. Three squares indicate an
average score. One square indicates the less effort, more precision, lower cost, or less complicated
design. In contrast, five squares indicate more effort, less precision, higher cost condition, or more
complicated design. The scale used is relative to the eight techniques; thus, an average condition
reflects the average of the eight techniques and does not include consideration of other sensor
technologies or measurement techniques. The rationale for the exceptionally low or high scores
listed in Tables 5 and 6 is provided in the following subsections.

Development and Evaluation Effort

This criterion addresses the time required to develop and evaluate a technique for this project.
Complex techniques tend to take more time to develop and include more risk. Techniques for which
little fundamental research exists, or those based on technology that has not been widely deployed,
may take more time to develop and refine.

Of the eight techniques considered, the platoon detection technique is likely to require the
most significant development effort. There has been very little research in the area of platoon
identification for performance measurement applications. The research that has been completed
indicates that the technique will likely consist of a relatively complex algorithm based on pattern
matching. The hybrid technique is also more complicated than most of the techniques because it
attempts to measure and process many traffic variables. The bus-probe technique has numerous
complications related to: (1) converting stop-to-stop data into segment data, (2) correlating bus speed
to average vehicle running speed, and (3) communicating a large amount of data from the bus to the
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bus dispatch system. These complications pose more risk for the successful development of this
technique than the other techniques.

Effort Required to Use Technique

This criterion addresses the effort required to use the technique for typical applications. Use
includes both the initial calibration and the staff training required to operate the technique. This
calibration would entail providing (as inputs) specific traffic and roadway characteristics that
describe the street segment or intersection in terms of its geometry, speed limit, or volume. Simple
techniques tend to be more reliant on a few user-specified input values and require limited training.
In contrast, complex techniques tend to require more input data from the user or from additional
devices (e.g., sensor, controller, etc.). Complex techniques are likely to require more calibration
effort and more training.

Of the eight techniques, the spot-speed technique is likely to require the most calibration
effort. It measures one variable (i.e., spot speed) and then requires several user-specified inputs to
estimate the desired performance measure. In contrast, the hybrid and the platoon detection
techniques should require very little calibration effort. The hybrid technique effectively measures
all necessary inputs. The platoon detection technique directly measures the desired performance
measure (i.e., running time).

Precision of the Performance Measurement

This criterion addresses the precision of the estimated performance measures. Precision is
defined herein to equal the variance of the mean estimate, based on a sample size defined by the
shortest feasible measurement time interval. For all but the bus-probe technique, this time interval
is one signal cycle. For the bus probe, it is 15 minutes. It is assumed that the calibrated technique
will measure the performance measure without bias.

This criterion also includes consideration of the degree of correlation between the measured
value and the performance measure. Thus, techniques that directly measure running time would
logically be more precise in their estimate of running time than those that measure volume and then
combine this volume with other inputs to estimate running time.

Of the eight techniques, the hybrid procedure is likely to provide the most precise estimate
of delay and queue length because it measures all of the necessary inputs and does not rely on any
static user-specified inputs. The platoon detection and the bus-probe techniques should also be
relatively precise because they more directly measure travel time or speed, as opposed to estimating
it from a surrogate. However, the platoon detection technique may have difficulty estimating the
travel time of vehicles not traveling in the platoon. Also, the bus-probe technique provides only a
limited sample of running speed estimates for typical bus headways.
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Computer Processing Demand

This criterion addresses the demand that the technique will likely place on the central
processing unit (CPU) that automates the algorithm. For all but the bus-probe technique, it is
envisioned that the technique will be implemented in the signal controller. However, techniques that
are data intensive or have complex algorithms would likely tax the controller CPU. In the extreme,
an overtaxed controller would likely suspend processing of the technique in deference to its more
essential signal control functions.

Of the eight techniques, the hybrid technique is likely to place the greatest demand on the
CPU. This technique is likely to be data intensive and computationally complex. In contrast, two
ofthe techniques listed are expected to have low computational demands, primarily because they rely
on simple measurements of video detection zone actuations or vehicle occupancy.

Reliability of Sensor Technology

This criterion addresses the reliability of the sensor technology envisioned for use with the
technique. Reliable sensors are those that are in widespread use and have a proven record of
performance in terms of measuring the events needed for the technique. Sensors that use a single
inductive loop to detect vehicle passage or presence are considered to be very reliable. In contrast,
sensors based on video image vehicle processing or true-count detectors are considered to be of
lower reliability because their technology is not as mature.

