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1. Abstract

The primary goal of this project isto design asignal controller algorithm to capitalize on the
extended information provided by wide-area detection at isolated intersections. Thetitle of the
work emphasizes machine vision, or video image processing, because that technology promises to
be the first viable wide-area detector; however, the results of thiswork could be applied to any
wide-area detector capable of detecting vehicles over the entire length of the so called "dilemma
zone" on each approach to the intersection. Where the dilemma zone is defined as the area between
the legal stopping distance (i.e., the location upstream of which al drivers are legally required
come to a stop in response to the yellow phase), and the minimum stopping distance, beyond
which point, most drivers pass through the intersection in response to the yellow.

The scope of thiswork isrestricted to isolated intersections because control issues are
different for isolated intersections and arteridls. Sizable benefits from vehicle actuated (VA) control
can be realized at isolated intersections.

Machine vision tools are rapidly approaching the stage where they can be used for wide-
area vehicle detection at intersections. To bypass the on-going devel opment cycle, this project
developed a control algorithm assuming the detectors are fully functional. Using computer
simulation, we evaluated different control strategies and compared the performance of the proposed
wide-area detection system with conventional signal controllers. The results show that wide-area
VA control can yield significant improvements over conventional VA control strategies. Once
wide-area detectors become available, the control algorithm can serve as the foundation for a
prototype system.

2. Introduction and Executive Summary

The goal of this research project isto improve system performance and safety at isolated
signalized intersections via emerging wide-area vehicle detection technologies. Wide-area based
VA signal control promises an equitable means to improve intersection productivity by reducing
travel time, or delay, for all users. Another benefit would be increased safety because the
controller isresponsive to drivers actions, not just their presence.

Although VA control has been in operation for over 40 years, conventional systemsfail to
use strategies that realize the full advantages of this control. Conventional VA strategies terminate
the green indication some time after the discharging vehicle queue has traveled through the
intersection. For impulse detectors, the signal controller monitors vehicle headways passing the
detector until a measured headway exceeds some pre-specified duration. Consequently, the green



interval isterminated a specified time after a demand reduction has been detected. This practice can
reduce intersection throughput if the end of queue enters the intersection before the initiation of
yellow. A second efficiency loss occurs with conventional VA strategies because the controller
always allocates a fixed yellow time (which in some cycles, is more than needed).

In this project, we devel oped and tested a vehicle actuated traffic signal control algorithm
using wide-area detectors. Unlike existing control systemsthat rely on one or more point detectors
to infer operating conditions, the wide-area controller uses measured information about vehicles
along the entire intersection approach. With these observations, the wide-area based controller
allocates right-of-way based on observed needs rather than estimated or inferred conditions.
System improvements are reflected in operating performance (e.g., traveler delay) and in safety.
The wide-area based system can function in concert with 2070 controllers or any modern,
computer-based traffic signal controller.

Although no functional wide-area vehicle detectors exist, machine vision tools such as the
PATH Roadwatch vehicle tracker [1], are rapidly approaching the stage where they can be used at
intersections. To bypass the development cycle, this project devel oped a control algorithm based
on the assumed performance of the Roadwatch vehicle tracker. Using computer simulation, we
evaluated four different control strategies and compared the performance of the proposed wide-area
detection system with conventional signal controllers.

Four control strategies are smulated in this study:

1. Conventional impulse detector VA contral, this strategy models the state of the practice using
point detectors and serves as the base line for the other strategies.

2. Improved impulse detector VA control, this strategy incorporates several theories proposed by
Newell [2] for improving intersection efficiency using conventional impulse detectors. These
efficiencies have yet to be adopted into standard practice.

3. Fixed length clearanceinterval, wide-area detection VA control, this strategy extends Newell's

theories to wide-area detection while adopting a clearance interval in accordance with standard
practice.

4. Variablelength clearance interval, wide-area detection VA control, further efficiencies can be
realized by assigning a safe clearance interval based on the current state of the system. In any
given cycle, the required clearance interval may be shorter than the fixed clearanceinterval.

Although strategy 4 (i.e., the use of variable length clearance intervals) can yield greater
efficiencies than strategy 3, the fixed clearance interval variant was included for two reasons. first,
the variable clearance interval strategy depends on afail-safe detector, but, the final performance of



emerging wide-area detector technology is unknown. Second the variable clearance interval isa
dramatic change from standard practice. Wide-area detection can improve intersection performance
while following standard practice for clearance interval duration.

After presenting the background and controller design in detail, the paper presents the
intersection simulation model. Next, smulation results from eight different intersection
configurations are presented (as summarized in Table 6-9). Each configuration is examined using
at least two of the different control strategies and some configurations are examined with as many
asfour of the strategies. The paper concludes by examining the feasibility of wide-area detection
and suggests directions for further work.

3. Background and Motivation

3.1 Theory
G. F. Newell [2] noted that there are two features of vehicle actuated control that offer

advantages over fixed time signalization: the capability to respond to cyclic fluctuationsin arrival
rate and the capability to reduce the lost time incurred when changing the signal indications from
green to red. However, conventional practice fails to realize benefits through the latter feature.

