






























































































































































































































































































































































































































































































































































































































































approach on which the platoon is traveling. In this case, it might be better to switch the signal to the
other approaches to immediately start serving the existing stop line queues and reduce the amount of
delay incurred by vehicles on these approaches, even if such control treatment may cause the vehicles

in the incoming platoon to be stopped for a short time at the intersection.

On the basis of the results presented in this section, it appears that the request delaying logic developed
as part of this thesis performs its duties reasonably well. For most scenarios, improvements in traffic
performance were obtained as a direct consequence of the application of the signal coordination logic
developed as part of this thesis. More specifically, a detailed analysis of the simulation resuits
indicates that both the use of projected signal-switches from adjacent intersections and the request
delaying logic is generally beneficial. The only major identified problem is concerned with the use of
projected departures from upstream intersections to predict future vehicle arrivals. As explained
above, the problem is more particularly concerned with the current inability of the SPPORT model to
reduce the priority level of future events to reflect the diminishing importance of serving events that

are further in time.

9.6. Effectiveness of Transit Priority Rules

While the previous sections focussed attention on the ability of the SPPORT model to improve general
traffic conditions around isolated intersections and along urban arterials, this section evaluates the
ability of the model to provide effective transit priority treatments on a real-time basis in mixed-traffic
environments. This is achieved by examining in more details the effects of implemented priority
treatments on the stops and delays incurred by both transit and non-transit riders in the controlled

networks.

A first indication of the effectiveness of the model in implementing efficient transit priority has already
been given in the example of Figure 9.12. In this figure, six distinct spikes are observed along the line
illustrating the duration of the main-street green interval throughout the one-hour simulated control
period. As explained in Section 9.3, each one of these spikes corresponds to an extension of a green
signal indication that has been implemented to accommodate a transit vehicle approaching the
intersection under control. The diagram also illustrates the ability of the model to provide priority
treatments tailored to the needs of existing traffic demands and to later compensate for the effects that

these treatments have on other traffic. First, it is observed that different green signal indication
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extensions were awarded in each situation in which transit priority was awarded. These variations are
the effects of both different transit stop line arrival times with respect to the beginning of the main-
street green interval and different surrounding traffic conditions. Second, it is also observed that
SPPORT temporarily increases the duration of the cross-street green interval after each main-street
green interval extension. These cross-street extensions are not granted to accommodate transit
vehicles. Instead, they are granted to accommodate the longer queues that have formed on the cross-
streets as a result of temporarily extending the red signal on these streets to accommodate transit

vehicles traveling on the main-street.

Figures 9.20 to 9.23 illustrate the ability of the SPPORT model to provide effective transit priority
treatments at controlled intersections. Figures 9.20 and 9.21 compare the operation of the SPPORT
model at an isolated intersection with an optimal fixed-time operation based on Webster’s delay
minimization principles. Figures 9.22 and 9.23 provide comparisons for the five-intersection arterial
configuration illustrated in Figure 9.3. In this case, timings generated by the TRANSYT-7F model are
used as a reference for the optimal fixed-time operation. In both cases, the results are from the same
simulations that were described in Sections 9.3 and 9.4 to evaluate the general ability of the SPPORT
to improve traffic conditions at controlled intersections and along controlled arterials. More detailed

results can be found in Appendices E and F.

In Figures 9.20 and 9.21, the ability of the SPPORT to provide effective transit priority is evaluated by
comparing the delays incurred by transit riders and non-transit riders in both the fixed-time and
SPPORT operations. In Figures 9.22 and 9.23, similar comparisons are made, but on the basis of a
performance index considering the stops and delays incurred by transit riders and the passengers of
other vehicles. In all cases, comparisons are made with stop and delay estimates that do not consider
the stops made by public vehicles at transit stops, nor the time spent by these vehicles to board and
discharge passengers. These stops and time spent at these locations are not considered, as they

constitute an integral part of regular transit service and are not affected by the signal operation.

Together, these four figures clearly demonstrate the ability of the SPPORT model to favor transit
operations without causing excessive traffic disruptions to other traffic. In Figure 9.20, it is first
observed that the application of SPPORT results in a significant decrease in the amount of delay
imposed to transit riders by the signal operation. In five of the six scenarios, delay reductions exceed

30 percent. In three of these scenarios, reduction exceeds S0 percent, with one example showing an
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almost complete elimination of transit delay. The exceptional performance of the SPPORT model in
this case is attributed to the occurrence of very few conflicts between transit vehicles and the general
traffic, as well as the facility with which the SPPORT model can move the green signal indication
around when the general traffic demand is light. Similarly, the lower delay reductions obtained in the
scenario with high demand and constant arrival patterns can be explained by the difficulties for the
SPPORT model to switch the signal displays in response to transit priority requests at intersections

operated near or at saturation.

Figure 9.21 complements the information of Figure 9.20 by indicating that delay reductions achieved
by SPPORT for the transit riders were not made at the exaggerated expense of other tratfic. While
delay increases were observed for the non-transit riders in four of the six illustrated scenarios. these
increases never exceeded five percent. Moreover, as indicated in Figure 9.8, none of these delay
increases were large enough to negatively affect the overall performance of the controlled intersection

in any one of the six scenarios.

For the two scenarios simulating high traffic demands. the application of the SPPORT model appears
to be beneficial to both the transit and non-transit riders for all levels of transit interference. This
result can be attributed to traffic conditions that were exceptionally favorable to transit priority
treatments. For example, small signal alterations may have only been required to accommodate
incoming transit vehicles each time priority of passage was requested. The switch in the signal control
policies implemented by SPPORT that occur when the tail of a stop line queue threaten to spill across
an upstream intersection may also be at the source of these benefits. In these cases, instead of
attempting to minimize stops and/or delays, SPPORT attempts to dissipate as soon as possible the
existing queue to avoid queue spillbacks across upstream intersections. While none of the isolated
intersection examples featured intersections at the upstream end of intersection approaches across
which queue could threaten to spill back, it was nevertheless assumed that “potential” spillback
conditions would exist on these approaches if the tail of the stop line queue would cover more than 75
percent of their entire length. As a result, upstream queue management strategies may have been
applied to contain the maximum size of the stop line queue on each approach while this would not have

been the case in the fixed-time operation.

Figures 9.22 and 9.23 confirm the conclusions from Figures 9.20 and 9.21. Similar to the isolated

intersection scenarios, these diagrams indicate that the application of the SPPORT model is highly
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beneficial for transit riders in all arterial scenarios. For almost all scenarios, the performance index of
transit riders was reduced by more than 50 percent under SPPORT control when compared to a fixed-
time operation using TRANSYT-7F timings and passively favoring transit movements. In this case,
however, the results are more stable as a result of the fact that each data point in the diagrams
represents the combined results of five different intersections. In many scenarios, non-transit
passengers also suffered from stop and delay increases. However, as shown in Figure 9.15, none of
these increases negatively affected the overall performance of the arterial in any of the simuiated

scenarios, particularly in the cases in which on-lane transit activity severely disrupted other traffic.

9.7. Effectiveness of Multi-Objective Signal Control

In the previous sections, signal optimizations were carried out using the same combination of traffic
cops for each test scenario. For the scenarios with no transit vehicles, three traffic cops were used.
Each one of these cops held a different prioritized list of events in which the only variable element was
the way incoming platoons were handled on each intersection approaches. Since there were no transit
activities to consider, these lists also completely ignored the Bring Transit Vehicle to Transit Stop and
Bring Transit Vehicle to Stop line rules designed to provide priority to incoming transit vehicles. For
the scenarios with transit vehicles, three other traffic cops were added. These cops were an exact
duplication of the three previous ones, except for the fact they each assigned high priorities to the two

transit rules mentioned above.

In these tests. the main objective of using more than one prioritized list of events in the signal
optimization was to allow SPPORT to determine the best control strategy at each decision point. For
each list, a timing plan was generated and the plan resulting in the best performance index over the
decision horizon was selected for implementation. This process allowed SPPORT to consider transit
priority on a conditional basis. By combining lists favoring transit activities with lists that do not, a
choice was given to SPPORT at each decision point and priority treatment would only be awarded to
incoming transit vehicles if such treatment were found to be beneficial for the overall performance of

the controlled intersection.

In order to evaluate the benefits of this process, additional optimizations were carried out for all
peaking-demand scenarios involving transit vehicles using different combinations of traffic cops. The

results of these tests are provided in Appendix H. Similar to previous test=, traffic performance was
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evaluated in each case on the basis of a one-hour control period and using a performance function
assuming that each stop made by the passengers of any vehicle had the same importance as 20 seconds

of waiting time.

Figure 9.24 summarizes the results of the optimizations that were carried out for the medium demand
arterial scenario. The first observation that can be made from the results in Figure 9.24 is the overall
positive effect of using multiple traffic cops to perform signal optimization within SPPORT. This is
evident from the several reductions in the performance index with increasing number of traffic cops.
The second observation that can be made is the ability of the SPPORT model to provide priority to

transit vehicles on a conditional basis.

In each section of the diagram, it is observed that the optimization in which the efforts of the largest
number of traffic cops is pooled either produces the best signal control strategy or a strategy that is
very close to the best one. It is also observed that the optimization using all six traffic cops defined in

Table 9.2 produced the overall best solution. These results indicate the benefits of allowing SPPORT
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to generate candidate timing plans using different prioritized lists of events and to choose among these
plans at each decision point the one best suited for the existing traffic conditions. The results
demonstrate the difficulty faced by traffic engineers in selecting a priori signal control strategies that
can produce optimal signal-switching decisions at each decision point. In Figure 9.24, five of the six
overall worst signal control strategies were obtained when only one traffic cop was used. At the same
time, three of the four best overall solutions were obtained when the efforts of at least three traffic cops

were evaluated before making any signai-switching decisions.

One of the main benefits of using multiple lists of events to generate signal control decisions within
SPPORT is an improved coordination with adjacent intersections. In Figure 9.24, all traffic cops in
each of the first three sections of the diagram attempt to allow the same platoons to cross the controiled
intersections without being stopped. [n the first section, the attention is given only to platoons
approaching each intersection on the northbound approach. In the second section, the attention is
given to platoons on the southbound approaches only, while platoons in both directions are considered
in the third section. In the last two sections, different traffic cops look at different platoons. As it can
be observed, results in these sections are much better. In this case, the use of multiple traffic cops
allows SPPORT to evaluate the impacts of providing uninterrupted progression to incoming platoons in
each direction and to determine, at each decision point, which direction should get the green signal

indication.

The fact that the best or near best signal control strategies were obtained within each section of Figure
9.24 with the optimization using the largest number of traffic cops also demonstrates the ability of the
SPPORT model to provide priority to transit vehicles on a conditional basis. Each section of the
diagram presents the results of three distinct optimizations. In each section, the first optimization used
only traffic cops that were not instructed to provide special treatments to incoming transit vehicles on
any intersection approaches. The results of these optimizations show what happens when transit
priority is completely ignored. The second optimization used only traffic cops instructed to provide
priority of passage to all incoming transit vehicles. The results of these optimizations show what
happens when priority is always granted. As it can be observed, while providing priority on an
absolute basis may be beneficial in many circumstances, such benefits may not be obtained in every
scenario. For instance, in the example of Figure 9.24, the decision to provide priority to all incoming
transit vehicles causes a 1.7 to 8.3 percent decrease in the overall traffic performance index over non-

priority scenarios in four of the five sections of the diagram. However, the same control strategy
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causes a 3.7 percent increase in the overall traffic performance index in the scenarios of the third

section.

The third optimization combined the two previous sets of traffic cops. In this case, SPPORT had the
ability to evaluate signal control strategies that considered providing priority to transit vehicles and
strategies that did not. As a result, SPPORT was able to determine at each decision point whether or
not granting priority to the approaching transit vehicles would benefit the overall traffic performance.
As shown in Figure 9.24, this strategy produced very good resuits in all the sections of the diagram,
and the best strategy in two of them. In the other sections, the optimization implementing absolute
transit priority produced the best results. However, a difference of less than 3.9 percent, and of only
0.3 percent separates the performance indexes of the two transit priority strategies in these cases. Such
small differences confirm the ability of the SPPORT model to effectively consider transit priority on a

conditional basis.

9.8. Sensitivity to Selected Signal Control Parameters

This section presents the results of analyses that were performed to determine the impact of selected
control parameters on the signal timings produced by SPPORT. More specifically, the effects of the
following parameters are reported:

o Duration of decision horizon (see Figure 5.7);

e Duration of look-ahead period at each decision point within the decision horizon (see

Figure 7.4);
e (ritical headway in the platoon identification process (see Section 7.4);
e Critical flow rate used in the request generation process to determine whether a given flow

rate is high enough to warrant the generation of a request (see Section 8.1.1).

These parameters were chosen for examination on the basis of their assumed potential effects on the
operation of the SPPORT model.

The results of the analyses conducted for one particular scenario are illustrated in Figures 9.25 to 9.28.
The scenario chosen is the medium-demand arterial scenario with transit vehicles and peaking stop line
arrival patterns. This scenario was chosen as it simulates mid-range varying traffic demands. Similar

to the analyses conducted in the previous sections, the results reported in the figures evaluate the
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performance of the SPPORT model on a person basis over a one-hour simulated operation of the
model. For each point, a single replication was made. To perform the optimizations, all six traffic
cops defined in Table 9.2 were used. It was also assumed that each stop incurred by the passengers of

any vehicle would correspond to a 20-second delay.

In addition to the test resuits, each one of the above diagrams indicates the value that was assigned in
Section 9.2 to the corresponding parameter to evaluate the effectiveness of the SPPORT model in the
control of both isolated intersections and urban arterials. When these values are analyzed in relation to

the illustrated curves, the first observation that can be made is that the parameter values selected for
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use within SPPORT are optimal or near optimal with respect to the minimization of the performance
index. A second observation is related to the sensitivity of the simulation results to changes in the
values assigned to each parameter. For all these parameters, the slope of the performance index
relationship is very flat in the vicinity of the selected values. This indicates that model results are
rather insensitive to small changes in the parameter values. However, the figures also indicate that
large deviations from the selected values can have a more significant impact on the simulation resuits.
While the above conclusions are made on the basis of a single simulated scenario, there is little reason

to believe that similar behavior would not exist within the other scenarios used to evaluate the
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SPPORT model. As a result, while true optimality cannot be guaranteed, a certain degree of
confidence can be put in the assumption that the results reported in the previous sections are typical of

what SPPORT can achieved.

Figure 9.25 also indicates that the overall performance of the SPPORT model tends to improve with
the use of longer decision horizons. As it can be observed in the diagram, there is an almost
continuous decrease in the estimated performance index up to the use of a 60-second decision horizon.
Past this point, which corresponds to the duration of the decision horizon used in all the simulations

conducted in this thesis, no further improvements are observed.

These results are consistent with expectations. As the duration of the decision horizon increases,
signal optimizers are able to plan signal switches further ahead in time. This ability gives them the
opportunity to better evaluate the future impacts of current signal-switching decisions by allowing
them to project further in time the traffic conditions that would result from their proposed signal
control strategy. Similarly, the availability of projected signal switches over longer periods at all
controlled intersections allow the signal optimizer of each intersection to better plan its signal control
strategy as a function of the projected signal control strategy of other optimizers at adjacent
intersections. Past a certain point, a 60-second decision horizon in this case, no further improvements
are observed as the benefits of allowing signal controllers to plan future signal switching decisions are

completely offset by the increasing inaccuracy of traffic projections in the later part of the horizon.

Figure 9.26 indicates that the performance of the SPPORT model tends to improve with the use of
longer look-ahead periods at each decision point within a decision horizon. As the interval over which
stop line arrivals are projected is increased, the signal optimizers obtain a better picture of future
projected arrivals and are consequently able to generate signal requests that better matches the true
needs of the existing traffic demands. This effect is particularly significant in the generation of signal
requests attempting to accommodate incoming platoons and transit vehicles. If the look-ahead period
is short, approaching platoons and transit vehicles may only appear in the stop line arrival projections
when they are very close to the intersection stop line. In many cases, such late detection may not allow
the signal optimizers to switch the signal display in time to serve the incoming transit vehicle or
platoon without causing unnecessary stops. This is especially true in situations in which recently
implemented signal switches constrain the time at which the signal displays can be returned to green on

the approach under consideration as a result of minimum green interval requirements and other phasing



constraints. Past a certain point, in this case a 45-second projection horizon, no further improvements
are observed in the performance of the model as extending the interval over which stop line arrivals are
predicted on each approach no longer affects the number of requests generated by SPPORT or the

priority level assigned to these requests.

9.9. Real-time Control Applicability

As indicated in the research goals (see Chapter 4), any real-time, traffic responsive signal control
system must be able to implement signal control methods that are suited to the objective of quickly
responding to traffic demand variations. Such an objective can only be attained through the
implementation of signal optimization methods that are capable of generating efficient signal timing

plans in a few seconds.

For the development of the SPPORT model, a target optimization time of five to ten seconds has been
established. Such a short target is not unreasonable given than some existing real-time traffic signal
control systems are already designed to perform signal optimizations in less than 10 seconds (see
Chapter 3 and Appendix A). For example, the UTOPIA system currently performs signal re-
optimization at the intersection level every six seconds. In the case of PRODYN, signal optimizations
are performed every five seconds. In addition, it is also expected that some of the RT-TRACS
prototypes will feature such short intervals between signal optimizations once their development is

completed.