Of the eight techniques, the input-output, traffic flow characteristics, and platoon detection
techniques are considered to be based on more reliable sensor technology because they require only
presence detection from an inductive loop.

Cost of Sensing and Communications

This criterion addresses the cost associated with providing the processing, sensing, and
communications infrastructure. This cost reflects the degree to which sensors that are likely to be
at the intersection (for other control purposes) can be used by the technique. It also reflects the
extent to which off-the-shelf sensor technology can be used with the technique. Finally, it reflects
the cost of sensors and communication linkages needed. Based on these considerations, techniques
that use the presence output from existing detectors would have the lowest cost.

Of the eight techniques, the platoon detection and bus probe techniques are likely to be the
most expensive. The platoon detection technique will likely require hard-wire communications
between the upstream signal and the mid-segment sensor. Communications will also be needed from
the upstream signal to the downstream signal if the running time information is to be used for control
applications. The bus probe technique requires a city-wide communications network with on-board
transceivers, AVL or GPS for bus location, and a central computer for data processing.
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Recommended Measurement Techniques

Based on the evaluation of alternative techniques, the following techniques were
recommended for development in the research project:

Input-output analysis for delay and queue length measurement

Hybrid input-output analysis technique for delay and queue length measurement
Non-intrusive detection for delay and queue length measurement

Traffic flow characteristics for running time measurement

The input-output technique was recommended because it offers a reasonable balance between
development cost and measurement precision. The hybrid technique was recommended because it
offers a highly automated means of precisely measuring delay and queue length. However, these
desirable attributes are partly offset by the technique’s complexity and high demand on computer
processing and sensor infrastructure. The non-intrusive detection technique was recommended for
further evaluation because it can be used to cost-effectively monitor a length of roadway. However,
there is some question about the degradation in measurement precision with increasing distance from
the camera. The traffic flow characteristics technique was recommended because it offers a good
balance between cost and effectiveness.

The bus probe and platoon detection techniques have a high cost of implementation and thus,
were not considered to be as viable as the four recommended techniques. Moreover, some basic
research would be needed to develop the platoon pattern matching algorithm and to verify whether
non-platoon vehicles can also be tracked or, if they cannot, what bias will result from the
measurement of platoon running time (instead of the average vehicle running time). The spot speed
technique was not recommended because it is not likely to out-perform the traffic flow characteristic
technique. It also is likely to require more effort to use and is more costly to install.
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CHAPTER 3

INTERPRETATION, APPRAISAL, AND APPLICATIONS

This chapter describes four techniques for measuring urban street performance in real time.
Three of the techniques have been developed to measure delay and queue length on the approach to
a signalized intersection. One technique has been developed to measure segment running time. All
four techniques can be characterized as having a “signal-based” measurement approach because they
focus on the performance of a street segment bounded by signalized intersections. Travel time is
computed by adding the delay estimate from one technique with the running time estimate from
another technique. Monitoring an entire urban street facility requires the monitoring of many (if not
all) segments that comprise the facility.

This chapter consists of four parts. Each part provides an overview of one technique and
summarizes the findings from its evaluation. The four techniques described include: input-output
analysis technique, hybrid input-output analysis technique, non-intrusive detection technique, and
traffic flow characteristics technique. Information to facilitate the implementation of these
techniques is provided in Appendix E.

INPUT-OUTPUT ANALYSIS TECHNIQUE

This part of the chapter describes the input-output analysis technique. This technique
measures vehicle arrivals to the intersection and couples this information with signal phase status
to estimate the queue length for the through movement as a function of cycle time. The queue length
information is used to estimate delay for the signal cycle. To simplify the discussion, this technique
is referred to hereafter as the “input-output” technique. Additional information about its
development and calibration is provided in Appendix B.

Overview of Technique

Figure 3 illustrates the flow of information for the input-output technique. Input data include
advance detector actuations, phase change data, and calibration factors (e.g., saturation headway,
storage capacity, etc.). The advance detector actuations are used to develop an arrival flow profile
for the current cycle length. The phase change data and saturation headway input are used to
compute a departure flow profile. These two flow profiles are used to compute the maximum queue
length for the signal cycle. They are combined with the signal status information to estimate delay.
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Figure 3. Input-output technique configuration and information flow.

The inductive loop detector is the most likely sensor to be used for the advance detector given
its relatively low installation cost and proven reliability. However, any sensor that can measure
vehicle arrival (or departure) time with reasonable accuracy can be used with this technique.