When impulse detectors are applied in the conventional way, the signa controller relies
upon point detection to identify when the last queued vehicle has passed the detector, asinferred by
aheadway exceeding some pre-specified duration (i.e., the critical headway). When the end of the
gueue is detected, the controller terminates the green indication. Because standard practiceisto
locate detectors too close to the intersection, the last queued vehicle enters the intersection before
the controller has identified the end of the queue. In other words, the queue has cleared the
intersection before the end of the green time so the latter portion of the green and the subsequent
yellow interval are not used to serve discharging vehicles. Inthe event that afree-flow vehicleis
upstream of the detector (but close enough to the intersection to be entitled entry), the controller
always alocates a clearance interval of sufficient duration to allow such avehicle to proceed, even
if no such vehicle isactually present.

Strategies proposed by Newell [2] can improve the efficiency of VA intersections. Newell
argued that total traveler delay can be reduced by terminating the green time before the entire
discharging vehicle queue has actually entered the intersection. In thisway, the clearance interval
isused for serving queued vehicles and the intersection almost continually dischargestraffic at a
maximum rate.



In short, Newell advocated strategies which only serve queued vehiclesin each cycle. With
these strategies, detectors are placed sufficiently far in advance of the intersection (i.e., at the so-
called "lega stopping distance”) so that the detection of the critical headway guarantees that, at the
initiation of the yellow interval, al free-flow vehicles are upstream of the detector and therefore
legally required to stop and await intersection entry in the following cycle. Thus, only vehicles
discharging from the queue enter the intersection. As these dower-moving vehiclesin the
discharging queue adopt a shorter stopping distance, the required yellow duration can be reduced.

The benefits of reducing signal lost time stem from the resulting chain reaction whichis
realized cycle after cycle:

1. theinitial red phase will not be characterized by immediate queue formation,
2. queuesinthe conflicting direction(s) are served "earlier” in the cycle,
3. thegreeninterval returns"earlier” to the subject direction.

Although Newell's control strategies can dramatically reduce vehicle delay, as shown in
later sections of this report, they suffer from the limitations of point detectors. The following
limitations can be remedied by the wide-area based controller:

» Newell's strategies seek to reduce the required yellow time by terminating the green interval
before free-flow vehicles have passed the legal stopping distance on the intersection approach.
At the yellow initiation, the end of the discharging queue would be, in the ideal, too closeto the
intersection to stop in response to the yellow indication. This latter consideration relies upon
inferred vehicle positions based upon some "calibrated” measure of average vehicle speed. The
conventional control system can not respond to variationsin vehicle travel times. This
limitation compromises safety and efficiency.

*  On high-speed intersection approaches, Newell's strategies avoid the use of longer yellow
intervals required for free-flow vehicles by moving the detector further upstream of the
intersection. Consequently, yellow initiation occurs when the end of the discharging queueis
relatively far in advance of the stop bar. This creates a probability that vehicles (i.e., motorists)
in the discharging queue stop in response to the yellow indication. The residual queueing
erodes operating efficiencies.

» Traditional signa controllersinfer the end of the queue by measuring acritical headway
occurring at the point detector. An inattentive motorist failing to notice the green indication can
create a headway in the traffic stream which the controller falsely interprets as the end of the
gueue. The resulting premature termination of green time can create significant residual
gueueing.



* Atmost VA intersections, opposing traffic movements are controlled by the same signal phase.
Substantial inefficienciesin operation occur when unbalanced directional demands cause the
gueue to vanish in one direction before the other. Similar inefficiencies occur when unbalanced
gueue lengths exist in adjacent lanes on the same approach.

3.2 Improved Safety and Variable Clearance Intervals
Currently, both VA and fixed time signal control strategies use an invariable yellow time.

Theyellow timeisalocated so that adriver traveling at free flow speed at any location on the
intersection approach will have sufficient time to either clear the intersection or perceive the yellow
signal and safely come to acomplete stop. In other words, the yellow time is set to the upper limit,
as dictated by free flow vehicles at the upstream end of the dilemma zone, i.e., at the legal stopping
distance.

In many cycles, the pre-specified yellow time is unnecessarily long. Queued vehicles
discharge at speeds slower than the free flow speed and thus, have a shorter stopping time. 1f no
free flow vehicles are present, the clearance interval can be safely decreased to one that
accommodates the lower speeds of the discharging queue. If afreeflow vehicleis present
upstream of the legal stopping distance, it would be required to stop regardless of the clearance
interval. On the other hand, if thereis afree flow vehicle within the dilemma zone, it may be
downstream of the legal stopping distance and thus, the vehicle may not require the full fixed time
clearanceinterval.

Fixed time signals, by definition, can not respond to these varying conditions and
conventional VA strategies do not attempt to address thisissue. By using awide-area detector, the
controller can establish vehicle positions and velocities. Thus, the controller can alocate just
enough clearance timeto alow the vehicles to clear the intersection safely and to reduce the loss
time that occurs when the intersection is not serving any vehicles. One key featureisthe fact that
the controller can dynamically respond to traffic at al locations on the approach. So, the controller
continually updates the duration of the clearance interval as dictated by the approaching vehicles.
At theinitiation of yellow, it always alocates a clearance interva long enough to alow any vehicle
in the dilemma zone to clear the intersection should the driver choose to proceed during the yellow
indication.