In order to evaluate the real-time applicability of the SPPORT model, additional simulation runs were
conducted with the objective of determining the time required by the model to perform signal
optimizations at individual intersections. To perform these tests, the isolated intersection scenarios
with low, medium and high demands, peaking arrival patterns and no transit vehicles were selected
(Scenarios #1p, #2p and #3p of Table 9.1). Scenarios with peaking arrival patterns were selected to
determine the variability of the optimization times under varying traffic conditions. Isolated
intersection scenarios were used rather than arterial scenarios to reflect the fact that the SPPORT
model has been designed as a fully distributed signal control system in which signalized intersections
are individually optimized using parallel processing. While the optimization times could be recorded

for each intersection in the arterial scenarios, these scenarios would not provide a correct estimate of
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the time required by the signal controllers to perform data exchanges between signal optimizations.

since the simulation is not executed in a distributed fashion.

Figure 9.29 presents the results of the simulation runs that were performed on a 233 MHz Pentium [l
personal computer with 64 Mb of memory and using Windows 95 as an operating system. For each
scenario, the diagram reports the minimum and maximum optimization times that were observed over
the course of one-hour simulations using different number of traffic cops. Similar to the evaluation
tests performed in the previous sections, each simulation was allowed to run for five minutes before
starting to record optimization times. In each case. it was also assumed that signal optimizations took
place every five seconds. This allows the recording of a total of 720 optimization times for each

simulation scenario.

In the figure, it is observed that both the minimum and maximum optimization times for both the low
and medium demand scenarios remain below the five-second target for all combinations of traffic cops.
While the minimum optimization times recorded for the high demand scenarios show a similar

behavior, very long maximum optimization times are observed for the cases in which five and six
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traffic cops are used to generate candidate signal switching decisions. These long optimization times
are not caused by problems associated with the signal optimization routines, but by the discrete-event
simulation model used to project stop line arrivals and evaluate the potential effects of candidate-
switching decisions. Like all microscopic simulation models, the time required to perform traffic
simulations within the discrete-event simulation used by the SPPORT model is a function of the
number of vehicles within the simulated network. The greater the number of vehicles, the longer it
takes to perform a simulation. In addition. the relationship between simulation time and number of

vehicles in the system is not linear.

Despite the above problem, it can be concluded that the SPPORT model that has been developed has
part of this thesis, meets, at least in simulation, the requirements for its application in a real-world real-
time traffic signal control system. For both the low and medium demand scenarios, the observed
optimization times are well below 10 seconds, which would leave enough time for the signal
controllers to communicate with their neighbors between the optimizations and exchange pertinent
traffic and signal information. For the high-demand scenarios, the ten-second target time is not
attained in all the cases: however, it can be assumed that continued improvements in computing
performance capability will reduce the optimization times. It is also estimated that improvements
resulting in a reduction of simulation time could be made in the way the simulation model used by
SPPORT operates. For example, simplifications could be made in the way vehicles queued at a red
signal are handled so that the simulation model would not have to determine whether or not these

vehicle can move at the occurrence of every event when the signal display has not changed.
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10. Summary, Conclusions and Recommendations

The main objective of the research described in this thesis was to develop efficient real-time, traffic
responsive signal control strategies for urban signalized networks that would solve the current
limitations of existing real-time traffic signal control systems with respect to their ability to consider
transit-related issues in mixed-traffic environments. The first limitation is concerned with the
modeling of transit interference on streets on which passenger cars and transit vehicles share the right
of way. Existing systems currently assume that transit vehicles do not interfere with the progression of
other traffic. In reality, transit vehicles stopping in the right of way often cause non-negligible
disruptions to traffic flows, which may then result in a significant loss of traffic control performance at
signalized intersections. The second limitation is associated with the way priority is granted to transit
vehicles approaching the intersection. Existing systems do not evaluate the consequences of altering
the signal timings to accommodate approaching transit vehicles. Green interval extensions and phase
recalls are often implemented with the sole objective of avoiding delays to the approaching transit
vehicles, without due considerations for the additional stops and delays that might be imposed to other

traffic.

The purpose of this chapter is threefold. First, to briefly describe the solution that has been adopted to
address the two major limitations of existing real-time signal control systems. Second, to highlight the
main findings of the research regarding the application of the procedures developed to provide real-
time traffic signal control in an urban environment with mixed-traffic conditions. Third, to present

some directions for future research in the field of real-time traffic signal control for urban networks.

10.1. Summary of Modifications to the SPPORT Model

To achieve the stated objective, it has been proposed to expand the applicability of the SPPORT model
(Signal Priority Procedure for Optimization in Real-Time) to actively consider networks of

coordinated signalized intersections. This model, which considered signalized intersections



individually, solved the two main limitations of existing real-time traffic signal control systems through
the two following unique features:

e The use of a discrete-event microscopic traffic simulator that explicitly models transit
interference on other traffic during dwell times when predicting traffic behavior around
controlled intersection.

o The use of a heuristic rule-based signal optimization process that allows the generation and
evaluation of several candidate signal timings strategies before choosing for

implementation the one yielding the best performance.

The research described in this thesis consisted of expanding and substantially enhancing the existing
SPPORT model to enable it to be applied to a network of signalized intersections. To expand the
model to the network level, signal optimization procedures and data communication processes had to
be developed to allow the model to coordinate the operation of adjacent intersections. At the same
time, it was required to maintain sufficient flexibility of operation at individual intersections to allow
the model to react quickly to changes in traffic demands and transit priority requests. To guide the
development of the proposed model, the four following general prescriptions were stated:
e The system must be truly demand-responsive in that it must adapt to actual traffic
conditions and not to historical or predicted values that may be far from reality.
e The system should not be arbitrarily restricted to control periods of a specified duration but
should be capable of updating plans at any time, at any location.
e The system must implement signal control methods suited to the objective of quickly
responding to traffic demand variations.
e The system must be designed to provide better performance than off-line signal

optimization methods.

The above objectives were achieved by developing a fully distributed signal control system in which
signalized intersections are individually optimized on the basis of traffic and signal information
describing traffic conditions on each approach to the controlled intersection and at adjacent

intersections.
In order to provide truly demand-responsive signal control, traffic control is primarily based on traffic

information provided by traffic detectors located some distance upstream from the stop line on each

intersection approach. These detectors provide SPPORT with advance information regarding future
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stop line arrivals. In order to provide priority to transit vehicles, they must be able to selectively detect
transit vehicles from other traffic on approaches on which passenger cars and transit vehicles share the
right of way. In order to extend the period over which future arrivals are known, while maintaining
reasonable accuracy of predictions of future arrival patterns, each signal controller also receives a
projection of vehicle departures from adjacent intersections under the proposed local signal control
strategy. It is only when traffic information is not available that SPPORT uses artificial traffic

generators to predict future traffic behavior.

To provide quick responses to detected changes in traffic demands, signal control is performed using a
rolling horizon process in which projected signal timings over the next minute or so are typically
updated every five seconds. To provide increased flexibility in the operation of individual
intersections, signal control is also achieved on a phase-by-phase basis. with no explicit reference to
the traditional concepts of cycle time, green allocation and signal offset. At each decision point, the
main control decisions are whether or not to end the current phase, and if the current phase is to be
ended which phase to go to next. These decisions are taken on the basis of minimum and maximum
green interval constraints, and on the need to coordinate the signal operation with adjacent
intersections. There is also no common cycle time imposed on groups of coordinated intersections, as

is commonly done in some real-time signal control systems.

A unique feature of the SPPORT model is the use of a heuristic rule-based signal optimization
procedure based on the recognition that efficient signal-switching decisions usually occur after the
realization of specific discrete events. Examples of such events are queues of vehicles reaching a
certain size. dissipation of queues or transit vehicles arriving or completing their dwelling process. By
ignoring all events that have no importance for the signal operation, the model is able to significantly
reduce the number of potential switching combinations that need to be considered to find an optimum
solution to the traffic control process. This process, which replicates the strategy that many traffic
control officers adjust, make the SPPORT model more amenable to real-time control than exhaustive

optimization methods such as dynamic programming.

At each intersection, the signal optimization process starts with the analysis of projected stop line
arrivals and the evaluation of traffic events defined as having an influence on the signal operation.
Each event results in the generation of a request calling for either a green or a red signal display on a

specific approach at a specific time. To account for the fact that different events do not carry the same
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importance, a priority level is assigned to each request. This level is determined on the basis of user-
defined values, and is also dependent on the size of existing queues and platoons for requests dealing

with approaching platoons and existing stop line queues.

Coordination with downstream intersections is considered by adjusting the times at which green and
red signal displays are requested on each approach. Adjustments are made on the basis of the projected
signal timings at the downstream intersection, the queue dissipation times along the approach to that
intersection, and the level of interference caused by transit vehicles stopping in the right of way to
board and discharge passengers on exit links. Coordination with upstream intersections is enhanced by
examining the potential for queue spillback across the upstream intersection, the recently implemented
and projected timings at that intersection, and queuing conditions on the link joining the intersection

with the one being optimized.

Once all requests have been generated, a decision to switch the signal or not is made with the objective
of accommodating as well as possible the various requests for green and red signal displays that have
been generated in the demand evaluation process. A signal timing pian is then produced by repeating
the decision-making at fixed intervals (typically five-second long) within the decision horizon. If more
than one prioritized list of events is provided for consideration by SPPORT, a candidate timing plan is
generated by the model for each list. The one yielding the best projected performance over the
decision nwurizon is then selected for implementation. However, plans are implemented with a
commitment to the first few seconds only (typically five seconds) and are reevaluated at the next

decision-making time (typically five seconds from the current decision time).

10.2. Conclusions

On the basis of a series of simulations evaluating the operation of the SPPORT model under a range of
traffic conditions at an isolated intersection and along a five-intersection urban arterial, the following
conclusions can be drawn regarding the extensions to the heuristic rule-based signal optimization

process developed in this thesis to consider transit related issues in mixed-traffic environments:
1. Effective transit priority treatments can be developed by applying the two transit-related rules

defined within the SPPORT model. Unlike existing real-time traffic signal control systems,

which typically only attempt to provide transit vehicles with uninterrupted progression across
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controlied intersections, the rule-based signal optimization process developed in this thesis also
attempts to provide these vehicles with a clear passage up to their loading point. In a majority
of scenarios, assigning a high priority level to these two transit rules resulted in a significant
decrease in the amount of stops and delays incurred by transit riders when compared to a signal

operation in which the transit rules were not considered.

The multi-objective signal optimization process used by SPPORT allows transit priority
requests to be granted only if such preferential treatment will not negatively affect the overall
performance of the intersection under control. In some of the scenarios that were simulated
significant stop and delay reductions were obtained, on an overall person basis, by
unconditionally awarding priority to all approaching transit vehicles when compared to
scenarios in which priority is not provided or in which transit movements are only passively
favored. However, for each scenario the best or near best performance was obtained when the
signal optimization process was allowed to compare strategies providing transit priority with
strategies that did not. These results clearly indicate the difficulties faced by traffic engineers
in determining a priori which signal control strategy should be the best. They also demonstrate
the benefits of allowing a signal control system to continuously evaluate alternative control

strategies and change their active strategy when new traffic conditions are detected.

By combining requests considering general traffic and transit needs in a single dccision-
making process, the rule-based signal optimization process followed by SPPORT has the
ability to consider all the effects of transit priority treatments and to minimize their potential
negative effects on general traffic. For example, extending a green signal indication to
accommodate an incoming transit vehicle often causes larger than usual queues to be formed
on the cross-streets. In such situation, the SPPORT model is able to temporarily increase the
cross-street green duration after each main-street extension by assigning higher priority levels
to the signal requests generated by the cross-street queues. This response allows the queue to
be quickly dissipated and minimizes the negative impacts of the implemented transit priority
treatments. In the traffic networks scenarios examined in this thesis, the implementation of
transit priority treatments generally increased stops and delays for non-transit riders. However,
the same treatments also resulted in reductions in the total amount of stops and delays incurred

by all network users.
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4. By considering the effects of transit vehicles stopping in the right of way to load and unload
passengers, the SPPORT model is able to make more accurate predictions of vehicle arrival
patterns at controlled intersections, and consequently, better able to plan efficiently signal
control operations. For the various scenarios that were examined, the benefits of using the
SPPORT model over an optimal fixed-time operation generally increased with the severity
level of transit interference. These benefits were mostly attributable to the increasing gains of
switching the green signal to other approaches each time a transit vehicle stopping in the right
of way impeded traffic at a transit stop. This indicates a clear effect of transit interference on
the performance of signalized intersections that should not be neglected in any signal

optimization process.

On the basis of the scenarios that were simulated in this thesis research, the following general
conclusions can also be made regarding the ability of the basic SPPORT-based signal control processes
and the enhancements developed in this thesis to provide efficient and suitable real-time, traffic
responsive signal control at isolated intersections and in coordinated urban networks with mixed-

traffic:

1. The application results clearly demonstrate the ability of the rule-based signal optimization
process to provide efficient responses to traffic demand variations. For example, the
application of the SPPORT model reduced total vehicle passenger delays at an isolated
intersection by as much as 35 percent in scenarios involving transit priority, transit interference
and peaking arrival patterns when compared to an optimal fixed-time operation. Benefits were
also obtained in scenarios evaluating the operation of the model along a five-intersection
arterial. In these cases, reductions of up to 50 percent were observed in the value of a
performance index considering the total amount of stops and delays incurred by all vehicle

passengers.

!J

The application results show a certain inability for the rule-based optimization process to
improve traffic conditions over an optimal fixed-time operation in scenarios involving no
transit vehicles, and more particularly in scenarios with constant vehicle arrivals. This
inability is not surprising given that fixed-time signal optimizations are specifically designed to
produce optimum timings for these conditions. However, other factors may also have

contributed to these negative results. One potential factor is the possible non-optimality of the
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priority levels assigned to the various requests for green and red signal displays that are
generated during the demand evaluation process. Another factor is concerned with how
priorities are combined before determining which phase would best meet the needs of current
demands. Currently, the ability of a given phase to serve current traffic demands without
delaying service to future high priority requests is determined by simply adding and subtracting
request priorities. This process assumes a linear relationship between the number of request
served and their overall priority level while the ability to serve more than one request at once

may command an overall priority level greater than the sum of the individual priorities.

When attempting to coordinate the operation of an intersection with its immediate neighbors,
benefits were generally obtained by instructing each signal optimizer to consider the projected
signal switches at both upstream and downstream intersections, as well as the projected
departures from upstream intersections. In almost all the scenarios that were considered,
additional benefits were also obtained by allowing the signal optimization process to adjust the
times at which green signal displays are requested as a function of both upstream and
downstream traffic conditions. When considered altogether, these results point to the
effectiveness of signal coordination process developed in this thesis. They also demonstrate
the ability of the ruled-based signal optimization process to successfully coordinate signalized
intersections in a control environment in which signalized intersections are individually

optimized.

While benefits were generally obtained when projected signal switches at adjacent
intersections were only considered, the consideration of projected departures from upstream
intersections only generally resulted in poorer traffic control performance. These negative
results are not attributed to inaccuracies the prediction of stop line vehicle arrival patterns but
rather to the fact that the rule-based signal optimization process currently assigns a priority
level to traffic events without considering their time of occurrence. When projected upstream
departures are not considered, almost all the signal requests generated during the demand
evaluation process are associated with current or imminent events. When stop line arrival
patterns are estimated using departures from upstream intersections, additional requests
dealing with events scheduled to occur at some time in the future are added to the list of
requests. If the priorities assigned to these requests are sufficiently high, situations can then

arise in which a green signal is held on an approach while serving no or very little traffic for
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the only purpose of avoiding delay to an incoming platoon or transit vehicle that might still be
10 or 20 seconds away from the intersection. While such control decision result in a poor use
of green time, it can often be avoided by instructing the signal optimizer to evaluate a series of
candidate controls strategies before making any decision. However, there is no guarantee that
all defined control strategies will not lead to the same decision. One way to solve the problem
is to assign lower priorities to future traffic events. This lead to the conclusion that truly
general optimal control can only be achieved with the proposed rule-based signal control

process by considering the temporal relationship of traffic events in the signal design process.

In the various tests that were conducted, the best signal control strategy was generally obtained
with the optimization evaluating the largest number of signal control strategies before making
any signal-switching decision. These results are a strong indication of the difficulties faced by
traffic engineers in determining a priori which signal control strategy would produce optimal,
or near-optimal, signal switches at each decision point. While the use of a single strategy often
appears to be sufficient when adequate traffic conditions are considered, better responses to
detected changes in traffic demands are provided by not constraining the signal operation to
one single strategy. As a result, the ability to consider various control strategies at each
decision point will often open the doors for significant improvements in traffic signal control

performance.

By combining requests attempting to prevent queue spillbacks with requests attempting to
provide service to existing queues, incoming platoons and incoming transit vehicles, the ability
is given to the rule-based signal optimization process possesses automatically adjust its signal
control strategy to prevailing traffic conditions. For example, a switch from the minimization
of stops and delays to the maximization of traffic flow across controlled intersections would
automatically occur when stop line queues would threaten to spill across upstream
intersections if the highest priorities are assigned to the queue spillback rules. Similarly, a
return to the initial control strategy would also occur when the congestion would have
dissipated. This is an advantage for the rule-based signal optimization process described in
this thesis as its ability to switch signal controls strategies provide the necessary flexibility to

allow true real-time, traffic responsive signal control to take place.
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7. Simulation results indicate that rule-based signal optimization process developed in this thesis
is currently applicable to real-time traffic control. Similar to existing real-time traffic signal
control systems for coordinated urban networks, the SPPORT model was able to generate
efficient signal timing plans within a 10-second target optimization period in a majority of
cases. These results are based on the simultaneous consideration of up to six control strategies.
While the target optimization time was exceeded when high demand levels were considered, it
is estimated that improvements in computer technology could further increase the applicability

of the model.