The detector should be located sufficiently far back from the intersection as to avoid having
queues form near it. Vehicles stopped on the advance detector will limit its ability to accurately
detect vehicle arrival time. On the other hand, the advance detector should not be located so distant
from the intersection that driveway activity between the detector and stop line degrades the accuracy
of the predicted arrival flow profile. The advance detector for typical locations will be between 400
and 600 ft from the stop line.

Technique Evaluation

Four hours of traffic data were collected at an instrumented intersection for the purpose of
evaluating the accuracy of the input-output technique. This intersection has one advance detector
in each through lane. Each detector is located 400 ft from the intersection. Detector actuations for
the northbound through movement were recorded during the study period and submitted to the
technique to obtain a delay estimate. Traffic events on the northbound approach to the intersection
were also recorded using a video camera. This recording was used to determine the ground-truth
delay data.

Figure 4 compares the estimated delay value with the true value of the delay. The solid line
shown in the figure represents an “x =»” line. If the estimated delay value equaled the true value
of the delay, then the data point would lie on this line. The figure also shows the best-fit linear
regression line.
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Figure 4. Comparison of estimated and true delays for the input-output technique.

The slope of the best-fit trend line in Figure 4 is 1.02, which is not significantly different
from 1.0. A slope of 1.0 suggests that the error is not a function of the estimated delay. The intercept
coefficient is 0.96, which is not significantly different from 0.0. In general, the two coefficients
combine to indicate that there is a very small bias in the estimation of delay, such that the technique
consistently underestimates the true delay. For practical applications, this bias is probably too small
to be of concern. The coefficient of determination R’ indicates that the technique explains about
75 percent of the variability in the data. The variability in the data indicates that the estimate of
delay for one signal cycle has a standard deviation of 5.5 s/veh.

HYBRID INPUT-OUTPUT ANALYSIS TECHNIQUE

This part of the chapter describes the hybrid input-output analysis technique. This technique
measures vehicle arrivals to the intersection, vehicle departures from the intersection, and signal
phase status to estimate the queue length for the through movement as a function of cycle time. The
queue length information is used to estimate delay for the signal cycle. To simplify the discussion,
this technique is referred to hereafter as the “hybrid” technique. Additional information about its
development and calibration is provided in Appendix B.

Overview of Technique

Figure 5 illustrates the flow of information for the hybrid technique. Input data include
advance detector actuations, stop line detector actuations, phase change data, and calibration factors
(e.g., storage capacity). The advance detector actuations are used to measure the arrival flow profile
for the current cycle length in a manner similar to the input-output technique. The stop line detector
is used to measure the departure flow profile. These profiles are used to determine the maximum
queue length for the signal cycle. They are combined with the signal phase status information to
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estimate delay. The real-time information about departure times is intended to make the hybrid
technique more accurate than the input-output technique.
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Figure 5. Hybrid technique configuration and information flow.

The inductive loop detector is the most likely sensor to be used for the advance and stop line
detectors given their relatively low installation cost and proven reliability. However, any sensor that
can measure vehicle arrival (or departure) time with reasonable accuracy can be used with this
technique.

Similar to the input-output technique, the advance detector for the hybrid technique should
be located sufficiently far back from the intersection as to avoid having queues form near it.
Vehicles stopped on the advance detector will limit its ability to accurately detect vehicle arrival
time. On the other hand, the advance detector should not be located so distant from the intersection
that driveway activity between the detector and stop line degrades the accuracy of the predicted
arrival flow profile. The advance detector for typical locations will be between 400 and 600 ft from
the stop line.

Technique Evaluation

Four hours of traffic data were collected at an instrumented intersection for the purpose of
evaluating the accuracy of the hybrid technique. This intersection has one advance detector in each
through lane. Each detector is located 400 ft from the intersection. Detector actuations for the
northbound through movement were recorded during the study period and submitted to the input-
output technique to obtain a delay estimate. Traffic events on the northbound approach to the
intersection were also recorded using a video camera. This recording was used to determine the
ground-truth delay data.
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Figure 6 compares the estimated delay value with the true value of the delay for the hybrid
technique. The slope of the trend line for this technique is 0.75, which is significantly different from
1.0. The intercept coefficient is 2.16, which is significantly different from 0.0. These coefficient
values indicate that there is a bias in the estimation of delay when using the hybrid technique.
However, this bias can be removed by using the regression equation in Figure 4 to adjust the
technique’s estimate. The coefficient of determination R’ for the hybrid technique indicates that it
explains about 66 percent of the variability in the data. The variability in the data indicates that the
estimate of delay for one signal cycle has a standard deviation of 5.8 s/veh.
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Figure 6. Comparison of estimated and true delays for the hybrid technique.

