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ABSTRACT

The study aims to develop methodologies for integrated corridor management: methodologies
that optimize ramp metering rates and arterial signal timing plans to improve overall traffic
operation in corridor networks. Three different methodologies are developed for this purpose.
The first aims to reduce queue spillbacks from on-ramps to lessen their impacts on arterial
roads. Based on the capacity of freeway and on-ramps, signal timing plans and ramp metering
rates are adjusted off-line to improve the overall corridor performance. A balance among
demand, average delays, and queue lengths must be achieved to improve performance. Two
case study sites in San Mateo, CA and Miami, FL are considered, and the proposed
methodology is tested using the VISSIM microscopic simulation software. The results show
considerable improvement over existing conditions by at least 3% and up to 23% in overall
network performance in terms of average speed.

In the second methodology, an integrated control framework is developed where all signal
controllers and ramp metering rates are optimized jointly to improve the overall traffic
condition of the corridor. The integrated control is formulated as a Mixed Integer Non-Linear
Program (MINLP). A Model Predictive Control (MPC) framework is used. The methodology is
tested in San Mateo, CA, and benchmarked with two other optimization and two simulation
scenarios. The results show that the developed control framework can reduce average delay,
stops, and travel time by up to 33%, 36%, and 16%, respectively compared with benchmark
conditions. Besides, the integrated control balanced the congestion (in terms of delay) in the
corridor network between the freeway and arterial street. With minimal impacts on freeway
delays in comparison to benchmarks, the integrated control significantly reduced the arterial
congestion.

In the third methodology, machine learning techniques are applied to predict capacity
reduction of arterial roads due to queue spillbacks from freeway on-ramps to the arterial
streets that result in lane blockages. The study developed a prediction methodology to estimate
capacity reductions due to these spillbacks up to two cycles before they happen on the arterial
street. Two clusters of algorithms are used to predict capacity reductions. In one cluster,
capacity reduction is considered as a continuous variable while in the other cluster of
algorithms capacity reduction is a categorical variable. The results show that the continuous
models predict capacity reduction better than the categorical models. The results initiate new
possibilities for agencies to activate special signal timing and/or ramp metering plans to prevent
the occurrence of the spillback, by constraining the number of vehicles feeding the on-ramp
from the upstream intersection(s) and/or by relaxing the ramp metering to allow more vehicles
to be released from the on-ramp. Overall, the developed methodologies can predict potential
arterial road capacity reduction, reduce queue spillback effects, and integrate ramp metering
rates with signal timing plans jointly for overall improvements of a corridor network. In real-
world applications of these methodologies, the machine learning-based predictive
methodology (the third methodology) can be used to continuously predict the potential for
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gueue spillbacks from the ramps before they occur. Once a potential spillback is predicted, then
a decision support software at the traffic management center will direct the controller to
activate a special plan from a library of plans developed off-line using the first methodology or
direct the controller to implement the developed real-time signal control strategy using the
second methodology.

Keywords (up to 5):
Traffic Management, Signal Control, Highway Capacity Manual, Optimization, Model Predictive
Control, Machine Learning, Integrated Corridor Management
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EXECUTIVE SUMMARY

Integrated corridor management offers great potential to improve traffic operations on both
freeway facilities and intersecting arterial streets. Coordinating ramp metering rates on on-
ramps and signal timing plans for the interchanges and upstream intersections of the arterial
street can improve both freeway and arterial operations. This research introduces three
methodologies for integrated corridor management. The three methodologies can be used
together in an integrated management framework to predict congestion before it occurs, then
use this information to either activate a special signal plan from a library of plans or switch to a
real-time signal control strategy to reduce the impacts of congestion.

The first methodology develops a queue distribution framework to reduce queue spillbacks
from on-ramps and affected upstream intersections. Signal timing plans and ramp metering
rates are adjusted to distribute the queues of on-ramps on multiple upstream intersections
along the intersecting arterial street. The framework aims to find the most suitable timing plans
and metering rates to minimize network delay while balancing individual segment and
intersection delays and queues. A heuristic approach is followed to determine the signal timing
plans which uses demand proportions at the on-ramp and the upstream intersections while
also considering the capacity downstream of the freeway merge. The method has been applied
and tested using two simulated study areas with three different traffic congestion scenarios.
Results show that the method can successfully reduce the effects of queue spillbacks when
compared to existing condition. Average network speed and total travel times improved by at
least 3% in some scenario and up to 23% in others depending on the local traffic conditions.