8. A sensitivity analysis revealed that the rule-based signal optimization process is rather
insensitive to changes in the decision horizon, the traffic projection period at each decision
point within the decision horizon. the critical headway used to determine whether two vehicles
are traveling closely, and the critical flow used to determine if a given stop line flow rate is
high enough to warrant the generation of a given request, at least around the values assigned to
these various parameters in the simulation studies. The same analysis also revealed that the
use of longer decision horizons is generally preferable over shorter horizons. Another
conclusion is that increasing the duration of the traffic projection period only affects the
performance of the model up to the point where the availability of any additional traffic
information does not result in the generation of new signal requests or the modification of

existing ones.

10.3. Recommendations for Further Research

[. [ncompleting this research project, numerous studies were performed to demonstrate the efficiency
of the proposed SPPORT model. However, none of the tests that were conducted fully considered
the variability of real-world traffic demands. While traffic demands are normally subjected to
numerous sources of randomness, the only source of randomness in the simulations that were
conducted was how individual drivers selected their path where traffic split into through and
turning movements. I[n all scenarios, vehicle speeds and transit dwell times were assumed to
remain constant over time and not to vary from one vehicle to the other. In addition, while the
average arrival rate was varied at specific points in time in the peaking demand scenarios, vehicle
inter-arrival times were assumed constant between each one of these points. In order to determine

the behavior of the SPPORT model under traffic demands that would be more representative of the
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reality, it is therefore suggested that additional evaluations with scenarios considering randomly

variable vehicle inter-arrival times, vehicle speeds and transit dwell times be performed.

In addition to the need to evaluate the behavior of the SPPORT model under more realistic traffic
demands, additional studies should also be conducted for determining the effects on the operation
of the model of changes in the values assigned to each one of various signal optimization
configuration parameters. Such studies could notably help devising guidelines for the selection of
appropriate control parameters in given control situations. A first step in that direction was taken
in the thesis when the sensitivity of the signal operation to the values assigned to selected control
parameters was examined. However, the evaluation work only considered the parameters that were
thought to have the greatest impact on the signal operation. One particular element requiring
further investigation is the selection of appropriate priority levels for each rule of the signal
optimization process. In the current research projects, priority levels were selected on the basis of
engineering judgement and test simulations. However, given the complex interdependencies
between traffic events (one event often leads to another one) it is unclear whether the selected
values were truly optimal for the test scenarios considered. It is also unclear whether these values

could be successfully applied to other test scenarios.

As a corollary to the need to determine optimal priority levels for each, there is also a need to
determine the optimal number of control strategies that should be considered by the SPPORT
model to produce optimal signal switching decisions. In the current research project, a maximum
of six different control strategies were used, with the only elements differentiating the lists being
whether or not priority is provided to transit vehicles and on which approach incoming platoons
were considered. In some scenarios, improved traffic performance might have been obtained by
using additional lists of events considering only potentizl queue spillbacks, or completely ignoring

rules dealing with incoming platoons.

Additional research is still required to enhance the signal optimization process. For instance, in the
evaluation of the SPPORT model, problems were attributed to the fact that the signal optimization
process currently assigns a priority level to traffic events regardless of their time of occurrence.
Ideally, requests dealing with events projected in the future should receive a lower priority than

similar events projected to occur imminently to reflect the fact that these future events are subject
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to more uncertainty. It is also still unclear whether linearly adding the priorities of active and

inactive requests in the phase selection process leads to optimal signal control decisions.

It is anticipated that allowing the SPPORT model to determine the order in which the phases
should appear would lead to further reductions in stops and delays. Such results are anticipated as
imposing a fixed sequence of phases on the operation of the SPPORT model, as what was done in
this thesis, often prevented SPPORT to switch to a particular phase when the phase was first
requested. This recommends that the performance impacts of permitting SPPORT to select the

phase sequence be quantified for a range of traffic network scenarios.

In order to improve the ability of the SPPORT model to realistically predict stop line arrival
patterns and accurately evaluate candidate timing plans, further research efforts should also be
directed at improving the discrete-event simulation model used by SPPORT. As an example, the
model does not currently simulate the dispersion of platoons between successive intersections.
This dispersion, which occurs as a result of the differing speeds at which individual vehicles travel
within a platoon can significantly affect traffic arrival patterns at signalized intersections,
especially along arterials where intersections are relatively far apart. Another limitation is
associated with the inability of the model to consider traffic movements on a lane-by-lane basis.
Currently, traffic movements are simulated using single-file, unidirectional segments.
Consequently, the model may not be able to correctly simulate traffic behavior on approaches on
which through and turning movements share a traffic lane. For example, while a left turn gap
acceptance logic was added to the simulation model as part of this thesis. the logic can currently
only be applied to segments used to represent single-lane approaches or exclusive turning lanes.
Since it is assumed that all vehicles travel in a single file, the use of the logic on a segment
carrying both through and turning movements would cause a complete blockage of the segment
each time a left-turning vehicle would have to stop to wait for an appropriate gap in the opposing
stream, even if the left-turning vehicle only blocks in reality one of the two or more available

traffic lanes.

In the thesis, the problem regarding the accurate simulation of left-turning movements from a
traffic lane shared by both through and turning movements was not considered as the main focus of
the research was to develop signal control procedures providing efficient responses to transit

interference and transit priority requests in coordinated urban networks. In each scenario, left turns
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from the main-street were all assumed to be made from an exclusive left turn lane. This allowed a
correct usage of the gap acceptance logic to simulate left-turning behavior. Since left tums from
the minor streets were assumed to be made from a shared lane, the gap acceptance logic was not
applied to these movements. This modeling choice introduced some inaccuracies in the simulation
of cross-street traffic, but such inaccuracies were judged reasonable on the basis of the main
objective of the research. In order to determine the impact of this modeling choice on the
performance of the SPPORT model, it is therefore recommended that additional simulations be
performed assuming the availability of an exclusive left turn lane on all cross-streets and the use of
the gap acceptance logic by all left-turning vehicles. Since many sources of traffic variability were
neglected in the scenarios considered in this thesis, it is also recommended that signal control
performance evaluations be made with scenarios considering mid-block entry and exit flows, as

well as variable inter-arrival times, speeds and transit dwell times.

Other improvements can also be made to reduce the time required by the discrete-event simulation
model to simulate traffic behavior. Such reduction could greatly reduce the time required by
SPPORT to generate signal timing plans since the time required by the discrete-event simulation
model to project stop line arrival patterns and evaluate candidate timing plans accounts for most of
the total optimization time. In this case, the time required to perform the necessary simulations is a
function of the magnitude of the demand to simulate. The larger the number of vehicles being
simulated is, the longer it takes to perform the simulations. This relationship was observed in the
simulation tests, were significantly longer optimization times were required for the high demand
scenarios than for the low demand scenarios. While the development of faster computers might
preclude the need for a faster simulation model, any modification to the existing model that might
significantly improve its efficiency should not be neglected. One particular point that merits
investigation is the way stopped vehicles are processed within a given simulation. For example, all
stopped vehicles are transferred to the current event chain from the future event chain each time
the simulation clock is advanced. As a result, a scan is made by the simulation model to determine
whether each one of these vehicles can make a move at the current simulation time even if it
obvious that some of these vehicles cannot move. Simulation times could then be reduced by not
performing such scans for vehicles waiting at a red signal until the signal display has changed. At
this point, it is anticipated that such modification would provide increasing benefits with increasing

magnitudes of traffic demands.
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APPENDIX A

Existing Real-Time, Traffic-Responsive Signal

Control Systems

223



A.1. SCATS - Sydney Coordinated Adaptive Traffic System

Description based on the following references: Sims (1978), Sims and Dobinson (1979), Fehon and
Moore (1982), Lowrie (1982), Sims and Finlay (1984), Luk (1984), Cornwell et al. (1986), Luk and
Cahill (1986), Luk and Doughty (1988), Lowrie (1990), and Wood (1993).

A.l.1. Control Architecture

SCATS is a two-level centralized hierarchical signal control system. [ts upper control level, hosted by
the central computer and known as the strategic control, is in charge of producing the basic signal
control strategy. The lower control level, known as the tactical control, is composed of intelligent

signal controllers.

The central computer optimizes the signal settings on an area basis based on average traffic conditions.
Its role is to react to long-term fluctuations in traffic demand, as well as to changes in the capacity of
each intersection that may result from traffic accidents, changing weather, pedestrian friction, etc.
Local controllers, on the other hand, are designed to provide more flexibility at individual
intersections. They can adjust the signal timings they receive from the central computer to adapt them
to the current of level traffic demand at each intersection, but only within specified limits imposed by

the central computer.

SCATS controls a network of signalized intersections by breaking it up into a series of smaller sub-
networks containing between one and ten intersections. All signals in a2 given sub-network are
coordinated and share the same cycle length. SCATS' strategic control logic can also create larger
coordinated area by “marrying” adjacent sub-networks. Two adjacent sub-networks are automatically
married if imposing the same cycle length in both and if coordinating the signals located along their
boundary result in lower estimates of stops and delays for all vehicles traveling inside these two sub-
networks. Married sub-networks are also automatically “divorced” when their association provides no

longer an advantage.
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A.1.2. Traffic Prediction Model

Detectors located immediately upstream of the stopline monitor traffic demand on each approach to an
intersection. The detectors are installed where the first vehicle in a queue would normally stop. They
enable SCATS to monitor in real-time the flow of vehicles going through an intersection during each
green phase, as well as the detection of phases for which there is no demand, i.e., no vehicle queued at

the stopline waiting for the green signal to come on.

The information collected by the detectors is used to estimate the degree of saturation of each
approach. which is defined in SCATS to be the ratio of the effectively used green time to the total
available green time. It is the main control variable used by the optimization algorithms to determine

the suitable signal timings for each intersection.

SCATS does not possess a traffic prediction model. Because traffic detectors are located at the
stopline, they cannot provide advance information about future arrivals at the intersection. The
detectors only record the passage of a vehicle when it is about to enter the intersection. Therefore,
there is no need to use a traffic prediction model to predict near-future arrivals at a given intersection.

This forces SCATS to use past demand measurements to calculate its optimum signal timing plans.

The absence of a traffic simulation model and the use of stopline detectors prevent SCATS to simulate
the queuing of vehicles at the stopline and to estimate directly the stops and delays generated by the
queuing process. The only queue prediction capability that SCATS possesses is its ability to detect the
presence of an excessively long queue on an approach through the detection of a decrease in the
outgoing flow rate at the upstream intersection. If a queue gets very long and reaches almost the
upstream end of a link, fewer vehicles will be able to enter the link from the upstream intersection and,

consequently, to leave that intersection.

Luk et al. (1986, 1988) developed a traffic prediction model using traffic data provided by SCATS'
stopline detectors that could predict arrivals and simulate the queuing process at the following
downstream intersection. However, recent literature about SCATS (Lowrie, 1990; Wood, 1993) does

not indicate that this model was finally introduced in SCATS.
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The main difficulty associated with the use of a prediction model based on information provided by
stopline detectors lies in the estimation of turning percentages at the intersection were traffic in
monitored. Because all vehicles in the lanes shared by turning and through movements do not follow
the same path, there is a relative uncertainty regarding the actual proportion of vehicles that turn and go
straight ahead. The greater this uncertainty, the less accurate is the traffic demand prediction. This
may lead the optimization algorithm to develop timing strategies that are more or less appropriate for
the existing traffic demand. Estimates could be used, but these will not consider the possible variations

of turning percentages over time.

SCATS developers chose to use stopline detectors rather than upstream ones to be able to estimate on-
line the saturation flow of each traffic movement. The saturation flow defines the maximum number of
vehicles that can cross an intersection during a given period of green time. This maximum flow is
function of many factors, such as weather, time-of-day, parking activities, pedestrian friction,
downstream conditions, and type of vehicles. Because stopline detectors enable SCATS to directly
monitor the traffic when a queue is discharging, the saturation flow can thus be directly estimated.
When upstream detectors are used, as in all other models. queue discharge conditions cannot be
directly monitored. Therefore, estimated saturation flow rates must be used to simulate the dissipation

of queues of vehicles.

A.1.3. Timing Principles

SCATS is designed to minimize stops and delays in each sub-network, but with a great emphasis on the
minimization of stops incurred by vehicles on main arterials. SCATS attempts to provide good
progression along major streets, rather than to find a global optimum timing policy that would
minimize stops and delays at all intersections. When the network is operating near saturation, the
control objective may also be biased to maximize throughput along major arterials, i.e., to maximize
the green time available at each intersection on these arterials so that more vehicles can travel along
them. The following paragraphs describe in more details the timing principles used by the central
computer (network, or strategic control) and by the signal controllers (local, or tactical control) to

achieve this objective.
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A.1.3.1. Network Timing Principles

SCATS strategic control responds to detected changes in traffic demand and in intersection capacity
(change in the measured saturation flows) by slowly varying the timing parameters at each intersection.
Basic timing parameters are the common cycle length under which all signals are operated in a given
sub-network, the green splits at each intersection (proportion of green time dedicated to each phase in a
cycle) and the offset between adjacent intersections (interval of time between the apparition of a given

phase at the two intersections). The phase sequence is fixed and is then not a control parameter.

The length of the common cycle in a given sub-network is adjusted once every cycle. This common
cycle length is equal to the cycle required at a critical intersection defined by the traffic engineer. The
cycle can be varied by up to six seconds each time (nine seconds if a trend is recognized) to maintain
the degree of saturation of each approach to the critical intersection within user defined limits (usually
90 percent). All other intersections in the sub-network share the same cycle length and are

consequently forced to operate with a longer cycle than their optimum.

Green splits can be varied at the critical intersection by up to four percent of the cycle length each
cycle to try to maintain an equal degree of saturation on all approaches. It is believed that maintaining
an equal degree of saturation contributes to the minimization of stops and delays at a given
intersection. For stability purposes, however, calculations are based on the average degree of
saturation calculated over the past three cycles to reduce the random fluctuations between two or three
different green splits. At non-critical intersections, splits are either non-variable or selected in a plan
library by a matching process that selects splits compatible with the ones currently in use at the critical
intersection. Because critical intersections typically represent only 10 to 20 percent of all intersections
in a SCATS network, this means that between 80 to 90 percent of all controlled intersections do not

have their green splits explicitly optimized.

Optimum offsets between signalized intersections in a given sub-network are calculated each cycle for
the direction having the highest flow rate, to ensure that the most significant direction of travel receives
adequate progression through the system. For stability purposes, offsets are only changed when a
modification has been requested three times in the past five cycles. Offsets are also optimized between
intersections at the boundary of two sub-networks when these sub-networks are married to establish

larger coordinated areas. Otherwise, signals in different sub-networks are not coordinated.
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A.1.3.2. Intersection Timing Principles

Local controllers can shorten or entirely skip a phase according to the leve!l of demand measured by the

stopline detectors on the corresponding approaches.

The adjustment of signal timings provided by the network control level is made by following simple
vehicle actuation logic. The duration of a green phase is for instance extended over a certain minimum
duration until the gap between two detected vehicles at the stopline exceeds a threshold value or until
the maximum allowable extension has been reached. A green phase can be completely skipped if no
vehicle has been detected to reach the stopline on the links served by that phase during the preceding

red phase.

All these adjustments are subject to restrictions imposed by the network control level. Moreover, one
phase cannot be omitted of shortened. This phase is defined by the user of the control system, but is

usually associated with the phase giving the green indication to the main road.

A.1.4. Priority to Transit Vehicles

Passive priority treatments can be granted to transit vehicles by allocating a favorable bias on the link
traveled by these vehicles. The bias can be permanent, modified by time-of-day or by operator

command.

Active bus and tramway priority treatments have also been implemented in some SCATS systems
(Wood, 1993). In these systems, when a transit vehicle is detected, the facilities exist to switch to a
particular phase or to retain the current green phase, if appropriate, to avoid unduly delaying an
incoming transit vehicle detected on one of the approaches to an intersection. An automatic adjustment
of green splits may also follow the change made to minimize the impact on other approaches of

suddenly reducing their green time, as in the system implemented in Melbourne, Australia (Cornwell et
al., 1986).

Because SCATS’ stopline detectors cannot provide advance information about the arrival of transit

vehicles, separate detectors must be used. For instance, in the tramway detection system implemented
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in Melbourne, additional detectors were installed 200 metres upstream of the stopline to give an

appropriate advance warning about the arrival of the tramways having priority of passage.

A.1.5. Implementation Results

SCATS has been installed so far in over 30 cities around the world. This fact alone is a good sign of

its ability to control in real-time networks of signalized intersections.

Very few resuits regarding SCATS" performances are available in the literature. The most recent one
is a survey that was carried out in 1981 by the Australian Road Research Board in Paramatta, Australia
(Luk, 1984). In that survey, SCATS’ performance was compared with a fixed-time plan optimized
with TRANSYT. It was found that SCATS and TRANSYT performances did not differ significantly
in the highly constrained downtown network of Paramatta. SCATS increased travel times by six
percent and decreased stops by nine percent during the afternoon control period. These poor results
were explained by the impossibility, either for TRANSYT or SCATS, to establish a good progression
scheme on most of the major routes of the downtown network. A second test on a less constrained
arterial showed that SCATS consistently performed better than TRANSYT. It did not significantly
improve the travel times (4 percent reduction, not significant at the 95 percent confidence level), but
reduced stops by about 25 percent. Luk also indicates that other studies have demonstrated
improvements in travel times, but that they derived their results by comparing SCATS with fixed-time

control systems that were not necessarily operating optimum timings.