NON-INTRUSIVE DETECTION TECHNIQUE

This part of the chapter describes the non-intrusive detection technique. This technique
provides real-time estimates of queue length and delay at a signalized intersection using the output
from a non-intrusive vehicle detection system. Because of'its widespread use, video imaging vehicle
detection technology was determined to be the most appropriate non-intrusive detection system for
this technique. Hence, this technique is referred to herein as the “video-detection” technique.
Additional information about its development and calibration is provided in Appendix C.

Overview of Technique

The video-detection technique uses a video image vehicle detection system to monitor a
length of the intersection approach. A series of video detectors is positioned in each approach lane
at a specified distance from the stop line. When a detector indicates vehicle presence, the technique
assumes that the queue length is equal to the distance assigned to the detector. The estimated queue
length is reported every 10 s. Delay is estimated once each cycle, at the end of the green interval.
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Figure 7 illustrates the flow of information for the video-detection technique. The
arrangement shown is that used for the research deployment of the technique. Specifically, the
algorithm is automated using a personal computer. Implementation of the technique on a wide-scale
basis is likely to require its incorporation in the signal controller. However, the phase and queue
detector status could also be communicated to a computer in a traffic management center (TMC) for
some applications of this technique.
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Figure 7. Video-detection technique configuration and information flow.

A video image vehicle processor is envisioned to be the device used to provide vehicle
detection. This type of sensor is used because it is a widely-used intersection detection technology
that can provide many detection zones for the cost of one processing unit. Detection accuracy is
known to degrade with increasing distance from the video camera. This equipment has been found
to have reasonable ability to detect vehicle presence at distances up to 400 ft, depending on camera
height and location relative to the stop line.

The video-detection technique requires the placement of about 10 detectors for each lane
monitored. These detectors would be deployed along the length of the traffic lane, at predetermined
distances. For a typical approach with two through lanes and a left-turn bay, it is conceivable that
about 25 video detectors would be needed to provide presence detection on the intersection approach
and measure queue length. The detector used for this technique operates in the presence mode.

If the queue length frequently exceeds 400 ft, then a second video camera would likely need

to be installed on the approach at a distance of about 250 ft from the stop line. In urban settings, this
second camera could be mounted on a convenient luminaire support and receive power there as well.
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Technique Evaluation

Four hours of traffic data were collected at an instrumented intersection for the purpose of
evaluating the accuracy of the video-detection technique. This intersection has a video detection
system that is used to control the intersection. Detector actuations for the westbound through
movement were recorded during the study period and submitted to the video-detection technique to
obtain queue length and delay estimation. Traffic events on the westbound approach to the
intersection were also recorded using the video signal from the camera used to control the
intersection. This camera is mounted on the mast arm that controls the westbound traffic movements
and is located at a height of 24 ft. Tripod-mounted camcorders were strategically positioned adjacent
to the approach to record the ground-truth queue length and delay data.

Delay estimates were obtained for each of the 79 signal cycles during the four-hour study
period. Figure 8 compares the estimated average delay with the true delay for each of the 79 cycle
observations. The line shown in the figure represents the best-fit linear regression line. The equation
for this line is shown in the upper left corner of the figure. The coefficient of determination R’ is
0.72 and suggests that the algorithm is able to explain 72 percent of the variability in the delay data.
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Figure 8. Comparison of estimated and true average delay for the video-detection technique.

The slope coefficient for the equation shown in Figure 8 is 0.82 and is significantly different
from 1.0. The intercept coefficient in the equation is 17.16 s/veh. Together, these two coefficients
indicate that there is a bias in the estimated delay. Overall, true delay is underestimated by an
average of 8.8 s/veh, and this error varies on average from 0.0 to 15 s/veh over the range of delays
evaluated. Further analysis of the data indicates that this bias can be corrected by shifting the video
detectors slightly in the camera field-of-view.
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The precision of the delay estimate is dependent on whether the measurement is obtained
during daylight or evening hours. For daylight hours, the estimate of delay and for one signal cycle
has a standard deviation of 10 s/veh. During evening hours, the precision degrades due to issues
associated with headlights and pavement glare. The estimate of delay for one signal cycle during
the evening has a standard deviation of 16 s/veh.