The second methodology jointly optimizes ramp metering rates and signal timing plans to
improve corridor network performance. This integrated control framework predicts the traffic
state in near future (e.g., around two minutes in the future), and according to the prediction,
updates signal timing plans as well as ramp metering plans in the corridor. The goal of the
framework is to set efficient timings that maximize the numbers of completed trips in the
corridor network. Therefore, this framework implements efficient timings that allow vehicles to
leave the corridor network in less time resulting in shorter delays and travel times. The
framework is tested in a simulation environment and the results are compared with four other
scenarios including existing conditions. It is observed that the integrated control has been able
to reduce delays, queues, and travel time significantly compared to the benchmark scenarios.
The improvements for average delay, stops, and travel time go up to 33%, 36%, and 16%,
respectively in comparison to other scenarios. At the same time, the integrated control
framework reduced delays of existing heavily congested arterial street with minimum effects on
freeway delays as compared to tested scenarios. Therefore, the integrated control has balanced
the congestion between freeway and arterial streets in addition to overall network

improvements.
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The third methodology predicts the capacity reduction of arterial roads due to upcoming queue

spillback from an on-ramp two cycles before it happens. This methodology allows predicting
the on-set of queue spillbacks from freeway on ramps to arterial streets and resulting
capacity drops on the arterial streets due to this spillback. Machine learning techniques are
used to develop prediction models that enable the implementation of an integrated control
strategy for signal timing and ramp metering to reduce the likelihood of queue spillback. Two
clusters of machine learning algorithms (classified and continuous) are tested, including
classification decision tree, fuzzy rule-based systems, M5 pruned decision tree, and two
variations of the long short-term memory (LSTM) based recurrent neural network (RNN). The
RNN model outperforms the other tested algorithms, achieving a mean absolute percentage
error of 7.4% in predicting the capacity reduction at upstream intersections due to on-ramp
gueue spillback. This methodology has the potential to improve traffic flow and reduce
congestion on arterial roads by predicting and mitigating the impact of on-ramp queue
spillback. This framework can be integrated with arterial signal timing plans so that timings are
set to avoid any disruption to regular traffic operations.

Overall, these methodologies can be used as efficient tools for integrated corridor
management. While queue distribution methodology relies on manual splitting of signal
timings, any algorithm to optimally distribute queues to avoid spillbacks from on-ramps has
promising prospects. The integrated control framework provides a real-time control strategy
that can be implemented efficiently in a corridor and improve the congestion condition of the
corridor. The capacity reduction prediction models developed in the third methodology can be
incorporated with any coordination methods for more efficient signal timing plans and ramp
metering rates.

While the proposed methodology can be vital parts of integrated corridor management tools,
there is still room for future works and improvements. The queue distribution methodology
needs to be automated and also adjusted to use real-time traffic data. The developed
integrated control framework would require communication and coordination among
controllers for efficient and accurate implementation of signal and ramp metering plans. This
study does not incorporate presence of various proportions of connected vehicles in traffic
stream, which needs to be done in the future. Besides, the integrated control does not maintain
specific phase sequence and common cycle times in the arterial intersections. The
performances of integrated control can be studied considering specific phase and cycle timings.
Finally, the prediction models developed to estimate capacity reduction are site specific. More
sites are needed to generate more accurate and generalizable prediction models.
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1 INTRODUCTION

Freeways and intersecting arterials often operate without coordination of their operation.
However, demand at an on-ramp depends on the discharge of traffic from the upstream
interchange or intersections. Innovative signal control strategies can help manage this on-ramp
demand and the resulting downstream queues. Similarly, ramp metering strategies have been
in place to improve the flow of traffic on freeway facilities. When the traffic congestion on the
freeway facility is high, metering rates increase, resulting in longer queues along the on-ramp.
Such queues may eventually spill back to the upstream intersection or interchange. When such
intersections are along an arterial corridor with high traffic demands, queue spillback from
ramps or downstream signals can disrupt operations on the entire facility. Flushing queued
vehicles along on-ramps leads to deteriorating traffic performance on the freeway facility.
Therefore, optimal operations should achieve a balance such that ramp meters hold back traffic
as much as possible to avoid freeway breakdown, but not too much such that queues on the
on-ramp spillback to the upstream interchange.