The Paramatta evaluation work did not look at priority to transit vehicles. According to Wood (1993),
there is no performance results reported in the literature for networks in which signal timings ca be
changed to offer priority of passage to transit vehicles. The only performance results reported are for

isolated intersections only.
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A.2. SCOOT - Cycle, Split and Offset Optimization Technique

Description based on the following references: Hunt et al. (1981), Robertson (1986), Wood (1993),
Bowen et al. (1994), Martin et al. (1995). Hounsell et al. (1996), Bretherton (1996), Bowen and
Bretherton (1996).

A.2.1. Control Architecture

SCOOT is a fully centralized control system, in the sense that all timing calculations are done by the
central computer. Local controllers have no adaptive or optimization capability of their own. They

only implement the timings they receive from the central computer.

This control architecture enables SCOOT to gather at a single location all data required for signal
optimization. This allows the central computer to attempt to perform a system-wide optimization off
all timing parameters. As such, it readily allows for pro-active control, where the central system can
attempt to simultaneously optimize all the signals under its control, providing for progression between
pairs of intersections, while at the same time pre-conditioning at each intersection the arrivals from

upstream intersections to actively promote progression.

This pro-active control ability is amplified by the fact that SCOOT can coordinate large number of
signalized intersections. Like SCATS, SCOOT controls a signalized network by breaking it up into a
series of smaller sub-networks. However, SCOOT’s sub-networks are much larger than those used in
SCATS. The only limit put on the maximum size of a given sub-network is the available computer
power. This increases SCOOT’s ability to produce global optimum timing plans for signalized

networks.

A.2.2. Traffic Prediction Model

Contrary to SCATS, traffic demand is monitored by detectors located at the upstream end of each
approach to an intersection. These detectors enable SCOOT to obtain the most direct advance

information about future arrivals at the downstream intersection. They also enable SCOOT to know if
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a queue of vehicles fills entirely and approach and, consequently, to know if vehicles can or cannot

leave the upstream intersection.

The traffic flows observed by the detectors on each approach are stored in SCOOT’s central computer
in the form of cyclic flow profiles (see figure A.1). A cyclic flow profile can be though of as a
histogram giving the average number of vehicles that were observed to pass at a given location during
each of the intervals dividing the current cycle length. However, SCOOT's cyclic flow profiles do not

truly represent future arrival. Although the upstream detectors provide advance arrival information,
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Figure A.1 - Principles of the SCOOT traffic model (source: Robertson, 1986)
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SCOOQT's flow profiles only represent the average number of vehicles that were observed during each
four-second interval over the past few cycles. SCOOT is effectively designed to react to long-term
slow variations in traffic demand, not to short-term random fluctuations. For stability purposes, the
most recent data on traffic flows for the current interval are combined with existing values in the
current flow profiles using a moving average process so that unduly large fluctuations in these profiles

are avoided.

Traffic demand at the stopline is estimated by projecting to the stopline the shape of the upstream
cyclic flow profile. The profile is translated into time, to take account of the average travel speed
between the upstream detector and the stopline, and passed through a platoon dispersion model that
spreads vehicles in time. Once this arrival profile is known, a simple queuing model is used to
simulate the evolution of the queue of stopped vehicles over time under a specified signal control

strategy and to estimate the stops and delays generated by this queuing process.

For simplicity. the queue is modeled vertically. Therefore, vehicles are assuned to travel at free speed
until they reach the stopline. This affects the accuracy of the prediction, as vehicles will usually reach
the back of the queue before the stopline. The queue estimated by SCOOT may thus be shorter than
the actual one. This gives more importance to the upstream detectors, since they can detect a queue
reaching the upstream end of a link and warn the central computer about this situation. Prediction
accuracy will also depend on the accuracy of the assumed average travel time and saturation flow rate

on each approach.

A.2.3. Timing Principles

SCOOT is designed to find a global system optimum by minimizing stops and delays incurred by all
vehicles or persons traveling inside the controlled network. There is no a priori preferences given to
the optimization of signal timings along major routes as in SCATS, except when required by the traffic

engineer. All approaches to an intersection and all intersections are equally important.

SCOOT optimizes signal timings by acting on the three traditional timing parameters of a coordinated
system: cycle length, green splits, and offsets. Its basic control philosophy is to react to variations in
traffic conditions by implementing frequent, but small, changes to these three timing parameters. The

phase sequence, however, is fixed.



As explained, changes are not made to respond to all detected variations in traffic demand. SCOOT
only reacts to permanent changes in the average traffic conditions that reflect themselves in the average
cyclic flow profiles, i.e., that are only apparent after a few updates. SCOOT was designed to control

networks in which traffic demand patterns typically repeat from one cycle to the next.

Changes in the common cycle length of each sub-network are tested every 2.5 minutes or so. The cycle
is allowed to change by up to four seconds each time. The objective of this change is to keep the
degree of saturation at the critical intersection in each sub-network at or near a user-defined degree of
saturation (usually 90 percent). However, the critical intersection is not pre-defined. SCOOT
algorithms determine the critical intersection based on the estimated degree of saturation of each
intersection. The one with the highest degree of saturation is selected as the critical intersection. The
cycle length retained is the one that results in the lowest performance function, a weighted sum of stops

and delays.

The benefits of extending or shortening the current phase are tested at each intersection each time the
phase comes near to its end. The main objective of this change is to maintain an equal degree of
saturation on each approach to the controlled intersection. It is assumed that maintaining an equal
degree of saturation contributes to the minimization of stops and delays. [nitially, the signal optimizer
was only allowed to make a temporary change of four seconds and a permanent change of one second.
This has been changed in 1995 to make the optimizer more flexible in its response to changes in traffic
demand. It is now possible to specify for each node and each cycle time a set of alternative permanent
and temporary changes. At each optimization, the signal optimizer considers all the permitted

authorities and implement the most beneficial.

Finally, the benefits of altering the offset between an intersection and its four surrounding ones are
evaluated once per cycle. The offset selected is the one that minimizes a performance function that is
the sum of the performance functions of each of the five intersections involved in the optimization. A
network-wide simultaneous optimization of offsets is not achieved as it is considered that operating all
mini-networks at their optimum timings should normally result in a network operating near its global
optimum. As for the split optimization, a set of different authorities can be specified, resulting in the

most beneficial one being implemented.
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The optimization criteria can be modified by applying movement-specific weights to the offsets and
green splits, typically to give priority to certain routes in the network. For instance, the split weighting
facility can be applied to give priority to the main roads at low degrees of saturation. SCOOT may also
be instructed to automatically reduce the split weighting as the degree of saturation increases, leading
to a normal minimization of stops and delays. When traffic becomes congested, a congestion logic
dominates the optimization procedure. Minimization of stops and delays is then replaced by queue

management objectives, gating strategies, etc.

A.2.4. Priority to Transit Vehicles

SCOOT can provide both passive and active priority treatments for transit vehicles. On the passive
side, links on which transit vehicles are traveling can be systematically favored by using the split and
offset weighting features. These features allow the user to provide different weights to different links
in the split and offset optimization processes. Fixed offset based on average transit travel times can
also be provided. In such case, there would be no offset optimization carried out by SCOOT for the

links for which fixed offsets have been provided.

Active priority features have been introduced in SCOOT in 1995. Contrary to passive priority
treatments, these features allow the model to favor transit operations only when transit vehicles have
been detected to approach signalized intersections. The model currently allows transit vehicles to be
detected either by selective vehicle detectors or by an automatic vehicle location system. In the first
case, each transit vehicle is fitted with a transponder unit and special inductive loops installed in the
pavement are used to transmit a transit identifier code to the corresponding signal controller each time
a transit vehicle crosses them. In the second case, transit vehicles are fitted with equipment that allows
their location to be determined by dead reckoning. Each transit vehicle transmits its identifier and
location by radio when it is polled from the central computer. While these detection systems allow
SCOOT to know the location of transit vehicles, there is no attempt to measure or predict the time that
individual transit vehicles wait at a service stop. While it is generally best to detect transit vehicles as
far as possible from the intersection, this means that detection on a given link must take place

downstream of any transit stop.

Once an approaching transit vehicle had been identified, signal timings are optimized to benefit the

vehicle by either extending the current green phase or causing successive phases to occur early.

234



Extensions can be awarded by the central computer or by programming the signal controllers to
implement them locally. Extensions directed awarded by the signal controllers are preferred, as they
eliminate three to four seconds of communication time and allow controllers to grant extensions to
vehicles arriving the last seconds of a green signal. In all cases, SCOOT’s central computer remains in
control of the optimization by deciding each second if local controllers could grant extensions or not.
To avoid oversaturating an intersection, local extensions and phase early recalls are only allowed when
the degree of saturation of the intersection at which priority is request is sufficiently low. This
recognizes the fact that transit priority would be most effective at intersections that have spare
capacity. Preset values based on simulation studies put the priority threshold for green extension at a

degree of saturation of 110 percent and for phase early recall at 95 percent.

Once the transit vehicle that had requested priority of passage has passed through the intersection, a
period of resynchronization occurs to bring the local timings back into line with the normal SCOOT
optimization. Four methods of recovery are provided for operation after green extensions and early

recalls. Of these methods, two are recommended for normal use and operate by default.

A.2.5. Implementation Results

SCOOT has been shown to give significant benefits over the best fixed-time operation and is now in

use in more than 130 cities around the world.

The effectiveness of the SCOOT control strategy has been assessed by major trials in five cities in the
United Kingdom. Comparisons with fixed-time plans optimized with TRANSYT and with simple
isolated vehicle-actuated signals showed that SCOOT can significantly reduce travel times and delays
in signalized networks. Table A.l gives the results of these tests. The relative effectiveness of
SCOOT varies by area and time of day, but it was concluded that SCOOT can achieve savings in
delays of about 12 percent when compared with good fixed-time plans. As shown in Table A.2,
significant benefits also seem to emerge from the demonstration project carried out in Toronto

comparing SCOOT control with the city’s current fixed-time system.

Delay savings due to transit priority were estimated through both simulation studies and field trials in
the Candem area of London (Hounsell et al., 1996). The simulation studies indicated average delay

savings to buses in that area of typically 20 to 30 percent per bus per intersection, depending on the
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priority strategy implemented, the traffic and bus flows, and signaling characteristics at the
intersection. These results were then generally confirmed through field trials in the same area. In
these trials, average delay savings of five seconds per bus per intersection were measured. This
corresponded to a 22 percent reduction. The highest savings (ten seconds per bus per intersection)
were achieved at intersections with light traffic using both green extensions and early phase recall
facilities. At intersections with higher traffic volumes, the bet results were obtained by using local
extensions only. In this case, there was no significant increase in the delay to general traffic. Higher
overall delay savings were obtained for transit vehicles by using both green extension and phase early
recall. but only at the expense of a statistically significant increase in delay for the general traffic of up

to five seconds per intersection.

Table A.1 - Changes in Delay from the use of SCOOT in United Kingdom (source: Wood, 1993)

Location Previous control | AM. Peak | Off Peak | P.M. Peak

(%) (%) (%)

Glasgow Fixed-time +2 -14° -10*

Coventry - Foleshill Fixed-time -23 -33° 22

- Spond End Fixed-time -8 -0 -4

Worcester Fixed-time -11 -7° -20°

Vehicle actuation -32° -15° 23*

Southampton Vehicle actuation -39° -1 -48 *
London Fixed-time 8 % in average

*significant at the 95 % confidence level

{source: Kelman et al., 1993)

Table A.2 - Changes in Travel Time, Delays, and Stops from the use of SCOOT in Toronto

Control area Number of Travel time Delay Stops
intersections (%) (%) (%)

Lake Shore Blvd. 20 -6.8 -25.6 -25.2
Yonge St. North 13 -11.4 -18.7 -314
Downtown 42 -5.7 6.1 8.7
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A.3. UTOPIA - Urban Traffic OPtimization by Integrated Automation

Description based on the following references: Donati et al. (1984), Mauro and Di Taranto (1989),
Mauro (1991), Davidsson and Di Taranto (1992), and Wood (1993).

A.3.1. Control Architecture

UTOPIA places strong emphasis on the decentralization of signal timing optimization. It is a two-level
hierarchical control system in which signal controllers play a dominant role in the development of
signal timing strategies. They determine the signal settings to be implemented at each intersection
according to local traffic demand, priority for incoming transit vehicles, and coordination with adjacent
controllers. The central computer, which hosts the network control level, adds robustness and stability
to the control strategies developed by the signal controllers by imposing timing constraints based on
network-wide coordination objectives, the performance function to be used at each intersection, and a

network-based reference timing plan that each controller can partly or completely modify.

Adjacent signal controllers coordinate their operation by exchanging pertinent information. For
instance, each controller sends its latest optimal timing plan to its upstream neighbors so that each one
of them can evaluate the stops and delays incurred by the vehicles leaving their intersection once they
reach one of the four downstream intersections. In return, these controllers send to their downstream
neighbors forecast of near future traffic demand (vehicles expected to leave their intersection). This
communication link is also used by a controller to transmit to its upstream and downstream neighbors
actions to take (increase or decrease green time) when demand becomes higher than the capacity or

when queue spillback conditions are detected on one of the downstream links.

A.3.2. Traffic Prediction Models

UTOPIA uses two different traffic prediction models. One is used at the intersection level by the
signal controllers and the other one is used at the network level by the central computer. The
intersection model predicts future arrivals for the next 120 seconds, while the network model makes
prediction for the next 30 minutes of signal control. These two models are described in turn in the

following paragraphs.
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A.3.2.1. Intersection Traffic Prediction Model

At the intersection level, traffic prediction is made by combining information about traffic demand
coming from two sources. The first source is the detectors located at the upstream end of each
approach to an intersection. These detectors provide 20 to 30 seconds of advance information about
vehicle arrivals at the downstream intersection, depending on their location. The neighboring upstream
controllers are the second source of information. They provide data that enables a given controller to
estimate (with less accuracy than the detectors) the future arrivals for an additional 90- to 100-second
period. This additional information enables each controller to obtain advance information about traffic
that has not yet been detected by the upstream detectors. It results in a better coordination between

adjacent intersections, since controllers are then able to better plan signal timings for future arrivals.

The information provided by the upstream detectors and neighboring controllers is used to produce a
stopline flow profile on each approach to an intersection. This profile gives the number of vehicles
expected to reach the stopline (when assuming there is no queue at the stopline) during each of the
three-second intervals dividing the next 120 seconds of signal operation. Contrary to SCOOT, these
profiles truly represent near-future traffic demand, since the information they contain is not smoothed
with past data. Contrary to SCATS and SCOOT, UTOPIA is designed to react to near-future tratfic

demand. and not only to respond to changes detected in past demand.

Traffic progression is simulated every three seconds. Simulation takes the form of a flow profile
update using a modified Kalman filtering technique. Queue length estimation is done by considering
the predicted arrivals during each three-second interval and the expected status of the traffic signals
controlling the flow discharge at the stopline. For simplicity, queues are modeled vertically and
vehicles are assumed to travel all along the link before they join a vertical queue. There is no

information in the literature regarding the use of a platoon dispersion model.

For robustness in the prediction logic, the estimated queue length is verified, and corrected if
necessary, after each phase change. The accuracy of the prediction is estimated by comparing the
number of vehicles predicted to have cross the intersection with the number of vehicles that were
counted by the detectors located at the upstream end of the three downstream links (detectors located

immediately downstream of the intersection).
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Local controllers are also in charge of estimating slow-varying parameters such as travel time on each
approach, turning percentages, and saturation flow rates. Estimation of these parameters is made
through on-line filtering techniques based on the signal status and on the traffic counts made by the
detectors located at the upstream of each approach and immediately downstream of the intersection.
An update is made every cycle and corrective measures are again based on differences between

predicted and measured traffic counts.
A.3.2.2. Network Traffic Prediction Model

The central computer analyzes traffic conditions over the whole network and predicts, with a traffic
assignment model, the most important routes that will be taken in the next 30 minutes by the private

vehicles. Traffic demand on each one of these routes is defined for each three-minute time interval.

Traffic prediction is made by merging the most recent traffic counts provided by the traffic detectors
with filtered statistical traffic characteristics stored in a continuously updated database. A macroscopic
network model of major routes is used to predict traffic movements. This network is represented by a

collection of oriented one-way storage units, upon which is superimposed a series of fixed routes.

The network traffic prediction model is composed of two parts. The first one operates on a day-to-day
basis and makes the optimal updates of the origin-destination attributes and assumed day-by-day
similarities of all defined routes. The second runs in real-time. It counts the vehicles detected at each
expected origin and makes flow predictions on major routes for the next 30 minutes of signal control

based on these counts and on the attributes associated with the specified origin.

A.3.3. Timing Principles

UTOPIA aims at providing good traffic signal coordination, improving traffic conditions for private
vehicles, giving priority to transit vehicles on selected routes by forecasting and monitoring the
progress of individual transit vehicles, and to permit high flexibility in signal settings at each

intersection from a network reference plan.

To achieve these objectives, UTOPIA divides the network control problem into a series of intersection

optimization problems and a global network coordination problem. The intersection problems are
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solved separately by each controller, while the central computer solves the network coordination

problem. The two control levels, as described below, use different timing principles.

A.3.3.1. Intersection Timing Principles

UTOPIA’s intersection control is based on acyclic timing principles. Concepts such as cycle length,
green splits and offsets have no explicit meaning here. Each signal controller determines the best time
to switch from one phase to the other over the next 120 seconds. However, the sequence of phase is
fixed.