TRAFFIC FLOW CHARACTERISTICS TECHNIQUE

This part of the chapter describes the hybrid traffic flow characteristics technique. This
technique measures vehicle occupancy at a mid-segment location. The measured occupancy is then
used to estimate segment running speed. This estimate can be converted into segment running time
and added to the delay caused by the downstream signalized intersection to estimate segment travel
time. Additional information about the development and calibration of this technique is provided
in Appendix D.

Overview of Technique

The traffic flow characteristics technique is based on the use of vehicle detectors located mid-
segment that monitor each through traffic lane. In simplest terms, the computer (or controller)
monitors the detectors, computes occupancy for the previous signal cycle, and uses this value to
estimate the segment running speed. For consistency with the delay estimation techniques described
in previous appendices, occupancy is estimated at the end of the major-street through movement
signal phase.

Figure 9 is a chart showing the various components of the traffic flow characteristics
technique and the flow of information between these components. The algorithm is automated using
a personal computer. The computer monitors the detector status and computes the detector
occupancy time for each vehicle. At the end of the signal cycle, the computer computes the cycle
occupancy, converts it into an equivalent density estimate, and then uses a calibrated speed-density
relationship to estimate the average running speed for the previous cycle. In the ultimate
implementation of this technique, the running speed estimate would be evaluated by the computer
to determine if there is a need to change the signal timing plan or to send an alarm to a traffic
management center (TMC).

This technique requires one detector in each through lane at a mid-segment location. The
detector should be located sufficiently far from the upstream and downstream signals as to minimize
their effect on the measured occupancies. For the downstream intersection, the distance beyond
which this effect is considered minimal is likely to be dependent on factors that influence signal-
related queue length (e.g., green-to-cycle-length ratio, volume, lanes, etc.) and on factors that
influence deceleration distance (e.g., speed, grade, etc.). For the upstream intersection, the distance
is likely to be dependent on factors that influence acceleration distance.
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Figure 9. Traffic flow characteristics technique configuration and information flow.

Technique Evaluation

Three hours of traffic data were collected at 10 instrumented urban street segments for the
purpose of evaluating the accuracy of the traffic flow characteristics technique. Videotape recorders
were deployed along the length of each segment and used to record the time that each vehicle crossed
one of two, closely-spaced reference marks. An equivalent 6-ft detector occupancy was computed
for each vehicle using its speed and length measured at the mid-segment reference marks. Also
computed for each vehicle was its running speed along the mid-portion of the segment. This portion
was established for each site to begin several hundred feet downstream of the upstream signal and
end several hundred feet upstream of the downstream signal. In this manner, the computed running
speed was determined to be uninfluenced by the presence of the signals. Occupancy and running
speed data were recorded for 5883 vehicles at the collective set of 10 segments.

One means of assessing the technique’s predictive ability is through a graphical comparison
of the estimated and true running speeds. This comparison is provided in Figure 10. The trend line
in this figure does not represent the line of best fit; rather, it is a “y = x” line. The data would lie on
this line if the model estimates exactly equaled the observed data.

The clustering of the data around the trend line in Figure 10 indicates that the model is able
to estimate running speed without bias. The coefficient of determination R is 0.95 and suggests that
the algorithm is able to explain 95 percent of the variability in the running speed data. The standard
deviation of the running speed estimate for one signal cycle is 1.6 mph.
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technique.
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CHAPTER 4

CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

The research conducted for this project has led to the formulation of several conclusions.
These conclusions are described in two sections. The first section describes conclusions reached
regarding alternative traffic management applications. The second section describes conclusions
reached regarding alternative performance measurement approaches.

Traffic Management Applications

Urban street traffic management typically includes one or more of the following functions:
traffic surveillance, traffic control, and information dissemination. Implementation of these
functions requires real-time measures of traffic condition and flow efficiency. This information is
used to support a variety of traffic management applications, including:

® real-time traffic signal control,

® incident management,

® traveler information, and

® system performance monitoring (including data archiving).

One of the more promising applications of real-time performance measurements for urban
streets is in the area of responsive and adaptive signal control. Real-time control applications are
currently based on specialized software products and hardware configurations that typically have
some specified preference for sensor location. These applications typically measure basic traffic data
(e.g., volume, occupancy, etc.) and combine them with information about the signal timing to
compute performance measures needed for making signal control decisions (via manual override or
automatically in response to traffic conditions). Almost all of these systems provide some type of
report describing estimated performance measures for each street segment. However, these measures
are rarely computed in a manner that is consistent with traditional field survey procedures and their
accuracy is highly dependent on sensor location and technology.