Such a balance can be achieved when the traffic signals at the interchange and arterial corridor
leading to it (see Figure 1) are controlled considering freeway operations and work together
with the ramp metering signals. The interchange and arterial corridor signals can help ramp
metering signals by regulating the flow toward the freeway. Such considerations can also avoid
wasting green time if they avoid allocating it to the movements entering the ramp when the on-
ramp storage area is full. Strategies can be implemented such that instead of having a long
qgueue along the on-ramp (or a downstream congested signal) that can spillback to upstream
intersections, the demand can be held back upstream, and the queue can be distributed to
intersections and approaches upstream along the arterial corridor. Such strategies can not only
improve traffic performance on the freeway facility, but they can also improve progression on
the arterial corridor.

}A . . i B e
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Figure 1: Corridor arterial and freeway interchange
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1.1 OBJECTIVE
The main objective of this project is to develop integrated corridor management methodologies
that cooperatively coordinate the control decisions of the signalized intersections and ramp
flows from the on-ramps. This project aims to reduce congestion along both the freeway facility
and the arterial facility in an integrated corridor management (ICM) operation. Two different
approaches are followed to achieve this:

e Rules-based optimization approach: Develop a signal control methodology that
considers freeway operations in order to time the interchange and/or adjacent arterial
traffic signals such that they can meter the traffic entering the freeway through on-
ramps.

e Cooperative optimization-based approach: Develop a traffic responsive methodology
that integrates signal timing plans and ramp metering controls to improve traffic
operations of both the arterial corridor and the freeway.

In addition to these two approaches, the research team developed a machine-learning-based
prediction methodology for use as part of real-time decision support tools for integrated
corridor management to allow the recommendation of the activation and implementation of
the appropriate signalization plans to achieve the integrated management of the freeways and
arterial streets. In real-world applications, the predictive methodology can be used to
continuously predict the potential for queue spillbacks from the ramps before they occur. Once
a potential spillback is predicted, then a decision support software at the traffic management
center will direct the controller to activate a special plan from a library of plans developed off-
line using one of the two signal control approaches mentioned above (the mathematical
optimization based approach and the heuristic optimization based approach)

1.2 SCOPE
The study proposes integrated corridor management methodologies that aim to reduce
congestion on freeway and connected arterial roads. One of the methodologies develops a
framework to distribute on-ramp queues to arterial roads to avoid queue spillback from the on-
ramps. Another methodology predicts capacity reduction of arterial roads due to queue
spillback from on-ramps. Therefore, these two methodologies are predominantly focused on
lessening the impact of on-ramp queues on upstream arterial roads thus, they can be
incorporated with arterial signal timing plans to reduce the effect of queue spillbacks. At the
same time, these methodologies can be a part of any coordinated signal and ramp metering
control framework for developing efficient control strategies. Furthermore, the integrated
control methodology proposes a holistic control system that combines ramp metering
controllers and signal controllers to generate optimum timing plans for a corridor network. As
this methodology integrates signal and metering control decisions, optimal timing solutions that
improves the entire corridor network are achieved. This mathematical optimization-based
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methodology, however, relies on Vehicle-to-Infrastructure (V-to-1) technology for
communication and coordination among controllers and accurate implementation of control
decisions. Also, all three methodologies are tested in simulated networks. The first
methodology is tested for two case study locations and the other two methodologies are tested
on a single site. Observed improvements may be site specific and additional testing may be
needed to gain better insights into performance improvements. It is also important to note that
the mathematical optimization based Integrated control methodology does not consider
congestions outside the study area. The effects of the methodology outside the boundary area
have yet to be discovered.