Real-time control is achieved through a rolling-horizon framework. Signal settings are re-optimized
every six seconds based on newly detected traffic conditions. Between each optimization, only the first
six seconds of the latest optimal plan is committed to implementation. This ensures that the signal

timing strategy in operation is always based on the most recent traffic demand information.

UTOPIA gives to each signal controller a high degree of freedom to adjust the signal timings at each
intersection to the specific requirements of the local traffic demand. Each controller also only attempts
to coordinate its operation with its immediate neighbors, thereby producing a very loose coordination
scheme over the whole controlled network. To compensate for this weak coordination, timing
constraints based on network-wide signal control objectives are imposed by the network control level

to ensure the existence of a minimum level of coordination.

As explained earlier, detectors located at the upstream end of each approach typically provide 20 to 30
seconds of advance arrival information. Since such a short horizon is not long enough to guarantee
smooth signal control, because of the hard constraints of minimum and maximum phase duration
(which may exceeds this horizon) and of the expressed goal of providing priority to transit vehicles, a
120-second decision horizon is used. Demand for the additional period is estimated from data provided
by adjacent controllers. Then, because there is no correct prediction of vehicle arrivals for the period
for which no detector data are directly available, signal settings over the whole decision horizon are

optimized following two different procedures:
o In the first part of the decision horizon (typically, the first 20 to 30 seconds), a branch-and-
bound algorithm is used to calculate the optimal signal timings. This algorithm takes

advantage of the fact that advance arrival information in that part of the decision horizon is
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directly provided by the detectors located at the upstream end of each approach. It also
attempts to coordinate the timings of the current intersection with those of the surrounding
ones by considering the delays incurred at those intersections by vehicles leaving the current
intersection. The various cost elements being considered by the branch-and-bound algorithm

in its signal optimization process are:

— The delays incurred by private vehicles on the incoming links;

— The number of stops made by private vehicles on the incoming links;

— The excess queueing on the incoming links;

— The delays incurred on the outgoing links by vehicles leaving the intersection;

— The delays incurred at the current intersection by the transit vehicles requesting
priority of passage through the intersection;

—~ The cost of the modifications needed in the timing strategy already defined in the

second part of the decision horizon to comply will the signal operation constraints.

e For the second part of the decision horizon (e.g., from 30 to 120 seconds), a sub-optimal
heuristic selection procedure is used. Signal settings are optimized by taking into account the
probability of not providing priority to incoming transit vehicles, the deviation from the
signal settings established six seconds earlier in the previous optimization stage (to ensure
smooth behavior over time) and the deviation from the fixed reference plan generated by the
central computer based on network coordination criteria (to ensure good coordination and to
find a stable and robust solution). No direct coordination with adjacent controilers seems to

be attempted in this second part of the decision horizon.

The overall optimization technique consists of the following steps.

1. Adaptation of the intersection signal control strategy over the whole 120-second decision
horizon to the reference timing plan provided by the network control level.

2. Adaptation of the control strategy to transit vehicle requirements. The control strategy
obtained in step 1 is modified to ensure that transit vehicles expected to reach the intersection
within the decision horizon obtain a green indication.

3. Analytical optimization of the signal timings in the first part of the decision horizon (first 20

to 30 seconds) by using the branch-and-bound algorithm mentioned above.
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A.3.3.2. Network Timing Principles

The overall network optimization objective is to minimize the total travel time of private vehicles,
subject to any necessary delay to give priority to transit vehicles on selected routes at signalized

intersections.

UTOPIA achieves this objective by suggesting average travel speeds and saturation flows for all links
in the network that will minimize travel times within the controlled area and by setting signal timings
accordingly. During this optimization process, suitable constraints reflecting the actual ones are
imposed on the average speeds and saturation flow rates. The timings that result from this optimization
constitute the network reference plan that each controller receives from the central computer, together
with the specific timing constraints and performance function they should use to optimize the signals
they control. These elements, considered all together, may contribute to the establishment of preferred

routes in the network and may impose traffic-dependent criteria on the intersection signal control level.

Real-time signal control is achieved at the network level through another rolling-horizon framework.
The reference timing plan, the timings constraints and the performance function each controller should
use are optimized every 30 minutes for each 3-minute interval dividing the decision horizon. However,
a new optimization is performed only when a significant change in traffic conditions is detected. A

reference plan may thus be in use for a full 30 minutes.

A.3.4. Priority to Transit Vehicles

In UTOPIA, transit priority is considered at the intersection level. Priority is granted on a simple call
basis by local controllers, with no direct consideration for the disruptions to that may be caused to
other traffic. As a general rule, incoming transit vehicles get an absolute priority of passage, except

when there are conflicts with other transit vehicles at the same intersection.

In Turin, UTOPIA’s only implementation site, transit vehicles for which priority is providied do not
share the right-of-way with other traffic. Tramways run on tracks that are mainly separated from other
traffic, while buses are traveling on either reserved or protected lanes. In the first installation of the
system, tramways and buses were selectively detected from other traffic by using special traffic

detectors installed at the upstream and downstream ends of every transit stops, and at the entrance and
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exit of signalized intersections for which priority must be provided. These detectors allowed the
system to know when a transit vehicle started end ended dwelling, and when a vehicle would have
entered and intersection and would no longer require special priority treatment. Each time a transit
vehicle would be detected, a message was sent to the central computer asking it to predict the arrival
times of the vehicle at successive downstream intersections for the next eight minutes. Once the
predictions were completed, the projected arrival times would be sent to every interested signal
controller for use in their signal optimization process. These times, and the resulting timings, would
then be updated each time the vehicle would pass over another detector. Improvements to this
detection scheme were later made when the City of Turin put its transit vehicle location system into
operation. Instead of using a series of special traffic detectors, UTOPIA now relies on the prediction
capabilities of the city's transit vehicle location system to obtain estimates of vehicles’ arrival times at

successive intersections.

A.3.5. Implementation Resuits

An evaluation of UTOPIA’s effectiveness made in 1986 showed that the implementation of this model
on a network of about 40 intersections resulted in a significant increase in average travel speeds
(Mauro and Di Taranto, 1989). For instance, it was found that the average travel speed of private
vehicles increased globally by 15.9 percent. Specific increases were between 11.4 and 20.9 percent
depending on the test routes. A deeper analysis of the system performances showed that UTOPIA was
able to gain more in heavy traffic conditions. During peak hours, measured travel speeds increased for
instance by about 35 percent. Tramway’s commercial speed also increased significantly as a result of
UTOPIA’s implementation. The global increase was 19.9 percent. It was also found that tramways
obtained absolute priority at almost all the intersections. Tramways had to stop more often at only two

intersections having a very critical design.
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A.4. PRODYN - “PROgrammation DYNamique” (DYNamic PROgramming)

Description based on the following references: Henry et al. (1983), Henry and Farges (1984), Barriére
et al. (1986), Farges and Henry (1988), Kessaci (1988), Henry and Farge (1989), Kessaci et al. (1989),
and Wood (1993).

A.4.1. Control Architecture

PRODYN adopts a fully distributed approach to control a network of signalized intersections. The
signal controllers do all timing calculations, whereas the role of the central computer is limited to

monitor signal operation and perform general data management tasks.

Coordination of signal operation between adjacent intersections is achieved by enabling controllers to
communicate with their immediate neighbors. However, contrary to UTOPIA, communication is done
in a single direction only. Information always travels from an upstream controller to a downstream
one. Each controller sends to its downstream neighbors a forecast of the expected departures from the
intersection it controls under its current optimum timing plan. The downstream intersections will
convert these forecasted departures in stopline arrivals and consider them in their signal timing
optimization. There is no information exchanged, and thus no coordination, between intersections

more than 200 metres away.

A.4.2. Traffic Prediction Model

PRODYN predicts vehicle arrivals for a period extending 75 seconds into the future. Traffic demand
in that period is modeled by a flow profile giving the number of expected arrivals at the stopline in
each of the 16 five-second intervals contained in the decision horizon. These profiles represent near-
future traffic demand. They are built upon traffic counts that are not smoothed with past data, except
when detectors and adjacent controllers cannot provide advance arrival information for the full length

of the 75-second decision horizon.

Traffic prediction is done with the help of two detectors installed in every traffic lane: one near the

upstream intersection and one near the stopline. The upstream detector provides every five seconds the
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number of vehicles that passed over it. The second detector indicates every second if a vehicle had
passed over it or not. The information gathered by this detector is used to adjust the forecast of vehicle
arrivals near the stopline, to check if the measured queue is consistent with the predicted one, and to
calculate the parameters of the Normal probability distributions associated with the queue predictor

(see below).

As explained above, a controller receives additional near-future arrival information from its upstream
neighbors if they are located less than 200 metres away. At the beginning of each optimization step,
each controller simulates the arrival and departure processes at the intersection under its control
according to its current optimum timing plan, turning percentages calculated off-line, and fixed
saturation flow rates. The expected departures are then sent to the corresponding downstream
controllers, which will convert them into arrivals at their own intersections. This additional
information enables each PRODYN controller to obtain advance information about traffic that has not
vet been detected by the upstream detectors. It results in a better coordination between adjacent

intersections, since controllers are able to better plan signal timings for future arrivals.

Where there is no communication between adjacent controllers, a moving average estimation technique
is used to obtain a forecast of vehicle arrivals over the part of the 75-second decision horizon for which
installed detectors can provide no advance arrival information. Additional detectors can be installed at
more than 200 metres of the stopline, but they may not provide advance arrival information for the full
length of the decision horizon if the travel time between them and the stopline is less than 75 seconds.
Kessaci (1988) indicates that the optimal size of the window for the moving average is about 20

observations.

Queue prediction at the stopline is done using a Bayesian state filtering procedure. PRODYN
recognizes that traffic behavior is stochastic in nature and that a precise estimate of the length of the
queue can hardly be obtained by simply adding and subtracting vehicles arriving at the stopline and
departing from it. PRODYN’s developers felt that a stochastic prediction model was more appropriate
than a deterministic queue predictor. The procedure used makes use of a number of probability
distributions to estimate the size of the queue. It defines three possible classes of queue, small,
average and large, and uses normal probability distributions to define the possible length of a queue
belonging to each category. The parameters defining the probability distributions are refreshed every

five seconds by comparing the predicted and measured arrivals at the detectors located near the
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stopline on each approach. Bayes rule is then applied to define a general probability distribution based
on an estimate of the current size of the queue. From this general probability distribution and the
expected number of vehicle arrivals within each five-second interval, another probability distribution is
obtained. This distribution describes the possible length of the queue at the specified time into the
future (5 seconds into the future, 10 seconds, etc.) The average predicted queue length used in the

signal optimization procedure is the mean value of this last distribution.

Among other important characteristics of the traffic prediction model are the use of a vertical queue
modeling and the assumption that all vehicles travel at a constant speed (i.e.. no platoon dispersion)
between signalized intersections. A model with a more realistic horizontal queue model was first
envisioned (Farges and Henry, 1988), but the complexity of the resulting dynamic programming
optimization problem dictated the use of a simpler model. Memory and computation problems
associated with the use of Forward Dynamic Programming techniques to control a network of
signalized intersections at the time the model was initially developed led to many simplifications in the
signal control problem formulation. Using Forward, and not Backward Dynamic Programming
complicates the optimization problem because non-linear state equations must be inverted, which is not
always easy or possible. The use of a vertical queuing model is however consistent with most existing

traffic simulation models.

A.4.3. Timing Principles

PRODYN, like UTOPIA, is an acyclic real-time signal control model. Signal timings are optimized on
a phase by phase basis without any common cycle length requirement between adjacent intersections.
Concepts such as cycle length, green splits and offsets are not explicitly used. This use of acyclic
timing principles enables PRODYN to operate each signal in a network at its individually optimum
timings. The weak network coordination scheme (each controller only coordinates its operation with
its immediate neighbors) may however reduce the global optimality of the network timing strategy,

especially since there is no network control level.
PRODYN determines the best phase sequence and switching times (with a five-second resolution) for

the next 75-seconds of signal control by using Forward Dynamic Programming. Real-time control is

achieved through a rolling-horizon framework similar to the one used by UTOPIA’s intersection
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control. Signals are re-optimized every five-seconds. and only the first five seconds of the new

optimum timing plan is committed to implementation at the end of each optimization stage.

As explained above, each controller attempts to coordinate its operation with its immediate upstream
neighbors if they are less than 200 metres away. No area-wide coordination is attempted. Simulation
tests reported by Barriére et al. (1986) and discussed in section A.4.5 below have indicated that a
distributed control approach in which controllers only attempt to coordinate their operation with their
neighbors can produce, with a lot less calculations, signal timings almost as good as a hierarchical
control structure with an upper control level in charge of coordinating all controllers. A fully
distributed approach with no coordination attempted (signal control as if all intersections were

isolated) produced the worst results.

The optimization criterion followed by each PRODYN’s controllers is the minimization of the sum of
delays incurred by vehicles on all approaches to the intersection under its control over the 75-second
projection horizon. There is no network-wide optimization criterion. Delays incurred by vehicles at
adjacent intersections are not included in the performance evaluation of a given intersection. However,
a terminal cost function is included to penalize timing strategies leaving long residual queues on some

approaches at the end of the decision horizon.

A.4.4. Priority to Transit Vehicles

Transit vehicles are not modeled. Consequently, there is no priority offered to these vehicles at

signalized intersections. Woaod (1993), however, states that such facilities are planned.

A.4.5, Test and Implementation Results

The PRODYN model was tested by simulation with various control architectures (Barriére et al.,
1988): as a hierarchical system with an upper control level coordinating the operation of local
controllers, as a fully distributed system in which no coordination is attempted, and as distributed
system with coordination attempted between adjacent intersections (current model). It is the only
model for which such extensive testing is reported in the literature. Very important conclusions can

thus be drawn from this experience.
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As indicated in Table A.2, the distributed approach with attempted coordination compared favorably
with the hierarchical model despite the lack of network wide coordination objectives. The distributed
approach with no coordination produced the overall worst results, thus demonstrating the need of
coordinating signalized intersections in a network. From these results, it was decided to pursue
PRODYN’s development with the distributed approach featuring coordination between adjacent
controllers. Until 1986, PRODYN was mainly developed as a two-level hierarchical control system
(Henry et al., 1983, 1984). Local controllers were in charge of predicting traffic demand and
computing optimum local signal timing strategies over the decision horizon using Forward Dynamic
Programming. The upper control level was attempting to find the best coordination strategy between
all controllers in the network. The optimum timing strategies was obtained by iterating between the

two control levels.

Table A.3 - Efficiency of various PRODYN control architectures

Control Model Delay reduction when compared to
TRANSYT optimized plans
4-intersection 4-intersection
arterial grid network
Hierarchical model 344 % 13.5%
Distributed model with no 5.0% 120 %
coordination
Distributed modet with coordination 0.7% 119%
with adjacent signals

The distributed control approach was preferred although it did not produce the best overall timings
because of the major limitations associated with the hierarchical model. These limitations resulted
from the necessity to make iterations to find an optimum signal control strategy for the whole network
and from the increasing complexity of the control problem each time new intersections were added.
These elements created the need for high capacity communication links between local controllers and
the central computer, which hosted the upper control level. The use of a powerful central computer in
regards of computation speed and memory was also required in order to be able to compute within a
five-second time limit an optimum timing plan. With the 8086-8MHz microprocessor technology
available then to implement to control logic in the signal controllers, it was estimated that a network of
no more than 10 intersections could be controlled in real-time with the PRODYN model. The

distributed approach had the advantage of not limiting the size of the controlled network, since each
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controller only cares about its immediate neighbors. Moreover, adding new intersections in the

controlled area does not create the need to modify the control algorithm.

Later tests made on a real seven-intersection network (Henry and Farges, 1989) with the distributed
model showed that PRODYN was able to reduce delays in the test network of Toulouse, France, by an
average of 10 percent with a 99.99 percent statistical significance when compared to a fixed-time
control plan optimized by TRANSYT. Measured gains varied between 6 and 12 percent according to

the time of the day.

Kessaci (1988) and Kessaci et al. (1989) also report that improvements could be made to the PRODYN
algorithm when queue spillback condition occurs by introducing an upper control level in the model
formulation, and thus, by going back to a hierarchical model. They indicate that queue spillback could
theoretically be treated in the current PRODYN distributed modeling by introducing a control logic
that would take into account the output limitation of an intersection due to the spillback of downstream
queues across the intersection. However, this solution was not seen as practically possible. At the time
they analyzed the congestion problem, the introduction of such model would have increased drastically
the computation time required to perform the signal optimization with PRODYN’s forward dynamic
programming problem formulation. The increased communication needs between adjacent controllers
would also have increased significantly the costs of the physical control system. They thus proposed a
second approach, which consisted in the development of a network control level constraining the
operation of PRODYN’s local controllers when queue spillbacks are detected. This upper control level
would have determined the minimum and maximum duration of phases that each controller could
implement in such way that congestion would be shared among controlled links proportionally to their
storage capacity. These constraints were to be determined using an off-line optimization procedure

dealing with more average traffic conditions than local controllers (sampling time of several minutes).