In the event that a driver attempts to enter the intersection after the maximum clearance
interval, which would be set to the conventional fixed time clearance interval for the approach, the
wide-area based controller can implement an additional level of safety. Specifically, it could
present a short al-red phase to allow the offending motorist to safely clear the intersection,
although, this practice may encourage violations.



Under the variable length clearance interval control strategy, we do not take yellow time
from approaching drivers. Rather, we take unused yellow time while providing the necessary
safeguards to ensure safe operation of the intersection. As previously noted, the strategy depends
on afail-safe detector.

3.3 Complementary PATH Research
Thefirst generation of true wide-area detectors are being developed under PATH

sponsorship [1]. These systems are based on machine vision and they are rapidly approaching the
application stages. Ultimately, these tools could become an integral component of an intelligent
vehicle - highway system. Thus far, the main focus of the PATH machine vision work has been
for freeway applications. However, it would require only asmall commitment to generalize these
technologies for intersections and city traffic. The machine vision tools could provide the
necessary input for an innovative signal controller based on the improved strategies described in
this paper. The PATH machine vision tools promise to overcome the conventional surveillance
limitations via wide-area detection.

4. Controller Design

This project has devel oped awide-area based VA controller to monitor the entire
intersection approach (the dilemma zone in particular) and to assess the signal timing needs
continually. Safety and performance improvements are primarily realized through two means:

1) Utilization of the clearance interval to discharge vehicles. Conventional VA strategies terminate
the green indication after the last vehicle in queue enters the intersection. Lost timeisreduced
by terminating the green interval before the last vehicle in a discharging queue crosses the stop
bar but after the driver at the end of the queue is sufficiently close to the intersection to insure
he/she will proceed through the intersection. In this way, the entire green interval and the initial
portion of the yellow interval will be used to serve discharging vehicles.

2) Reduction of the required (i.e., safe and legal) clearance interval by only extending yellow time
to those arriving vehicles choosing legally to enter the intersection. Conventional VA strategies
allocate afixed yellow time of a sufficient duration to allow intersection entry to free-flow
vehicles which may be at, or just downstream of, the legal stopping distance. When no such
vehicles are present at theinitiation of the yellow interval, the yellow time is unnecessarily




long. We employ asignal strategy that seeksto serve only queued vehicles each cycle. The
yellow interval is displayed for the time required to serve vehiclesin the discharging queue.
Extensions to the yellow time occur only for the durations required to serve free-flow vehicles
(i.e., motorists) who are legally entitled to enter the intersection and have actually opted to do
SO.

To evauate the benefits of wide-area detection, we have modeled severa different
intersection configurations under four different control strategies. These control strategies are
outlined in the following four subsections.

4.1 Conventional Impulse Detector VA Control
This control strategy models the state of the practice using impul se detectors upstream of

the stop bar and serves as the base line for the other control strategiesin this project. During the
red phase, the controller allocates a short fixed green time and an additiona green time for each
vehicle that passes the detector during the red phase. The allocated green time ensures that if the
queue does not reach the detector, the vehicles will till be allocated sufficient green timeto clear
theintersection. Wheress, if the queue overruns the detector, the fixed green time ensures that the
gueue will be in motion at the detector location before the controller starts |ooking for headways.
During the green phase, the controller looks for a pre-specified critical headway at the detector after
theinitially-allocated green time elapses. When acritical headway is observed, or if the green has
timed out at the maximum green, the controller initiates a clearance interval of fixed duration.

Following conventiona practice, the impulse detectors in adjacent lanes are wired together
(often, these adjacent lanes are also wired together with the opposing lanes, but this practice is not
included in the current study). Thus, the controller looks for the critical headway across all lanes
simultaneously. On intersections near saturation, it is uncommon to observe alarge headway
across ALL lanes, even after the queue has dissipated and thus, the controller usually times out at
the maximum green. This phenomena can be observed in the results of this study, in particular
Sections 6.5-6.7 show that the average green is close to the maximum green time for some
intersection configurations.

Note that there isacommon "solution” to the problem of looking for a critical headway
across al lanes simultaneoudly. The controller looks for progressively shorter critical headway
until finally observing a headway that exceeds the reduced critical headway. Following theories
proposed by Newell [2], Cassidy, Chuang & Vitale [3] have demonstrated that the impulse
detector based control strategy outlined in the next section is superior to looking for a progressively



decreasing critical headway, thus, we do not attempt to model the progressively decreasing critical
headway in this project.

4.2 Improved Impulse Detector VA Control
Before proceeding to wide-area detection, we look at ways to improve VA control using

traditional impulse detectors. This control strategy incorporates several theories proposed by
Newell [2] for improving intersection efficiency using conventional detectors. The red phase and
clearance intervals are treated similar to the conventiona strategy outlined above.