ST R I D E Southeastern Transportation Research,
Innevation, Development and Education Center




Integrated Corridor Management:
Cooperative Signal Control with Freeway Operations and Ramp Metering

2 LITERATURE REVIEW

Researchers have studied various approaches for integrated corridor management to come up
with methodologies to reduce traffic congestion. While many studies integrate multiple
strategies to develop efficient corridor management, the limitations of these studies are better
understood when different isolated strategies are reviewed along with their effects inside the
corridor. Therefore, this section reviews different literature on ramp metering strategies and
queue spillback effects from freeways to urban streets. The prediction on arterial street
congestion is also grouped together and reviewed. Another group of studies with perimeter
control approaches to control congestion inside a control area are also studied. Finally,
integrated controls of ramp metering and signal timing strategies are reviewed. Studies on
network performance analysis are also grouped and reviewed.

2.1 Ramp Metering Strategies

Ramp metering strategies have been widely studied by researchers to improve the freeway
traffic operation. The sole goal of these studies was to lessen freeway congestion only. Thus,
these research studies do not capture the impacts of ramp metering on nearby arterial roads.
Such studies are shortly described below:

Two studies (Haj-Salem and Papageorgiou, 1995; Papageorgiou and Kotsialos, 2002) analyzed
the prospects of ramp metering in improving freeway operations and ramp metering effects.
Similarly, a widely applied local ramp metering control algorithm, ALINEA, was studied by
Smaragdis and Papageorgiou (2003). They evaluated variations of ALINEA, namely, FL-ALINEA,
UP-ALINEA, UF-ALINEA, and X-ALINEA/Q in simulation and showed the prospects and limitations
of these variations. Few other studies (Kan et al., 2016; Wang et al., 2014) modified traditional
ALINEA with their proposed PI-ALINEA control algorithm to resolve the downstream bottleneck
issue.

Again, Bellemans et al. (2006) studied ALINEA algorithm along with a MPC-based ramp metering
control. During morning rush hours on a motorway, the effects of the control algorithms were
tested, and they found the control algorithms improve performances over no metering. Also,
some studies (Papamichail et al., 2010a, 2010b) combined MPC-based optimization with
Heuristic Ramp metering coordination (HERO). They achieved significant improvement in
throughput (completed number of trips of vehicles) and network travel time with their
methodology. Focusing on reducing freeway bottlenecks, Kotsialos and Papageorgiou (2004)
developed a non-linear optimization program for coordinating ramp metering controls. They
suggested strong metering to be implemented on on-ramps near bottleneck locations. A
comparison between local and global MPC-based metering controls were studied by Frejo and
Camacho (2012). They found that achieving a global control is highly complex and
computationally expensive. Bhouri et al. (2013) compared coordinated ramp metering with
isolated ramp metering. They found improvement of travel times on a motorway as compared
to isolated ramp metering strategy. They also found that travel time variabilities decrease with
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coordinated metering over no metering control implementation. Han et al. (2020) developed an
aggregated traffic model-based control method that uses MPC controller to meter on-ramp
traffic. The optimization program meters by optimizing and distributing inflow volumes to
freeway through the on-ramps.

As stated earlier, the above strategies consider freeway congestion only and do not focus on
queue spillbacks or arterial traffic congestion that may occur due to implementation of ramp
metering.

2.2 Queue Spillback effects from freeways to urban streets

Limited research has been reported to address freeway spillback onto signalized intersections.
The HCM Merge/Diverge Segments methodology determines whether volume exceeds capacity
at any critical points along the segment and estimates the maximum expected queue along
each on-ramp. However, the method does not consider the effects the resultant queue may
have on the upstream surface street. The HCM Ramp Terminals and Alternative Intersections
procedure includes an adjustment to consider spillback from the downstream intersection to
the upstream in the form of additional lost time. This lost time is estimated for each upstream
movement as a function of the downstream queue length and storage availability. A similar
logic can be applied in the case of spillback from the on-ramp to a local signalized intersection,
as it results in additional lost time for some/all the signal phases that serve traffic movements
destined for the on-ramp.