This work, however, does not indicate that PRODYN is an inadequate model, but simply that
PRODYN’s ability to efficiently model and control a signalized network is highly dependent on
computer technology. The better the computers are, the better PRODYN can be. There is notably no
indication in the recent literature that the control hierarchy mentioned in the previous paragraph was
finally introduced in PRODYN. The availability of faster computers and of better communication

technologies may have solved the problem described above.
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APPENDIX B

Isolated Intersection Test Scenarios
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Figure B.1 - Simulation Model of Isolated Intersection Test Configuration

Table B.1 - Isolated Intersection Low Volume Scenario

Link Traffic Transit Saturation flow Private automobile turning volumes
volume volume Through Left Left Through Right
(veh/br) | (vehlhr) (pcu/lhr) (pcu/hr) {veh/hr) (veh/hr) (veh/hr)
407 1013 6 3400 1385 51 914 48
405 575 8 3400 1385 29 519 27
401 501 0 2706 — 0 464 37
403 581 0 2872 — 0 454 127
Table B.2 - Isolated Intersection Medium Volume Scenario
Link Traffic Transit Saturation flow Private automobile turning volumes
volume volume Through Left Left Through Right
(veh/hr) (veh/hr) (pcu/hr) {(pcu/hr) {veh/hr) (veh/hr) (veh/hr)
407 1350 6 3400 1385 68 1218 64
405 767 6 3400 1385 38 692 36
401 668 0 2706 — 0 619 49
403 774 0 2872 - 0 605 169
Table B.3 - Isolated Intersection High Volume Scenario
Link Traffic Transit Saturation flow Private automobile turning volumes
volume Volume Through Left Left Through Right
(veh/hr) (veh/hr) {pcurhr) _ (peu/hr) (veh/hr) {veh/hr) (veh/hr)
407 1688 6 3400 1385 84 1523 80
405 959 6 3400 1385 48 865 46
401 835 0 2706 — 0 774 61
403 968 0 2872 — 0 757 211
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Table B.4 - Isolated Intersection Transit Dwell Times

Approaches
Northbound Southbound Eastbound Westbound
Link Average Link Average Link Average | Link Average
Dwell Dwell Dwell Dwell
(sec) {sec) (sec) (sec)
407 16 405 14 No transit service No transit service
307 16 505 13

Table B.S - Isolated Intersection Phasing Parameters

Phase Link served Minimu Maximu Amber Start Stop Lag
m Green | m Green Period Lag (sec)
(sec) (sec) (sec) (sec)
Low / Medium Demand Levels
1 (Left-turn arrow) 406, 408 5 10 2 3 2
2 (Arterial green) 405, 406, 407, 408 10 60 5 3 2
3 (Cross-street green) | 401, 403 10 60 5 3 2
High Demand Levei
1 (Left-turn arrow) 406, 408 5 10 2 3 2
2 (Arterial green) 405, 406, 407, 408 10 90 5 3 2
3 (Cross-street green) 401, 403 10 60 5 3 2
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Arterial Test Scenarios
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Figure C.1 - Simulation Model of Arterial Test Configuration




Table C.1 - Arterial Low Volume Scenario

Link Traffic Transit Saturation Flow Traffic Turning Volumes
Volume | Volume Through Left Left | Through | Right
Northbound Arterial
507 1013 10 3400 1385 51 914 48
407 961 10 3400 1385 48 867 46
307 994 10 3400 1385 50 897 47
207 983 10 3400 1385 49 887 47
107 981 10 3400 1385 49 885 47
007 885 10 3400 - — 799 ——
Southbound Arterial
105 575 10 3400 1385 29 519 27
205 519 10 3400 1385 26 468 25
305 555 10 3400 1385 28 501 26
405 565 10 3400 1385 28 510 27
505 547 10 3400 1385 27 493 26
605 493 10 3400 — — 493 -
Eastbound Cross-Street Approaches
101 450 0 2820 — 0 450 0
201 225 0 2218 e 14 158 54
301 374 0 2201 o 29 314 31
401 501 0 2706 en 0 464 37
501 342 0 2529 — 16 326 0
Westbound Cross-Street Approaches

103 450 0 2774 - 0 450 0
203 254 0 2238 - 33 141 80
303 284 0 2276 o 33 195 56
403 581 0 2872 w— 0 454 127
503 342 0 2406 -~ 0 312 30

255




Table C.2 - Arterial Medium Volume Scenario

Link Traffic Transit Saturation Flow Traffic Turning Volumes
Volume Volume Through | Left Let | Through | Right
Northbound Arterial
507 1350 10 3400 1385 68 1218 64
407 1280 10 3400 1385 64 1156 61
307 1324 10 3400 1385 66 1195 63
207 1308 10 3400 1385 65 1182 62
107 1307 10 3400 1385 65 1179 62
007 1179 10 3400 — - 1064 -
Southbound Arterial
105 767 10 3400 1385 as 692 36
205 692 10 3400 1385 35 625 33
305 741 10 3400 1385 37 669 35
405 753 10 3400 1385 38 680 36
505 729 10 3400 1385 36 658 35
605 658 10 3400 ~— - 658 -
Eastbound Cross-Street Approaches
101 600 0 2820 -~ 0 600 0
201 338 0 2218 — 18 210 72
301 378 0 2201 - 39 418 41
401 774 0 2706 = 0 619 49
501 456 0 2529 e 22 434 0
Westhound Cross-Street Approaches
103 600 0 2774 - 0 600 0
203 338 0 2238 - 44 187 107
303 378 0 2276 —_— 44 259 75
403 774 0 2872 — 0 605 169
503 456 o] 2406 -— 0 416 40
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Table C.3 - Arterial High Volume Scenario

Link Traffic Transit Saturation Flow Traffic Turning Volumes
Volume | Volume Through Left Left | Through | Right
Northbound Arterial
507 1688 10 3400 1385 84 1523 80
407 1601 10 3400 1385 80 1445 76
307 1656 10 3400 1385 83 1495 79
207 1637 10 3400 1385 82 1478 78
107 1634 10 3400 1385 82 1475 78
007 1475 10 3400 -— - 1475 "
Southbound Arterial
105 959 10 3400 1385 48 865 46
205 865 10 3400 1385 41 781 43
305 926 10 3400 1385 44 836 44
405 942 10 3400 1385 45 850 47
505 912 10 3400 1385 43 823 46
605 823 10 3400 — - 823 —
Eastbound Cross-Street Approaches
101 750 0 2820 — 0 750 0
201 375 0 2218 - 23 263 90
301 623 0 2201 ~— 49 523 51
401 835 0 2706 - 0 774 61
501 570 0 2529 ~— 27 543 0
Westbound Cross-Street Approaches
103 750 0 2774 -— 0 750 0
203 423 0 2238 — 55 234 134
303 473 0 2276 -— 55 324 94
403 968 0 2872 - 0 757 211
503 570 0 2406 —_ 0 520 50
Table C.4 — Arterial Transit Dwell Times
Approaches
Northbound Southbound Easthound Westbound
Link Average Link Average Link Average | Link Average
Dwell Dwell Dwell Dwell
(sec) (sec) (sec) (sec)

507 17 105 36 No transit service No transit service

407 16 205 12

307 16 305 16

207 19 405 14

107 33 505 13

007 27 605 13
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Table C.5 — Arterial Phasing Parameters

Phase Link served Minimum | Maximu Amber Start Lag | Stop Lag
Green m Green Period (sec) (sec)
(sec) (sec) (sec)
Low / Medium Demand Levels
1 (Left-turn arrow) x06, x08 5 10 2 3 2
2 (Arterial green) x05, x06, x07, x08 10 60 5 3 2
3 (Cross-street green) | x01, x03 10 60 5 3 2
High Demand Level
1 (Left-turn arrow) x06, x08 5 10 2 3 2
2 (Arterial green) x05, x06, x07, x08 10 90 5 3 2
3 (Cross-street green) | x01, x03 10 60 5 3 2
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APPENDIX D

Webster-Cobbe Signal Optimization for Isolated

Intersections Operated in Fixed-Time
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The Webster-Cobbe delay minimization principle states that the delay incurred by drivers at a
signalized intersection is minimized when the available green time is allocated to each phase in

proportion to the demand for each phase.

In this optimization principle, the optimal cycle is given by Equation D.1:

_15L+5

= D.1
opt I-Y [ ]

where L = Total lost time over the cycle (seconds).

Y = Load of the intersection.

The total lost time, L, represents the time during which the intersection is not effectively used by any
movement. During a typical signal operation, lost time first occur at the beginning of a green phase as a
result of the need for the drivers to react to the initiation of the phase and to accelerate to ambient
speed. Lost time also occur at the end of a green phase, during the last few seconds of the yellow
interval, when driver decide to stop instead of crossing the intersection. The lost time also includes any
all-red period during which the signal displays are red on every approach, as no vehicle effectively

enters the intersection during such period.

To calculate the ioad Y of a given intersection, the maximum volume to saturation flow ratio, or load, of
each phase is first determined using Equation D.2. Once all the maximum ratios have been determined,
the load Y is obtained by adding together the maximum ratios of all the phases in the signal cycle

according to Equation D.3.

v
y, = max[ ikl ] (D.3]
SIJU
Y=Yy, [D.2)

where: Y = Intersection load.
y. =Load of phase i.
n  =Number of phases in the signal cycle.
v., = Traffic volume in movement m during phase i (veh/h).

s.. = Saturation flow of movement m during phase i (veh/h).
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In Equation D.3, the volume represents the number of vehicles observed to cross the intersection, while
the saturation flow represents the maximum rate at which vehicles could traverse the intersection
assuming that the green signal is available at all time and that there is no lost time at the beginning or
end of every phase. For each phase, the maximum volume to saturation flow ratio is determined by
calculating the ratio for each particular traffic movement and retaining the highest one. Typically, the
load Y of a given intersection should not exceed 0.8, as a higher ratio indicates that the intersection is
operating near capacity. The capacity of an intersection, or maximum flow that can be process in a
given amount of time is attained when the load of the intersection reaches 1.0. Congestion occurs when
the load exceeds 1.0, as the intersection there is then not enough capacity to serve all vehicles arriving

in a given amount of time.

To apportion the cycle length between the various phases, the maximum load factor for each phase is
used. Typically. the available usable green time, that is, the total cycle time minus the total lost time, is
divided among all phases in proportion to their respective maximum volume to saturation flow ratio

according to Equation D.4:

_y(€-D 041
eJd )r
where g., = Effective green duration of phase i (seconds).

The effective green represents the portion of green time that is effectively used by vehicles. This
interval corresponds to the actual green and yellow intervals, less any time loss at the beginning and

end of the phase. Equation D.5 mathematically formulates this calculation:
Ge.: =8, + rl.: - AI [DS]

where: G, = Actual green duration of phase i (seconds).
t.. = Lost time during phase i (seconds).

A, = Amber time at end of phase i (seconds).
Tables D.1 to D.4 presents the results of a sample calculation of Webster’s optimal timings using

Equations D.1 to D.5. The calculations shown are for the medium-demand isolated intersection

scenario of Table 9.1 with no transit vehicles and constant arrival patterns.
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Tabte D.1 -Timing Parameters

Phase | Description Links Fixed Minimum Start-up Clearance Total lost
served Intergreen green lost time lost time time ¢,
(sec) (sec) {sec) (sec) (sec)
1 Main street 406 20 5.0 20 0.0 2.0
flashing green 408
2 Main-street 405, 406 5.0 10.0 20 2.0 4.0
green 407, 408
3 Cross-street 401 5.0 10.0 20 20 4.0
green 403
10.0
Table D.2 — Calculation of Volume to Saturation Ratios
Link Volume | Saturation flow | v/s ratio
(veh/sec) (veh/sec)
401 668 2706 0.247
403 774 2872 0.269
405 729 3400 0.214
407 1282 3400 0.377
406 38 1385 0.027
408 68 1385 0.049
Table D.3 — Determination of Critical Volume to Saturation Ratios
Phase | Description Links Critical v/s
served ratio, y
1 Main street 406 0.049
flashing green 408
2 Main-street 405, 406 0.377
green 407, 408
3 Cross-street 401 0.269
_green 403
Y= 0.695
Cc= 65.6 sec
Table D.4 — Determination of Webster-Cobbe’s Optimal Signal Timings
Phase | Description Links Critical v/s | Green ratio Effective Actual
served ratio, y: vilY green, ge/ green, G,,
(sec) (sec)
1 Main street 406 0.049 0.071 4.0 40
flashing green 408
2 Main-street | 405, 406 0.377 0.542 30.1 29.1
__green 407, 408
3 Cross-street 401 0.269 0.387 215 20.5
green 403
Y= 0.695
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Table D.5 — Adjustment for Minimum Green Durations

Phas | Description | Links Actual Minimum Critical Green Effective Actual
e served | green, G, green vis ratio, ratio, geen, g.; | green, Ge;
(sec) (sec) /] ylY {sec) (sec)
1 Main street 406 4.0 50" - —_— — 5.0
flashing 408
__green
2 Main-street 405, 29.1 10.0 0.377 0.584 296 28.6
green 406
407,
408
3 Cross-street 401 205 10.0 0.269 0.416 21.0 20.0
green 403
Y= 0.646

(1} Since calculated optimal green time is less than the required minimum, new effective green times have to be
calculated for the main-street and cross-street phases. These times are calculated assuming that the 5
second assigned to the flashing green is now part of the lost time and cannot be assigned to the other phases
(that is, C-L = 65.6-15 instead of C-L = 65.6-10 in equation D.4).
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APPENDIX E

Comparison Results Between SPPORT and Fixed-

Time Control for Isolated Intersection Scenarios
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Isolated intersection scenarios #1, #2, #3
(Constant demand without transit vehicles)
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Isolated intersection scenarios #1, #2, #3
(Constant demand without transit vehicles)
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Isolated intersection scenarios #1p, #2p, #3p
(Constant demand without transit vehicles)

Vehicle travel time Vehicle delay
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Isolated intersection scenarios #1p, #2p, #3p
(Constant demand without transit vehicles)
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Isolated intersection scenario #4

(Low constant demand with transit vehicles)

Vehicie travel time Vehicle delay
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{% saturation flow reduction during dwelt) {% saturation flow reduction during dwell)
Vehicle stops Vehicle-based performance index
2350 83.000
————WEBSTER g WEBSTER
—@—SPPORT (6 Cops) 82000 ——@-—SPPORT (8 Cops)
2300 )
‘s 61000
x 8 :
; i
] . § 60,000
2 &
§ E " 79000
s £ 8
2

(% saturation flow reduction during dwaeil)

025 05 078 1 Q

Transit interference

028 05 Q75
Transit intarference
(% sat flow reduction during dwaell)
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Isolated intersection scenario #4
(Low constant demand with transit vehicles)

Person travel time

Person delay

310.000 64,000
«—@~~WEBSTER —&—WEBSTER
308.000 —@—SPPORT (6 Cops) 62,000 . ~=@—SPPORT (€ Cops) -
E ?__.*————k/‘-\*
]
e 304.000 f., 58 000
£ :
T 302000 % sso00
§ §
§ 200000 5 swo— o 4
-9
2000 © M o
296 000 ] 50,000
0 025 05 075 1 ] 025 0s 075 1
Transit interference Transit interference
(% saturation flow reduction during dwaell) (% tion flow reduction during dweil)
Person stops Person-based performance index
4.100 145,000 - — -
—0—WEBSTER 142,500 —e—WEBSTER
4,000 @ SPPORT (6 Cops) ' —-—SPPORT (6 Cops)
o : 140000 | T T T Lo
3.900 gg 137,500 . -
£ 2600 38 135,000
c gg 132,500
g 3.700 Eé 130,000
€2 12150
125,000
122,500
120,000

025 05

Transit interterence
(% saturation flow reduction during dwell)

075 1
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Isolated intersection scenario #4p
(Low peaking demand with transit vehicles)

162.750
162.500
162,250

Vehicle travel time

——WEBSTER
—@—SPPORY (6 Caps)

37.250
37.000
36.750

Vehicle delay

—t—WEBSTER
_=—®—SPPORT (€ Cops)

=
§ 162,000 =
2 161750 ; 3.500
2 16150 2 36250
= -
3 161,250 i 36,000
- L ]
M 161.000 3 1s7%0
g 160 750 5
s 35.500
160 500
160,250 35250
160.000 35,000
o 02s as 075 1 0 02s as 075 1
Transit interfersnce Transit interference
(% saturation flow reduction during dwstl) % fNlow reduction during dweii)
Vehicle stops Vehicle-based performance index
2325 83,500
2300 ~—&—WEBSTER 83.000 ——WEBSTER ~
. _ —@—SPPORT (6 Cops) £2.500 ==@==SPPORT (6 Cops)
’ ' = 82,000
it
§ 2 81,500
g s § s1.000
3 § 80,500
]
s ig 80.000
T 79,500
79,000
78,500
78,000
o 02s 05 075 1 0 028 0s 075 1
Transit interference Transit intarference
% jon flow reduction during dweil) (% saturation flow reduction during dweil)
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Isolated intersection scenario #4p
(Low peaking demand with transit vehicles)

Person travel time

Person delay

310000 66,000
—&—WEBSTER == WEBSTER
308.000 —@--SPPORT (6 Cops) 64.000 =—@—SPPORT (6 Cops)
7
2 308000 p———.——’_*—’,‘\+ g °w QM
i § 60000
g 204000 i
2 %’ 58.000
$ 302000
-4 E 56,000 ;
300,000 )
E % a 54.000 .
o
298.000 52,000
296 000 50,000 |
0 025 05 075 1 0 025 0s 075 1
Transit interfersnce Transit interference
(s flow red during dweil) {% saturation flow reduction during dwell)
Person stops Person-based performance index
4300 150,000 .
4.200 —&—WEBSTER —e—WEBSTER
4100 __==@~—SPPORT (6 Caps) 145000 | = =——@==SPPORT (6 Cops)
4,000 « § 140.000
s 3%00 35
€ 3800 s & 135.000
§ 1700 ]
e * 130.000
& 3600 ! .E.'
3.500 = 125000
3.400 120.000
1300 ’
1.200 115,000
0 025 oS 0758 1 0 025 05 0rs 1
Transit interference Transit interference
% flow red during dweil} % flow reduction during dweil)
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Isolated intersection scenario #5
(Medium constant demand with transit vehicles)