Unlike conventional practice, the detectors are decoupled and monitored independently.
The controller looks for acritical headway in each lane, independent of the other lanes. During the
green interval, agiven direction is regarded as clear as soon as the queue dissipatesin at least one
lane. Thus, the controller responds as soon as demand drops and it does not have to differentiate
between a short headway in asingle lane and a short headway caused by vehiclesin two different
lanes. On one way streets, the controller initiates the clearance interval as soon asthe given
direction clears, while on two way streets, the controller waits for both directions to clear and
initiates the clearance interva as soon as the second direction clears. Theimproved strategy has yet
to be adopted into standard practice.

4.3 Fixed Length Clearance Interval, Wide-Area Detection VA Control
Extending Newell's theories to wide-area detection, the controller monitors vehicles along

the entire intersection approach. The queue is monitored and extended under all phases using the
same principles: avehicle is added to the queue when the vehicle decel erates to a specified
threshold below the free flow velocity or, when the vehicle's headway falls below athreshold,
regardless of the location on the approach. Once a vehicle has entered the queue, it is considered
part of the queue until it passes the stop bar. Thus, disturbances during dissipation (e.g., an
inattentive driver with along headway) do not cause premature termination of the green. In
practice, some modification would be necessary to allow for parking and mid-block turning
maneuvers. Note that in this strategy, the controller only needsto know the spatial position and
velocity of the end of queuein each lane. It does not keep track of the number of vehicles

During the green phase, the controller initiates the clearance interval as soon as the queue
has dissipated in at least one lane in BOTH directions. Where queue dissipation is defined asthe
first instant when the last queued vehicle has passed it's minimum stopping distance,



minimum stopping distance =

1)

ax
v = vehicle velocity
a,.,« = maximum reasonable deceleration

Then, the controller assigns a clearance interval in accordance with standard practice, i.e., the
interval is sufficiently long to serve afree flow vehicle at the legal stopping distance,

2

Y,
legal stopping distance= —" 2)
2a,

v, = freeflow velocity on the given approach

a, = a"reasonable" deceleration that drivers should be willing to tolerate

4.4 Variable Length Clearance Interval, Wide-Area Detection VA Control
Further efficiencies can be realized by assigning a safe clearance interval based on the

current state of the system. This controller isidentical to the one outlined in the previous section
with one exception: in any given cycle, the clearance interval may be shorter than the fixed
clearance interval required for afree flow vehicle at the legal stopping distance. At theinitiation of
the clearanceinterval, the controller follows all vehicles at or beyond the free flow legal stopping
distance and alocates sufficient yellow time for the entire population to safely enter the
intersection. So, for thei-th vehicle,

required yellow time = Ll 3
\/i

and for the given direction,
net yellow time = max(required yellow time) 4)

if agiven vehicle decelerates, but is not stopping in response to the yellow signal, the net yellow
time may be extended up to the required yellow time for afree flow vehicle at the legal stopping
distance.

For two opposing directions, one direction will clear before the other in most cycles. The
direction that clearsfirst may require alonger clearanceinterval than the queued direction. The



controller anticipates queue dispersal in the queued direction and initiates the longer clearance
interval in the free flowing direction so that clearance intervalsin both directions end
simultaneoudly. Thus, the controller minimizes the time that the intersection is serving vehiclesat a
lower rate.

5. Model Design

The basic model simulates an isolated intersection with two one-way or two two-way
streets. Each approach can have one or two lanes. Distance is measured in continuous units (ft)
and vehicles are assumed to have an effective length of 24 ft (7.3 m). Vehiclesare not alowed to
turn at the intersection because of the unique issuesinvolved in the control of turning traffic [2].

Because the wide-area controllers and the improved impul se detector based controller
initiate the clearance interval when demand drops in ONE lane, the remaining vehicles from the
other lane are alowed to distribute themselves evenly over the two lanes at the initiation of red,
thus, preventing unrealistic amounts of residual queueing. Lane changes are not alowed at any
other time. This constraint does not limit ssimulation performance.

Figure 5-1 shows aflow chart for the intersection model. Each iteration of the model
simulates 1 second of time. The primary measure of effectivenessin this study is average delay
per vehicle (as defined in Section 5.5). The following sections will address each of the model
components in more detail. Before examining the sub-components, Figure 5-2 shows concurrent
vehicle trgectories from two opposing one-way streets at an intersection under wide-area control.
Note that the initiation of red typically is not characterized by queue formation, as predicted by
Newell.

5.1 Steady State and Sample Size Requirements
We went to great lengths to ensure that the ssmulated intersection had reached steady state

before collecting statistics. Following Son, Cassidy & Madanat [4], numerous simulation runs
were made to establish the amount of simulated time required for the intersection to come to steady
state.