Tian (2007) analyzed the effects of ramp metering spillback onto a diamond interchange using
the simulator DRIVE. Capacity reduction and delay increase were found upstream from the
ramp meters due to discharging flow reductions resulting from queue spillback and intersection
blockage. The authors estimated the delay incurred by the affected movements with a
theoretical plot of demand over time.

For freeways without ramp metering, the queue discharge rate depends on freeway merge
operations. While arrival rates at the back of the on-ramp queue are an input to HCM
procedures, departure rates into the mainline during congested conditions are currently not
available, and no guidance was found in the literature to provide such estimates. This is a
critical aspect of evaluating spillback conditions at a merge ramp, as the discharge rate of the
on-ramp traffic onto the freeway is a key parameter to calculate the queue length along the
ramp over time.

Su, Lu, Horowitz, & Wang (2014) proposed a coordination strategy to integrate signal controls
at an intersection that feeds the onramp with the freeway on-ramp metering. The method
focuses on minimizing queue spillback and thus, delay and total travel distance of a network
with an on-ramp bottleneck. The signal control approach uses demands to distribute green
times while considering the intersection turn bays and the available on-ramp storage space. The
authors implemented the strategy at one affected intersection and achieved an improved
network performance. Distributing the on-ramp queue spillback across several upstream
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intersections feeding the ramp may yield better network performance in terms of delay. Also,
the approach is applicable for scenarios involving on-ramp bottlenecks only. Queue propagation
could result from oversaturation at the downstream of freeway merge.

Cheng & Chang (2021) proposed an arterial friendly metering strategy that optimizes the ramp
metering and the signal at the intersections that feed the traffic to the on-ramp. The authors
performed numerical analyses and simulation experiment involving one case study to evaluate
their method. The authors managed to prevent on-ramp queue spillback and arterial gridlock by
maximizing freeway and connected arterial throughput in the study site control area. While the
evaluation of the strategy focused on the performance of a bounded study site, it is important
to assess effects to the performance of an extended network consisting of several interchanges
both upstream and downstream of the study section. The controlled area could experience
improved traffic operations at the expense of the extended network. The performance of an
extended network could deteriorate because of queueing vehicles that do not enter the control
area. Additionally, although a single case study area provides in-depth understanding of the
model’s functionality, multiple case studies are more robust for evaluation. Particularly, real
world network sites with existing signal plans and different types of bottlenecks (on-ramp
bottleneck, freeway merge downstream bottleneck etc.) that result in queue spillback to
upstream intersections.

Reviewed studies show a growing interest in the concept of integrated corridor management to
address congestion. However, there is still much to explore on the effects of queue back up
from freeways to the urban streets.

2.3 Cooperative Control of Ramp Metering and Signal Timing
Researchers have been developing control methodologies that will not only reduce congestions
on freeways, but also will improve traffic operations of nearby arterials and streets.

Kwon et al. (2003) developed a coordination among ramp metering controls and signal controls
of nearby arterial intersections. They adjusted the signal timings and ramp metering based on
traffic states on on-ramps and freeways but no optimization is implemented. Lim et al. (2011)
integrated off-ramp timing with arterial intersections and developed a methodology that sets
timings in a way to avoid queue spill over to the freeway. They specifically considered off-ramp
queue spill back and no on-ramp metering is present in the study. Similarly, Yang et al. (2018)
sets off-ramp timing using possibility of queue spill over. If there is a possible queue spillback,
an off-ramp control gets activated that clears the off-ramp. Otherwise, the signal control
performs as adaptive controllers. This study also focuses on off-ramp and queue spill over only
with no consideration on overall network performances. Lu et al. (2013) coordinated one on-
ramp and one intersection in a field test and achieved less network delay. The methodology did
not consider coordination among multiple on-ramps and intersections. Su et al. (2014)
proposed a methodology based on UP-ALINEA that uses ramp storage and traffic demand as
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inputs. The inputs are used to meter the on-ramp traffic by coordinating with nearby arterial
intersections. The proposed method did not produce significant improvement in the
performance of the network. Kan et al. (2018) developed an algorithm that considers on-ramp
storage to set arterial signal timings and sends small platoon to on-ramps to avoid queue
spillbacks. The algorithm integrates signal timing and ramp metering, the timings are changed
dynamically. The study p