Vehicle travel time Vehicle delay
242.000 75.000
241 000 —e&—WEBSTER 74.000 —&—WEBSTER
_ 240,000 —@—SPPQRT (6 Cops) 73.000 —@—SPPORT (6 Cops)
%‘ 239 000 5 72000
2 238,000 € 7000
]
g P70 $ 70000
= 236.000 > 69,000
$ 235000 g 68,000
® 234000 S 67,000
] 5
£ 233000 > 66,000
> 232000 65.000
231 000 64.000
230 000 63.000
025 05 075 o 025 0s 07s
Transit interferance Transit interfsrance
(% saturation flow reduction during dwell) % jon flow during dweil)
Vehicle stops Vehicle-based performance index
3400 141,000
3350 —¢—WEBSTER ~—~—WEBSTER
—8—SPPORT (6 Cops) 133.000 ~—@— SPPORT (6 Cops)
3300 -
. 137.000
3.250 é s
§ 135.000
Eb 3.200 % !
o 3150 g g 133.000
'3
- L]
£
s Vo £ & 131000
3050 a.-
=~ 129.000
3,000
2.950 127,000
2.900 125,000
025 0s 075 0 025 as 075
Transit intarference Transit interfersnce
(% saty flow reduct! ring dwell) {% satu flow reduction during dwell)
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Isolated intersection scenario #5

(Medium constant demand with transit vehicles)

Person travel time Person delay
435,000 130,000
~——WEBSTER —@—WEBSTER
430.000 ~—@—SPPORT (6 Cops) 125.000 ~—@— SPPORT (6 Cops)
g -
§ 425000 S 120,000
3 3
E 420,000 3 115000
3 2
3 415000 3 110000
: §
§ 410,000 & 105.000
: - S
405000 100,000 X A
T \®
400 000 95,000 ]
0 025 05 07s 1 0 025 05 075 1
Transit interference Transit interference
(% saturation flow reduction during dwuwil) (% saturation flow reduction during dweil)
Person stops Person-based performance index
5700 240.000 -
—@—WEBSTER —@—WEBSTER
5650 —@—SPPORT (6 Cops) 235.000 —@—SPPORT (6 Cops)
5.600 . 230000
8
a 5.5 E 225.000
g 3
g 550 g 220000
s "
& 5450 & 215000
¥s
o -
5,400 =~ 210.000
yo -
5350 205 000 T———C -O~
5,300 200,000
0 025 0s 075 1 ] 025 0s 075 1
Transit interference Transit interference
(% satu flow reduction during dwaell) {% saturation fiow reduction during dweil)
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Isolated intersection scenario #5Sp
(Medium peaking demand with transit vehicles)

025 05

Transit interference
(% lon flow red d

075

g dwsll)

Vehicle travel time Vehicle delay
237.000 70.000
—o—WEBSTER " ——@=—WEBSTER
236,000 —®—SPPORT (6 Cops) 69.000 ~—@—SPPORT (6 Cops)
: — = - - T T
h-}
£ 235000 % 68,000
H § o
g 234000 £ 67.00
=
% 233.000 i 66.000
s
K] % 65,000
?3 232,000 s
s 64,000
231.000
63,000
230.000 0 025 05 075 1
025 05 075
Transit interference Transit interfersnce (% saturation flow reduction during
{% saturation flow red during dwsll) dwell)
Vehicle stops Vehicle-based performance index
1550 138,000
3.500 | —e—WEBSTER 136,000 —@—WEBSTER
3.450 ___""@—SPPORT (6 Cops) ) —@—SPPORT (6 Cops)
3.400 . 134.000 ;
330 s
- § 3132000
§ 2%0 £
s 125 2 §130.000 J
] &
S 3200 g « 128.000
$ s § 2
3100 & 3126000 -
3.050 124,000 -
3,000
2950 122000
2.500 120,000 |

0 025 -] 075 1

Transit intarfersnce
{% saturation flow reduction during dwell)
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Isolated intersection scenario #5p
(Medium peaking demand with transit vehicles)

425.000

Person travel time

423000
421.000

g WEBSTER
—@—SPPORT (6 Cops)

118.000

Person delay

116.000

——WEBSTER
==@—=SPPORT (6 Cops)

;g‘ . 114000
g 3
§ e 112,000
£ 417.000
g 2 110000
= 415000 Ey
z 108,000
& 413000 i
g 411000 g 106.000
4 409,000 104,000 )
407 000 102,000
405000 1 100.000 L
0 025 05 075 0 025 05 075 1
Transit interference Transit interference
(% saturation flow reduction during dweil) (%s tion fMlow reduction during dwsil)
Person stops Person-based performance index
5.800 232,500 | —
| ——4—=WEBSTER 230,000 ~-@—WEBSTER
5730 ~—&—SPPORT (6 Cops) : _=—@—SPPORT (6 Cops)
5.700 227.500
13 225.000
g se% g5
g g 222500
§ 5600 )
2 w 220.000
S 5550
& : § 217,500
5,500 ﬁ = 215,000
5450 212.500
5.400 210.000
0 025 0s 075 0 025 05 075 1
Transit interference Transit interference
(% ion flow during dwell) {% saturation flow reduction during dweil)




Isolated intersection scenario #6
(High constant demand with traunsit vehicles)

0 028

0s

Transit intecference
flow reduction during dwell)

075

% i

Vehicle travel time Vehicle delay
395.000 189,000
390.000 | —&—WEBSTER 184.000 —&—WEBSTER
o 85000 =@ SFPORT (6 Cops) 179000 | .  —@——SPPORT (6 Cops)
° -
g 380.000 3 174000
& 1375000 § 169,000
2 370000 < 164.000
-
T 365000 i 159,000
£ 30000 2 154000
_‘é 355 000 E 149,000
> 350000 . 144,000
345,000 Jtﬁ o 139,000
340.000 134.000
0 025 as 075 0 025 os 075
Transit interference Transit interference
{*% saturation flow reduction during dweil) (% saturation flow reduction during dweil}
Vehicle stops Vehicle-based performance index
4500 — 280,000
" ——g—\VEBSTER 7 emp—\WEBSTER o
_ ~—@—SPPORT (§ Cops) 270.000 —&—SPPORT (6 Cops)
% 8 260000
2 2
g s 8 250000
s E ]
2 "
3 240,000
> 1" g
% = 230000

220,000

210,000

Transit interference
(% saturation flow reduction during dwell)
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Isolated intersection scenario #6
(High constant demand with transit vehicles)

Person travel time

Person delay

660,000 - 290,000
~—4-—WEBSTER —&—WEBSTER |
650.000 ~—@—SPPORT (6 Cops) 280.000 ~~@—SPPORT (6 Cops)
3 640.000 270.000
H 3
g 630.000 € 260000
-2 g
g 620000 £ 250,000
s 2
¥ 610000 $ 240000
e [
e 600000 § 230,000
2 &
§ 590000 220,000 - )
X A \ o
580.000 t \® 210,000 e
$70.000 200.000 |
0 025 05 075 0 025 05 075 1
Transit interference Transit interference
(% saturation flow reduction during dweil} {% saturation flow reduction during dwsll)
Person stops Person-based performance index
7 200 — 430,000 -
—&—WEBSTER o ——\WEBSTER
7100 | —@—SPPORT (6 Cops) 420.000 —@—SPPORT (6 Copa)
410.000
7.000 <3
T 400.000
o iz
§ 6500 ¢ s & 390000
H 8
® 6800 E » 380,000
4 g
s 370.000
6700 =
6.600
6.500
0 025 05 075 (] 025 05 a7s 1
Transit interference Transit intsrferance
(% ion flow reduction during dwell) {% saturation flow reduction during dwrell)
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Isolated intersection scenario #6p
(High peaking demand with transit vehicles)

4,750

025 05 075
Transit interfersnce

“ 1

(% saturation flow

during dweil)

280.000

260,000

Vehicle travel time Vehicle delay
475000 265,000
465 000 ——@—WEBSTER 255,000 —&—WEBSTER
==@— SPPORT (6 Caps) == SPPORT (6 Cops}
& 485000 245,000
h-] -
§ 445,000 E 235,000
§ 435,000 § 225.000
S 425000 7 215000
H 3
§ 415,000 s 205000
[*3
$ 405000 £ 195.000
>
£ 95000 185,000
385.000 175.000
375.000 165,000
025 0s 07s 0 028 0s 075
Transit interference Transit interfarence
(% ion flow reduction during dwell) % flow red d g dwell)
Vehicle stops Vehicle-based performance index
6.750 400.000
6.500  =——WEBSTER —&—WEBSTER
~ =~—@—SPPORT (6 Cops) 380.000 —@—5PPORT (6 Cops)
6.250 o o T
< 360000
6000 H ]
- ® s
g ss0 s § 3000
2 &
% 5.500 a 320,000
> s2%0 38
& = 300000

075

025 05

Transit interference
{% saturation flow reduction during dwsll)

279




Isolated intersection scenario #6p
(High peaking demand with transit vehicles)

Person travel time {seconds)

825000
805.000
785000
765 000
745.000
725.000
705.000
685.000
665,000
645,000
625.000

0 025

Person travel time

~4~WEBSTER
_ =@—SPPORT (6 Cops)

05
Transit interfersnce
flow reduction during dwell)

075

{% saturati

Parson delay (seconds)

Person delay

——WEBSTER
~—@—SPPORT (6 Cops)

430,000
410,000
350,000
370,000
350,000
330,000
310.000
290.000
270,000
250.000

<] 025 05 075

Transit interference
(% saturation flow reduction during dwell)

Person delay (seconds)

11.000

10,500

10,000

§

9.000

8.500

Person delay

e WEBSTER
—@—SPPORT (6 Cops}

0 025

Qs

Transit interferance
{% saturation flow reduction during dweil)

075

Performance index
{istop = 20 seconds)

Person-based performance index

§75.000
650,000
625,000
600,000
575.000
550,000
$25.000
500.000
475.000
450,000
425.000

—&—WEBSTER
~—@-=SPPORT (6 Cops)

4 025

0s

Transit interfersnce
{% saturation flow reduction during dweil)

075
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APPENDIX F

Comparison Results Between SPPORT and Fixed-

Time Control for Arterial Scenarios
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Arterial scenarios #7, #8, #9
(Constant demand without transit vehicles)

Vehicle travel time Vehicle delay
1.100.000 480,000
" —@=—TRANSYT-7F - —_
1,000,000 —@—SPPORT (3 C 430,000 TRANSYTTF
_ ... —®—SPPORT (3 Cops) —®—SPPORT (3 Cops)
= TOTSFPORT (SCops)
b4 -
2 900000 3 380,000
H £ 130000
g 80000 i
s 3 280000
£ 70000 3
S 2 230,000
[ ] -
£ w0 S
>
500 000 130,000
400 000 80.000
Low (#7) Medium (#8) High (#9) Low (%7) Medium (¥8) High (#9)
Demand scenario Demand scenario
Vehicle stops Vehicle-based performance index
14 000 800.000
13000 " a—=TRANSYT-7F T —==TRANSYT-TF
‘ _ _T&~—SPPORT (3 Cops) 700.000 —@—SPPORT(3Cops) - - -
12,000 -
»x ]
600,000
2 11000 §
& . §
]
e 10000 g g 500,000
2 )
£
S 9.000 £ 2
% 400.000
o -
8.000 s
7 000 300.000
6.000 200.000
Low (87) Medium (#8) High (#9) Low (#7) Medium (#8) High (#9)
Oemand scsnario Demand scenario
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Arterial scenarios #7, #8, #9
(Constant demand without transit vehicles)

Person travel time Person delay
1,600,000 740,000
1500000 } - *;’::gz‘;‘g: ' ——TRANSYT-TF
ops;
= 1400000 | o -7._:—' TORT S Copm) 640,000 —@—SPPORT (3 Caps)
° -
§ 1.300.000
¢ 300 % 540.000
£ 1200000 ]
g 1,100,000 T 440,000
3 3
g 1.000.000
&
& 800000 240,000
700,000
600,000 140,000
Low (#7) Medum (#8) High (#9) Low (#7) Medum (#8) Hign (#9)
Dsmand scenario Demand scenario
Person stops Person-based performance index
21,000 1,100.000
——TRANSYT-TF 1,000,000 T @~ TRANSYT-TF
19,000 __T®—SPPORT 3 Cops) . o ___—@—SPPORT (3Cops) _
. 900,000
- 17.000 §§ 800,000
g . '
é 15.000 ég 700,000
a
% 43000 Eg 800,000
= 500000
11,000 400,000
5,000 300,000
Low (#7) Medum (#8) High (¥9) Low (#7) Medum (#8) High (#9)

Demand scenario Demand scenario
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Arterial scenarios #7p, #8p, #9p
(Constant demand without transit vehicles)

Vehicle travel time Vehicle delay
1.000.000 430,000
| —&—TRANSYT-7F | —— TRANSYT-7F
_ 900000 —®—SPPORT (3 Cops) 360,000 —@—SPPORT (3 Cops)
-
h-] -—
e S 330.000
¢ 800.000 3
"
» 280.000
: H
3 700.000 by
: 3 230000
s e
s 600000 S
k] § 1e0000
€ >
> s00000
. 130.000
400,000 80.000
Low (#7p) Medium (#8p) High (¥9p) Low (#7p) Medium (#8p) High (#9p)
Demand scenario Demand scenario
Vehicle stops Vehicle-based performance index
14.000 650,000
12,000 ~—&—TRANSYT-7F 600,000 —&—TRANSYT-7F
—@—SPPORT (3 Cops) ~—&—SPPORT (3 Cops)
12.000 _ 550,000
R
500.000
a 11000 g s
3 e § 450,000
& 10000 &
$ 9000 28 L0000
& B0
8,000 ™ 300,000
e 250,000
6,000 200,000
Low (#7p} Medium (#8p) High (s8p) Low (¥7p) Medium (#8p) High (#9p)
Demand scenario Oemand scenaric
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Arterial scenarios #7p, #8p, #9p
(Constant demand without transit vehicles)

Person travel time

Person delay

1 500.000 640.000
1.400.000 &—TRANSYT-7F 590.000 —@—TRANSYT-7F
—@—SPPORT (3 Cops) —@—SPPORT (3 Cops)
E 1 300,000 540 000
]
§ 1 200,000 g 490,000
2 440,000
g 1100000 2
s > 390,000
S 1000000 k]
H ¥ 0000
g 900 000 E 290.000
& 600000 240,000
700.000 190,000
600.000 140 000
Low (#7p} Medium (#8p) High (#Sp) Low (#7p) Medium (#8p) High (¥9p)
Demand scenarto Demand scenario
Person stops Person-based performance index
21000 1 000.000
—&— TRANSYT-7F ——TRANSYT-7F
19,000 —@—SPPORT (3 Cops) 900,000 —@—SPPORT (3 Cops)
< ® 800000
17.000 K] b
g : g
8 ® & 700,000
£ 15000 $8
§ § 600,000
& 43000 %3
% -~ 500,000
11,000 400,000
9,000 300,000
Low (#7p) Medium (#8p) High (¥9p) Low (#7p} Medtium (¥8p) High (#9p)
Demand scenario Demand scenario
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Arterial scenario #10
(Low constant demand with transit vehicles)

Vehicle travel time Vehicle delay
520000 — e — 170.000
==&—TRANSYT-7F ‘—@—TRANSYT-TF
. S1oo0 . _ T®—SPPORT (6 Cops) 160.000 —@—SPPORT (6 Cops)
L] B AR
K -
S g 150000
' &
s
g § 14000
3 7
[
s ¥ 130000
ry 3
2 3
5 § 120000
110.000
0 025 05 075 1 100.000
1
Transit interference (% s ) flow during ° 025 Transi |° :ﬂ ors
dwail) _ Transitinterference
(%s flow g dwell)
Vehicie stops Vehicle-based performance index
10.500 385.000
~=@—TRANSYT-7F —@—TRANSYT-7F
10.000 —@—SPPORT (6 Cops) %5000 I —@—SPPORT (6Cops)
. 345000
" )
-
g 300 fp---e-e 3 § 325,000
2 £ s
- o
s g 305000
z "
> ; & 285000
-
= 285,000
245,000
ss0 |
0 025 0s a75 1 225.000
Transit interference (% saturation flow reduction during e 025 05 078 !
dwell) Transit interference
(% saturation flow reduction during dwell)
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Arterial scenario #10

(Low constant demand with transit vehicles)

Person travel time

Person delay

15.000

14,000

13.000

025 Qs 075 1
Transit interference

{% ion flow i

during dwell)

1.120.000 300,000 —
1,110,000 —&—TRANSYT-7F 260,000 ~—@— TRANSYT-7F
—@— SPPORT (6 Cops) —@—SPPORT (6 Cops)
= 1.100.000 - ) 280,000 -
° -—
§ 1.090.000 % 270,000
2 1080000 § 260.000
EE. 1.070.000 = 250000
[
i 1.060.000 % 240,000
§ 1 050,000 5 230.000
& 1.040.000 220,000
1,030,000 210.000
1 020.000 200.000
025 0s 075 1 0 025 05 075
Transit interference Transit interference
% fon flow red during dwaeli} (%s flow ceduction during dwell)
Person stops Person-based performance index
19 000 700,000 ——— e
" =@ TRANSYT-7F =@~ TRANSYT-7F
18,000 ~—@-—SPPORT (6 Cops) —@—SPPORT (6 Cops)
: T 650,000 - -
17.000 §
2 [
& £ § 600000
g S
g 16.000 Eg
! [ ]
e g 550000
& E 3