Toward this end, over 500 runs of 10 simulated hours were conducted and queue lengths
were measured every n seconds. The distribution of queue length over al runs at each sample time
(i.e, n, 2n, 3n, ...) was calculated and steady state conditions began at the time when all
subsequent distributions became dtatistically identical. This procedure was applied to the scenario

10



Figure 5-1, Flow Chart for the Simulation Model
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Figure 5-2, Concurrent Vehicle Trajectories From the Intersection of Two Conflicting, Single
Lane, One-Way Streets Under Wide-Area Control. The Red Phases are Indicated by

Thick Horizontal Lines at Zero Distance. Note How the Initial Red Phase Typically is
not Subject to Immediate Queue Formation.
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with highest demand so that the measured initiaization time would be more than sufficient for the
remaining scenarios. The pre-study also established a sufficient sample period (1000 seconds) to
ensure that sequential delay measurements are independent from each another.

Once the initialization time was known, 400 independent simulations of 1000 seconds each
were made for each condition, with atotal of over 110 simulated hoursin steady state per
condition. The primary measure of effectivenessin this study is average delay per vehicle and each
independent simulation yields a single measurement of average delay. The mean of the 400
independent measurements is used to estimate the (true) average delay per vehicle in the given
condition with the following confidence interval:

, : zlo
confidenceinterval = — 5
N (5)
z = sdected confidence level (95%)
o = sample standard deviation

m number of samples per condition (400)

5.2 Initialization
The initialization module sets up the various parameters for the intersection such asthe lane

configuration, detector locations, surveillance area, free flow velocity, etc..

5.3 Detection and Control
First the module detects vehicles. For impulse detectors, the module checksto see how

many vehicles passed the detector |ocation during the past iteration. For the wide-area detector, the
module finds al of the vehicles on the approach and measures their speed. Then, it implements
any necessary control based on the observed conditions in accordance to the given controller
strategy (as outlined in Section 4).

5.4 Vehicle Motion
A great deal of work was devoted to building models that faithfully replicate intersection

traffic features. Drivers respond to the signal aspects and to the vehicles ahead of them. Drivers
select from three discrete velocity levels (free flow, discharging queue and stopped).

13



5.4.1 Arrivals and Departures
Vehicle arrivals a the isolated intersection are modeled as a Poisson process and each lane

istreated independently [6]. A vehicleisdeleted onceit is sufficiently downstream of the stop bar
so that it can no longer affect any vehicle upstream of the stop bar.

5.4.2 The Drivers Decision to Stop
At theinitiation of yellow, adriver may decide to proceed through the intersection or come

to astop. Many factorsinfluence this decision, including the vehicle location on the approach
when the yellow isfirst displayed. Sheffi & Mahmassani [7] calculated the probability of stopping
as afunction of distance for high approach speeds. Cassidy, Chuang & Vitale[3] calibrated these
values for arange of speeds. The current model uses Cassidy, Chuang & Vitale's vauesto
determine the probability of stopping. Table 5-1 summarizes the values.

Table 5-1, Probability of Stopping at Initiation of Yellow

Vel Distance to stop bar (ft)

(mph) 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400
20 0 0.16 0.99 1 1 1 1 1 1 1 1 1 1 1 1 1
30 0 0 0 0.12 0.86 0.98 1 1 1 1 1 1 1 1 1 1
35 0 0 0 0 0 0.20 0.88 1 1 1 1 1 1 1 1 1
40 0 0 0 0 0 0 0.12 0.32 0.90 1 1 1 1 1 1 1
50 0 0 0 0 0 0 0 0 0 0 0.01 0.02 0.26 0.79 0.99 1

5.4.3 Driver Start-Up Times
Earlier work has shown that vehicles discharge headways vary as afunction of position

within the queue [8]. Cassidy, Chuang & Vitae[3] measured queue discharge headways at the
stop bar of asignalized intersection. Their analysis found that the first headway (defined as the
time between the initiation of green and the time the first vehicle crosses the stop bar) and the
second headway (difference between the time the second vehicle crosses the stop bar and the time
the first vehicle crosses the stop bar) conform to Normal distributions with distinct means and
variances. All subsequent headways could be combined into asingle Type | Gumble distribution.
Table 5-2 summarizes the distributions:

Table 5-2, Distribution of Queue Discharge Headways

Headway Number Distribution Mean (sec) Variance (sec"2)
First Headway Normal 2.88 0.449
Second Headway Normal 2.17 0.130
All Subsequent Headway's Type | Gumble 1.92 0.462

14




In the same study, Cassidy, Chuang & Vitale used field tests with afloating car to measure the
discharge velocity and found that for a"fully accelerated” queue, this velocity is approximately 20
mph. The model incorporates this work to cal culate the discharge headways and then back
calculate the vehicle start time as a function of distance to the stop bar.

5.5 Output Statistics
Asnoted earlier, the primary measure of effectivenessin this study is average delay per

vehicle, where avehicle's delay is defined as the difference between the measured travel time on
the intersection approach and the travel time at free flow velocity. Vehiclearrival timesare
recorded at alocation upstream of the assumed maximum queue length, as shown by the Arrivals
curvein Figure 5-3. Throughout data collection, tests of individual vehicle velocity are used to
verify that the queue does not overrun the upstream recording location. Departure times are
recorded as vehicles pass the stop bar, as shown by the Departures curve in Figure 5-3. Following
gueueing theory, aVirtual Arrival curveis calculated by shifting the Arrivals curve by the free flow
travel time, thus, the Virtual Arriva curve smply indicates the time vehicles would have arrived at
the stop bar if there were no delay due to the intersection. The (horizontal) difference between the
Departure curve and Virtual Arrival curve for thei-th vehicle indicates the delay that vehicle
incurred due to the intersection. Summing the delay over n vehicles (i.e., the area between the
Virtual Arrival curve and the Departure curve) and dividing by nyields the average delay for the
sample of n vehicles.