Techniques for estimating performance measures for signal control applications appear to
have the most potential for widespread implementation. Signal control systems tend to have an
extensive sensor, data processing, and communications infrastructure that could be used to support
one or more techniques. Similarly, the performance estimates provided by the techniques could be
used by the signal system to improve its signal timing and control decisions. To this end, the
techniques described in this report are based on the sensor technology and layout used for typical
signal systems.

Most agencies perceive that real-time data collected for control purposes can also be used
for information dissemination or automated incident detection, provided that the measures are
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understandable to motorists (e.g., delay, travel speed). Therefore, performance measures estimated
for control purposes should also support traveler information applications.

Performance Measurement Approaches

Techniques and technology for measuring urban street performance are not as advanced as
are those used for freeways. This lag is partly a consequence of the complex environment of the
urban street system. Frequent turn maneuvers, access points, and traffic signals disrupt the smooth
flow of traffic and often dictate the need for a surveillance system that is more dense than that used
for freeways. Nevertheless, the benefits from urban street monitoring are expected to be similar to
those realized through freeway monitoring.

Several techniques have been developed by researchers for urban street performance
monitoring. Almost all of them have focused on the prediction of travel speed. These techniques
can be characterized as regression models, probe vehicles, and vehicle signature matching
algorithms. Regression models tend to have site-dependent regression coefficients that limit their
transferability. Probe vehicles based on automatic vehicle identification or cell-phone tracking do
not have the location precision needed to yield accurate information about the performance of
specific street segments. To date, they have not been shown to be cost-effective for urban street
applications. Vehicle re-identification using vehicle signature matching is relatively new and is still
evolving; however, research to date indicates that it has significant resource requirements for real-
time applications.

Many of the aforementioned challenges associated with urban street performance
measurement can be overcome by separately measuring the delay at the signalized intersection and
the running time along the segment. Travel time is then computed by adding the measured running
time and delay. This approach is described as “signal-based measurement” because it is focused on
the measurement of performance on a specified street segment and its bounding signalized
intersections. Monitoring an entire urban street facility requires the measurement of performance
on many (if not all) segments that comprise the facility.

RECOMMENDATIONS

The research conducted for this project has led to the formulation of several
recommendations. These recommendations are described in the following paragraphs.

Techniques for measuring freeway performance have been in use for many years. These
techniques were developed and refined through partnerships formed by researchers and public
transportation agencies. The techniques were initially developed in the laboratory by researchers,
implemented in the field by agencies, evaluated in the field, refined in the laboratory, and the cycle
repeated. This partnership model is essential to the successful development of any new technology.
The return on the investment has been significant in the form of improved freeway operations.

The techniques described in Chapter 3 of this report are in the experimental phase of the
research and development cycle. Their viability has been demonstrated through installation at one
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or more urban street locations. Further advancement of these techniques will require transportation
agencies to become a partner in this process by implementing these techniques at locations in their
jurisdiction. This investment will allow researchers to refine the techniques and ultimately, make
them viable for wide-scale, turnkey implementation. To this end, it is recommended that agencies
consider implementing one or more of these techniques.

Of the three wireless technologies considered for direct measurement of arterial travel time
(i.e., transponders, telematics, and cell-phone tracking), transponder-based probe vehicles offer
considerable promise for obtaining citywide travel time data in a cost-effective manner. Toll-tag
technology costs are becoming more affordable and standardized. The percentage of vehicles with
tags is increasing, especially in large cities. Further research is needed in this area to: (1) identify
and evaluate system elements that would benefit most from real-time traffic information; and (2)
identify and recommend appropriate traveler information dissemination modes and methods that
most clearly provide information to the traveling public.

Research intended to identify system elements should consider the following areas:
surveillance of arterial operations and infrastructure, traffic control (providing for transit priority,
emergency vehicle preemption, adaptive signal control, etc.), lane management (HOV facilities,
reversible flow lanes, emergency evacuation, etc.), parking management elements, enforcement
elements (speed, red-light, stop/yield enforcement), and integration with transit information systems.
Techniques for computing performance measures such as travel time, travel speed, traffic volumes,
and intersection delay (among others) from transponder data should be evaluated. This research
should also investigate the most appropriate methods of archiving performance data.

Research intended to identify traveler information dissemination modes should consider the
following areas: dynamic message signs, highway advisory radio, in-vehicle systems, or personal
wireless devices. The research should also address the benefits of pre-trip information
(internet/wireless, television/radio, and kiosk-based services) and in-route information (including
internet/wireless, telephone, radio, and in-vehicle systems).
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