025 05 075

Transit interferance
(% saturation flow reduction during dwei)
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Arterial scenario #10p
(Low peaking demand with transit vehicles)

025 05
Transit interference

078

flow reducti

during dwaeil}

Vehicle travel time Vehicle delay
530,000 180,000
«=@——TRANSYT-7F
——&— TRANSYT-7F
$20000 ~—@——SPPORT (6 Cops) _ 170.000 —@—SPPORT (6 Cops)
T 510,000 — 160,000 o
1 ] '
§ 500000 H
a ; 150.000
g 490,000 2
2 7 140000
$ 480000 3
3 é * 130,000
e 470000 §
[*}
E 460,000 > 120000
450.000 110.000
440 000 100.000
0 025 05 07s 0 025 05 075 1
Transit intsrference Transit interference
(% saturation flow reduction during dwaell) (% ion flow reduction during dweil)
Vehicle stops Vehicle-based performance index
11.000 405,000
10,500 ~—&—TRANSYT-7F 285,000 —&—TRANSYT-7F
~—@~=SPPORT (6 Cops) ’ =@ SPPORT (€ Cops)
10.000 ToTTT 365,000 . o
9.500 -
-
-8
2
-
s
[*]
£
-
>

] 0.25 05

075 1

Transit interference
(% saturation flow reduction during dwell)
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Arterial scenario #10p
(Low peaking demand with transit vehicles)

Person travel time

Person delay

Teansit interference
(% saturation flow reduction during dwell)

1,160,000 340,000
0 TRANSYT-7F —t— TRANSYT-7F
1.140,000 —@—SPPORT (6 Cops) 320.000 =@~ SPPORT (6 Cops)
=
§ 1 120,000 g 300000
£ 1100000 §
2 280,000
-:% 1.080.000 g
s 260,000
S 1060000 E
13
-]
2 1.040.000 £ 000
-8
1.020,000 220,000
1.000.000 200,000
025 0s 07s 0 0.25 a5 075 1
Transit intarference Teansit interference
(% tion flow reduction during dwsl!) (% saturation flow reduction during dwell)
Person stops Person-based performance index
20,000 750.000 - ———
—®~=TRANSYT-7F ‘et TRANSYT-7F
19000 | —@—SPPORT (6 Cops) 700000 | ... T@==SPPORT(SCops) -
18,000 «3 650,000
.§ ,
f v :
16.000 "
& E 3
% 550000
15.000 -
14,000 500,000
13,000 450,000 ]
025 05 075 a 0.25 05 075 1

Transit interference
(% saturation flow reduction during dweil)
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Arterial scenario #11
(Medium constant demand with transit vehicles)

10.000

0 025 0s

Transit interference
(% saturation flow reduction during dwell)

075

Vehicle travel time Vehicle delay
750.000 300,000
740,000 ==@—TRANSYT-7F 290000 | —@— TRANSYT-7F
___—@—SPPORT (6 Cops) —@—SPPORT (6 Cops)
§ 730000 T 260.000 -
g 720.000 is' 270,000
£ 710,000 § 260,000
g 700.000 3 250000
H 3
§ 690.000 . 240,000
]
% 680,000 £ 230000
i >
$ 670000 220,000
60,000 210,000
650.000 200,000
0 025 oS 075 ) 025 0s 075 1
Transit interference Transit interference
(%s ion flow red during dwell) (% saturation fiow reduction during dwell)
Vehicle stops Vehicle-based performance index
16.000 650,000
—@— TRANSYT-7F —@==TRANSYT-7F
—@—SPPORT (6 Cops)
15,000 e00000 | - - SPPURT (G Lopsy
=3
- 14,000 ,s 5
g T8
- o *
e 13000 E 1
% )
$ &
12,000 : s
11,000

075 1

"} 025 05

Teansit interference
flow red; during dweil)

("% saturati:
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Arterial scenario #11

(Medium constant demand with transit vehicles)

Person travel time Person delay
1 500,000 510.000
1 480,000 ——@— TRANSYT-7F === TRANSYT-7F
) —=—@—SPPORT (6 Cops) 490,000 ~—@—SPPORT (6 Cops)
< 1.460.000 T -
k-] - 470.000
§ 1440000 §
[
£ 1420000 § 450,000
_ag. 1,400,000 § 430,000
[
>
§ 1380000 T 410000
§ 1380000 §
g & 390,000
& 1340000
1320000 370.000
1 300 000 350,000
025 05 075 1 0 025 0s 075
Transit interference Transit interference
(% ion flow reduction during dwall) (% saturation flow reduction during dwsll)
Person stops Person-based performance index
27 000 1.050.000 —
" e=@=—TRANSYT-7F —&—TRANSYT-7F
25000 | _ —@=SPPORT (6 Cops) 1000000 | _ —@=SPRORTS Cons)
= 950,000
23,000 3 3
g 21000 ge
g E ® 850,000
% 19000 i §
= 800,000
17.000 750.000
15.000 l 700.000
025 05 075 1 025 05 07s
Transit interference Teansit intarference
% ion flow reduction during dwsll) {% saturation fiow reduction during dwsil)
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Arterial scenario #11p
(Medium peaking demand with transit vehicles)
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Arterial scenario #11p
(Medium peaking demand with transit vehicles)
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Arterial scenario #12
(High constant demand with transit vehicles)
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Arterial scenario #12

(High constant demand with transit vehicles)
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Arterial scenario #12p
(High peaking demand with transit vehicles)
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Arterial scenario #12p
(High peaking demand with transit vehicles)
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Arterial scenario #7
(Low constant demand without transit vehicles)
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Arterial scenario #8
(Medium constant demand without transit vehicles)
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Arterial scenario #8p
(Medium peaking demand without transit vehicles)
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Arterial scenario #9
(High constant demand without transit vehicles)
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Arterial scenario #9p
(High peaking demand without transit vehicles)
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Arterial scenario #10
(Low constant demand with transit vehicles)
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Arterial scenario #10p

(Low peaking demand with transit vehicles)
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Arterial scenario #11
(Medium constant demand with transit vehicles)
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Arterial scenario #11p
(Medium peaking demand with transit vehicles)

2 1375.000 390.000
S 1370000 % 285,000
g—; 1,365,000 $ . 380000
S8 1.360000 g8 375.000
§ 3 1155000 2 5 370000
8 1.9 2
- & & 385000
g 1350000 3 £ 150000
= 1,345,000 355,000
] \
3 1340000 " 350,000
B & » @0 * 2 « » ) .
5 £ T 3§ =22 g & 2 3 sg¢
8 & & < &3 g E £ & %=
- a . E 3 - . 5 8
" * = - =
g o8 £ 3t
g
r E& E £8
e g
Optimization scenario Optimization scenario
, 24000 = 860,000
g o 8% oo
E] £ X
H 22,000 8?5 200,000
$ 21000 €g 780,000
& 20000 Ew 760000
= -8
§ 190w £€ 72000
" 18000 ¢ = 700000
8 n n * @ @ @
I & 3 § :z¢ 2 & 8§ § =29
i fF & % &3 i f B : %%
- :"1 S - s * E §
+ = 0 » o
g ) g g ng
= g g iz
[S s«
Optimization scenario Optimization scenario

308




Arterial scenario #12

(High constant demand with transit vehicles)
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Arterial scenario #12p
(High peaking demand with transit vehicles)
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APPENDIX H

Multi-Objective Optimization Evaluation Results
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Arterial Scenarios #7p

(Low peaking demand without transit vehicles)
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Arterial Scenarios #8p
{Low peaking demand without transit vehicles)
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Arterial Scenarios #9p
(Low peaking demand without transit vehicles)
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Amber interval — The portion of the signal cycle during which traffic facing a circular or arrow amber
signal indication must stop before the stop line or other legally defined intersection boundary, unless
such stop cannot be made safely. Please note that some jurisdiction may use different definitions.

All-red period — The period during which all traffic signal heads display red signal indications. Signal
indications for movement continuing in the following stage may display green.

Approach — A section of the roadway upstream of the intersection stop line in which queues form.

Arrival flow — Flow rate on an intersection approach lane (exceptionally on a combination of lanes)
upstream of the queue influence

Arterial — Signalized street that serves primarily through traffic an provides access to abutting
properties as a secondary function, having signal spacing of 3.2 kilometers or less and turn
movements that do not exceed 20 percent of total traffic.

Bottleneck — Street or highway segment where the volume of arriving traffic exceeds the capacity of
the segment.

Capacity — Maximum departure flow that can discharge across the stop line of an intersection lane over
an extended period of time, usually not less than 15 minutes (exceptionally across a stop line of an
approach or a combination of approach lanes).

Change interval -~ The amber plus all-red intervals that occur between phases of a traffic signal to
provide for the clearance of the intersection before conflicting movements are released.

Clearance lost time ~ The portion of the time at the end of signal phases during which an intersection
is not used by any traffic movements.

Conflicting flow — The flow of traffic that is in a potential conflict with a specific movement.

Congestion period — The period of time (longer than just a few cycles) during which a continuous
queue exists.

Control conditions — Prevailing conditions concerning traffic controls and regulations in effect,
including the type, phase composition, cycle structure and timing of traffic control signals, stop and
yield signs, permitted and prohibited movements, and similar measures.

Coordination of signals — Linking of traffic control signal timing at adjacent intersections in order to
achieve specific operational objective, such as progressive movements of traffic or queue control..

Cycle — Any complete sequence of signal indication.

Cycle structure — The sequence and composition of phases in one cycle.

Cycle time - The total time for a signal to complete one sequence of indications.

Degree of saturation — Ratio of arrival flow to capacity.

Delay - The difference between the time required by an unimpeded passage of a flow unit through the

intersection and the time actually needed under the prevailing geometric, traffic and control
conditions.
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Density — The number of vehicles occupying a given length of lane or roadway averaged over time,
usually expressed as vehicles per kilometre or vehicle per lane per kilometre.

Departure flow — The rate at which the vehicles (or passenger car units) cross the stop line of a given
lane during a given portion of the cycle time. Its maximum value is the saturation flow.

Display — Signal indication.
Downstream — The direction in which traffic is flowing.
Driver — A person who drives a private automobile or transit vehicle.

Dwell time — The time that a transit vehicle spends at a stop or station in order to discharge and board
passengers.

Effective green interval — Duration of time equivalent to the period during which the departure flow of
a fully saturated green interval can be represented by a uniform saturation flow. Also, the time

allocated for a given movement (green plus amber) at a signalized intersection, less that start up and
clearance lost time for the movement.

Effective red interval — The time during which a given traffic movement or set of movements is
directed to stop, which correspond to the cycle length minus the effective green time.

Exclusive lane - An approach lane dedicated to only one direction of a departure movement (typically
left-turn movement, straight-through movements or right-turn movement).

Fixed-time operation — A pre-programmed sequence and duration of signal indications. All signal
intervals remain constant and are not affected by variations in traffic flow.

Flow - See arrival or departure flow.
Flow ratio — Ratio of arrival flow and saturation flow.
Free flow speed — The theoretical speed of traffic when no vehicles are present.

Gap - The time between two successive vehicles in a lane as they pass a point on the roadway ,
measured from the rear of the first vehicle to the front of the following vehicle.

Green band - Window of green signal indications that allows vehicle to travel uninterrupted along a set
of adjacent intersections

Green split ~ The ratio of the effective green time for a given movement at a signalized intersection to
the cycle length.

Green interval - The portion of the signal cycle during which traffic facing the circular or arrow green
signal indication may proceed through the intersection in accordance with local laws and rules of
the road.

Headway - The time between two successive vehicles in a lane as they pass a point of the roadway,
measured from the front of one vehicle to the front of the successive vehicle.
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High-occupancy-vehicle lane — A lane reserved for the use of vehicles with more than a preset number
of occupants, such as transit vehicles, taxis and carpools.

Ideal conditions — Characteristics for a given type of facilities that are assumed to be the best possible
from the point of view of capacity, that is. characteristics that if further improved will not result in
increased capacity.

Intergreen period —~ The duration of time separating the end of the displayed green interval from the
beginning of the next conflicting displayed green interval.

Interval - The duration of time during which a given indication is displayed.

Left-turn movement — A legally permitted movement of a vehicle which must cross the potential path
of vehicles in the opposing direction.

Lost time in a phase — A portion of the phase (defined as the actual green interval plus the following
intergreen period) that remains after the effective green interval has been subtracted.

Lost time in a cycle — The sum of lost times for all consecutive phases in the cycle.
Movement — Any legally permitted movement of a vehicle from a given lane.

Measures of effectiveness ~ Parameters describing the quality of service provided by a traffic facility
to drivers, passengers or pedestrians; examples include speed, density, delay, and similar measures.

Motorist — The driver of a private automobile or transit vehicle.

Offset — The time, with respect to a given system reference point, at which the main street green
interval is initiated at the intersection under control.

Passenger car — A motorized four-wheeled vehicle designed primarily for the transport of up to nine
passengers. The term normally includes pickup trucks and vans with no more than four tires.

Passenger car unit — A unit of a completely homogeneous traffic. represented in practical terms by an
average passenger car.

Pedestrian — A person afoot, in a wheelchair or pushing a bicycle.

Peak period - Period during which the maximum flow occurs during a given portion of the day.

Permitted left turns — A left-turn movement that takes place while the driver in the opposite direction
of traffic face a circular green indication. Drivers making this lefi-turn must yield the right-of-way
to the opposite flow.

Person — A driver or a passenger in a vehicle, but not a pedestrian.

Phase - That portion of a cycle during which the allocation of the right of way remains unchanged.
This term normally includes the associated intergreen period.

Phase compesition — The combination of vehicular, pedestrian and other movements legally permitted
during a phase.
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Phase plan - A sequence of phase implementation times over a given period of time.
Phase sequence — The order in which the phases follow each other in a cycle.
Platoon — A group of relatively fast moving vehicles with high traffic density.

Progression — A continuous movement of traffic in a given direction through two or more signalized
intersections.

Protected left turns — A left-turn movement that takes place while the driver in the opposite direction
of traffic face a circular red indication.

Queue — A line of traffic units waiting to be served at a signalized intersection. Slowly moving traffic
joining the rear of the queue are usually considered as part of the queue. The interval queue
dynamics may involve a series of starts and stops. A faster moving line of vehicles is often referred
to as a moving queue or platoon.

Queue dissipation period — Period during which the number of vehicles departing from a queue
exceeds the number of vehicle joining the back of queue at its tail and during which the total
number of stopped vehicles within the queue diminishes.

Queue length — The number of traffic units in a queue, or the distance which is covered by the queue.

Queue reach - Used for vehicular traffic only, defined as the distance between the stop line of a lane
and the point upstream at which vehicles are joining the queue, expressed in metres or as the
number of vehicles that would fill that distance. The front of the queue may be some distance
upstream from the stop line.

Real-time control - Traffic signal control in which the signal timing parameters are determined on line
as new traffic conditions warrant it.

Reserved transit lane - A lane restricted to transit vehicle usage by special regulation and markings.
Right of way - Portion of a street where vehicles have the right to travel.
Saturation flow — The departure rate from a queue during the green interval, measured at the stop line.

Shared lane - A lane from which vehicles may discharge in more than one downstream direction.
Also a lane shared by both passenger cars and transit vehicles.

Signal cycle - Any complete sequence of signal indication.

Signal indication — The following signal indication are defined in detail in the Manual for Uniform
Traffic Control Devices for Canada, Part B, Traffic Control Signals (Transportation Association of
Canada, 1993): green, amber, red, circular, arrow, steady, flashing, walk, don’t-walk, flashing
don’t-walk and transit priority signal indications.

Signalized intersection - Intersection where traffic movements are controlled by traffic signals.

Signal operation — A term to describe the function of a signalized intersection, such as fixed-time
operation and traffic-responsive operation.
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Speed - A rate of motion expressed as a distance per unit of time.

Start lag — The interval of time between the moment a green signal indication is displayed and the
moment a first vehicle crosses the intersection stop line.

Start-up lost time — Additional time consumed by the first few vehicles in a queue at a signalized
intersection above and beyond the saturation headway because of the need to react to the
initialization of the green phase and to accelerate to ambient speed.

Stop lag — The portion of the amber indication during which vehicles continue to flow across the
intersection before traffic stops.

Stop line — Position along a given approach where vehicles must start to queue during a red interval,
usually indicated by a large white mark extending across a traffic lane perpendicular to the
direction of travel.

Traffic - The movement of motorized and non-motorized vehicles and pedestrians.

Traffic conditions — The combination of pedestrians and vehicle types at the intersection and on
adjacent roadways, sidewalks. bicycle and other traffic facilities, including the temporal, directional
and lane use distribution of traffic, and the type of driver or other user population.

Traffic flow - See arrival or departure flow.

Traffic-responsive operation — A control mode that adjusts the signal timings to prevailing traffic
conditions.

Transit priority — A control mode in which transit vehicles receive a signal indication that provides for
some advantage (usually shorter delay) to transit operations.

Transit stop — A position for a transit vehicle to pick up and discharge passengers, including curb stops
and all other types of boarding and discharge facilities.

Transit vehicle — A heavy vehicle involved in the transit of passengers on a franchised transit basis.
Truck — A heavy vehicle designed primarily for the transport of goods.
Upstream — The direction from which traffic is coming.

Volume - The number of persons or vehicles passing a point on the roadway lane in a given time
period.
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