6. Simulation Results

Following the Moddl Design from Section 5, eight different intersection configurations
were simulated, each with different approach attributes (e.g., one lane vs. two lane approaches,
different free flow velocities, etc.). For each intersection configuration, two to four different
control strategies (as outlined in Section 4) were tested and each control strategy was evauated for
over 110 ssimulated hours under steady state conditions. Perhaps not surprisingly, the greatest
benefits from wide-area surveillance were realized at intersections near saturation (see sections 6.1,
6.5, 6.6). The following constants were used in the smulations:

All detectors

minimum green time = 2 seconds
maximum green time = 61 seconds

15



Figure 5-3, An lllustration of the Delay Calculation Following Queueing Theory
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Wide-area detectors
threshold velocity = 0.75 * free flow velocity
threshold headway = 4 seconds

| mpul se detectors
detectors 150 ft upstream of stop bar [9]
critical headway = 4 seconds
extratime per vehicle during red = 3 seconds

6.1 Scenario 1
2 approaches

1 lane per approach
Free flow velocity of 30 mph
Average arrival rate of 800 vphpl

Thisisthe ssimplest intersection considered in the study, with two one-way streets and a
single lane per approach as shown in Figure 6-1. The simulation results for thisintersection
configuration under three different control strategies are shown in Table 6-1. The wide-area
controller realized a 62 percent delay reduction from the conventional controller. Also note that the
variable clearance interval provides additional delay reductions over the fixed clearance interval.
Finally, note that the Improved Impulse Detector Controller isidentical to the Conventional
Impulse Detector Controller for single lane approaches.

Figure 6-1, Intersection Configuration for Scenario 1.
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Table 6-1, Controller Performance for Scenario 1.

Avg. Green |Average Delay +/- Confidence Percent
Detection (sec) (sec) Interval (sec) Improvement
Impulse 33.57 26.35 0.96 -
Wide-Area Fixed Clearance 10.80 11.82 0.31 55%
Interval
Wide-Area Variable Clearance 9.47 9.93 0.24 62%
Interval

6.2 Scenario 2
2 approaches

2 lanes per approach

Free flow velocity of 30 mph
Average arrival rate of 800 vphpl

Before proceeding to two-way streets, we examine the performance at an intersection of
one-way, two lane streets, as shown in Figure 6-2. The simulation results for this intersection

configuration under three different control strategies are shown in Table 6-2. With thisintersection
configuration, the wide-area controller realized a 50 percent delay reduction over the conventiona

controller.

Figure 6-2, Intersection Configuration for Scenario 2.

—>

11

Table 6-2, Controller Performance for Scenario 2.

Avg. Green |Average Delay +/- Confidence Percent
Detection (sec) (sec) Interval (sec) Improvement
Impulse Conventional 57.16 32.85 0.38 -
Impulse Improved 24.56 23.25 0.43 29%
Wide-Area Variable Clearance 10.81 16.54 0.21 50%
Interval
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6.3 Scenario 3
4 approaches

1 lane per approach
Free flow velocity of 30 mph
Average arrival rate of 800 vphpl

Next, consider the intersection of two-way streets with a single lane on each approach, as
shown in Figure 6-3. The simulation results for this intersection configuration under two different

control strategies are shown in Table 6-3. In this configuration, the wide-area controller realized a
41 percent delay reduction over the conventional controller.

Figure 6-3, Intersection Configuration for Scenario 3.
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Table 6-3, Controller Performance for Scenario 3.

Avg. Green |Average Delay +/- Confidence Percent
Detection (sec) (sec) Interval (sec) Improvement
Impulse 52.35 32.96 0.68 -
Wide-Area Variable Clearance 26.74 19.58 0.57 41%
Interval

6.4 Scenario 4
4 approaches

2 lanes per approach
Free flow velocity of 40 mph
Average arriva rate of 480 vphpl

Scenarios 4-6 examine the same four way intersection with two lanes per approach under
different demand conditions. The simulation results for low demand, Scenario 4, under all four

19



control strategies are shown in Table 6-4. In this scenario, the wide-area controller realized a 45
percent delay reduction over the conventional controller. However, the Improved Impul se Detector
Controller performed dightly better with an average delay per vehicle approximately 0.5 seconds
shorter.

Under the low demand, the average green timeis very short for the improved impulse
controller and both of the wide area controllers. Since both of the wide area controllersinitiate the
clearance interval as soon as the queue has dissipated in at least onelanein BOTH directions, but
potentially before all lanes clear, discharging vehicles occasionally get cut off in the lanes that do
not clear. Since the conflicting directions may not have sufficient demand to warrant switching so
rapidly, the snappy response of the wide-area detection increases delay dightly.

The short green times suggest that VA control may not be warranted in this low demand
scenario; however, controller performance could be improved by checking demand on the
conflicting directions before switching priority. This check was not conducted in the current model
because it was assumed that under the suite of test scenarios, a sufficient number of vehicles would
arrive on the conflicting directions before the green returned to them.

Figure 6-4, Intersection Configuration for Scenario 4.
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Table 6-4, Controller Performance for Scenario 4.

Avg. Green |Average Delay +/- Confidence Percent
Detection (sec) (sec) Interval (sec) Improvement
Impulse Conventional 45.96 20.43 0.13 -
Impulse Improved 7.18 10.60 0.09 48%
Wide-Area Fixed Clearance 5.49 11.44 0.05 44%
Interval
Wide-Area Variable Clearance 5.46 11.28 0.05 45%
Interval

20



6.5 Scenario 5
4 approaches

2 lanes per approach
Free flow velocity of 40 mph
Average arrival rate of 800 vphpl

The benefits of wide-area control are more apparent when the intersection (from Scenario
4) has higher demand of 800 vphpl. The simulation results for high demand under al four control
strategies are shown in Table 6-5. In this configuration, the wide-area controller realized a 29
percent delay reduction over the conventional controller while the improved impul se detector
strategy only realized a9 percent delay reduction.

Note that the conventional controller times out in virtually every cycle with an average
green of 61 seconds. In other words, the conventional VA control is not responsive to drivers at
all. Under the high demand, it israre that a critical headway is observed across both lanes
simultaneoudly in agiven direction.

Figure 6-5, Intersection Configuration for Scenario 5.
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Table 6-5, Controller Performance for Scenario 5.

Avg. Green |Average Delay +/- Confidence Percent
Detection (sec) (sec) Interval (sec) Improvement
Impulse Conventional 60.92 38.61 0.41 -
Impulse Improved 43.98 35.16 0.83 9%
Wide-Area Fixed Clearance 30.49 29.63 0.45 23%
Interval
Wide-Area Variable Clearance 28.04 27.42 0.42 29%
Interval
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6.6 Scenario 6
4 approaches

2 lanes per approach
Free flow velocity of 40 mph
Mixed average arrival rate of
800 vphpl, North & West
480 vphpl, East & South

All of the preceding scenarios have assumed balanced demand on opposing approaches.
Controller performance with unbalanced directional demand isinvestigated in this experiment. The
simulation results for high demand under all four control strategies are shown in Table 6-6. As
with Scenario 5, the conventional controller times out almost every cycle. The greatest benefits, 40
percent delay reduction, are realized with the wide-area controller using a variable clearance
interval.

Figure 6-6, Intersection Configuration for Scenario 6.

M

Table 6-6, Controller Performance for Scenario 6.

Avg. Green |Average Delay +/- Confidence Percent
Detection (sec) (sec) Interval (sec) Improvement
Impulse Conventional 60.25 32.63 0.36 -
Impulse Improved 25.93 23.72 0.47 27%
Wide-Area Fixed Clearance 18.62 21.66 0.35 34%
Interval
Wide-Area Variable Clearance 16.45 19.69 0.30 40%
Interval
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6.7 Scenario 7
4 approaches

2 lanes per approach
Free flow velocity of 30 mph
Average arrival rate of 800 vphpl

The setup for this scenario isidentical to Scenario 5, except that the free flow velocity is 10
mph slower. The simulation results for this intersection configuration under three different control
strategies are shown in Table 6-7. In this configuration, the wide-area controller realized a 43
percent delay reduction over the conventional controller. Again, the conventional controller can not
detect the demand drop by looking at two lanes simultaneously and the signal times out on almost
every cycle.

Figure 6-7, Intersection Configuration for Scenario 7.
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Table 6-7, Controller Performance for Scenario 7.

Avg. Green |Average Delay +/- Confidence Percent
Detection (sec) (sec) Interval (sec) Improvement
Impulse Conventional 60.85 34.73 0.27 -
Impulse Improved 39.25 27.71 0.36 20%
Wide-Area Variable Clearance 19.31 19.71 0.27 43%
Interval
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6.8 Scenario 8
4 approaches

2 lanes per approach
free flow velocity of 50 mph
Mixed average arrival rate of
800 vphpl, North & West
480 vphpl, East & South

This scenario was designed with the Improved Impulse Detector Controller for the base
line, thus, the Conventional Controller was excluded from the experiments. Theresultsin Table 6-
8 show that, under certain conditions, the Improved Impulse Detector Controller can perform
almost as good as the Wide-Area Detection Controller.

Figure 6-8, Intersection Configuration for Scenario 8.
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Table 6-8, Controller Performance for Scenario 8.

Avg. Green |Average Delay +/- Confidence
Detection (sec) (sec) Interval (sec)
Impulse Improved 40.36 36.97 0.77
Wide-Area Variable Clearance 32.91 35.16 0.83
Interval

6.9 Summary of Results
Table 6-9 summarizes the results from all eight scenarios.
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7. Feasibility

All of the control algorithms tested in this study could be implemented using existing
controller technology. The unknown factor in the system is the detector. Machine vision promises
to be the first viable wide-area detector and experience from the PATH Roadwatch real time vehicle
tracker has shown that machine vision tracking isfeasible. However, the current Roadwatch
system has been optimized for freeway applications. First, vehicle features are detected in an
initiaization region, then the features are tracked as the vehicles pass through the field of view and
finally the features are grouped into vehicles after they have exited the region of interest. This
approach is not well suited for the intersection environment because information is only extracted
after avehicle hasleft theregion of interest. At an intersection, it is necessary to know information
about the traffic stream before it leaves the surveillance area.

For the Fixed Length Clearance Interval, Wide-Area Detection VA Control strategy, the
controller only needs to know the spatial end of queue and its velocity. It does not need to know
the number of vehiclesin the queue or, for that matter, where one vehicle ends and another begins.
The machine vision vehicle tracker could be modified for intersection control by processing the
features while they are till in the region of tracking and yield a rough group to represent the areas
of roadway occupied by an unknown number of vehicles, thereby avoiding the much more difficult
task of segmenting distinct vehicles. The rough group positions and velocities could be used to
track the end of queue whileit is till in thefield of view and supply sufficient input to the fixed
clearance interval wide-area detection VA controller. The variable clearance interval controller,
however, would require knowledge about all vehicles on the approach and further detector
development is necessary before this strategy can become a viable and safe aternative.

For the most part, other image processing systemstend to fall into two categories. The so
called second generation systems that mimic loop detectors, but provide little if any additiona
information. Then there are the third generation systems, which attempt to track discrete vehicles.
The second generation systems do not provide enough information to be true wide-area detectors
while the third generation systems typically have not solved the problems associated with
segmenting discrete vehicles under difficult lighting conditions or in the presence of partial
occlusion.

There are afew image processing systems that do not fit into the above categories and
could serve as starting points for wide-area based intersection control. The systems provide new
information, not available from point detectors, but they do not attempt to track discrete vehicles.
For example, Rourke & Bell [10] demonstrate a Ssmple image processing system for queue
detection and congestion monitoring that does not require much computing power (their detector
usesan IBM PC ca. 1990). The key to keeping the system ssimpleisthe fact that it only monitors a
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line of pixels down the center of alane, ignoring the rest of theimage. With such asystem, itis
impossible to segment discrete vehicles, but it is easy to measure the length (i.e., distance) of the
gueue. The system as presented appears to be vulnerable to shadows and occlusions from
neighboring lanes. These difficulties could be overcome by creating a hybrid system that
addresses these problems, then, uses Rourke & Bell's linear detection region method. Judicious
use of optical flow, without segmenting discrete vehicles, should solve the occlusion problem and
there are severa existing algorithms to eliminate shadows that could be applied.

Daviet, Morin, Blosseville & Motyka[11] present another strategy, they monitor the entire
intersection approach and note which areas have changing luminosity on the pixel level. Their
assumptions are (i) that vehicle movement will result in changing luminosity and (ii) that vehicle
movement is the only event that will cause such a change. Generally, assumption (i) will hold, but
as previously noted, shadows and occlusion from neighboring lanes can invalidate assumption (ii).
Some higher level processing would be necessary to remove shadows and address occlusion to
make this system a viable detector for intersection control, but again, the system does not need to
segment discrete vehicles.

8. Conclusions and Further Research Directions

8.1 Implications for Operators
Wide-area detection if functioning properly, can substantially reduce delay at isolated

intersections. For some of the scenarios considered in thiswork, the wide-area controller
exhibited delay reductions on the order of 50 percent from the conventional control strategy. The
benefits of the wide-area control are realized because the controller can respond AS SOON AS
demand drops. Once afield deployable wide-area detector becomes available, tests should be
conducted using the non-traditional control agorithm outlined in this paper.

Wide-area detection is not cost effective for all intersections, there are some cases where
judicious use of impulse detectors can yield performance improvements similar to the wide-area
detector (e.g., Scenario 8 in Section 6.8). Once awide-area technology is advanced enough to be
deployed in thefield, its performance should be characterized and further smulation should be
conducted to establish when wide-area detection is warranted.

Finally, operators should re-examine how they use the existing detector infrastructure.
Thiswork has shown that monitoring lanes independently, rather than wiring multiple detector
inputs together, can yield significant delay reductions aswell. The scenarios examined in this
study showed as much as a 29 percent delay reduction when the impul se detectors were decoupl ed.
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8.2 Implications for Detector Design
Current image processing vehicle detectors on the market fall into two categories: second

generation systems which mimic loops and third generation systems that (attempt to) track discrete
vehicles., The second generation systems do not provide sufficient information for true wide-area
control while the third generation systems tend to be too complex and run into problems
segmenting vehicles on the approach.

The fixed time, wide-area controller needs to know where the queue ends spatially and how
fast itismoving. The controller does not use any information about how many vehicles are in the
gueue. Modifying an existing third generation detector to track moving objects (platoons of
unknown numbers) could allow the detector to extract the spatial end of queue while bypassing the
difficult task of segmenting discrete vehicles.
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